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The main focus of this thesis is the nanocrystals (NCs) of cesium lead halide 

perovskites, CsPbX3 (X= Cl, Br, I), which has received much attention in recent 

years, because of their defect tolerant nature and excellent optoelectronic 

properties. Their synthesis methodology is simple and forgiving where the high 

quality CsPbX3 NCs can be synthesized even at room temperature. CsPbX3 NCs 

shows a near unity photoluminescence (PL) quantum yield without requiring any 

surface treatment. This makes them attractive for application in optoelectronic 

devices, namely light emitting devices (LEDs), solar cells, and photodetectors. 

However, instability and lead toxicity issues have raised concern about their use in 

commercial applications. In this rapidly emerging field, the understanding about 

band edge energies, exciton transition probabilities, interaction between the NC 

surface and organic ligands and more importantly, solution of the instability issues 

of CsPbX3 NCs was found to be inadequate in the literature. Therefore, 

experimental results presented in current thesis gives elaborative discussions on 

the above-mentioned important aspects of CsPbX3 NCs. 

This thesis starts by giving an introduction about the colloidal semiconductor NCs 

with a special attention to CsPbX3 NCs. The current challenges that are faced by 

CsPbX3 NCs are discussed along with the overview of our approach to address 

them. The knowledge of band edge positions and the absorption and emission 

probabilities across the edges is an important parameter for choosing 

semiconductor NCs for any application. These important optical parameters for 

CsPbX3 NCs have been determined. Similarly, surface of a NC plays an important 

role in governing the optoelectronic properties. The inorganic surface composition 

and organic ligand binding mechanism on CsPbBr3 NC surface are elucidated using 

variety of experimental techniques. Instability of CsPbX3 NCs against reactive 

environments leads to unwanted anion exchange reactions, water and light induced 

degradation. These instability issues are addressed by encapsulating the CsPbX3 

NCs without negatively affecting the optical properties of pristine CsPbX3 NCs. The 

toxicity of lead is also a challenge which demands exploration of non-toxic 

semiconducting materials. Chalcogenide perovskite like BaZrS3 is a promising 

candidate and is considered an alternative to the CsPbX3 perovskites as per 
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theoretical predictions. BaZrS3 NCs are synthesized and then surface modified to 

made colloidal dispersion. These colloidal dispersion of BaZrS3 NCs are then used 

for making thin film devices.   

A brief overview of each of the chapter is given below: 

Chapter 1: Introduction 

Introduction of the thesis starts with a brief history of semiconductor and is followed 

by the discussion on their electronic band structure. Colloidal semiconductor NCs 

are then discussed with a focus on the inorganic and organic part of the NCs. 

Synthesis mechanism of colloidal NCs as proposed by LaMer is discussed in short. 

The semiconducting material of choice of this thesis work, i.e. CsPbX3 perovskite 

NCs is introduced and the plausible reason for its defect tolerant nature is given. 

Subsequently, the various challenges faced by CsPbX3 NCs are given which needs 

special attention to find commercial success. These challenges are in the form of 

anion migration or segregation and instability to water, heat and light exposure 

combined with the lead toxicity concern. Finally, scope of this thesis work is 

discussed by describing importance of relevant optical parameters and plausible 

ways to solve some of the instability issues of CsPbX3 NCs. 

Chapter 2: Band Edge Energies and Excitonic Transition Probabilities of 

CsPbX3 (X = Cl, Br, I) Nanocrystals 

This chapter discusses about how the halide (X) compositions in CsPbX3 NCs 

control the band edge energy positions and the excitonic transition probabilities 

between the band edges. Cyclic voltammetry technique is employed to show that 

the valence band maximum (VBM) shifts significantly to higher energies by 0.80 eV, 

upon going from X = Cl to Br to I. Whereas shift in the conduction band minimum 

(CBM) is small (0.19 eV) but systematic. This trend confirms that the halides 

contribute more to VBM. Their contribution to CBM was less, but definitely not 

negligible. Excitonic transition probabilities for both absorption and emission of 

visible light decreases probably because of the increasing dielectric constant from 

X = Cl to Br to I.  
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Chapter 3: Mechanism of Ligand Binding on the Surface of CsPbBr3 

Perovskite Nanocubes  

In this chapter, we focused on the understanding of the inorganic and organic 

surface composition of CsPbBr3 nanocubes. We have used synchrotron-based X-

ray photoelectron spectroscopy (XPS) to understand the inorganic surface 

composition of the CsPbBr3 nanocubes. Nuclear magnetic resonance (NMR) 

spectroscopy was employed to characterize the organic ligands present on their 

surface. We find that the oleylammonium ions acts as capping ligands by 

substituting some of the Cs+ ions from the surface of CsPbBr3 nanocubes. The 

origin of this substitution mechanism is in stark contrast to the more common 

adsorption binding mechanism of organic ligands on the surface of typical NCs. 

Chapter 4A: Capping of CsPbX3 (X = Cl, Br, I) Nanocrystals by PbSO4-Oleate 

to Suppress Anion Exchange 

In this chapter, a strategy to encapsulate CsPbX3 NCs by PbSO4-Oleate has been 

shown. This capping successfully suppresses the halide ion exchange between two 

or more CsPbX3 NCs having different halide (X) compositions. Taking CsPbBr3 and 

CsPbI3 NC as examples, it has been shown that the pristine NCs, when mixed, 

undergoes halide ion exchange confirmed by change in absorption and PL spectra. 

However, capping of CsPbBr3 and CsPbI3 NCs by PbSO4-Oleate suppressed the 

halide ion exchange when they are mixed together. Further, these capped CsPbX3 

NCs are electrophoretically deposited on the FTO/TiO2 electrodes which gives a 

very simple way to make films having controlled thickness. Different halide 

compositions of CsPbX3 NCs can be mixed to give gamut of emission including 

white light both in colloidal dispersion as well as in films. 

Chapter 4B: CsPbBr3/ZnS Core/Shell Type Nanocrystals for Enhanced Water 

Stability 

In this chapter, first a strategy is developed to stabilize the CsPbBr3 NCs dispersion 

under high temperature (~ 180 °C), so that it can be further processed for making 

core/shell heterostructures. Then, the already prepared CsPbBr3 NCs serving as 

“seeds” are used to synthesize CsPbBr3/ZnS core/shell type nanostructure via 

treatment with a single molecular precursor namely, zinc diethyldithiocarbamate. 
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CsPbBr3/ZnS core/shell type nanostructure has been synthesized that showed 

enhanced water- and photo- stability. Understanding of the band structure suggests 

the formation of pseudo type II CsPbBr3/ZnS core/shell type nanostructure where 

electron wavefunction gets confined within the core while hole wavefunction is 

delocalized over core and shell. 

Chapter 5: Colloidal BaZrS3 Chalcogenide Perovskite Nanocrystals for Thin 

Film Device Fabrication 

In this chapter, BaZrS3 NCs are first prepared using a solid-state synthesis route, 

and the subsequent surface modifications lead to colloidal dispersion of NCs in both 

polar N-methyl-2-pyrrolidinone and non-polar chloroform solvents. Colloidal BaZrS3 

NCs in chloroform are then used to make field effect transistors showing ambipolar 

properties with hole mobility 0.059 cm2V-1s-1 and electron mobility 0.017 cm2V-1s-1. 

The NCs exhibit thermal (15 – 673 K) and aqueous stability confirmed by high 

temperature X-ray diffraction pattern and dye degradation of methylene blue in 

aqueous system. This first report of solution processed chalcogenide perovskite thin 

film with reasonable carrier mobility and strong optical absorption and emission, is 

exciting for application of these material in optoelectronic devices. 

Thesis Summary and Future Directions 

In this section, a summary of this thesis is given and the major findings are 

highlighted. Future research directions are also proposed based on Chapter 4 and 

Chapter 5 of this thesis. Encapsulation method developed for CsPbX3 NCs can pave 

its use for application in blue LEDs or photocatalysis which still remains challenging 

problem for perovskite researchers. Also, the development of size and shape 

controlled colloidal BaZrS3 NCs can find its application for various optoelectronic 

applications including solar cells. 
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1.1 A brief history of semiconductors:  

A semiconductor in its pristine condition does not conduct electricity, which can be 

referred as off state. But a small perturbation, be it in form of applied electrical bias, 

or light, or some kind of doping, increases the electrical conductivity by many orders 

of magnitude (termed as on state). This highly sensitive on-off state modulation by 

a small external perturbation makes semiconductor a special and interesting class 

of material. In contrast, metals remain largely in the on state and insulators largely 

remain in the off state. Figure 1.1 shows this behaviour for a typical semiconductor 

silicon, where conductivity can be varied by atleast 6 orders of magnitude by 

changing the doping concentration. 

 

Figure 1.1: Electrical conductivities of pure and doped silicon are compared with 
the metals and insulators. The value for conductivity has been taken from 
reference1.  

“Semiconductor” word was first coined by Alessandro Volta in 17822 and the first-

time semiconductor effect was observed and documented by Michael Faraday in 
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1833.3 He noticed that the resistance of silver sulfide (Ag2S) was decreased with 

increase of temperature which was different than the dependence of resistance in 

metals with temperature. Further work in 1874 by Karl Braun showed the rectifier 

effect of semiconductor.4 In 1901, Jagdish Chandra Bose used a semiconductor 

device called “Cat Whiskers” for detection of radio waves.5 Better understanding of 

semiconducting behaviour was developed after the Einstein’s work on photoelectric 

effect6 and the subsequent work by Wilson, Schottky and Mott. The first ever 

transistor was invented by John Bardeen, Walter Brattain and William Shockley at 

Bell Labs7 in 1947 leading to their Nobel prize of Physics in 1956.8, 9, 10, 11 The 

discovery of transistor brought the technological revolution leading to the smaller 

and cheaper inventions of computers, radios, smartphones among other things.  

                       Semiconductors have impacted our life immensely finding its use in 

our daily lives from how we communicate to how we acquire energy. All the mobile 

phones, television, laptops have semiconductors in them and are essential for their 

working. Similarly, solar cell devices use semiconductor to convert light energy to 

electrical energy. Other applications of semiconductors are in field of lightning 

devices, catalysis etc. Before going further deeper into the thesis, we first must 

understand how semiconductor is different from metals and insulators by examining 

their electronic band structure. 

1.2 Electronic structure of semiconductors: 

To understand the optical and electronic properties of semiconductors, it is 

important to understand its electronic band structure that is derived from atomic 

orbitals. Bohr model of atoms states that, in an individual atom, electrons occupy 

different discrete energy levels known as orbitals (s, p, d, f). The outermost occupied 

orbital is known as valence orbital and they are mainly responsible for an element’s 

chemical property. When two identical atoms are brought close together, they 

interact and the atomic orbitals overlap, causing formation of two molecular orbitals 

i.e. bonding (σ) and antibonding (σ*) molecular orbitals. Similarly, for n atoms, n 

atomic orbitals overlap leading to formation of band (because energy levels are now 

very closely spaced) as shown in Figure 1.2. Valence orbitals overlap to form 

valence band while the band just above that is called conduction band. It is called 

conduction band because the electrons in the conduction band are free to move 
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and conduct heat and electricity. Electrons from valence band can be excited to 

conduction band either through light, heat or electrical perturbation.   

 

Figure 1.2: Schematic of splitting of energy level when two or more atoms combine. 

The energy difference between the valence band edge (maximum) and conduction 

band edge (minimum) is called bandgap. Figure 1.3a and 1.3b shows the occupied 

valence and unoccupied conduction band formed by the valence orbitals for the 

case of Si and CdS semiconductors respectively. In case of Si, outermost 3p orbitals 

overlap to form valence band having bonding nature (lower in energy) and 

conduction band having antibonding nature (higher in energy). Similarly, in case of 

CdS, 5s orbitals of Cd and 3p orbitals of S, hybridize and form valence band and 

conduction band. 

 

Figure 1.3: Simplified molecular orbital diagram for (a) covalent Si semiconductor 
(b) binary CdS semiconductor. 
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Depending on the electronic structure of a material, it can be divided into metals 

and non-metals as shown in Figure 1.4. In a metal, the Fermi energy level (Ef) 

resides inside a band whereas in non-metals like semiconductors and insulators, Ef 

resides in the bandgap region. Typically, bandgap (Eg) of insulators are higher than 

semiconductors (Eg > 4 eV for an insulator).    

 

Figure 1.4: Schematics showing electronic band structures of metal and non-metal. 

The Fermi level (Ef) is defined as the energy level where the probability of finding 

the electrons is 50 %. The probability of finding an electron at an energy level “E” is 

given by Fermi-Dirac distribution, 𝑓(𝐸) =  
1

1+𝑒
(𝐸−𝐸𝑓)/𝑘𝐵𝑇 , where Ef is the Fermi energy, 

T is the temperature and kB is the Boltzmann constant. The electron population is 

then given as product of Fermi-Dirac function and the density of states at that energy 

level. At T = 0 K, density of states is 0 at the Fermi level of semiconductors and 

insulators. So, there is no electron at the Fermi level of a semiconductor at 0 K. 

When T > 0 K, then there is a finite value of f (E) near the conduction band minimum. 

An increase in T increases the f(E) and therefore increasing the electrical 

conductivity of non-metals. Also, at a given T, a decrease in bandgap increases the 

f(E) near the conduction band minimum. So, electrical conductivity of lower bandgap 

non-metals (semiconductors) are usually higher than that of wider bandgap non-

metal (insulators).  
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The most popular semiconductor is silicon that is majorly used in electronic 

components like integrated circuits (ICs). Also, the solar cell industry is largely 

based on silicon. This is attributed to the excellent electronic properties of the 

silicon. The natural abundance of silicon and its minimal toxicity have propelled 

semiconducting industries to be based around silicon. 

However, silicon is not suitable in all the cases. First, for excellent semiconducting 

properties of silicon, it needs to be defect free and that demands very high-quality 

silicon crystals which are very expensive to process. More importantly, silicon has 

an indirect bandgap of around 1.1 eV. Having an indirect bandgap means it is not 

as efficient in absorbing light and emitting light. It cannot be used for display devices 

which require high photoluminescence (PL). The thickness of silicon material 

required to capture solar light will be more than other direct bandgap material having 

same bandgap. Also, 1.1 eV bandgap corresponds to infrared photons and thus to 

emit color in visible region, wider direct bandgap material is required like GaN, CdS, 

ZnS. 

1.3 Semiconductor nanocrystals (NCs):  

There is a famous saying by Nobel laureate Richard Feynman that “There is plenty 

of room at the bottom”. What he meant by that statement is the exciting properties 

and applications of a material has, when it is reduced to smaller size. As 

semiconductor size gets decreased, a major change in the electronic structure and 

properties begins to happen. The continuous valence and conduction bands begin 

to have more and more discrete energy levels as the size gets decreased (Figure 

1.5). Also, the bandgap of the semiconductor starts to widen resulting in blue shift 

in absorbance and emission spectra. This effect is known as quantum confinement 

effect and is more pronounced when the size of the NCs approaches a certain size 

called exciton Bohr radius. Absorption of light excites an electron from valence band 

to conduction band, leaving behind a hole in the valence band. This electron and 

hole are bound to each other by Coulomb force. Such electron-hole pairs are called 

excitons. Exciton Bohr radius is then defined as the natural distance between the 

bound electron and hole. As the size of semiconductor gets smaller than the exciton 

Bohr radius, the electron and hole are not able to maintain themselves far apart as 

they would prefer in a normal situation. This physical confinement is called quantum 
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confinement. Spherical semiconductor NCs showing such quantum confinement 

are called quantum dots. 

 

Figure 1.5: Schematics of electronic energy states, as the size of a semiconducting 
materials gets reduced from bulk to NC to molecule. Adapted from reference12 with 
permission. Copyright © 2019, John Wiley and Sons. 

Exciton Bohr radius vary from semiconductor to semiconductor like CdS has exciton 

Bohr radius of 2 nm while PbTe has exciton Bohr radius of 104 nm.13 The formula 

for exciton Bohr radius (rB) is: 𝑟𝐵 = 𝜀𝑟
𝑚𝑜

µ
𝑎0 where 𝜀𝑟  is dielectric constant of the 

semiconductor, mo is the rest mass of the electron, µ is the reduced mass of exciton 

( 
1

 µ
=

1

𝑚𝑒
∗ +

1

𝑚ℎ
∗  ; where m*

e and m*
h are effective mass of electron and hole 

respectively) and ao is the Bohr radius of hydrogen atom (0.053 nm). When the size 

of a NC becomes smaller than the rB, excitons are spatially confined analogous to 

particle in a box model which also causes an increase in energy,. Here the particle 

would be exciton and box would be the NC. Thus, the increased bandgap for a 

semiconducting spherical NC is given by Brus-Kayanuma14 equation: 

 𝐸𝑄𝐷 = 𝐸𝑔𝑎𝑝 +
ℎ2

8𝑟2
(

1

𝑚𝑒
∗ +

1

𝑚ℎ
∗ ) −

1.786 𝑒2

4п𝜀𝑜𝜀𝑟𝑟
− 0.248 (𝐸 ∗ 𝑅𝑦) where EQD is the bandgap of 

the quantum dot having radius r and bulk bandgap of Egap, 𝐸 ∗ 𝑅𝑦 is the Rydberg 

energy. The first term of the right-hand equation gives the bulk bandgap of the 
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material. The second term gives increase in energy due to the quantum confinement 

effect. The third subtractive term accounts for the Coulombic interaction energy of 

exciton while the fourth term stands for the spatial correlation effect and can be 

neglected for low dielectric materials. This equation is based on effective mass 

theory approximation and often fails in case of very small NCs. 

Confinement of an exciton in a semiconductor can be in one, two, or all three spatial 

dimensions. If the exciton is confined in one direction meaning one of its physical 

size is less than rB then it would be termed as nanosheet, while confinement in two 

dimensions give rise to quantum wire. If the semiconductor is confined in all three 

directions it is termed as quantum dots or 0D material. A Semiconductor not 

confined to any spatial dimension is considered as bulk material. The density of 

states (DOS) varies as the confinement of exciton varies. Figure 1.6 shows the DOS 

as the dimension of the material changes resulting in various degrees of 

confinement for the exciton. 

 

Figure 1.6: Schematic of bulk (3D), quantum well (2D), quantum wire (1D) and 
quantum dot (0D) and its corresponding density of states (DOS). Adapted from 
reference15 with permission. Copyright © 2015, Elsevier. 

1.4 Colloidal semiconductor NCs: 

Semiconductor NCs properties do not only depend on the composition but also on 

the size, shape and its surface structure. Therefore, control over the synthesis to 

obtain high quality NCs is desired. High quality mainly refers to the NCs having very 

low density of charge trap carriers and monodispersed size. 
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The semiconductor NCs that are often synthesized by liquid phase method and 

forms a stable colloidal dispersion in a liquid solvent are referred to as colloidal 

semiconductor NCs. Colloidal NCs provide atomic level control of the size of a NCs, 

therefore, size dependent properties like reduction in melting temperature, increase 

in the bandgap and other parameters can be greatly controlled by tuning the size of 

NCs. For example, as the semiconductor NC size decreases, the luminescence 

efficiency increases because of strong electron and hole overlap which are then 

suited for light emitting applications. In addition to that, colloidal semiconductor NCs 

offer way of very inexpensive device fabrication by spray painting or inkjet printing. 

These are also scalable meaning it can be made on large scale. One of the most 

important advantage is that colloidal form of semiconductor NCs allows to have thin 

film devices on flexible substrate. Flexible devices are needed for many applications 

like as wearable on our hand or clothes. 

The colloidal NCs typically consist of two parts: i) a semiconducting inorganic core 

ii) organic ligand shell (Figure 1.7). So, the optoelectronic properties are not only 

dependent on the composition of the semiconductor but also on the ligand shell 

present on the NC surface. 

 

Figure 1.7: Atomic structure of 5 nm diameter NC having PbS as core and oleate 
and hydroxides as ligands. Adapted from reference16 with permission. Copyright © 
2014, American Association for the Advancement of Science. 

a. The inorganic core 

Inorganic core of semiconductor can be simple semiconductor like Si, CdS, PbS or 

more complex like CuInS2, CsPbBr3 or even Cu2ZnSnSe4. The core can also be of 

Inorganic core

Ligand shell
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type where two or more semiconductors combine. These are called 

heterostructures NCs. In the heterostructures NCs, it can be of type, Janus NC 

(segmented NC), or core/shell NCs (Figure 1.8). In a Janus NC, the NC contains 

two separate semiconductor parts. In a core/shell NC, one semiconductor is 

covered with another semiconductor. The advantage of having heterostructure is 

that it can impart multiple functionalities to a single NC and also in some cases can 

stabilise the NC. This stabilization of NC can be in metastable state or protection 

from external reactive environment.17-19 

 

Figure 1.8: Segmented (Janus) NC and core/shell NC obtained from the cation 
exchange of a core NC. Adapted from reference20 with permission. Copyright © 
2018, Royal Society of Chemistry. 

Core/shell NCs structure are important class of heterostructure NCs. Figure 1.9 

shows different type of core/shell structures for a semiconductor. Type I core/shell 

structure refers to the band structure where core valence band maxima (VBM) and 

conduction band minima (CBM) lies within the VBM and CBM of shell material. Here 

both electron and hole wavefunctions get confined to the core material. Here, the 

shell material is of higher bandgap than the core material. These type I core/shell 

NCs are one of the brightest emitting materials as the surface defects of core are 

now passivated. In reverse type I core/shell material, the shell bandgap is lower 

than the core bandgap and the VBM and CBM of the shell lies in between the CBM 

and VBM of the core material. Here both electron and hole wavefunctions get 
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confined to the shell material and thus they are desirable for charge carrier 

separation and find their use in photocatalysis etc. In type II core/shell 

semiconductor, there is an offset between the CBM or VBM of core and shell 

semiconducting materials. This type of band alignment helps in the separation of 

charge carrier and therefore important for applications like photovoltaics etc. Here, 

either electron or hole wavefunction gets confined to the core while the other one 

goes to shell material. This causes an increase in radiative recombination lifetime 

as effective overlap between the electron and hole wavefunction have decreased. 

In pseudo Type II core/shell NC, either CBM or VBM of shell is close to the CBM or 

VBM of the core resulting in one of the charge carrier wavefunction spread out to 

both core and shell material. This also decreases the effective overlap of electron 

and hole wavefunction resulting in the increase in PL lifetime. 

 

Figure 1.9: Schematic diagram  of core/shell NCs of various types  (a)Type I NC: 
both electron and hole wavefunctions get confined in the core  (b) Reverse Type I 
NC: both electron and hole wavefunctions get confined to the shell (c) Type II NC: 
either electron or hole wavefunction gets to shell while the other remained in core 
causing separation of electron and hole wavefunction. (d) Pseudo Type II NC: either 
electron or hole wavefunction gets delocalized over both core and shell while other 
one gets confined to the core. 

Core/shell structure has various advantages like it protects the NCs towards 

external environment like heat, light, oxygen, moisture etc. As shown in Figure 1.9, 

choosing a specific shell material for a core NCs, can tailor the application according 

to the needs. Further role of shell is in separating the charge carriers in the 
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semiconducting core depending on the band alignment of core shell structure.  

However, designing core/shell structure is not trivial and growing a shell on a core 

NC requires that core and shell have very little lattice mismatch. Also, the other 

problem that exists while growing shell material is the self-nucleation or formation 

of other heterostructures.  

b. The ligand shell and its versatile role:  

Molecules known as ligand are bound to the surface of the NC and are responsible 

for the solubility of the NCs in a given solvent. Ligands are very important for a NC 

because of their versatile role. It greatly influences the electronic, optical and 

catalytic properties of the NCs. Not only it does help in the solubility of NCs but also 

affects the growth and finally the shape and size of the NCs. The ligands can 

selectively bind to one of the facets, thereby reducing the energy of these facets 

relative to others. This selective binding of ligand to a facet, control the size of the 

NCs and give rise to different shape like rods and platelets.   

However, ligands can also negatively impact the properties of the NCs. The ligands 

are generally long chain organic molecules present on the NC surface.21, 22 These 

organic molecules are insulating in nature and thus hinder charge transfer between 

two NCs (in a film) separated by the organic ligands. Also, ligand act as poison for 

many catalytic activities because it can block the active sites on the NC surface. 

Usually post synthetic ligand treatments are performed where the long organic chain 

ligand is replaced with short chain ligands or with inorganic ligands. Also, methods 

like sintering (heating the NCs film) or treating the NCs film with a polar solvent can 

get rid of the ligand and make the NC film conductive. Therefore, understanding of 

the surface of the NC (composition and ligand binding) is of utmost importance for 

their utilization in any applications or devices. The ligands are broadly classified 

based on bonding nature with NCs surface as: X type, L type or Z type as shown in 

Figure 1. 10.23, 24 L type ligands are neutral ligands where they donate electron to 

the metal atoms at the surface. Example include amies and phosphines. X type 

ligands are ionic ligands that bound to the NCs surface as ionic pairs. Examples are 

like ammonium bromide (RNH3
+Br-). Z type ligands are charge neutral ligand which 

accept electrons from non-metal atoms at the NCs surface. Example include 

cadmium chloride (CdCl2) or lead oleate (Pb(COOR)2). 
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Figure 1.10: Classification of ligands as L, X and Z type. Adapted from reference24 
with permission. Copyright © 2016, Royal Society of Chemistry. 

The ligand at the NCs surface not only required for making colloidal dispersion but 

also for passivating trap states. The trap states arise from the non-bonding orbitals 

of the under-coordinated surface atoms (dangling bonds). Ligands are needed to 

make the bonds with these undercoordinated surface atoms. This gives the 

electronic states which lies in the bandgap region of the semiconductor and which 

can trap charge carriers, electrons and holes. In a NC, due to its high surface to 

volume ratio, large number of atoms are present on the surface and so greater 

number of these trap states. Take the case of CdS semiconductor NC, where in an 

ideal case there are no electronic states in the bandgap region (Figure 1.11a). 

However, this situation is never realized in real life and the semiconductor NCs have 

lot of defects which contribute to the electronic states in between the bandgap 

region. Surface atoms on the NCs have different environment than the atoms in the 

core region. They are undercoordinated which results in weaker bonds as well as 

electronic states within the bandgap region. Such electronic sates in the bandgap 

region, traps the photoexcited electron or holes before they can combine radiatively. 

In Figure 1.11b, undercoordinated surface Cd2+ form empty electronic states below 

the conduction band and can trap electrons. Similarly, undercoordinated surface S2- 

forms filled electronic states above the valence band and can trap holes. Therefore, 

it is extremely important for the NCs to passivate these defects by using appropriate 

ligand. Cd+2 electronic states need L type ligand (electron donating ligand) to 

hybridize with Cd+2 electronic states to give bonding orbital lower than valence band 

edge of CdS and antibonding orbital above than conduction band edge of CdS 

(Figure 1.11c). Similarly, S2- electronic states need Z type ligand (electron acceptor 

ligand) to hybridize with and to give bonding and antibonding orbital outside of the 

bandgap region.  
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Figure 1.11: Schematic of electronic structure of (a) ideal CdS semiconductor (b) 
CdS having surface defect in the form of undercoordinated Cd and S electronic 
states (c) passivation by ligand to passivate the mid gap trap states. 

1.5 Synthesis mechanism of colloidal NCs: 

The synthesis of colloidal NCs can be done in either aqueous or organic medium,                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

depending on the reaction solvent used for the synthesis. The aqueous synthesis 

has advantage of being environmentally friendly but it doesn’t produce high quality 

NCs because of the moderate synthesis temperature used. The organic route to 

synthesize colloidal NCs are the most common and preferred one where high boiling 

solvent is employed. This usually gives rise to high quality NCs having excellent 

crystallinity, less defects and narrow size distribution. But the problem exists with 

the environmental concern of the organic chemicals employed for the synthesis. 

        The mechanism of NCs formation has three stages: monomer formation, 

nucleation, and growth. After the completion of the reaction, the NCs are washed 

and stored. Usually colloidal NCs synthesis is performed in a round bottom flask 
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having inert atmosphere (maintained through Schlenk line). Inert condition is 

maintained by applying alternate nitrogen and vacuum condition. This process 

ensures removal of oxygen and moisture from the reaction medium and precursor. 

It is necessary because NCs are prone to oxidation and it quench the PL properties 

of the NCs. 

a. Monomer formation: Monomer formation involves reaction of metal or non-

metal salts to form complexes. Commonly, metal salts like acetates, halides or 

oxides and non-metals like sulphur, tellurium, bromide, etc. are complexed with 

organic molecules like oleic acid, oleylamine at high temperature (> 100 °C) to give 

the corresponding complex. Sometimes other precursor like dodecanethiol, zinc 

diethyldithiocarbamate, benzylhalides etc. are also used which do not require 

complex formation.25-27 

b. Nucleation:  In the nucleation step, monomers react to form cluster and then to 

nuclei. Nuclei is defined as the smallest size cluster that can grow to be a crystal. 

Thus, nucleation is the step where the nuclei formation happens that serves as 

seeds for the growth of the crystal. Most common method to prepare nuclei is by 

hot injection method. In hot injection method, one of the precursors is injected into 

the reaction mixture at a high temperature (100- 300 °C). Hot injection method gives 

a way to separate nucleation and growth and thus gives better control over size and 

shape of NCs but it has a disadvantage of large scalability and reproducibility. Other 

method involves heat up synthesis where all the precursors are mixed and they are 

heated at desired temperature and the nucleation happens. Heat up synthesis 

method is more reproducible and scalable but it has size distribution problem as 

well as application are limited to growth of complex composition NCs. 

c. Growth: After nuclei reaches a certain critical size it doesn’t redissolve in the 

reaction medium and starts to form smaller crystals or NCs. Growth happens where 

bigger NCs grow on the expense of smaller NCs which is known as Ostwald 

ripening.20 This is also the step where the size and the shape of the NCs are 

determined. 

After the completion of the reaction (reaching desired shape or size), the growth is 

stopped by either cooling with ice bath or by injecting solvent from room temperature 

to this high temperature reaction medium. Fast cooling of NCs reaction medium is 

required to stop the NCs from further growing and thus maintain narrow size 
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distribution. The NCs are then purified by centrifuging the crude product and 

throwing out the supernatant and keeping the precipitate. The precipitate which is 

mostly NCs along with unreacted solvent and precursor, is further washed with a 

mixture of nonpolar (say hexane) and polar (say 1-butanol) solvent. Finally, the 

purified NCs are then stored in non-polar solvent like hexane or toluene for further 

use. 

A more physical view of the mechanism of colloidal NCs is proposed by LaMer in 

1950 (shown in Figure 1.12). According to that, upon reaction, there is increase in 

the concentration of monomers until the point it reaches supersaturation (Figure 

1.12, stage I). After reaching the supersaturation concentration the solution 

becomes thermodynamically unstable and fast nucleation happens thereby 

reducing the monomer concentration and degree of supersaturation (figure 1.12, 

stage II). Then the growth of the nuclei happens by different mechanism like 

diffusion growth where the monomers are added to the already formed nuclei or by 

Ostwald ripening (figure 1.12, stage III), where the smaller NCs dissolve and bigger 

NCs grow or by coalescence where multiple nuclei come together and grow.  

 

Figure 1.12: Schematic of growth model of colloidal NCs as proposed by LaMer. 
Adapted from reference28 with permission. Copyright © 2015, Royal Society of 
Chemistry. 

With this learning about the colloidal semiconductor NCs, we introduce the 

semiconducting material of choice in this thesis i.e. cesium lead halide perovskite, 
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CsPbX3 (X = Cl, Br, I) NCs. Majority of the thesis work and hence the subsequent 

chapters are focussed on CsPbX3 and barium zirconium sulfide chalcogenide, 

BaZrS3 perovskite NCs. The challenges that these CsPbX3 NCs face towards their 

commercial success along with the strategy developed to address some of them 

are discussed in this PhD thesis work. 

1.6 Introduction to lead halide perovskite: 

Perovskite is the crystal structure of the mineral CaTiO3 i.e. of formula ABX3. Here, 

A and B are cation and X is an anion. B cation and X anion forms an interconnected 

octahedra while A cation sits in the cavity formed by the BX6 interconnected 

octahedra as shown in Figure is 1.13.  

 

Figure 1.13: Ideal cubic perovskite structure of ABX3 composition having A site 
cation (green color) in the cavity of BX6 octahedra formed by B site cation (purple 
color) and X site anion (orange color). Map of elements from the periodic table 
occupying A, B or X site forming stable perovskite structure. Adapted from 
reference29 with permission. Copyright © 2015, John Wiley and Sons.  

Perovskites ABX3

A
B

X



Chapter 1 
Introduction to Colloidal Semiconductor and  

Lead Halide Perovskite Nanocrystals  
 

 
[19] 

 

Perovskites are very versatile class of material structure where almost every 

element of the periodic table forms this structure given that they satisfy certain size 

requirement. The size requirement is given by Goldschmidt tolerance factor, 𝑡 =

𝑟𝐴+ 𝑟𝑋

√2 (𝑟𝐵+ 𝑟𝑋)  
 , where rA, rB and rx are the ionic radii of A and B cations and the X anion, 

respectively.30 Generally, if value of t is between 0.9 < t ≤ 1, then the perovskite 

structure formed would be cubic while 0.8 < t ≤ 0.9 corresponds to tetragonal or 

orthorhombic perovskite structure. There is another parameter called octahedral 

factor, µ = 
𝑟𝐵

𝑟𝑋
 which is considered while predicting the stability of the perovskite. It 

governs the stability of BX6 octahedra. µ in the range of 0.4 to 0.9 signifies the 

formation of stable BX6 octahedra.31 However, predicting the stability of perovskite 

based only on the value of t has limited success. Recently researcher have 

proposed new tolerance factor,32 𝜏 =
𝑟𝑥

𝑟𝐵
− 𝑛𝐴 (𝑛𝐴 −

𝑟𝐴/𝑟𝐵

ln 𝑟𝐴/𝑟𝐵
 ) for predicting the 

stability of oxide and halide-based perovskites where nA is the oxidation state of A 

site cation. 

Perovskites are naturally occurring mineral in earth’s crust. A large fraction of earth’s 

minerals has various compositions of metal oxides having perovskite structure. 

Depending A and B site cation in oxide perovskites, it can give a lot of different and 

exciting properties like piezoelectric, thermoelectric, antiferromagnetic, 

superconducting and so on.33-38 These oxide-based perovskites are very stable and 

generally synthesized above > 1000 °C. First time in 1893, H. L. Wells synthesized 

halide-based CsPbX3 (X= Cl, Br, I) compound39 and its perovskite structure was 

confirmed by Møller.40, 41 Halide-based perovskite are formed at lower temperature 

from solution and exhibit interesting properties like magnetic, ferromagnetic, 

semiconducting, luminescence and electroluminescence.42-45 The ease of forming 

high quality films from solution at low temperature make the halide-based perovskite 

interesting for electronic and optoelectronic applications. Lead halide-based 

perovskite has Pb2+ for B site cation and halides as X site anion. A site is occupied 

with either inorganic cation like Cs+, Rb+ or organic cation like CH3NH3
+ (MA+) or 

NH2CHNH2
+ (FA+) as shown in Figure 1. 14. Interest in lead halide perovskites 

mainly emerged from its exceptional photovoltaic properties. Excellent 

optoelectronic properties coupled with the ease of synthesis makes them ideal 

candidate for solar cells. Hybrid lead halide perovskite like methylammonium lead 
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halide perovskite have already proven to be a serious contender of silicon in field of 

PV and regarded as next generation solar cell material. They have reached a record 

efficiency of 25.2%46 within few years of research and now are in the process of 

commercialization as alone or in tandem with silicon.  

 

Figure 1.14: Crystal structure of lead halide perovskite where B site is Pb2+, X site 
is Cl- or Br- or I-. Depending on the A site cation, it can be hybrid lead halide 
perovskite (organic A site cation) or all-inorganic lead halide perovskite (inorganic 
A site cation). 

However, their all inorganic counterpart like CsPbX3 (X= Cl, Br, I) shows better 

thermal and moisture stability compared to hybrid organic-inorganic lead halide 

perovskite. Especially, the colloidal NCs of CsPbX3 have attracted lot of interest in 

recent years due to its superior optoelectronic properties. Synthesis of colloidal 

CsPbX3 NCs was first reported by Kovalenko group in 2015.47 They have 

synthesised NCs of CsPbX3 (X = Cl, Br, I) of size around ~ 11 nm using hot injection 

method. The bandgap (and so absorption and emission) of these NCs can be varied 

from the UV region (for CsPbCl3 composition) to near NIR region (for CsPbI3 

composition) just by changing halide anion (X anion). Also, the NCs obtained have 

very high PL quantum yield reaching upto 100% along with narrow emission width 

without any surface treatment as shown in Figure 1.15. This narrow emission width 

(characterized by their full width at half maximum, FWHM of emission spectrum) 

B2+ = Pb2+

X- = Cl-, Br-, I-

Organic-Inorganic 

halide perovskite

All-Inorganic 

halide perovskite

A+ = Cs+ Rb+A+ = CH3NH3
+, HC(NH2)2

+
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suggests the high color purity which is much desirable for display technologies. 

Compared to traditional NCs like CdS, ZnS which have color inconsistency due to 

batch by batch variation in NCs synthesis, the lead halide perovskite NCs have very 

high consistency in the optical property. The above-mentioned advantages of 

CsPbX3 NCs have made them interesting for next generation optoelectronic 

applications like light emitting diodes (LEDs), solar cells and photodetectors. 

 

Figure 1.15: (a) Vial of colloidal dispersion of CsPbX3 NCs under UV light showing 
emission color ranging from violent to the red. (b) The emission spectra 
corresponding to CsPbX3 NCs having sharp and narrow PL. Adapted from 
reference47 with permission. Copyright © 2015, American Chemical Society. 

So, what makes these lead halides perovskite so special? Why they have such 

excellent optoelectronic properties? Following section look at the possible answer 

to these questions. 

1.7 Defect tolerant nature of CsPbX3 NCs: 

Traditional semiconductor like Si, GaAs, CdTe require very high crystal quality 

meaning ultralow concentration of defects to work as good solar cell material. 

Therefore, their synthesis is highly complex and expensive, requiring ultrapure 

chemicals and very clean and inert processing environment. However, lead halide 

perovskites differ from them in this manner. The synthesis of lead halide perovskite 

NCs are facile. It does not require very high purity chemicals or high purity 

environment for the synthesis of good quality of NCs. Lead halide perovskite are 
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also excellent light emitters reaching PLQY upto 100 % without any surface 

treatment.  

The bonding in lead halide perovskites are more ionic compared to traditional 

semiconductors. This increased ionicity is responsible for the easy synthesis of NCs 

at lower temperature (even at room temperature). They can be synthesised at high 

temperature following traditional hot injection method or synthesised at room 

temperature using ligand assisted reprecipitation (LARP) method. Various synthesis 

method for CsPbX3 NCs are shown in Figure 1.16. 

 

Figure 1.16: Schematic of various synthesis technique of CsPbX3 NCs: (a) hot-
injection method (b) supersaturated recrystallization method (c) ultrasonic-assisted 
method (d) solvothermal method and (e) microwave assisted method. Adapted from 
reference48 with permission. Copyright © 2018, American Chemical Society. 

These excellent optoelectronic properties of lead halide perovskites are attributed 

to the defect tolerance nature of the perovskite. In the case of lead halide perovskite, 

despite of the presence of defects it acts as an excellent optoelectronic material 

implying that the defects states do not trap the charge carriers. The plausible 

reasons for defect tolerant nature of these lead halide perovskite are listed below: 

a. Defects present in lead halide perovskite are mainly in the form of vacancies like 

halide vacancies. These vacancies form shallow defects level (does not lie deep in 

the bandgap region) that they do not trap charge carriers (Figure 1.17a). 

Fortunately, other types of defects like interstitial defect or anti-site defects which 
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would form deep trap states are almost absent in the lead halide perovskites as they 

are energetically unfavourable to form.49, 50  

 

Figure 1.17: Plausible reasons for defect tolerant nature of lead halide perovskite. 
(a) vacancy shallow defect is more prominent in lead halide perovskite than other 
interstitial or antisite deep defects. (b) simplified schematic of electronic bandgap 
structure of lead halide perovskite compared with that of traditional semiconductor 
like GaAs. (c) local deformation of crystal structure along with electron and hole 
gives rise to polarons which then reduced charge carrier trapping and scattering. 
Adapted from reference51 with permission. Copyright © 2018, Springer Nature. 

(a)

(b)

(c)
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b. Halide vacancies form shallow defect levels because of the nature of bonding in 

lead halide perovskite where both valence band and conduction band are 

antibonding in character (Figure 1.17 b). Also, the spin orbit coupling effect (due to 

the heavy Pb atom) in conduction band further stabilizes the conduction band by 

lowering the energy of conduction band. 

c. Due to the soft and ionic nature of lead halide crystal structure, they are easily 

deformed. This deformation of crystal structure along with charge carrier (electron 

or hole) give rise to formation of polaron. The formation of Polarons is very feasible 

in lead halide perovskites due to the coupling of electron and holes with the soft and 

ionic lattice of perovskite. Polarons are proposed to screen coulombic potential and 

reduce the carrier trapping and scattering (Figure 1.17c). 

1.8 Challenges faced by CsPbX3 NCs: 

However, all is not so shiny for these CsPbX3 NCs. CsPbX3 NCs undergoes rapid 

degradation when exposed to external environments like moisture, heat and light. 

These instability issues associated with them, impedes their utilization in 

commercial applications. Their instability arises because of the ionic bonding of lead 

and halide as well as the labile binding of the ligands on the CsPbX3 NCs surface. 

Further, concern about the toxicity of lead complicates the problem. The problems 

that CsPbX3 NCs must overcome are highlighted below:  

a. Anion exchange and segregation problem: Anions in the lead halide 

perovskite are very mobile. Also, due to the low formation energy of anion 

vacancies, it is very easy to form halide vacancy defect. This causes movement of 

other anions in the crystals to fill those vacancies. This property of lead halide 

perovskite proved to be extremely beneficial in some cases like easy anion 

exchange of one of the compositions of lead halide perovskite to other composition. 

This gives a way to tune the bandgap of the lead halide perovskite. However, the 

easy anion exchange poses a problem like spontaneous exchange of anions in two 

different composition of CsPbX3 films. It results in a film having a single composition, 

losing the identity of individual layers. Figure 1.18 shows a schematic where, if you 

make thin films of two halide perovskite i.e. CsPbI3 NCs and CsPbBr3 NCs on top 

of each other then, they would get anion exchange to give films of mixed 

composition CsPbBrxI3-x .This poses a problem to use these halide perovskite in a 
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tandem fashion where different bandgap should be placed on top of each other so 

that they can capture solar light efficiently. Similarly, in case of colloidal dispersion 

of NCs, when two NCs are mixed, they undergo anion exchange to give a single 

composition of NCs. So, to obtain emission color like white light from lead halide 

perovskite, it should emit red, green and blue together so that these color can be 

perceived as white light. 

           Other problem that lead halide perovskite faces is the anion segregation in 

mixed halide perovskite under influence of light or electric field. Segregation of 

halides in mixed halide perovskites gives rise to individual halide rich region leading 

to color instability. For example, CsPb(Cl/Br)3 NCs which are used for blue emitting 

LEDs, suffers from this problem. 

   

  

Figure 1.18: Schematic showing halide exchange for CsPbX3 NCs (a) a film of 
CsPbBr3 deposited on top of CsPbI3 NCs undergoes anion exchange to give a film 
of single composition of CsPbBrxI3-x. (b) NCs of CsPbBr3 and CsPbI3 undergoes 
anion exchange in colloidal dispersion. 

b. Moisture instability: The lead halide perovskite is known to break in the polar 

environment or even in moisture due to its ionic nature.52-54 This instability to water 

limits their applications in devices as well as long term performance. For example, 

lead halide perovskite cannot be used for photocatalysis in water despite being 

excellent solar absorbing material. The mechanism proposed for the degradation is 

that, first the water molecules react with PbX6 octahedra. This causes chemical 

bonds between A site cation (Cs+) and PbX6 to break leading to transformation to 

CsPbBr3

CsPbI3

CsPbBrxI3-x

+ Anion exchange

CsPbBr3 CsPbI3 CsPbBrxI3-x
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0D structure (Figure 1.19). Further treatment with the water lead to complete 

degradation to the corresponding salts of PbX2 and CsX.55 

 

Figure 1.19: Schematic of degradation of CsPbBr3 NCs under moisture/water 
where initially CsPbBr3 transformed to Cs4PbBr6 which then finally gets degraded 
to corresponding CsBr and PbBr2 salts. 

Similar instability of lead halide perovskite exists with the polar solvent like 

methanol, dimethyl sulfoxide and dimethylformamide where the lead halide 

perovskite dissolves and undergoes degradation. 

c. Degradation due to light: CsPbX3 NCs are also reported to be unstable when 

continuously irradiated with the blue LED light or sunlight .56, 57 The NCs undergo 

morphological and structural change upon illumination along with the heavy loss of 

PL.  Figure 1.20 shows the model proposed by Chen et al.58 where the CsPbBr3 

NCs loses its optical properties under continuous irradiation of light.  

.  

Figure 1.20: Schematic showing the photodegradation mechanism of CsPbBr3 NCs 
dispersed in toluene. Adapted from reference58 with permission. Copyright © 2016, 
Springer Nature. 

CsBr + PbBr2

H2O
H2O

3D CsPbBr3
0D Cs4PbBr6
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The prolonged irradiation of light causes the photogenerated charge carriers to 

diffuse towards the surface where they are capture by the ligands. Some of this 

surface ligand then irreversibly dissolve in the solvent leading to the trap formation 

on the surface of the NCs. Removal of the ligand promotes the NCs to aggregate 

together to grow into bigger NCs having trap states leading to loss of PL properties. 

d. Degradation due to heat: Although the inorganic lead halide perovskite like 

CsPbBr3 NCs are thermally stable upto 550 °C but its optical properties are not. It 

shows great loss in PL when heated which are not reversible. The loss of PL is 

attributed to the loss of surface ligand which then creates the defect states. These 

defects then act as charge trap centres and thus quench the PL. Further the loss of 

ligand promotes the structural degradation to lower dimensional counterparts like 

CsPb2Br5 or Cs4PbBr6 as shown in Figure 1.21 

 

Figure 1.21: Transformation of CsPbBr3 NCs to CsPb2Br5 driven by the loss of 
organic ligand from the surface when NCs are thermally treated at higher 
temperature. Adapted from reference59 with permission. Copyright © 2017, 
American Chemical Society.  

Report by Diroll et al.60 have studied the PL quenching of CsPbX3 NCs as a function 

of temperature and they have found that the thermal quenching is reversible upto 

450 K while above than it is irreversible. The reversible behaviour is attributed to 

thermally assisted trapping due to halogen vacancy centre whereas the irreversible 

behaviour of PL quenching is attributed to loss of surface ligand followed by 

agglomeration. The worse effect of degradation by heat is seen as it amplifies the 
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degradation caused by light, moisture and oxygen. Therefore, the instability problem 

of perovskite QDs to thermal effect must be addressed as it is an important and 

universal for all of the lead halide perovskites. 

e. Toxicity of lead: The toxicity of lead is a major concern for the CsPbX3 NCs or 

for general lead halide perovskites. Although the device on lead halide perovskite 

can be properly sealed and even the amount of lead used in a lead halide PV device 

is within allowed limit, it still poses an environmental and health concern.61-63 This 

is because the lead salts (PbX2 normally used as precursor) are soluble in water 

and can enter the ground water once the devices based on lead halide perovskite 

break and lead leaches out. Also because of their water solubility, they are readily 

bioavailable to plants and other organisms. A very recent report by Li et al.64 have 

studied the lead uptake by plant in lead halide perovskite-contaminated soil. They 

have found out that the lead leaking into the ground from lead halide perovskite can 

enter into the plant and then to food cycle almost ten times effectively than the other 

lead contaminants (from lead acid battery or from electronic components) already 

present. Figure 1.22 shows the concentration of Pb2+ in mint plants grown in natural 

soil and one with deliberately contaminated with the halide perovskite. 

 

Figure 1.22:  The value of Pb2+ content in leaves, stems and roots in mint plants 
grown in a. control soil (36.3 mg Kg-1 of Pb+2) b. soil contaminated with lead halide 
perovskite (250 mg Kg-1 of Pb+2).  Adapted from reference64 with permission. 
Copyright © 2020, Springer Nature. 

The highest lead concentration that is allowed in agricultural land is 250 mg Kg-1 

which is already higher than the natural lead content of 36 mg Kg-1
 in earth’s crust. 
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They have shown that lead concentration in different parts of mint plants can well 

above the tolerant limit of plant and they died due to lead intoxication. 

This demands a need for either safer option for lead halide perovskite or putting 

strict regulation where permissible Pb2+ limit is lower than the current allowed value. 

1. 9 Scope of this thesis: 

As outlined above are the problems of lead halide perovskites. This thesis takes a 

shot at addressing some of those problems in various chapters.  

Generally, while choosing a system of semiconductor NCs for a device application, 

we need to know some of their important structural and optical parameters along 

with the stability aspects of the NCs. For CsPbX3 NCs, we have started first with 

their colloidal synthesis by the reported method and have determined its optical 

band edge energies along with the excitonic transition probabilities. Further, we 

have determined how the surface composition of the CsPbBr3 NCs is, its termination 

and the ligand present on the surface. Then we went to tackle the instability problem 

of CsPbX3 NCs by doing surface engineering of the NCs. This surface engineering 

was done by encapsulating the CsPbX3 NCs by proper shell material. Finally, we 

have addressed the inherent stability problem and toxicity of CsPbX3 NCs by doing 

the compositional engineering. We have explored more stable and environment 

friendly but less explored chalcogenide perovskite namely, BaZrS3 NCs. Before 

discussing those work in details let us look at which are the parameters and why 

they are important for the working of a semiconductor device: 

a.  Determination of optical parameters: It is very important to know about the 

relevant optical parameters of a semiconductor like its bandgap, its band edge 

energy levels and its excitonic transition probabilities in terms of its absorption and 

emission to use them for a specific application.  

Say for example if we wish to use a semiconductor for solar cell application, then 

the choice for the bandgap of active semiconducting material, electron transport 

layer (ETL) and hole transport layer (HTL) need to be such that they can facilitate 

charge transfer between these layers as shown in Figure 1.23. 

Similarly, knowledge about the excitonic transition probability is also important for 

using a semiconductor for an application. Exciton transition probability in terms of 

its absorption coefficient is important for application like solar cell or photovoltaics 
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where the maximum absorption of light is desired whereas excitonic transition 

probability in terms of PL emission is desirable for application in LEDs. Figure 1.24 

shows the schematic of transition probabilities in terms of absorption and emission 

at its excitonic edge. 

 

Figure 1.23: Schematic for solar cell device having semiconductor of appropriate 
bandgap as active layer. 

 

Figure 1.24: Schematic showing (a) absorbance of light leading to excitation of 
electron from valence band to conduction band (b) recombination of electron and 
hole (exciton) by radiative emission. 

In Chapter 2, we have done just that by synthesising CsPbX3 NCs and measured 

its optical bandgap and band edge energies (CBM and VBM) as X anion varies from 

Cl to Br to I. The excitonic transition probabilities measured in terms of molar 

extinction coefficient and PL decay lifetime show a systematic decreasing trend 

from CsPbCl3 to CsPbBr3 to CsPbI3 NCs. 
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b.  Surface chemistry: The surface of the NCs plays a major role in determining 

the optoelectronic properties of the NCs. The organic ligands used during the 

synthesis of the NCs provide steric stabilization which then helps to make the 

colloidal dispersion of NCs. Also, it passivates the surface defects which would 

otherwise trap charge carriers and so decrease their optoelectronic performance. 

But the downside is that these long chain organic ligands inhibit charge transfer 

between the NCs in the films and thus severely limits the device performance. This 

calls for careful selection of the ligand or to replace the existing long chain organic 

ligand with shorter carbon chain or inorganic ligand to facilitate charge transfer. It is 

therefore important to know about the surface of the NCs and the nature of ligand 

that binds to it.  

Chapter 3 of this thesis answers these questions about CsPbBr3 nanocubes by 

employing various experimental and theoretical techniques to understand inorganic 

surface composition and organic ligand on the surface. The developed 

understanding from this chapter can be extended for other composition of CsPbX3 

NCs, if they have similar synthesis method.  

 

Figure 1.25: Colloidal CsPbBr3 NC composed of inorganic CsPbBr3 core and 
organic ligand. 

c.  Stability by surface engineering: To use the semiconductor in a device, it must 

be stable under given operating condition without undergoing significant decrease 

in efficiency and performance. It means that the devices like solar cells or LEDs 

based on these materials should be stable against the external environment like 

moisture, oxygen, light and heat. For example, it is reported that the blue LEDs 

based on mixed lead halide perovskite loses its efficiency and color purity after 

certain operating hours. This is mainly due to the ion migration problem which leads 

+ =

Inorganic composition Organic ligand NCs capped with ligand
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to segregation of individual halide rich regions. Similarly, PV devices based on lead 

halide perovskite slowly loses its efficiency due to the degradation caused by 

heating of the device and the moisture present in the device. 

Chapter 4 of this thesis is devoted to solving the instability problem of CsPbX3 NCs 

by surface engineering. In Chapter 4A, the anion exchange problem between 

different composition of CsPbX3 NCs has been dealt with. The CsPbX3 NCs are 

capped with inorganic PbSO4-Oleate which suppresses the anion exchange 

between NCs both in colloidal dispersion as well as in films (Figure 1.26a). In 

Chapter 4B, the instability issue of CsPbBr3 NCs towards water and light induced 

degradation has been addressed by making a core/shell type structure of 

CsPbBr3/ZnS NCs (Figure 1.26b).  

 

Figure 1.26: Surface engineering of CsPbX3 NCs by encapsulating with (a) PbSO4-
Oleate to suppress anion exchange (b) ZnS semiconducting shell to make it more 
stable towards water and light induced degradation. 

d.  Stability by compositional engineering: The lead halide perovskite has low 

formation energy meaning they can form at low temperature. So, reverse of this is 

also valid, that it can degrade easily too. Additionally, because of their ionic nature 

they are unstable to water/moisture. Therefore, they are inherently unstable and so 

alternative semiconducting material having similar optoelectronic properties like of 

lead halide perovskite is desirable. Further, the lead halide perovskite still faces 

resistance in commercialization because of presence of toxic lead.  

Chalcogenide perovskites have recently been emerged as potential alternative to 

lead halide perovskites. Chalcogenide perovskites as the name suggests have 

Stability by Surface Engineering
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chalcogenides like S, Se or Te at the X site anion. This means to balance the charge 

on the perovskite, A site cation have +2 charge while B site cation has +4 charge 

(Figure 1.27). The chalcogenide perovskite has possibility to combine high stability 

of oxide perovskite and good optoelectronic properties of lead halide perovskite. 

Oxide perovskites are very stable but usually they have very large bandgap which 

makes them unsuitable for optoelectronic applications in visible and infrared 

region.65 On the other hand, lead halide perovskite have excellent optoelectronic 

properties but they have their issues with instability and lead toxicity discussed 

above. Chalcogenide perovskites represent middle way of both oxide and halide 

perovskite. Recent theoretical papers on the chalcogenide perovskites also predict 

it to have optoelectronic properties on par with the lead halide perovskites.66, 67  

 

Figure 1.27: Crystal structure of BaZrS3 chalcogenide perovskite. 

In Chapter 5, we have explored one such chalcogenide perovskite, namely BaZrS3 

to overcome the inherent instability problem as well as the toxicity concern 

associated with the lead halide perovskites. Indeed, thermal and water stability test 

performed on BaZrS3 NCs does suggest the better stability of chalcogenide 

perovskite over CsPbX3 NCs. BaZrS3 NCs shows strong absorption in visible region 

and being a direct bandgap material has potential for optoelectronic devices like 

solar cells. 

X2- = S2-, Se2-, Te2-

B4+ = Ti4+, Zr4+, Hf4+

A2+ = Ca2+
,, Sr2+, Ba2+

BaZrS3 Chalcogenide Perovskite
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Abstract: 

Cesium lead halide, CsPbX3 (X = Cl, Br, I) nanocrystals bandgap can be easily 

tuned across the entire visible region just by performing anion exchange reactions. 

Cesium lead chloride has large bandgap and it can be decreased by exchanging 

chloride ion with bromide or iodide. These colloidal CsPbX3 (X = Cl, Br and I) 

nanocrystals have recently emerged as preferred materials for light emitting diode, 

along with opportunities for photovoltaic applications. Such applications rely on the 

nature of valence and conduction band edges, and optical transitions across these 

edges. Present chapter discusses about how halide compositions can control both 

of these correlated parameters in CsPbX3 nanocrystals. We used cyclic 

voltammetry technique to show that the valence band maximum (VBM) shifts 

significantly to higher energies by 0.80 eV, from X = Cl to Br to I, whereas shift in 

the conduction band minimum (CBM) was small (0.19 eV) but systematic. This 

confirms that halides contribute more to VBM however; their contribution to CBM is 

also not negligible. Excitonic transition probabilities for both absorption and 

emission of visible light decreases probably because of the increasing dielectric 

constant from X = Cl to Br to I. These band-edge properties will help designing 

suitable interfaces in both devices and hetero-structured nanocrystals.  

Graphical Abstract: 
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2.1. Introduction:   

Organic-inorganic hybrid perovskite such as CH3NH3PbI3 exhibits impressive 

semiconductor properties with long carrier diffusion length (>1µm), long carrier 

lifetime (~ 2 S), narrow Urbach tail (15 meV), and reasonable carrier mobility (~10 

cm2V-1S-1), in spite of being processed at a low temperature (<100 °C).1-3 This 

combination of excellent semiconductor properties at a low processing cost, along 

with its suitable optical bandgap, has already made these perovskites as one of the 

most sought after material to meet today’s energy demand.4-9 Optoelectronic 

applications  like solar cells, light emitting diodes and photodetectors based on 

these hybrid perovskites are progressing rapidly.10, 11 

 Not far behind is the colloidal nanocrystals (NCs),12 particularly, the all-

inorganic CsPbX3 (X = Cl, Br, I) perovskites NCs that are first reported by 

Protesescu et al.13 in 2015. These CsPbX3 NCs exhibited ~90% photoluminescence 

(PL) quantum yield with narrow PL spectra (FWHM = 85 meV) and reduced PL 

blinking,14 along with low lasing threshold.15 These properties are far superior than 

the traditional best known semiconductor NCs such as CdSe based ones. It is 

proposed that the surface defects in CsPbBr3 NCs do not lead to localized deep 

midgap states to trap charge carriers.16 Motivated by these photophysical 

properties, highly efficient light emitting diodes (LEDs) are already being made 

using CsPbBr3 as the active material.17, 18 Most of these properties have been 

explored using green light emitting CsPbBr3 NCs. A systematic change in the halide 

compositions of NCs from CsPbCl3 to CsPbBr3 to CsPbI3 allows achieving 

systematic variation in optical bandgap from blue to red without changing the size 

of NCs.19-21 For further optoelectronic application of these materials in blue to red 

LEDs, or in photodetector or in solar cells including tandem cells, we need to 

understand the nature of band edges namely valance band maximum (VBM) and 

conduction band minimum (CBM). Two important parameters that governs such 

optoelectronic applications are (i) charge transfer (injection or ejection) at the 

interface, and (ii) optical transitions (absorption or emission), and both depends 

strongly on the nature of VBM and CBM.  

In this Chapter, we explore the contribution of halide composition in VBM and 

CBM of CsPbX3 NCs, and subsequent effect on optical transition probabilities 

across these states. Cyclic voltammetry (CV) data show a systematic shift in VBM 
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by 0.80 eV, from -6.24 to -5.44 eV, whereas CBM exhibit a smaller shift of 0.19 eV 

from -3.26 to -3.45 eV by changing the composition from CsPbCl3 NCs to CsPbI3 

NCs through CsPbBr3 NCs and mixed halides CsPb(Cl/Br)3 NCs and CsPb(Br/I)3 

NCs. These results, in one hand, predict the charge transfer processes at interfaces 

both in devices and in heterostructure NCs and on the other hand, suggest that the 

CBM has contribution from halides as well, though mainly composed of Pb 6p 

states. Both absorption cross-section and rate of radiative PL decay (that indicate 

transition probability) across the band edges which are essentially the lowest energy 

excitonic transitions decreases systematically probably because of the increasing 

dielectric constant from X= Cl to Br to I.  

2.2. Experimental Section: 

2.2.1 Chemicals:  

Cesium carbonate (Cs2CO3, 99.9%, Aldrich), lead (II) bromide (PbBr2, 99.999%, 

Aldrich), lead (II) chloride ( PbCl2, 99.99%, Aldrich), lead (II) iodide (PbI2, 99.99%, 

Aldrich), oleic acid (OA, 90%, Aldrich), oleylamine (OAm, technical grade 70%, 

Aldrich), 1-octadecene (ODE, technical grade 90%, Aldrich), toluene (anhydrous 

99.8%, Aldrich), trioctylphosphine (TOP,98%, Aldrich), ethyl acetate (99.5%, 

Rankem), tetrabutylammonium perchlorate (TBAP, ≥99.0%, Aldrich), 

tetrabutylammonium hexafluorophosphate (TBAPF6, 98% Aldrich),  acetonitrile 

(anhydrous, 99.8%, Aldrich), dimethyl sulfoxide (anhydrous, 99.9%, Aldrich), 

ferrocene (98%, Aldrich). 

2.2.2 Preparation of Cs-Oleate:  

0.407 g (1.25 mmol) Cs2CO3, 1.25 mL OA and 15 mL ODE are mixed in a 50 mL 

three-necked round bottom flask and the reaction mixture has been kept under 

vacuum for 15 min at 110 °C, followed by purging with N2 for 10 min along with 

magnetic stirring. This method of alternate application of vacuum and N2 is repeated 

3 times to achieve the removal of moisture and O2 from the reaction mixture. The 

temperature of the reaction mixture is then increased to 130 °C, and the heating is 

continued until the Cs2CO3 dissolved completely giving a clear solution. This Cs-

Oleate solution in ODE is then used as cesium precursor for the synthesis of 

CsPbBr3 NCs. 
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2.2.3 Synthesis of CsPbBr3 NCs:  

Colloidal CsPbBr3 NCs are synthesized by following a method similar to earlier 

reported method.13 20 mL dried ODE and 0.276 g (0.752 mmol) PbBr2 are taken in 

a 50 mL three-necked round bottom flask. The mixture is degassed (under alternate 

vacuum and nitrogen) at 120 °C for 60 minutes along with magnetic stirring. Dried 

OA and OAm, each 2.0 mL, is added to the mixture at 120 °C having N2 flow. After 

complete dissolution of PbBr2 in ODE, the reaction temperature is increased to 180 

°C. Separately prepared Cs-Oleate (0.1 M, 1.6 mL) solution in ODE, pre-heated to 

100 °C, is swiftly injected to the reaction mixture. The reaction mixture became 

greenish and the reaction is stopped by dipping the reaction flask into an ice bath. 

The synthesized CsPbBr3 NCs are precipitated by adding ethyl acetate at room 

temperature and then centrifuged at 7000 rpm. Finally, the precipitate of the NCs 

are redispersed in 20 mL toluene and is used as stock dispersion for anion 

exchange reaction. 

2.2.4 Anion Exchange of CsPbBr3 NCs:  

Anion exchange reactions are carried out by modifying earlier reported protocol.19 

20 mL colloidal CsPbBr3 NCs in toluene (as discussed above) is divided into 5 parts 

having 4 mL each. For preparation of CsPbCl3 NCs and CsPb(Cl/Br)3 NCs, PbCl2 in 

different concentration (0.220 mmol for CsPbCl3, and 0.094 mmol for CsPb(Cl/Br)3 

NCs) are mixed with ODE (4 mL) in 25 mL three- necked round bottom flask and is 

degassed and dried by applying alternate vacuum and N2 flow for 1hour at room 

temperature. Dried OA (0.5 mL) and OAm (0.5 mL) along with TOP (1 mL) are 

injected at 200 °C under N2 flow to make PbCl2 completely soluble. The reaction 

mixture is then allowed to cool down to room temperature and then CsPbBr3 NCs 

stock dispersion (4 mL) is injected to give anion exchanged CsPbCl3 and 

CsPb(Cl/Br)3 NCs. Similarly, for preparation of CsPbI3 NCs and CsPb(Br/I)3 NCs, 

0.220 and 0.094 mmol of PbI2 is used in  ODE (4 mL), and dried OA (0.2 mL) and 

OAm (0.2 mL) are added to reaction mixture at 120 °C under N2 environ to make 

PbI2 soluble. The reaction mixture is then allowed to cool down to room temperature 

and 4 mL CsPbBr3 NCs stock dispersion is injected to give anion exchanged CsPbI3 

and CsPb(Br/I)3 NCs. NCs are then precipitated by adding ethyl acetate (1:1 v/v) 

and then centrifuged at 7000 rpm for 10 min.  
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The supernatant is discarded and the wet precipitate is re-dispersed in toluene and 

used for further characterization. 

2.2.5 Characterization:  

Perkin Elmer, Lambda-45 UV/Vis spectrometer is used for recording UV-visible 

absorption spectra. Steady state PL and PL decay measurements are carried out 

using FLS 980 (Edinburgh Instruments). Powder X-ray diffraction (PXRD) data are 

recorded using a Bruker D8 Advance X-ray diffractometer using Cu Kα radiation 

(1.54 Å). Transmission electron microscopy (TEM) studies are carried out using a 

JEOL JEM 2100F field emission transmission electron microscope at 200 kV. 

Thermogravimetric analysis (TGA) measurements are carried out using Perkin 

Elmer STA 6000. The samples are heated from 30 °C to 800 °C at the heating rate 

of 10 °C/min. Scanning electron microscopy (SEM) and energy dispersive X-ray 

spectroscopy (EDAX) measurements are performed on Zeiss Ultra Plus SEM 

instrument.  

2.2.6 Calculation of molar extinction coefficient (𝜀):  

Each dispersion of CsPbX3 NCs are divided into two equal parts and the NCs are 

precipitated by adding ethyl acetate and centrifuging at 7000 rpm at room 

temperature. First part of NC is again dispersed in a known volume of toluene for 

UV-visible absorption measurements, and the second part is vacuum dried in order 

to obtain the weight of NCs. In order to subtract the weight of organic capping 

ligands from the total weight of organic capped NCs, TGA data are recorded, 

showing ~10% weight from organic capping ligand. Therefore, 90% of the total 

weight of organic capped NCs is used to calculate the molar concentration of 

inorganic core NCs absorbing the visible light. Considering cubic shape of a NC and 

using the average size obtained from TEM, weight of a single NC is calculated using 

the formula, m = d/v, where m is the mass of each NC, d is density of bulk CsPbX3 

(CsPbCl3 = 4.24 g/cm3
, CsPbBr3 = 4.86 g/cm3, CsPbI3 = 5.07 g/cm3), and v is the 

volume of a NC (v = a3 where a = average edge-length of a NC obtained from TEM). 

Densities of alloyed CsPb(Cl/Br)3 is extracted from that of their end members 

CsPbCl3  and CsPbBr3 after weighing with the composition of the alloy. Likewise, 

density of CsPb(Br/I)3 is extracted from their end-members CsPbBr3 and CsPbI3. 

Now, the number of NCs in the sample is obtained by dividing the total weight of 
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inorganic part of the NCs sample with weight of a single NC. These numbers of NCs 

are then converted to mole of NCs by dividing with Avogadro’s number (NA). Molar 

concentrations (C) of the NCs are then calculated from knowledge of volume of 

toluene used in the dispersion. For determination of 𝜀, the absorption spectrum of 

dilute dispersion of NCs are recorded having different concentrations. 𝜀 is then 

obtained using Beer-Lambert Law: 𝐴 = 𝜀 × 𝐶 × 𝑙, where, A is the absorbance, and 

𝑙 is the optical path length (1 cm) taken from cuvette dimension. 

In order to account for variations in size distribution causing broadening of 

absorption peak, the obtained molar extinction coefficient value is multiplied by a 

normalizing factor, ∆EHWHM/∆Ex, where ∆EHWHM (eV) is the fitted half width at half 

maximum (HWHM) of first absorption peak and ∆Ex is selected as 0.06 eV as it is 

average HWHM of all the samples used here for the measurement. 

2.2.7 Electrochemical measurements:  

CV measurements are performed with the help of PAR Potentiostat/Galvanostat 

(model PARSTAT 2273). A commercial Pt disk electrode (CHI Instruments, USA, 

2-mm diameter), Ag wire, and Pt-wire loop were used as working, quasi reference, 

and counter electrodes, respectively. Prior to use, the working electrode is polished 

over 0.5 μm alumina powder and rinsed with Milli-Q water. Further it has been 

pretreated electrochemically with 0.5 M H2SO4 by cycling the potential for several 

times between 1.2 V and -0.55 V (scan rate of 1 V s-1). Electrochemical 

measurements are performed in a 5-neck glass electrochemical cell. After fixing all 

the electrodes, 0.171 g of TBAP is transferred into the cell and it is then air tightened 

inside the glove-box. Cell is then taken out of the glove-box and TBAP is dried under 

vacuum at 80 °C in the oil bath for a 1 hour. Cell is then allowed to cool down to 

room temperature naturally and vacuum is released by high purity nitrogen gas. 5 

mL acetonitrile and toluene mixture (1:4 v/v) is injected in the cell through the 

septum and electrochemical measurements are carried out with slight positive 

pressure of N2 gas in air tight cell. At the end of each set of experiments, the 

potentials are calibrated with respect to the normal hydrogen electrode (NHE) using 

ferrocene as an internal standard. Formal potential of ferrocene/ferrocenium redox 

couple in 1:4 mixture of acetonitrile/toluene is estimated experimentally using 

Ag/AgNO3 (10 mM in acetonitrile) reference electrode. Potentials are reported with  
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respect to NHE throughout the chapter.  

2.3 Results and Discussions: 

2.3.1 Anion exchange of CsPbBr3 NCs: 

The colloidal dispersion of CsPbBr3 NCs are first prepared and then anion 

exchanged to give different composition of CsPbX3 NCs. Five samples of CsPbX3 

NCs with different halide compositions are prepared. PXRD patterns of CsPbX3 NCs 

are shown in Figure 2.1.  

 

Figure 2.1: PXRD patterns of CsPbX3 NCs with overlay of reference patterns of 
their respective bulk materials. PXRD patterns are shifted vertically for better clarity. 

It shows a systematic shift in peak positions (lattice parameters) and matched well 

with their corresponding reference phase, confirming that the composition of 

CsPbX3 is indeed systematically tailored after anion exchange reactions. Starting 

with CsPbBr3 NCs having orthorhombic phase, the anion exchange with chlorine 
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shifts the peaks to higher 2θ value because of smaller size of chlorine and to lower 

2θ values when exchanged with iodide. Figure 2.2 shows the TEM image of 

CsPbBr3 NC along with representative anion exchanged sample of CsPbCl3 and 

CsPbI3 NCs, exhibiting cubic morphology with an average edge length of 11 nm. 

TEM data confirms that the size and shape of all samples remained similar apart 

from the expected minor change in size because of different sizes of exchanged 

halide ions.  

 

Figure 2.2: TEM images along with their size distribution histogram of (a, b) 
CsPbCl3 NCs (c, d) CsPbBr3 NCs and (e, f) CsPbI3 NCs. 

The SEM images are recorded on the five samples of CsPbX3 NCs and are shown 

in Figure 2.3. EDAX are recorded on the same sample of colloidal dispersion of 

CsPbX3 NCs, drop casted on silicon wafer, estimated the compositions of these 

samples as CsPbCl3.1, CsPbCl2.0Br1.3, Cs0.9PbBr3.2, CsPbBr2.3I0.8, and Cs0.9PbI3. 

These different compositions indicate the success of anion exchange reaction. 

However, it is to be noted that determination of such compositions using EDAX 

involves some uncertainties. All samples show a slight excess of anionic 

contribution similar to prior literature, suggesting the possibility of anion-rich surface. 

For simplicity, these five compositions will be now be simply referred as NCs of, 

CsPbCl3, CsPb(Cl/Br)3, CsPbBr3, CsPb(Br/I)3, and CsPbI3 throughout this chapter. 

Digital photographs of colloidal CsPbX3 NCs captured under ambient light as well 

as under UV light and reaction schemes are shown in Figure 2.4 which highlights 
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the essential methodology employed for these anion exchange reactions. Figure 

2.4a shows the image of CsPbX3 NCs captured under ambient light while the Figure 

2.4b shows the digital photograph capture under UV light. 

 

Figure 2.3: SEM images of colloidal NCs of: (a) CsPbCl3, (b) CsPbBr3, (c) CsPbI3 
(d) CsPb(Cl/Br)3 and (e) CsPb(Br/I)3 along with their composition determined from 
EDAX written in their individual panel. Cubic morphology and size are maintained 
for all the samples. 

 

Figure 2.4: Schematic representation of anion exchange reactions along with digital 
photographs of colloidal dispersion of CsPbX3 NCs captured under ambient light (a) 
and UV light (b) with various halide compositions. 
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UV-visible absorption and PL spectra of CsPbX3 NCs dispersion in toluene is shown 

in Figure 2.5. It can be seen that with different halide compositions i.e. going from 

Cl to Br to I, the optical bandgap (determined from absorption spectra) 

systematically decreases as identified by their redshift in peak positions. This led to 

the tuning of PL peak positions between 420 nm to 666 nm, covering the entire 

visible region of spectrum.      

 
Figure 2.5: UV-visible absorbance spectra (shown by solid lines) and PL spectra 
(shown by dashed lines) of CsPbX3 NCs dispersed in toluene. Absorbance and PL 
spectra are shifted vertically for clear presentation. Tuning of bandgap can be seen 
in the entire visible region just by changing anion composition. The excitation 
wavelength of 370 nm is used to record PL spectra. 

2.3.2 Band edge energy levels of CsPbX3 NCs: 

Nature of VBM and CBM of bulk CH3NH3PbI3 is being studied in recent time to 

optimize solar cell operation. In this regard, theoretical studies are in the forefront 

however, some of the aspects like how the energy of VBM and CBM changes with 

halide composition are not yet clear from theoretical studies showing diverging 

trends.22, 23 One problem that electronic band structure calculations suffers in 

comparing band edge energies of different systems (samples) is the absence of a 

vacuum level, and the energy scale is typically defined relative to an internal 

reference, which again varies with composition and structure of the system.22, 24 
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Experimental determination of the VBM and CBM of CH3NH3PbX3 or CsPbX3 mainly 

relied on challenging techniques such as ultraviolet photoemission spectroscopy 

(UPS) and inverse photoemission spectroscopy (IPES) respectively.25, 26 Only a few 

of such studies have been reported with emphasis on iodide based low bandgap 

solar cell materials. These prior literatures show that the dependence of CBM and 

VBM on halide compositions of bulk or thin film of lead halide perovskite is not yet 

established, and then there was no experimental study on band edge energies of 

CsPbX3 NCs. Particularly, for optimization of CsPbX3 NC based LEDs, knowledge 

of band edge energies of all compositions emitting from blue to red light is important. 

CV is an established technique to study band edges in solution phase at 

room temperature and ambient pressure.27-33 Such studies involve charge transfer 

across electrode-NC interface in the situation which is closer to the actual 

performance of devices. We have employed CV for determining CBM and VBM of 

CsPbX3 NCs. One advantage of these organic capped NCs is that the NCs can be 

dispersed in a (less-polar) solvent medium, unlike their bulk counterpart. In present 

study, CV experiments are performed in mixture of solvents (acetonitrile and toluene 

(1:4 v/v)) under inert atmosphere and ferrocene/ferrocenium redox couple used as 

an internal standard as shown in Figure 2.6. 

 

Figure 2.6: Cyclic voltammograms recorded for ferrocene/ferrocenium redox 
couple in 50 mM TBAP solution in 1:4 v/v mixture of acetonitrile and toluene. Scan 
rate used is 50 mV/s and the formal potential is 0.78 V. 
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Figure 2.7: (a, b) UV-visible absorption and PL spectra, and (b) PXRD pattern of 
CsPbBr3 NCs before and after the 10 cycles of CV measurements. PXRD pattern 
are shifted vertically for a better presentation. Inset of (b) shows the digital 
photograph of CsPbBr3 NCs dispersion in toluene captured before and after CV 
measurements (after CV measurement, the NCs dispersion is precipitated and 
redispersed in toluene). 

Such dispersion of NCs in a suitable solvent helps CV study because the electrolyte 

TBAP can be dispersed in the same medium together with the NCs. Since lead 

halide perovskite compounds have a tendency to degrade in presence of water and 

other polar solvents, the stability in composition and size of NCs during the CV 

experiments is confirmed by obtaining UV-visible absorption, PL, and PXRD pattern 

of NCs before and after the 10 cycles of CV measurements as shown in Figure 2.7. 

There is no noticeable change in peak position in UV-visible and PL spectra of the 

colloidal dispersion obtained before and after the CV measurements however, PL 

peak intensity is decreased somewhat after the CV measurements. Decrease in PL 

intensity is probably because of minor agglomeration and/or presence of different 

electrolyte systems. Similar PXRD patterns are observed for both samples before 

and after CV measurements, confirming the crystal structure remained intact during 

the CV experiment. Also, widths of PXRD peaks remained unaltered before and 

after the CV measurements, again suggesting that the crystal size does not change 

during the CV measurement. All these results confirm that the CsPbX3 NCs are 

stable during the CV measurements. 

Figure 2.8 compares cyclic voltammograms of CsPbBr3 NCs with that of blank 

sample without the NCs. While scanning potential from 0 V towards more positive 

potential, distinct anodic peak is observed at + 1.35 V (labeled as A1 in figure 2.8a). 

After peak A1, increase in current is observed while going towards more positive 
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potential which is probably because of further oxidation of NCs. Upon reversal of 

scan two cathodic peaks are observed at -0.73 V and -1.15 V, which are labeled as 

C1 and C2 respectively. Reversing the scan again toward less negative potential, 

two peaks are observed with small intensities and labeled as A/ and A2. These small 

peaks are assigned to interference of reduced product. The peak potential 

difference between the peak A1 and C1 was 2.07 V while that between A1 and C2 is 

2.47 V. This A1-C2 peak potential difference is close to the optical bandgap 2.48 eV 

(500 nm) obtained from Figure 2.4, and hence peak A1 and C2 can be assigned to 

electron transfer between NCs and electrode interface via VBM and CBM of NCs 

respectively. We note here that unlike organic semiconductors, VBM and CBM of 

inorganic semiconductor NCs are assigned at the peak position of the anodic and 

cathodic peaks respectively, instead of peak onsets.  

 

Figure 2.8: Cyclic voltammograms of CsPbBr3 NCs (green line) dispersed in 50 mM 
TBAP solution in 1:4 v/v mixture of acetonitrile and toluene. Dotted line indicates 
cyclic voltammogram of blank recorded for electrolyte solution without NCs. Scan 
rate used is 50 mV/s 

Origin of peak C1 is not so clear, but Figure 2.9a shows that the unreacted Pb-

Oleate exhibit peak near the potential of C1. Further to check the effect of scan 
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cases, peak current and potentials agrees well with the complete cycle 

measurements as shown in Figure 2.9b.  

 

Figure 2.9: (a) Cyclic voltammograms recorded on CsPbBr3 NCs, OA, OAm and 
Pb-Oleate in 50 mM TBAP solution in 1:4 v/v mixture of acetonitrile and toluene. (b) 
Cyclic voltammograms recorded on CsPbBr3 NCs with different scan directions in 
50 mM TBAP solution in 1:4 v/v mixture of acetonitrile and toluene. Scan rate used 
is 50 mV/s. 

 
Figure 2.10: (a) Cyclic voltammograms recorded on CsPbBr3 NCs with different 
scan rates in 50 mM TBAP solution in 1:4 v/v mixture of acetonitrile and toluene. 
Inset shows plot of peak current of A1 and C2 versus square root of scan rate where 
solid line indicates linear fit. (b) Cyclic voltammograms recorded on CsPbBr3 NCs 
in different solvent/electrolyte media. Scan rate used is 50 mV/s. Voltammograms 
are shifted vertically for a better presentation. 

In order to check effect of scan rate, CV measurements are performed with 
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controlled charge transfer. To check the effect of solvent/electrolyte media on 

electrochemical behavior of CsPbBr3 NCs, CV measurements are carried out in 

three different solvent/electrolyte combinations, as shown in Figure 2.10b. In all 

three solvent/electrolyte media prominent oxidation and reduction peaks are 

observed. The obtained energies for VBM and CBM of CsPbBr3 NCs in different 

solvent/electrolyte media matches with each other, suggesting that a particular 

electrolyte and solvent is not influencing the measure band edge energies. All these 

above measurements support our assignment of peak A1 to VBM and peak C2 to 

CBM. 

 

Figure 2.11: CV data of CsPbX3 NCs with different halide compositions. 
Voltammograms are shifted vertically for a better presentation. Scan rate used is 50 
mV/s. 

For comparing different CsPbX3 NCs samples, CV measurements are carried out 

under identical conditions using 50 mV/s scan rate. Cyclic voltammograms in Figure 

2.11 show that peak potentials of A1 and C2 systematically changes depending on 

the halide composition, whereas peak potential of C1 do not have any systematic 

relation with halide composition. From peak potential of A1 and C2, VBM and CBM 

of all samples are estimated and their energy levels with respect to vacuum are 

plotted in Figure 2.12, and also tabulated in Table 2.1. Moving from Cl to Br to I, 
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VBM shifted prominently towards higher energies (less positive potentials) while a 

smaller shift is observed for CBM towards lower energies (less negative potentials). 

This leads to a decrease in electrochemical bandgap for CsPbX3 NCs with X = Cl 

to Br to I, similar to the change in optical bandgap (Figure 2.4) values as shown in 

Figure 2.12b. 

 

Figure 2.12: (a) Band edge energies of CsPbX3 NCs extracted from Figure 2.11. 
(b) Comparison of obtained optical and electrochemical (ECM) bandgap values. 

Table 2.1: Optical and electrochemical bandgap, VBM and CBM energy levels 

versus NHE and vacuum of CsPbX3 NCs samples. 
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defined values of APbI3, within a given literature report. It is to be noted here both 

Cs+ and CH3NH3
+ do not contribute directly to these band edges,34, 35 and also size 

of our NCs are large enough with weak quantum confinement effect. So, 

inhomogeneity in crystallite size and counter cations Cs+ vs CH3NH3
+, among 

different samples is not expected to significantly influence the results shown in 

Figure 2.13, and the observed trends are because of the change in halide 

compositions of PbX6 octahedra. Inset in Figure 2.13 highlights the inconsistency in 

reported theoretical results where ref23 suggests both CBM and VBM shift almost 

by equal extent with change in halide compositions, but ref22 suggests extent of 

change in VBM was significantly more prominent than the change in CBM. Our CV 

data show VBM depends more strongly on halide composition compared to CBM. 

UPS and IPES data available for limited compositions suggest a good agreement 

of prior experimental data25, 26 with a subset of our data, and also the theoretical 

calculations reported in ref22 agree with our data.  

 

Figure 2.13: (a) Comparison of observed VBM and CBM of APbX3 (A = Cs and 
CH3NH3) shifts with prior literature. VBM and CBM of APbI3 have been fixed at 0.0 
eV and 1.99 eV respectively, for all reported literatures. Shift in VBM and CBM for 
other halide compositions within a given report has been plotted with respect to the 
fixed values of APbI3. (Where UPS: ultra-violet photoelectron spectroscopy, IPES: 
inverse photoelectron spectroscopy) Inset shows comparison of theory result from 
two different sources showing the extent of calculated shifts in VBM and CBM with 
halide composition do not agree with each other. 
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A simplified schematic representation of molecular orbital diagram of formation of 

valence and conduction band for lead halide perovskite is shown in Figure 2.14, 

after adapting it from ref36. It has been shown consistently in different reports34-36 

that the VBM of CsPbX3 (or CH3NH3PbX3) is mainly constituted by anti-bonding 

hybridization Pb 6s and X np orbitals, with major contribution from X np. Therefore, 

as we move from I (5p) to Br (4p) to Cl (3p), the energies of the halide p orbital 

decreases, shifting the VBM towards more positive potentials. On the other hand, 

theoretical understanding of the nature of CBM is still somewhat debated, with a 

section of reports suggest CBM is constituted exclusively by Pb 6p orbital35, and 

some other reports suggest CBM arises from anti-bonding  mixing of Pb 6p and X 

np orbitals34, 36 with dominant contributions from Pb 6p as shown in Figure 2.14. Our 

CV data showing small changes in CBM with change in halide composition support 

that CBM is predominantly constituted by Pb orbitals, but still a systematic shift in 

CBM suggest contribution from halides to CBM cannot be neglected.  

 

Figure 2.14: Schematic representation of bonding/antibonding orbitals of APbX3 
showing the formation of valence band (VB) and conduction band (CB). This 
schematic has been redrawn using results given in ref36, which is based on the 
density functional theory calculations including spin-orbit interactions. 

Another important parameter known to influence CBM energy is the spin-

orbit coupling, but for all the halide compositions, X = Cl, Br, and I, spin-orbit 

coupling constant has been found to be nearly constant around 1.1 eV.37 Therefore, 
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the systematic variation of CBM with halide compositions agrees with the section of 

computation studies suggesting that the CBM is constituted by anti-bonding states 

with dominant Pb 6p and minor X np character as schematically represented in 

Figure 2.14. Pb-X bond lengths decreases and hence extent of hybridization is 

expected to increase from X = I to Br to Cl, which in turn can shift the CBM towards 

higher energies. 

Our results explaining the dependency of band edge states on halide 

composition of CsPbX3 NCs will be helpful to design suitable interfaces in both new 

heterostructured materials and optoelectronic devices. For example, if a 

CsPbI3/CsPbCl3 core/shell (or other kinds of heterostructures) NC is prepared, then 

the hole is expected to be confined within the CsPbI3 core, whereas electron will be 

largely delocalized over both the core and shell, providing a pseudo type-II band 

alignment. A comparison of band edges of CsPbBr3 NCs with other known 

semiconductors in bulk state is shown in Figure 2.15.  For example, CsPbI3/ZnS 

interface will be a type-I interface, whereas CsPbI3/ZnTe interface will be type-II 

interface suitable for p-n junction. However, we note here that the synthesis of such 

heterostructured NCs would be challenging because of possibilities of cation and 

anion exchange across the interface. 

 

Figure 2.15: Comparison of band edge positions of CsPbX3 NCs estimated from 
our CV results with selected III-V and II-VI semiconductors in bulk state. Results for 
III-V and II-VI semiconductors are taken from ref38, 39. 
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Additionally, Figure 2.16 provides the relevant energies of various well-

known hole and electron transporting materials relevant for LEDs and solar cell 

materials, in comparison of the band edge energies of our CsPbX3 NCs.         

 

Figure 2.16: Band edge positions of our CsPbX3 NCs with respect to different hole 
and electron transport materials used for light emitting diode device preparation, 
values were adopted from ref18. 

2.3.3 Optical transition probabilities of CsPbX3 NCs: 

After understanding the nature of band edges, it is important to know the 

probabilities of optical transitions across these band edges, which can be termed 

as the lowest energy excitonic transitions. For applications like solar cells and 

photodetectors, absorption cross-section or molar extinction coefficients for 

excitonic transition is crucial, whereas, for LED applications, transition probability of 

excitonic emission is important. Figure 2.17 shows the plot of absorbance, A of the 

lowest energy excitonic transition against molar concentration, C of CsPbX3 NCs 

with different halide compositions. The linear behavior of A vs C plots shows that all 

samples obey Beer-Lambert law, 𝐴 = 𝜀 × 𝐶 × 𝐿, where ε is the molar extinction 

coefficient and L is the optical path length = 1 cm, as determined by the dimension 

of the cuvette. The tricky part here is the determination of C that involves multiple 

steps where concentration of only inorganic CsPbX3 part has been measured 

excluding the contribution from organic capping ligands. The obtained values of ε 

are used for calculation of absorption cross-section () using the following equation, 
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𝜀(𝐸) =
𝑁𝐴∗𝜎(𝐸)

1000∗𝑙𝑛(10)
 here E is the energy of absorbed light corresponding to the 

respective lowest energy excitonic transition and NA (mol-1) is the Avogadro’s 

number.  

 

Figure 2.17: (a) Plot of absorbance vs molar concentration of CsPbX3 NCs with 
different halide composition. 

Figure 2.18 shows a systematic increase in the 𝜀 from X = I to Br to Cl. Since size 

of all these NCs are similar, along with similar weak quantum confinement effect, 

the decrease in dielectric constant from CsPbI3 (6.32) to CsPbBr3 (4.96) to CsPbCl3 

(4.07) explain the observed change in 𝜀 with halide compositions. Smaller the 

dielectric screening, larger is the excitonic binding energy, which in turn get reflected 

into the stronger cross-section for excitonic absorption. Expectedly, reported 

excitonic binding energies for bulk CsPbI3, CsPbBr3 and CsPbCl3 are 20, 40, and 

75 meV respectively.13 Figure 2.18 also compares 𝜀 values of our CsPbX3 NCs with 

reported values of CdSe NCs38 with similar optical bandgaps. Clearly, 𝜀 for CsPbX3 

NCs are about an order of magnitude larger compared CdSe NCs in most part of 

the visible region. It is to be noted here that the smaller size of CdSe NCs is one of 

the major causes for its lower 𝜀 values. For example, CdSe NCs with optical 

bandgap at 413 nm has an average diameter of 1.6 nm, whereas, our CsPbCl3 NCs 
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with similar optical bandgap exhibit 11 nm edge-length of cubes. As the size of CdSe 

NCs increases, optical bandgap red shifts along with increase in its 𝜀 values. 

 

Figure 2.18: Molar extinction coefficient and absorption cross section of CsPbX3 
NCs compared with CdSe NCs with similar optical bandgap. 

PL decay dynamics shown in Figure 2.19 (fitting parameters are shown in Table 

2.2) suggest that the radiative lifetime decreases systematically as the composition 

of X varies from I to Br to Cl and similar trend has been observed in literature.19, 39 
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the hybridization of VBM and CBM, and further theoretical study is required for a 
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a better performance of an optoelectronic device depends on simultaneous 

optimization of all these parameters.     

 

Figure 2.19: PL decay of CsPbX3 NCs recorded at individual PL peak wavelength 
of each samples. Excitation wavelength is 380 nm. Fitting parameters are given in 
Table 2.2. 

Table 2.2: PL Decay lifetime of CsPbX3 NCs obtained from Figure 2.19 at their 

emission peak wavelength. 
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2.4 Conclusions: 

In conclusion, we have elucidated how halide compositions contribute to the VBM 

and CBM of colloidal CsPbX3 NCs, including the probability of optical transitions 

across these states. CV results suggest predominant contribution of VBM in tuning 

of optical bandgap across the visible region by changing the halide composition 

from X = Cl to Br to I. Interestingly, CBM also shifts systematically with halide 

composition though the shift is small. This shift in CBM indicates that the 

contribution of halides to CBM is not negligible, and agrees with a section of the 

theoretical studies suggesting CBM is formed by anti-bonding Pb 6p and X np 

interactions. Probability for optical transition across these band edges, which is 

essentially the lowest energy excitonic transition also exhibit a systematic trend. ε 

for lowest energy excitonic absorption decreases from X = Cl to Br to I, probably 

because of the increase in dielectric screening of the excitonic binding energy with 

this composition change. Interestingly, the 𝜀 values of CsPbX3 NCs are about an 

order of magnitude higher than that of CdSe NCs with similar optical bandgap. To 

the best our knowledge, this is the first experimental report showing the influence of 

halide compositions on valence and conduction band edges for different 

compositions of CsPbX3 with optical bandgap across the entire visible region, and 

would be useful in designing suitable interfaces in blue to red LEDs, and also in 

designing heterostructured NCs with desired interfacial band alignments. 
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Abstract: 

As the crystallites size becomes smaller, its surface area to volume ratio increases. 

Thus, for a nanocrystal, its surface and the interaction of the surface with the 

surrounding environment plays an important role in governing its properties. For 

CsPbBr3 perovskite nanocubes, optoelectronic properties depend strongly on the 

interaction of inorganic surface with the organic ligands passivating the surface. We 

have used synchrotron-based X-ray photoelectron spectroscopy to understand the 

inorganic surface composition of the CsPbBr3 perovskite nanocubes and with the 

help of nuclear magnetic resonance spectroscopy, we characterized the organic 

ligands present on its surface. We have found that the oleylammonium ion acts as 

capping ligand by substituting some of the Cs+ ions from the surface of CsPbBr3 

nanocubes. First principles density functional theory confirms that the substitution 

mechanism of Cs+ ion by oleylammonium ion does not require much energy for 

surface reconstruction and is favoured by the three hydrogen bonds formed 

between the NH3
+ moiety of oleylammonium and surrounding Br- ion on the surface 

of the nanocubes and thus stabilizes the nanocubes. The origin of this substitution 

mechanism is in stark contrast to the more common adsorption binding mechanism 

of organic ligands on the surface of typical nanocrystals. 
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3.1 Introduction: 

Colloidal cesium lead halide nanocubes became popular in recent years because 

of their defect-tolerant nature, where surface defects are inefficient to trap charge 

carriers.1-7 Consequently, these nanocubes show promise for applications in light 

emitting diodes (LEDs),8-10 solar cells,11 and photodetectors.12, 13 To enhance the 

efficacy of these applications, understanding of both the surface chemistry,14-19 and 

the internal structure of nanocubes20-25 are essential. Surface chemistry of 

nanocrystals (NCs) have been developed extensively for traditional II-VI, III-V, and 

IV-VI compound semiconductors.14 Unfortunately, most of these previous 

knowledges of surface engineering for different colloidal semiconductor NCs, 

cannot be directly extended for Pb-halide perovskite nanocubes. One reason for 

such failure is that the Pb-halide nanocubes degrade in polar medium, and some of 

the prior surface engineering methodology involves treatment of nanocubes in polar 

solvents. But even in the non-polar medium, synthesis of a good quality core/shell 

(or other heterostructures) nanocubes of Pb-halide perovskites is challenging, 

whereas, heterostructured nanocubes of other semiconductors are routinely made. 

Therefore, one of the major challenges in this field is to have a better control of the 

surface chemistry of Pb-halide perovskite nanocubes. In this regard, the first step is 

to understand the mechanism of binding organic ligands on the surface of CsPbBr3 

nanocubes. Nuclear magnetic resonance (NMR) spectroscopy and Fourier 

transformed infrared spectroscopy (FTIR) based studies in prior literature26-28 have 

characterized the passivating organic ligands but did not characterize the inorganic 

component on the NC surface. On the other hand, Li et al.29 reported preliminary X-

ray photoelectron spectroscopy (XPS) study for inorganic part of CsPbBr3 

nanocubes prepared using a different synthesis protocol but did not study the 

organic ligands.  

             In this chapter, we combine both synchrotron-based XPS and NMR results 

for complete elucidation of inorganic and organic moieties on the surface of CsPbBr3 

nanocubes, and computational studies explain the thermodynamics of ligand 

binding. Our experimental results show a unique interaction between the organic 

capping ligand and the inorganic core. Typically, organic ligands are adsorbed on 

the NC surface. However, in the present case, we have shown first experimental 

evidence that oleylammonium ions (OLA+) substitute Cs+ ions on the NC surface. 
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Calculations showed that the preference of substitution over adsorption is due to a 

balance between the energy cost of surface restructuring induced by the interaction 

of MA+ with the surface and energy gain by MA+ adsorption through the formation 

of hydrogen bonds.  

3.2 Experimental Section: 

3.2.1 Chemicals: 

Cesium carbonate (Cs2CO3, 99.9%, Sigma-Aldrich), lead (II) bromide (PbBr2, 

99.999%, Sigma-Aldrich), oleic acid (OA, 90%, Sigma-Aldrich), oleylamine (OLA, 

technical grade 70%, Sigma-Aldrich), 1-octadecene (ODE, technical grade 90%, 

Sigma-Aldrich), acetonitrile (Anhydrous, 99.8%, Sigma-Aldrich), chloroform (CHCl3, 

99.5%, Sigma-Aldrich), deuterated chloroform (CDCl3, 99.8 atom % D, Sigma-

Aldrich).  

3.2.2 Synthesis of CsPbBr3 nanocubes:  

The synthesis of CsPbBr3 nanocubes is carried out in same fashion as reported in 

the previous chapter at 180 °C. To recap briefly, in a three- necked round bottom 

flask, 5 mL ODE and 69 mg (0.188 mmol) of PbBr2 are added and the mixture is 

kept under vacuum at 120 °C for 30 min followed by N2 purging. This cycle of 

alternate vacuum and N2 purging is repeated three times to ensure effective removal 

of moisture and oxygen (O2). Dried OA and OLA (0.5 mL each) are added to the 

mixture at 120 °C under N2 flow. After solubilization of PbBr2, reaction temperature 

is increased to 180 °C and 0.4 mL of Cs-oleate (pre-heated at 100 °C) is injected 

into the solution. The reaction is stopped after 5 sec using ice-bath. The nanocubes 

are precipitated by adding acetonitrile to the crude reaction mixture and centrifuging 

at 7000 rpm. The supernatant is discarded and the precipitate is then dissolved in 

CHCl3 to measure the optical properties. 

3.2.3 Characterization:  

UV-visible absorption spectra are recorded using a Perkin Elmer, Lambda-45 

UV/Vis spectrometer. Photoluminescence (PL) spectra are measured using FLS 

980 (Edinburgh Instruments). UV-visible absorption and PL experiments are 

performed on the colloidal dispersion of CsPbBr3 nanocubes in CHCl3. Powder X-

ray diffraction (PXRD) data are recorded using a Bruker D8 Advance X-ray 
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diffractometer using Cu Kα radiation (1.54 Å). Transmission electron microscopy 

(TEM) studies are carried out using a JEOL JEM 2100 F field emission transmission 

electron microscope at 200 kV. The samples for TEM are prepared by putting a drop 

of the colloidal dispersion of nanocubes on the carbon coated copper grids. 

Scanning electron microscopy (SEM) measurements are performed on Zeiss Ultra 

Plus SEM instrument. Dynamic light scattering (DLS) measurements are performed 

Malvern Zetasizer ZS90 instrument. 

3.2.4 NMR spectroscopy:  

For preparation of NMR samples, as synthesized CsPbB3 nanocubes were first 

centrifuged at 7000 rpm for 10 min and the supernatant was discarded. The 

precipitates were then re-dispersed in CHCl3 and precipitated again by adding ACN 

and centrifuged at 7000 rpm and supernatant was discarded. This process of 

washing was repeated for two times, followed by the dispersion of nanocubes in 

CDCl3 for measuring NMR data. All NMR experiments were carried out using a 

Bruker Avance III HD spectrometer operating at a 1H frequency of 400 MHz, at 298 

K. 1H, 2D nuclear Overhausser effect spectroscopy (NOESY) and 2D diffusion 

ordered spectroscopy (DOSY) were acquired using standard pulse sequences from 

the Bruker library. For 1H measurements, spectral width was set to 20 ppm and 64 

k data points were sampled with a relaxation delay of 1 s. For NOESY, 2048 data 

points in the direct dimension and 256 data points in the indirect dimension were 

sampled having spectral width set to 10 ppm with a mixing time of 500 ms. DOSY 

spectra were acquired by using “ledbpg2s” pulse program.30 The gradient strength 

was varied linearly from 2% to 95% of probe’s maximum value in 32 increments to 

ensure a final attenuation of the signal in the final increment of less than 10% 

relative to the first increment. 1D 1H and NOESY spectra were processed in 

TopSpin 3.5. The diffusion coefficients were obtained by doing Bayesian DOSY 

transformation of the 2D DOSY spectra in software MestReNova. 

3.2.5 XPS measurement:  

The XPS measurements are collected at high photon energies at KMC-1 beamline31 

with HIKE end station at BESSY-II32, Berlin. The photon energy is selected using a 

double-crystal monochromator (Oxford- Danfysik) and the photoelectron kinetic 

energies are measured using a Model R4000 analyzer (Scienta) optimized for high 
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kinetic energies. The photon energy is selected using a double-crystal 

monochromator (Oxford- Danfysik) and the photoelectron kinetic energies (KE) 

were measured using a Model R4000 analyzer (Scienta) optimized for high kinetic 

energies. In our work, we performed experiments at 2500 and 4000 eV photon 

energies by selecting the first order light from Si (111) and Si (311) crystals 

respectively. The angle between the incident photon beam and sample surface is ~ 

5° and the chamber pressure was ~ 2-5 × 10-8 mbar. The samples are prepared by 

drop casting a colloidal dispersion of CsPbBr3 nanocubes on TiO2 coated on indium 

doped tin oxide (ITO) substrate. 

Overview spectra and core levels are collected with pass energy (Ep) of 500 and 

200 eV, respectively. The spectra presented in this work are energy-calibrated with 

Fermi energy at zero binding energy, which is determined by measuring a gold plate 

collected electrically to the sample and setting Au 4f7/2 at 84.0 eV. Experiments at 

low photon energies (650, 758 and 1100 eV) are performed at I411 beamline at the 

Swedish National Synchrotron Radiation Laboratory, Max-lab.33 The photoemission 

cross-section values for lower photon energies are taken from reference.34 The 

higher photon energy cross section data are calculated from interpolation of the data 

presented in reference.35 The values of photoemission cross-section for Pb 4f, Cs 

4d and Br 3d are also mentioned in Table 3.1. 

3.3 Results and Discussions: 

3.3.1 Nature of facets on the surface of CsPbBr3 nanocubes: 

Figure 3.1 shows the characterization of CsPbBr3 nanocubes by techniques like 

PXRD, UV-visible absorption and PL spectroscopy. These data conform that the 

CsPbBr3 nanocubes of orthorhombic phase is formed with absorption peak at 505 

nm and emission peak at 515 nm.  

TEM image shown in Figure 3.2 shows nanocubes of size around 10.8 nm.  High-

resolution TEM (HRTEM) image in the inset of Figure 3.2 shows the lattice planes 

with an interplanar distance 5.8 Å, that can correspond to both (002) or (110) planes 

of orthorhombic phase terminating the crystal. It has been reported earlier5, 36, 37 that 

orthorhombic CsPbBr3 nanostructures are often enclosed by six facets of (002) {or 

(001) and (110) planes} and our HRTEM results agree with that.  
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Figure 3.1: (a) PXRD pattern of CsPbBr3 nanocubes matched with the 
orthorhombic phase. (b) UV-visible absorbance and PL spectra of the CsPbBr3 
nanocubes. The sample is dispersed in toluene and for PL, the sample is excited 
with the wavelength of 370 nm. 

 

Figure 3.2: TEM image of CsPbBr3 nanocubes with edge-length 10.8 ± 0.6 nm. 
HRTEM image in the inset shows the interplanar distance of 5.8 Å corresponding to 
either (002) or (110) facets. 

When the orthorhombic CsPbBr3 crystal is terminated by any one of (001) or (110) 

facets, two kinds of charge neutral surfaces can arise as shown in Figure 3.3 and 
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Figure 3.4. One of the planes with Cs and Br on the surface termed as “CsBr 

surface”, and the other one with Pb and Br on the surface termed as “PbBr2 surface”. 

Note that, for (110) facets, PbBr2 or CsBr are not exactly on the same plane (Figure 

3.4b). Such atomic layers are also maintained for the (001) planes of cubic phase 

of CsPbBr3. The major difference between the cubic and orthorhombic phase is the 

tilting of the Pb-Br6 octahedrons and such tilting does not influence the present 

discussion. Computational study by Brinck et al.5 suggested a model of CsPbBr3 

NC with exposed CsBr surface, where ~50% of Cs+ ions were replaced by 

methylammonium ion (MA+), and electronic band structure of the model could 

explain the defect tolerant nature of CsPbBr3 nanocubes. In fact, it is intuitive that 

surface termination at PbBr2 surface will require the breaking of PbBr6 octahedron, 

and will therefore be energetically less favored, compared to termination by CsBr 

surface. 

Furthermore, substitution of Cs+ with MA+ on the CsBr surface does not require 

breaking of a covalent bond.  Based on above considerations, we extend the model 

of Brinck et al.5 to schematics presented in Figure 3.5, where OLA+ (instead of MA+) 

substitutes a large fraction Cs+ from (001) facets of orthorhombic CsPbBr3 NC. 

However, the validity of the model in Figure 3.5 needs to be experimentally verified. 

 

Figure 3.3: Two types of surface arises (a) PbBr2 surface (b) CsBr surface for 
orthorhombic CsPbBr3 crystals having its termination with (001) plane. 

(a)
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Pb
Br

Cs + BrPb + Br (b)
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Figure 3.4: Orthorhombic CsPbBr3 crystals. (a) (001) planes shown by yellow color 
line having Cs and Br. The immediate next (upward or downward) plane is 
composed of Pb and Br. Clearly, alternative layers of Cs-Br and Pb-Br are arranged 
along the [001] direction. (b) (110) plane shown by yellow line. Alternate layers of 
Cs-Br and Pb-Br are arranged along the [110] direction as well. 

 

Figure 3.5: Schematic representation of the orthorhombic CsPbBr3 terminated with 
(001) facets containing Cs and Pb, where OLA+ ions replace most of the Cs+. 
Similar situation is expected with for (110) facets as well. 

3.3.2 Layer-by-layer internal structure of CsPbBr3 nanocubes:  

We have elucidated the compositional inhomogeneity between surface and core of 

NC in a layer-by-layer fashion by using XPS38, 39 with the help of Dr. Pralay Santra. 

(a) (b)
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Br
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Details of experiments and analysis are given in the above experimental section. 

The mean free path of a photoelectron increases with increase in the kinetic energy 

(when kinetic energy > 100 eV) of the photoelectron. Therefore, by increasing the 

incident photon energy from 650 eV to 4000 eV, we could systematically increase 

the probe depth to a distance comparable to that from the surface to the centre of 

CsPbBr3 nanocubes. This tuning of probe depth provides an opportunity to elucidate 

elemental composition in a layer-by-layer fashion from surface to core of 

nanocubes. 

High resolution Pb 4f core level spectra in Figure 3.6a collected at two different 

photon energies, show peaks at 139.2 and 144.1 eV corresponding to 4f7/2 and 4f5/2 

respectively with a spin orbit splitting energy of 4.9 eV. The binding energies and 

the homogeneity of spectral shapes suggest that Pb is present in 2+ oxidation state 

with nearly identical coordination environment, for both photon energies.40  

However, the samples contain a small amount (3.8%) of metallic Pb as observed at 

137.6 and 142.5 eV, which either might have occurred due to beam damage during 

the measurement36 or might be present as a minor impurity41 in the product. Cs 4d 

and Br 3d core levels have similar binding energies and are presented together in 

Figure 3.6b.  

 

Figure 3.6: (a) Pb 4f, and (b) Cs 4d and Br 3d spectra from CsPbBr3 nanocubes 
collected at 2500 (blue) and 4000 eV (red) photon energies. Closed circles are 
experimental data, solid lines are simulated total spectra, and shaded regions are 
simulated component spectra. Spectra are shifted vertically for clear presentation. 

This similarity in binding energies results into similar kinetic energies and thus 

similar inelastic mean free paths for both the Cs 4d and Br 3d photoelectrons, 

ensuring that both kinds of photoelectrons originate at the same depth from the 
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surface of nanocubes. We observed only one type of Cs+ with 4d5/2 binding energy 

at 76.2 eV along with 4d3/2 peak separated by a spin orbit splitting of 2.3 eV.18 In 

contrast to both Pb and Cs, there are two distinct Br 3d spin orbit split doublets as 

highlighted in green and magenta shades in Figure 3.6b. The Br species highlighted 

in magenta has a binding energy of 69.3 eV for 3d5/2 core level, while the other one 

highlighted in green has a binding energy of 70.1 eV for 3d5/2 core level. 

Interestingly, the contribution of the higher binding energy species (shaded in green) 

decreases with increase in photon energy, suggesting this species to be present 

more on the surface of the nanocube. 

 

Figure 3.7: Experimental core level spectra of Cs 4d and Br 3d for CsPbBr3 
nanocubes, collected at five different photon energies. In order to have higher signal 
counts, the low photon energy (650-1100 eV) data are collected with higher aperture 
size, thus having a poor resolution compared to higher photon energy (2500 and 
4000 eV) data. The spectra are normalized with respect to Cs 4d raw signal 
intensity. Also, the spectra are shifted vertically for better presentation. 

Similarly, we collected a series of Pb 4f, Cs 4d and Br 3d spectra at five different 

photon energies namely 650 eV, 758 eV, 1100 eV, 2500 eV, and 4000 eV. Figure 

3.7 shows that the total intensity of Br 3d with respect to Cs 4d increases 

systematically with the decrease in photon energies. The photoemission cross-

section (Table 3.1) corrected relative intensity of Br 3d (black) and Pb 4f (red) with 
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respect to Cs 4d at different photon energies in Figure 3.8. A constant elemental 

ratio (~1) between Pb and Cs for all photon energies signifies a uniform composition 

of CsPbBr3 from the surface to the core of nanocubes, which agrees with the 

expected composition of CsPbBr3.  

Table 3.1: Photoemission cross-section values for different core levels at selected 

photon energies. These values were obtained from Lindau and Scofield.34, 35  

 

 

Figure 3.8: Variation in relative intensity of Br (black) and Pb (red) with respect to 
Cs at different photon energies. These intensity ratios are calculated after correcting 
the photoemission cross section for respective core levels. 

However, at 650 eV photon energy, Br: Cs elemental ratio is ~5, much higher than 

the expected ratio of 3 in the bulk CsPbBr3. This Br: Cs ratio first decreases 
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systematically with increase in photon energies becoming ~ 3 at 1100 eV and then 

remains constant with further increase in photon energy. These results clearly 

suggest an excess of Br present on the surface of the nanocubes and agrees with 

the model shown in Figure 3.5. According to this model, termination of NC facets 

exposing CsBr surface, and then replacing Cs+ with OLA+ provide Cs: Pb ~ 1 in the 

core, and an excess Br on the surface. Alternatively, if we assume termination with 

PbBr2 surface, then Pb: Br is expected to be <3, which opposes our experimental 

findings. Therefore, layer-by-layer compositions obtained from our XPS data 

suggest the termination of NC with CsBr surface.              

3.3.3 Type of organic ligand bound to the CsPbBr3 nanocube surface:  

After elucidating the inorganic compositions from the surface to core of CsPbBr3 

nanocubes and their contribution to VB, now we discuss the binding of organic 

capping ligands to this inorganic part utilizing NMR spectroscopy. We probed the 

passivating ligands around the nanocubes using solution 1H NMR spectroscopy, 

which is a reliable tool for both qualitative and quantitative characterization of 

ligands bound on the nanocubes surface. Such characterizations rely on the facts 

that bound ligands exhibit: (i) 1H resonance which is shifted and broadened relative 

to the free ligands, (ii) strong positive nuclear Overhausser effect (NOE) cross 

peaks, and (iii) slow diffusion characteristic as they are attached to the heavier NC. 

The 1D 1H NMR spectrum of CsPbBr3 nanocubes dispersed in CDCl3 is shown in 

Figure 3.9, and that for OA, OLA and ODE are provided in Figure 3.10. NMR peaks 

for CsPbBr3 nanocubes have been assigned in Figure 3.9, though the peaks at 

chemical shifts lower than 2.2 ppm are difficult to distinguish as OLA, OA and ODE 

show overlapping chemical shifts in this region. Furthermore, broad peaks at 7.0 

ppm and 3.5 ppm are characteristics of OLA+ corresponding to α- proton (NH3
+) and 

β-proton (CH2-N) respectively, suggesting the binding of OLA+ ions on the surface 

of CsPbBr3 nanocubes as depicted in the model in Figure 3.5. Peak 4 at 5.36 ppm 

corresponds to alkene protons, which can come from both OLA and OA. However, 

the peak at 2.4 ppm is unique for OA, suggesting presence of OA or oleate ion in 

the final product. But the sharpness of this peak suggests that OA or oleate is not 

bound to the NC surface. Having said that, the above hint of peak broadening 

towards ligand bound state is not confirmatory as chemical/conformational 
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exchange may also contribute towards line broadening. Thus, for further verification 

of ligand bound status, two-dimensional 1H-1H NOESY cross peak intensity and 

DOSY are measured.  

 

Figure 3.9: (a) 1H NMR spectrum of CsPbBr3 nanocubes dispersed in CDCl3. 
Acetonitrile (ACN) was used for washing of nanocubes, and terminal alkene group 
of residual ODE solvent are marked. Peak for solvent CDCl3 is marked with *. 

NOESY can effectively distinguish between free and bound ligands. Free ligand 

molecules behave like small molecules develop slightly negative or even no NOEs 

due to small negative or zero cross relaxation rate. Whereas ligands bound to NC 

surface develop large and positive NOEs due to large and positive cross relaxation 

rate. Thus, a negative NOE will give a cross peak with opposite sign with respect to 

the diagonal peaks in the 2D NOESY spectrum.44 NOESY spectra of CsPbBr3 

nanocubes in Figure 3.13 show negative cross peak (red) for OA at 2.4 ppm 

suggesting OA or oleate are not bound to the surface, while positive cross peak 

(black) corresponding to OLA+ (α, β, and alkene protons) confirms the binding of 

OLA+ to the NC surface. Similarly, DOSY spectra shown in Figure 3.14, displaying 

relatively smaller diffusion coefficient for bound peak of OLA suggest OLA+ is bound 

to the nanocube surface, though the binding may be labile in nature. 

Overall, our NMR results agree with previous report27 confirming that the OLA+ is 

bound to the nanocube surface, but OA though present in the NC dispersion are not 

bound to the surface of nanocubes. This absence of bound OA to the nanocube 

surface, again agrees with earlier conclusion that Pb2+ ions are not present on the 

nanocube surface. 
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Figure 3.10: 1H NMR spectra of (a) OLA molecules, (b) OA molecules and (c) ODE 
molecules. The resonance peaks for corresponding hydrogen in structure and 1H 
spectra are numbered accordingly. Peak for solvent CDCl3 is marked with *. 

 

Figure 3.11: NOESY spectrum of CsPbBr3 nanocubes dispersed in CDCl3. 
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Figure 3.12: DOSY spectra of CsPbBr3 nanocubes (a), free OLA molecules (b) and 
free OA molecules (c). The circled black region in a, shows the two types of diffusion 
coefficient for OLA+ peak which shows its labile binding nature. Free OLA has 
diffusion coefficient of 6.2 x 10-6 cm2/s and free OA has diffusion coefficient of 2.1 x 
10-6 cm2/s while in bound state diffusion coefficient corresponding to resonance 
peak of OLA+ decreases to 8.1 x 10-7

 cm2/s as shown by dashed black line. 

Binding of OLA+ is expected on the NC surface, since our XPS results show excess 

Br- on the NC surface. The possibility of hydrogen bonding of OLA+ with Br- has 

been discussed earlier in the form of addition27 (or adsorption) of OLA+ to the NC 

surface (see the addition mechanism in Figure 3.13). Such H…..Br hydrogen bond 

can form irrespective of the surface termination with CsBr, or PbBr2 surface. 
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However, our XPS data suggest termination of NC selectively by CsBr surface. 

Therefore, we propose the possibility of a different kind of hydrogen bonding 

mechanism, where OLA+ substitutes Cs+ from the NC surface, as shown by 

substitution mechanism in Figure 3.13. In this substitution mechanism, -NH3
+ moiety 

of OLA+ is surrounded by multiple Br- sites on the NC surface, with possibility of 

forming more H…..Br hydrogen bonds, compared to the addition mechanism. In fact, 

both computational and experimental studies have already suggested similar 

multiple hydrogen bonding scenario between MA+ and halide ions in the lattice of 

MAPbI3 perovskites.45, 46 This possibility of formation of more number of H…..Br 

hydrogen bonds in the substitution mechanism, might favour the substitution 

mechanism over the addition mechanism. Furthermore, both mechanisms will 

involve different kinds of surface reconstruction, which will also influence the 

energetics. 

 

Figure 3.13: Schematic showing the possible binding mechanism of OLA+ to 
CsPbBr3 nanocube by forming hydrogen bonds with Br-. Substitution of Cs+ with 
OLA+ can form multiple hydrogen bonds, whereas addition of OLA+ to the nanocube 
surface can form only one hydrogen bond. 

3.3.4 Thermodynamics of ligand binding:  

To understand the thermodynamics of binding of organic molecules on the surface 

of the inorganic core of CsPbBr3 nanocube, first principles DFT based calculations 

have been performed by Dr. Niharika Joshi and Dr. Prasenjit Ghosh at IISER Pune. 

Details of computational calculations can be found in our published paper (Ravi et 

al., J. Phys. Chem. Lett. 2017, 8, 4988-4994).47 Two main experimental results: (i) 
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substitution of Cs+ with OLA+, and (ii) absence of bound OA molecule at the NC 

surface, have been explained computationally. The calculation has been carried out 

for (001) facets, similar scenario is expected for the (110) facets as well (see Figure 

3.4b). To optimize the computational cost, the larger OLA+ is replaced with shorter 

chain MA+. It is to be noted that with the MA+, the chemistry governing the interaction 

between the nanocube surface with OLA+
 can be well explained. Following three 

scenarios are considered: (a) adsorption (addition) mechanism: MA+ adsorbs on (i) 

CsBr surface and (ii) on PbBr2 surface (Figure 3.16), (b) substitution mechanism: 

MA+ replaces surface Cs+ atom, and (c) adsorption of CH3COOH on CsBr and PbBr2 

surface (Figure 3.17). For each of these situation, the reaction energies (∆𝐸, 

differences in total energies of the reactants and the products) are computed using 

the following chemical reactions: 

(a) MA+ adsorption:  CH3NH2 + CsPbBr3
s + (½) H2 ----> CsPbBr3

s-MA 

(b) Cs+ substitution: CH3NH2 + CsPbBr3
s + (½) H2 + (x/2) Br2 ----> Cs1-xPbBr3

s-

MAx + x CsBr, x being the number of Cs atoms replaced by MA+ 

(c) Acetate adsorption:  CH3COOH + CsPbBr3
s   ----> CsPbBr3

s-CH3COO + (½) 

H2 

In the above equations, the superscript “s” denotes CsPbBr3 surface. More negative 

the value of ∆𝐸, more favourable is the reaction. The calculations show that for 

adsorption of MA+ on CsBr and PbBr2 termination, the ∆𝐸 is 0.52 and -0.43 eV. The 

acetate adsorption on CsBr/PbBr2 termination leads to a ∆𝐸 of about 1.26 eV. In 

contrast to these cases, the substitution of Cs+ by the MA+ has a ∆𝐸 of -3.06 eV. 

These results, in accordance to the experimental observations, show that (i) binding 

of the acetate ion is thermodynamically unfavourable and (ii) indeed the organic 

cation replacing the exposed Cs+ ions of the CsBr termination is the most favourable 

thermodynamic process. To understand why Cs+ substitution is favored, we took a 

closer look at the CsBr-MA+ interface formed due to substitution (Figure 3.14a) and 

adsorption (Figure 3.14b). Adsorption of MA+ results in substantially large rumpling 

of the highly stable clean CsBr surface (about 1.18 and 1.84 Å) compared to that of 

the substitution Cs+ with MA+ (about 0.30 Å). It is observed that the formation of 

hydrogen bonds between the protons of the -NH3
+ moiety and the nearby Br- ions 
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takes place. For the substitution mechanism, there are three H-bonds of which two 

of them with the surface Br ions are of moderate strength (H…..Br length of about 

2.28 Å) while the third one with the Br ion in the layer below is slightly weaker (about 

2.51 Å), as shown in the inset of Figure 3.16a. In contrast, for the case of adsorption 

of MA+ on CsBr surface (Figure 3.16b), there are two H-bonds with H…..Br distances 

of 2.07 and 2.17 Å. We note that the H-bonds are relatively stronger in the case of 

adsorption compared to that of substitution. Thus, these results indicate towards 

two competing factors that affect ∆𝐸, the energy cost to induce rumpling in the 

surface and the energy gain (stabilization) due to the formation of H-bonds.             

 

Figure 3.14: The optimized geometry of CsBr terminated (001) surface of 
orthorhombic CsPbBr3 when (a) MA+ substitutes Cs+ ions and (b) when MA+ is 
adsorbed. In both the figures the inset displays the local geometry around the MA+ 
showing the H…..Br distances for each H in the -NH3

+ moiety. All distances and 
bond lengths are given in Å. 

Overall finding of experimental and calculation results shows that the surface of our 

CsPbBr3 nanocubes is terminated by CsBr surface, and then the capping ligand 

OLA+ replace a large fraction of Cs+ ions. Prior reports5, 48 show that both CH3NH3
+ 

(as an analog of OLA+) and Cs+ do not introduce defect state in the bandgap region. 

Also, it has been shown that such surface Br- gives shallow and delocalized defect 

states. Therefore, the possible defect states on the surface of NCs are not 

detrimental for optoelectronic properties, which have been experimentally observed. 

3.3.5 Role of OA in maintaining colloidal stability: 

It has been already established that an acid-base reaction, in which proton gets 

exchanged from OA to OLA is necessary for the synthesis of CsPbBr3 nanocubes. 

However, OA is not a part of NC surface, but still present in the final colloidal 

(a) (b)
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dispersion obtained after careful washing of nanocubes. We then set out to find the 

role of OA whether or not it has some role in stabilizing the colloidal dispersion of 

CsPbBr3 nanocubes. To address this question, some systematic experiments by 

adding excess ligands to the CsPbBr3 dispersion are performed. To a dispersion 

(0.2 μM determined from absorption spectrum49) of CsPbBr3 nanocubes in CHCl3 (3 

mL), an excess (15% by volume) of OLA, OA, and mixture of OLA:OA = 1:5, are 

added. Addition of excess OLA decomposes CsPbBr3 nanocubes into colorless 

product, and preliminary PXRD pattern of the product is difficult to assign showing 

a mixture of phase of CsPbBr3, Cs4PbBr6, PbBr2 as presented in Figure 3.15.  

 

Figure 3.15: PXRD pattern of degraded CsPbBr3 nanocubes after the addition of 
OLA to the purified nanocubes dispersion. There may be mixture of crystals phases, 
where Cs4PbBr6 can be one such phase. 

On the other hand, when excess OA is added to CsPbBr3 NC dispersion, nanocubes 

start agglomerating with a subsequent decrease in both colloidal stability and PL 

efficiency as shown in Figure 3.16. Excitingly, the addition of OLA to this 

agglomerated sample causes it to regain both colloidal stability and PL efficiency. 

This reversible behaviour of agglomeration process is shown by DLS data in Figure 

3.17, where the hydrodynamic size of the sample increases from ~10 nm to 700 nm 

after addition of OA and returns back close to original value after addition of OLA in 

the second step. 

10 20 30 40 50 60 70

Ref. CsPbBr3

Ref. Cs4PbBr6

In
te

n
s

it
y

 (
a
.u

.)

2q (degree)

CsPbBr3 nanocubes + OLA



Chapter 3 

Mechanism of Ligand Binding on the Surface of  
CsPbBr3 Perovskite Nanocubes 

 

 
[92] 

 

 

Figure 3.16: UV-visible absorbance and PL spectra of CsPbBr3 nanocubes before 
and after the addition of OA and OLA to the purified nanocubes dispersion. Addition 
of OLA to the purified dispersion (no companion OA) causes degradation of 
perovskite nanocubes and PL disappears. Addition of OA does not change the 
energy of excitonic absorption and PL, but reduces the PL intensity because of 
aggregation. However, after the addition of OLA to this aggregated dispersion, the 
nanocubes dispersion regains its PL intensity. 

 

Figure 3.17: DLS data showing effect of addition of OA and OLA to CsPbBr3 
nanocubes dispersed in CHCl3. Addition of only OA causes aggregation and 
therefore observed size seems to increased. With the addition of OLA, the 
aggregation process reverses back. 

The point to note is that only addition of OA or OLA alone cause the quenching of 

PL intensity. However, a certain ratio of OA and OLA (1:5, V/V) increase the PL 
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intensity to the maximum. Further increase in the volume of OLA causes the 

degradation of CsPbBr3 nanocubes to Cs4PbBr6. It can be hypothesized that upto 

certain ratio of OA and OLA, they form acid base complex and passivate the surface 

reducing the surface defects which leads to increase in PL intensity. Whereas, the 

excess OLA lead to extraction of OLA+-PbBr2 complex and therefore transforming 

it to 0D perovskite phase of Cs4PbBr6. The similar effect by other amines like 

butylamine, hexylamine, octylamine and octadecylamine can be also observed with 

difference in rate of degradation/transformation. Figure 3.18 shows the schematics 

along with the digital photograph of nanocubes to show the effect of adding excess 

ligand.  

 

Figure 3.18: Effect of addition of OA and OLA to CsPbBr3 nanocubes dispersed in 
CHCl3. Photographs of the samples obtained under visible light shows the 
corresponding changes after addition of the excess ligands. 

These results clearly establish that though OA is not bound to the CsPbBr3 

nanocube surface, maintaining a ratio of OLA and OA (or OLA+ and oleate) in the 

final nanocubes dispersion is necessary for the stability of the product. When a 

mixture of OLA: OA = 1:5 (by volume) is added to the dispersion of CsPbBr3 

nanocubes, the colloidal stability and optical properties of nanocubes are 

completely preserved. These results suggest that the final sample/dispersion is a 

OLA OA OLA+OA

O
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mixture containing OLA+-capped CsPbBr3, OA (or oleate), and oleylammonium 

oleate. An equilibrium between these components is required to be maintained for 

the desired stability and optical properties of CsPbBr3 nanocubes.  

3.4 Conclusions: 

In conclusion, XPS, NMR and DFT results show that OLA+ binds to the surface of 

CsPbBr3 nanocubes by substituting Cs+ ions. This substitution of Cs+ with OLA+ is 

thermodynamically favored due to reduced surface rumpling of the nanocube and 

formation of more numbers of H…..Br hydrogen bonds between the H atoms of the 

–NH3
+ moiety of OLA+ and the Br- ions on the nanocube surface. Such substitution 

reaction of organic ligand with nanocube surface is not observed for other kinds of 

semiconductors NCs, where organic ligands are typically adsorbed (addition 

mechanism) on the surface of NCs. Importantly, though OA is not bound to the 

surface of nanocubes, a critical ratio of OA and OLA (or oleate and OLA+) is 

necessary for the stability of CsPbBr3 nanocubes in the final washed sample. This 

understanding of OLA+ binding to the CsPbBr3 nanocube surface, along with further 

understanding of the role OA in the final dispersion, will be critical for surface 

modification, shape-control, along with formation hetero-structures and composites 

of colloidal cesium lead halide NCs.  
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 Abstract:  

The lead halide perovskite nanocrystals show exciting optoelectronic properties but it 

has its own problems. The ease of anion exchange which gives advantage like easy 

tunability of the bandgap, also serves as a problem because of easy ion migration. 

This leads to problem like unwanted anion exchange between two CsPbX3 

nanocrystals and thus it defeats their purpose of using them in tandem solar cells or 

using a mixture of CsPbX3 to obtain gamut of emission say white light. Further anion 

segregation in a mixed halide nanocrystal is also a major challenge that remains to be 

solved.  Another problem these halide perovskite nanocrystals faces is due to their 

ionic nature. They are very unstable in polar solvent or when exposed to 

water/moisture. This is problematic since any real-life device would have to face some 

moisture content even when it is carefully fabricated and sealed. In this chapter, we 

have tried to mitigate some of the stability problem associated with the CsPbX3 

nanocrystals by engineering their surface to make it more stable. We have 

encapsulated the CsPbX3 nanocrystals by two methods which are discussed in the 

subparts i.e. 4A and 4B of this chapter.    

            In Chapter 4A, we have coated the surface of the CsPbX3 nanocrystals by 

PbSO4-Oleate. This coating suppresses the anion exchange between the nanocrystal 

both in colloidal dispersion as well as when they are deposited as films.  However, this 

coating is not sufficient enough to make the CsPbX3 nanocrystals stable toward water 

and so we needed to find more robust way for protecting the CsPbX3 nanocrystals. 

            In Chapter 4B, we have synthesized CsPbBr3/ZnS core/shell structure which 

shows enhanced stability to water and light compared to pristine CsPbBr3 

nanocrystals. Having a crystalline inorganic semiconducting shell around the CsPbX3 

nanocrystals is desirable as it would not only protect the nanocrystals from external 

environment but also it would not hamper the charge transfer between the 

nanocrystals.  
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Abstract: 

In chapter 2, we have seen that CsPbX3 perovskite nanocrystals can be easily anion 

exchanged (even at room temperature, just by adding appropriate halide source) to 

give nanocrystals of different halide composition and thus have tunable bandgap, 

covering entire visible region. This ease of synthesis of compositionally different 

lead halide perovskite nanocrystals allows its utilization in tandem or layered fashion 

in either solar cells to absorb more solar spectrum or in light emitting diodes for 

having multicolour emission. However, the ease of halide ion exchange also poses 

a problem due to their high mobility. The obvious problem is keeping the lead halide 

perovskite nanocrystals intact without undergoing exchange of halide ions so that 

the original band structure is maintained for each layer of nanocrystals. In this 

chapter, we have successfully suppressed the halide ion exchange by capping 

CsPbBr3 and CsPbI3 nanocrystals with PbSO4-Oleate to create a nanostructure 

assembly that inhibits the exchange of anions. Absorption and photoluminescence 

measurements show that the nanocrystals assemblies maintain their identity as 

either CsPbX3 without undergoing any change in composition when they are mixed 

together. Further these PbSO4-Oleate capped CsPbX3 nanocrystals are 

electrophoretically deposited on the FTO/TiO2 electrodes. Different halide 

composition of PbSO4-Oleate capped CsPbX3 nanocrystals can be mixed to give 

gamut of emission including white light both in colloidal dispersion as well as in films. 

Graphical Abstract: 

 



Chapter 4A  
Capping of CsPbX3 (X= Cl, Br, I) Nanocrystals by  

PbSO4-Oleate to Suppress Anion Exchange 
 

 
[108] 

 
 

4A.1 Introduction:  

Mixed halide perovskite nanocrystals (NCs) have attracted a lot of attention in recent 

years because of the ability to tune their bandgap through halide ion composition.1-

6 By tailoring the ratio of Cl- / Br- and Br- / I- it is possible to modulate the absorption 

and emission properties of metal halide perovskites across the entire visible region.7 

These unique composition dependent optical properties have been touted as a 

candidate for tandem solar cells and display devices.8-11  

Metal halide perovskites are ionic in nature and the halide ion mobility within 

perovskite films has been studied in detail.12-14 The migration of halide ions can also 

be visualized through spectral changes as the mixed halide films undergo phase 

segregation upon exposure to light.15-17 The movement of these halide ions is also 

seen through the exchange of halide ions in NCs. For example, CsPbBr3 NCs 

dispersions are able to undergo halide ion exchange with say lead chloride or lead 

iodides (or any halide source) salts to produce both mixed and completely 

exchanged CsPbCl3 or CsPbI3 NCs depending on the concentration of salts 

added.18-20 The ability to readily exchange halide ions has also allowed for the 

creation of gradient structures with CsPbBr3 at one side and CsPbI3 at the other 

side of the same film.21 Upon excitation these gradient structures direct the flow of 

charge carriers to the lowest bandgap region viz. the CsPbI3 region, in the film which 

allows for efficient charge transfer.22 However, the ease of halide ion exchange also 

poses a problem to create a tandem structure with layers of metal halide perovskites 

of different compositions due to their high mobility.23 The obvious problem is 

keeping the lead halide perovskite NCs intact without undergoing exchange of 

halide ions so that the original band structure is maintained.  

One way to suppress the exchange of halide ions is to cap the CsPbX3 NCs 

with a non-halide layer. Use of bidentate ligands or polymer capping can provide 

stability to these NCs to some degree.24 We followed an approach by capping the 

NCs with the PbSO4-Oleate which was earlier reported to align the NCs in a linear 

fashion.25, 26 Since the absorption and emission behaviour of perovskite NCs are 

dependent on the halide composition, we can monitor these spectral features to 

estimate the extent of halide ion exchange between CsPbX3 NCs. We have chosen 

CsPbBr3 and CsPbI3 NCs as model system and discuss the role of PbSO4-Oleate 
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capping on its optical properties and its ability to suppress anion exchange. We also 

found out that these capped NCs can be electrophoretically deposited on FTO/TiO2 

as an orderly aligned array. Further we show that the white emission can be 

achieved in dispersion and electrophoretically deposited film by mixing the different 

CsPbX3 NCs in appropriate ratio. 

4A.2 Experimental sections: 

4A.2.1 Chemicals:  

Cesium carbonate (Cs2CO3, Alfa Aesar, 99.9%), 1- octadecene (ODE, Sigma-

Aldrich, 95%), oleylamine (OAm, Sigma Aldrich, 70% technical grade), oleic acid 

(OA, Sigma Aldrich, 90% technical grade), hexane (Sigma-Aldrich, 95% 

anhydrous), methyl acetate (MeAc, Sigma-Aldrich, 99.5% anhydrous), 

tetrabutylammonium hydrogen sulfate (TBAHS, Acros, 98% ), lead(II) chloride 

(PbCl2, Sigma-Aldrich, 99.999%), lead (II) bromide (PbBr2, Sigma-Aldrich, 

99.999%), lead (II) iodide (PbI2, Sigma-Aldrich, 99.999%), acetone (Sigma-Aldrich, 

≥99.5% ACS reagent), chloroform (CHCl3, Fischer Scientific, 99.9% HPLC grade).  

4A.2.2 Synthesis of pristine CsPbX3 NCs: 

Stock solution of cesium oleate (Cs-Oleate) is prepared by reacting 0.4 g cesium 

carbonate with oleic acid (1.25 mL) in 20 mL of ODE at 150 °C. The mixture is 

initially put under vacuum and N2 (at least 3 times alternatively) to get rid of 

dissolved oxygen and moisture. The solution is then stored in a vial, in an inert 

atmosphere, for further use. PbX2 (0.94 mmol), where X is the halide to be 

incorporated into the NC, is taken in a 50 mL 3 necked round bottom (RB) flask 

along with 25 mmol of ODE. The mixture is then degassed and put under N2 

alternatively (at least 3 times) to get rid of moisture and dissolved oxygen. 2.5 mL 

each OA and OAm are then added to the mixture and the temperature is increased 

to 130 °C to let the lead salts dissolve. The temperature is further increased to 180 

°C and the previously prepared Cs-Oleate (pre-heated to 100 °C) is swiftly added 

to the reaction mixture and after 5 seconds the reaction is cooled using an ice-bath. 

The crude NCs are then washed twice with MeAc and finally redispersed in hexane 

for further use. These NCs are designated as CsPbX3 NCs. 



Chapter 4A  
Capping of CsPbX3 (X= Cl, Br, I) Nanocrystals by  

PbSO4-Oleate to Suppress Anion Exchange 
 

 
[110] 

 
 

4A.2.3 Synthesis of PbSO4-Oleate capped CsPbX3 NCs: 

The PbSO4-Oleate capped NCs are prepared by following a reported method.25 

First, PbSO4-Oleate are prepared by reacting 0.4 mL PbCl2 (139 mg dissolved in 8 

mL OAm and 0.1 mL OA), 0.2 ml TBAHS (424.4 mg in 10 ml acetone), 0.4 mL OA, 

and 10 mL CHCl3. These are then precipitated by adding ethanol (30mL) and 

centrifuged at 7000 rpm for 5 min. The supernatant is discarded and the precipitate 

is redispersed in hexane (3mL). The prepared PbSO4-Oleate dispersion are then 

added to the CsPbX3 dispersion and allowed to self-assemble for 12 hours. It is then 

centrifuged at 1300 rpm and the supernatant is discarded while the resulting 

precipitate is redispersed in hexane and are designated as PbSO4-Oleate capped 

CsPbX3 NCs. 

4A.2.4 Deposition of PbSO4-Oleate capped CsPbX3 NCs on FTO/TiO2 

electrodes:  

TiO2 is first coated on FTO substrate by doctor blading method and then annealed 

at 90 °C for 1 hour followed by 500 °C for 1 hour. Then these prepared, two 

electrodes are connected to a direct current (DC) power supply and dipped into a 

dispersion of PbSO4-Oleate capped CsPbX3 NCs. Depending on the time or the 

voltage applied, the film thickness (number of deposited NCs) can be controlled. 

4A.2.5 Measurement of photoluminescence (PL) quantum Yield: 

Room temperature PL quantum yield of NCs has been calculated by taking 

Fluorescein dye as reference dissolved in 0.1 M aqueous NaOH solution. The NCs 

are dispersed in hexane. The absorbance of Fluorescein dye and the NCs are kept 

below 0.1 at 470 nm while taking absorbance spectrum. To increase the signal to 

noise ratio, Fluorescein absorbance spectrum are taken repeatedly 5 times without 

taking the quartz cuvette out and then the spectrum is averaged out. Similarly, the 

absorbance of the NCs is also measured 5 times and then averaged in the same 

way. In case of PL, for all the samples, the NCs and the dye are excited at 470 nm 

keeping all the other parameters constant. Here again, 5 spectra for each sample 

are measured and averaged out. To calculate the PL quantum yield the following 

equation has been used: 
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𝑄𝑌𝑠 = 𝑄𝑌𝑟𝑒𝑓  ∙  
𝐹𝑠

𝐹𝑟𝑒𝑓
∙

𝐴𝑟𝑒𝑓(𝜆𝑒𝑥𝑐)

𝐴𝑠(𝜆𝑒𝑥𝑐)
∙

𝑛𝑠
2

𝑛𝑟𝑒𝑓
2  

Where, 

𝑄𝑌𝑠 = Unknown PL quantum yield of sample.  

𝑄𝑌𝑟𝑒𝑓  = Known PL quantum yield of reference (Here, for Fluorescein it is 0.91 in 

0.1 M aqueous NaOH solution27). 

𝐹𝑠 = Integrated PL intensity i.e. area under the PL Curve of the sample with fixed 

excitation wavelength. 

𝐹𝑟𝑒𝑓 = Integrated PL intensity i.e. area under the PL curve of the reference at fixed 

excitation wavelength. 

𝐴𝑟𝑒𝑓(𝜆𝑒𝑥𝑐) = Absorbance value of the reference in its absorbance spectrum at that 

fixed PL excitation wavelength. 

𝐴𝑠(𝜆𝑒𝑥𝑐) = Absorbance value of the sample in its absorption spectrum at that fixed 

PL excitation wavelength. 

𝑛𝑠 = Refractive index of the solvent in which sample is dispersed. Here, it is 1.3749 

for toluene. 

𝑛𝑟𝑒𝑓 = Refractive Index of the solvent in which reference is dispersed. Here, it is 

1.3333 for aqueous NaOH solution.  

4A.2.6 Calculating concentration of the deposited films: 

The concentration of PbSO4-Oleate capped NCs are calculated using the Beer-

Lambert’s law: 

                                      𝐴 = 𝜀 × 𝐶 × 𝑙 

Where  

𝐴 = Absorbance corresponding to the deposited NCs on the film.  This is calculated 

by taking the absorbance of the dispersion at t = 0 (before any film deposition) and 

absorbance at t = t (after film deposition).   

𝜀 = The molar absorptivity. Values for molar absorptivity are taken from the 

reference.28 

𝑐 = concentration of the deposited NCs. 
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𝑙 = length of the cuvette (1 cm). 

For PbSO4-Oleate capped CsPbBr3 NC’s: 

1.47 = 3.83 × 106𝑀−1𝑐𝑚−1 × 𝑐 × 1 𝑐𝑚 

𝑐 ≅ 0.39 𝜇𝑀 

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 3.1 𝑚𝐿 

0.39 𝜇𝑚𝑜𝑙𝑒𝑠 

1,000 𝑚𝐿
× 3.1 𝑚𝐿 = 1.2 𝑛𝑚𝑜𝑙𝑒𝑠 

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 = 1.5 𝑐𝑚2 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐴𝑟𝑒𝑎
=

1.2 𝑛𝑚𝑜𝑙𝑒𝑠

1.5 𝑐𝑚2
= 0.8 

𝑛𝑚𝑜𝑙𝑒𝑠

𝑐𝑚2
 

This procedure is repeated for PbSO4-Oleate capped CsPbI3 NCs also where the 

molar absorptivity used is 2.4 × 106 𝑀−1𝑐𝑚−1.  The concentration for these films 

are found to be 0.9 
𝑛𝑚𝑜𝑙𝑒𝑠

𝑐𝑚2 . 

4A.2.7 Characterization:  

UV-visible absorption spectra are recorded on Cary 50 Bio UV-visible scanning 

spectrophotometer. PL spectra are recorded using Horiba Jobin Yvon Fluorolog 3 

spectrophotometer. Time correlated single photon counting (TCSPC) data are 

recorded on Horiba Jobin Yvon single photon counting system, with nanoLED laser 

(370 nm). Transmission electron microscopy (TEM) images are recorded using a 

JEOL JEM 2100 F field emission transmission electron microscope at 200 kV.  

4A.3 Results and Discussions: 

4A.3.1 Capping of CsPbBr3 and CsPbI3 NCs with PbSO4-Oleate:                          

Pristine CsPbBr3 and CsPbI3 NCs are prepared by following the hot injection 

method as discussed in the experimental section. A representative TEM image of 

CsPbBr3 NCs is given along with the size distribution in Figure 4A.1a and 4A.1b. 

The NCs are of cubic morphology with average edge length ~ 11 nm. These NCs 

dispersion are then treated with the already prepared PbSO4-Oleate dispersions 

(prepared in CHCl3) to obtain a capping of PbSO4-Oleate on the NCs. 
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Figure 4A.1: (a) Representative TEM image of pristine CsPbBr3 NCs. (b) Size 
distribution of pristine CsPbBr3 NCs having an average edge length of ~ 11 nm. 

 

Figure 4A.2: Representative TEM images (a, b) of PbSO4-Oleate capped CsPbBr3 
NCs at different magnification. The contrast difference around NCs can be seen and 
also the NCs appear to be assembled into linear chains. 

As shown previously the capping of PbSO4-Oleate also induces linear alignment of 

these NCs.25, 26 Figure 4A.2a and 4A.2b at shows the representative TEM image of 

PbSO4-Oleate capped CsPbBr3 NCs, at different magnification, showing linear 

alignment of NCs. The details on the mechanism of such an alignment following the 

evaporation of solvent are presented previously.25 It is interesting to note that the 

capping layer keeps the NCs well-dispersed with minimal inter-particle interactions. 

4A.3.2 Excited state properties of PbSO4-Oleate capped CsPbX3 NCs: 
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Figure 4A.3 shows the PL spectra of CsPbBr3 and CsPbI3 NCs (absorption spectra 

in the inset) with and without the capping of PbSO4-Oleate. As prepared pristine 

CsPbBr3, and CsPbI3 NCs dispersion in hexane, (shown by dotted curves) exhibit 

characteristic excitonic PL peak at 518 nm and 686 nm respectively (excitonic 

absorption peak at 500 nm for CsPbBr3 and 665 nm for CsPbI3 NCs). It is important 

to note that the PL features are retained following the capping of CsPbX3 NCs with 

PbSO4-Oleate (shown by solid curves). This confirms that the capping layer does 

not introduce any noticeable distortion in the band energy or the optical properties 

of these NCs. However, the absorbance and PL is little red shifted for PbSO4-Oleate 

capped, CsPbBr3 and CsPbI3 NCs which may be due to increased electronic 

coupling because of their linear arrangement. 

 

Figure 4A.3: PL spectra of PbSO4-Oleate capped NCs compared with pristine 
CsPbX3 NCs. The excitation wavelength is 370 nm. Inset shows the corresponding 
absorbance spectra. It can be seen that the absorbance of PbSO4-Oleate capped 
NCs remained similar to that of pristine NCs but with a presence of scattering tail 
which is due to its reduced colloidal stability (increased effective size).  
 

The PL lifetimes of these perovskite NCs, with and without PbSO4-Oleate capping, 

are shown in Figure 4A.4. The decay parameters are analyzed through 

biexponential fit and are presented in Table 4A.1. Inherently, the CsPbI3 has longer 
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lifetime than CsPbBr3 NCs which is attributed to its higher dielectric constant of 

CsPbI3, leading to the lower excitonic binding energy. It is evident that the capping 

with PbSO4-Oleate increases the PL lifetime. For example, the average lifetime of 

CsPbBr3 NCs increases from 13.3 ns to 16.9 ns upon capping with PbSO4-Oleate. 

Reduction in surface defects through capping is likely to increase the PL lifetime 

due to a decrease in the possible number of trap states. 

 
Figure 4A.4: PL decay of PbSO4-Oleate capped NCs along with pristine samples. 
PL decays are recorded at their PL peak wavelength with excitation wavelength of 
370 nm. 

The absorbance and PL spectra used for the determination of PL quantum yield are 

presented in Figure 4A.5. Table 4A.1 compares the PL quantum yield, radiative and 

non-radiative rates of charge carrier recombination. We see a small decrease in the 

PL quantum yield when NCs are capped with PbSO4-Oleate. It is likely that the 

scattering effects of the PbSO4-Oleate capped perovskite NCs dispersion at the 

selected absorbance wavelength for PL quantum yield measurements introduces 

some error. We have not made any effort to exclude scattering effects in these 

calculations. However, increased PL lifetimes of PbSO4-Oleate capped NCs show 

that radiative decay rate constants become smaller upon capping with PbSO4-

Oleate. In general, we can conclude that the PbSO4-Oleate capping stabilizes the 

excited state by remediating the defects at the NC surface. 
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Figure 4A.5: UV-visible absorbance (a) and PL spectra (b) of CsPbX3 NCs along 
with standard (Fluorescein) dye. Firstly, the PL quantum yield of CsPbBr3 NCs are 
determined with reference to fluorescein dye and then the PL quantum yield of other 
NCs are determined using CsPbBr3 as a reference. We acknowledge that there is 
error in estimation of the quantum yield of PbSO4-Oleate capped NCs as these NCs 
shows scattering behaviour and thus exact value of absorbance cannot be 
determined. However, we would like to point out that the PL quantum yield remains 
similar if not increased for the PbSO4-Oleate capped NCs thus suggesting that the 
quality of the PbSO4-Oleate treated NCs remained similar to that of pristine NCs. 

Table 4A.1: Excited state characteristics of PbSO4-Oleate capped and pristine 

CsPbX3 NCs. 

Ꚍavg =1/( kr+ knr) and kr=(/Ꚍavg) 

4A.3.3 Halide ion exchange between CsPbX3 NCs: 

The CsPbX3 NCs are sensitive to the surrounding environment and can undergo 

quick halide ion exchange or transform into lower dimensional phase when exposed 

to heat or moisture.17, 19, 29 This instability of CsPbX3 NCs in reactive chemical 

environment limits their use in light energy harvesting applications. Hence, it is 
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important to check whether the capping with PbSO4-Oleate can provide enough 

chemical stability to overcome halide exchange problem between two CsPbX3 NCs. 

It is earlier pointed out in chapter 2 of this thesis that the CsPbX3 NCs easily 

undergoes anion exchange in colloidal dispersion as well as in films. Depending 

upon the concentration of halide ions in dispersion and exposure time it is possible 

to control the composition of mixed halide in the NCs. The same phenomenon of 

halide ion exchange occurs when dispersions of separately synthesized CsPbBr3 

and CsPbI3 NCs are mixed together or two films of CsPbBr3 and CsPbI3 are made 

on top of each other. 

To visualize the anion exchange, we have mixed pristine CsPbBr3 and CsPbI3 NCs 

dispersion and have recorded absorbance and PL spectra of the mixture.  

 

Figure 4A.6: PL spectra of the mixture of pristine CsPbBr3 and CsPbI3 NCs in 
hexane. The PL spectra changes with increasing time indicating the anion exchange 
between CsPbBr3 and CsPbI3 NCs. Peak “1” to peak “6” correspond to mixing time 
of 3 h. The excitation wavelength is 370 nm. Inset shows the absorption spectra for 
the same mixture. Here also the absorption profile changes where excitonic 
absorption peak corresponding to pristine CsPbBr3 and CsPbI3 NCs (peak “1”) 
merge together to give excitonic absorption peak (peak “6”) corresponding to some 
mixed halide, CsPbBrxI3-x NCs composition. 
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In Figure 4A.6, at initial time of just mixing the samples of CsPbBr3 and CsPbI3 NCs 

(peak corresponding to “1”), the PL spectra of the mixture show two PL peaks 

corresponding to the individual PL peaks of CsPbBr3 (515 nm) and CsPbI3 (685 nm) 

NCs. After increasing the mixing time, the PL peak corresponding to CsPbBr3 NCs 

shifts to longer wavelength while PL peak corresponding to CsPbI3 NCs shifts to 

shorter wavelength. Finally, after 3 hours, both these peaks merge together to form 

a single PL peak (peak corresponding to “6”) at 588 nm and no further change is 

observed. This shows the completion of anion exchange to give some mixed halide, 

CsPbBrxI3-x NCs composition. Similar behaviour is seen in absorption spectra of the 

mixture shown in the inset of Figure 4A.6.  We do not that the time required for 

complete exchange is dependent on the concentration of the NCs and also the 

stirring speed of the dispersion.           

              

Figure 4A.7: PL spectra of the mixture of CsPbBr3/PbSO4-Oleate and CsPbI3 
PbSO4-Oleate NCs in hexane. The shift in PL peak position is small (~ 30 nm) with 
increasing mixing time. Peak “1” to peak “6” correspond to mixing time of 5 h. The 
excitation wavelength is 370 nm. Inset shows the absorption spectra of the same 
mixture of NCs. It shows very small change in the absorption profile (little peak shift 
with decreasing intensity). 
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 We then repeated the above experiments with PbSO4-Oleate capped, CsPbBr3 and 

CsPbI3 NCs dispersion in hexane. Both absorption and PL spectra are recorded at 

different time intervals after mixing the two NCs dispersion as shown in Figure 4A.7. 

The dispersion is kept under slow stirring to ensure that the capping of PbSO4-

Oleate does not gets damaged. The PL and absorption (shown in inset) spectra 

show the characteristic excitonic feature corresponding to both PbSO4-Oleate 

capped, CsPbBr3 and CsPbI3 NCs. The mixture shows very slow change upto 5 

hours and after that there is no change in the PL and absorption spectra. For the 

PL spectra, there is some change with small spectral shift of ~ 30 nm for both 

PbSO4-Oleate capped, CsPbBr3 and CsPbI3 NCs, with decreasing intensity. This 

change in the PL peak is not as drastic as in case of mixing of pristine CsPbBr3 and 

CsPbI3 NCs. Similarly, the absorption spectra shown no appreciable shift in 

excitonic peak position corresponding to individual PbSO4-Oleate capped NCs. We 

proposed that this small shift in PL peak is due to the halide ion exchange between 

the poorly capped or uncapped NCs.  

 

Figure 4A.8: The mixing of PbSO4-Oleate capped, CsPbBr3 and CsPbI3 NCs under 
rapid stirring. The mixing time correspond to 5 h and excitation wavelength is 370 
nm. The mixture shows appreciable anion exchange which is suggestive that rapid 
stirring indeed cause PbSO4-Oleate capping to be partially destroyed. 
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The deterioration of the PbSO4-Oleate capping under stirring could be another 

reason for this observed behaviour. Note that vigorous stirring results in larger shifts 

in the PL peaks as shown in Figure 4A.8.  

Also, we recorded absorbance and PL spectra, presented in Figure 4A.9, for the 

NCs mixture of PbSO4-Oleate capped CsPbBr3 NCs and pristine CsPbI3 NCs. It 

turns out that still anion exchange happens but now at a relatively slower rate. This 

confirms that that indeed capping of CsPbX3 NCs by PbSO4-Oleate suppresses the 

anion exchange between NCs. 

 

Figure 4A.9: The mixing of NCs where one is capped and other one is uncapped 
i.e. PbSO4-Oleate capped CsPbBr3 NCs mixed with pristine CsPbI3 NCs. The 
mixing time correspond to 18 h and excitation wavelength is 370 nm. It is clear that 
the NCs still undergo anion exchange but at a slower rate than the pristine CsPbX3 
NCs. 

The PL of mixed halide perovskites is dependent on the ratio of halide ions. For 

example, if CsPbBr3 NCs or films are exposed to iodide we see a gradual shift of 

the absorption and PL peak towards red. Thus, we can use the PL peak as a 

measure to gauge the exchange of halide ions between the NCs. The change in PL 
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peak is an easier and better way to visualize halide ion exchange. Figure 4A. 10a 

shows the change in PL peak position of mixture of CsPbBr3 and CsPbI3 NCs along 

with the PbSO4-Oleate capped, CsPbBr3 and CsPbI3 NCs. In case of mixture of 

pristine CsPbX3 NCs, the PL peak corresponding to CsPbBr3 and CsPbI3 NCs 

converse together while in the case of PbSO4-Oleate capped NCs, the PL peaks 

show a very small change during the mixing period. This confirms the protective role 

of PbSO4-Oleate capping for the CsPbX3 NCs.  

 

Figure 4A.10: (a) The PL peak change for the mixture of pristine, CsPbBr3 and 
CsPbI3 NCs dispersion in hexane (shown by green and red “  ” ) and for PbSO4-
Oleate capped, CsPbBr3 and CsPbI3 NCs, ((shown by green and red “  ” ), with 
increasing mixing time. The data is obtained from Figure 4A.6 and Figure 4A.7. (b) 
Photographs of the pristine and PbSO4-Oleate capped, CsPbBr3 and CsPbI3 NCs 
under UV light (365 nm) at various mixing times.  

In Figure 4.10b, the photograph of mixture of pristine NCs and PbSO4-Oleate 

capped NCs are shown. While the pristine NCs mixture emission color changes 

from green to yellow signifying mixed halide perovskite NCs composition (initial 

color is green because the emission is dominated by high PLQY of CsPbBr3 NCs), 

the emission color mixture of PbSO4-Oleate capped NCs shows very slight change 

and it remained mainly as green emissive. 

4A.3.4 Electrophoretic deposition (EPD): 

One very interesting thing we found that these PbSO4-Oleate capping can give net 

negative charge to CsPbX3 NCs and they can be electrophoretically deposited on 
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electrodes. No prior reports are available on the EPD of the CsPbX3 NCs. The EPD 

of semiconductor and metal nanoparticles provides a convenient way to deposit one 

or more layers of NCs within the mesoscopic TiO2 film.30-33 EPD are carried as 

shown in Figure 4A.11, where the NCs are deposited on the positive electrode 

signifying net negative charge on the NCs after the PbSO4-Oleate capping. FTO 

electrodes coated with TiO2 are dipped in the NCs dispersion and a DC voltage of 

100 V is applied. With increasing time, the NCs from the dispersion gets deposited 

on the positive FTO electrode. The film on electrode became more or more colored 

as thickness increase whereas the NCs dispersion in the cuvette shows decrease 

in absorbance over time. This shows that the NCs from the dispersion leaves the 

dispersion and gets deposited on the electrode. We note that the film thickness can 

be increased by increasing applied voltage or increasing NCs concentration within 

the same deposition time. The absorbance of the NCs dispersion in the cuvette is 

recorded at time = 0 sec (before EPD) gives the initial concentration of the NCs 

dispersion while the absorbance recorded at time = t sec gives the concentration at 

that time which is smaller than the initial concentration. 

 

Figure 4A.11: Schematic of EPD of PbSO4-Oleate capped CsPbBr3 NCs on the 
TiO2 coated FTO electrode. Electrode are dipped in the cuvette filled with NCs 
dispersion. With increasing time and voltage more and more NCs are deposited on 
the (+) ve electrode resulting in more coloration of the electrode while the NCs 
dispersion in the cuvette loses color.  
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Figure 4A.12: UV-visible absorbance spectra of dispersion of (a) PbSO4-Oleate 
capped CsPbBr3 (c) PbSO4-Oleate capped CsPbI3 NCs at different time undergoing 
EPD. Panels (b) and (d) shows the difference in absorbance with time and 
corresponds to the number of NCs deposited on the electrode. 

Figures 4A.12 shows the rate of deposition of NCs onto electrode surface as 

monitored from the disappearance of CsPbX3 NCs dispersion absorbance in the 

cuvette. The difference absorbance of the dispersion is used to determine the 

amount of NCs deposited on the electrode surface. The absorption spectra 

recorded during EPD of these two samples of PbSO4-Oleate capped, CsPbBr3 and 

CsPbI3 NCs are shown in Figure 4A.12a and 4A.12c respectively. Figures 4A.12b 

and 4A.12d shows the rate of deposition of NCs onto electrode surface as monitored 

from the disappearance of NCs dispersion absorbance. As can be seen from the 

traces in Figures 4A.12b and 4A.12d, within about 300 s it is possible to drive the 

NCs from the dispersion onto the electrode surfaces. This deposition dependence 

on time allows us to control the amount of NCs deposited on the electrode surface. 
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The total amount of NCs deposited on the electrode surface during deposition time 

is 0.8 nmole/cm2 of PbSO4-Oleate capped CsPbBr3 NCs and 0.9 nmole/cm2 of 

PbSO4-Oleate capped CsPbI3 NCs (calculation shown in the experimental section). 

The EPD method of deposition of NCs is quick and less tedious than conventional 

spin coating or vapor deposition methods. The convenience of achieving desired 

film thicknesses with ease allows deposition of multiple layers of different perovskite 

NCs. A representative bilayer film of CsPbX3 NCs is made by EPD, first depositing 

PbSO4-Oleate capped CsPbBr3 NCs and then PbSO4-Oleate capped CsPbI3 NCs 

on TiO2 coated FTO electrode. This film shows an additive absorbance feature, 

(feature of both PbSO4-Oleate capped CsPbBr3 NCs and PbSO4-Oleate capped 

CsPbI3 NCs) and remain stable over an extended period of time under ambient 

conditions as shown in Figure 4A.13.  

 

Figure 4A.13: UV-visible absorbance spectra showing the stability of the PbSO4-
Oleate capped CsPbBr3/CsPbI3 NCs layered film stored under ambient condition. 
The individual excitonic peaks for bromide and iodide are preserved indicating no 
intermixing of the NCs.  

Interestingly, the shape of the EPD assembled PbSO4-Oleate capped CsPbX3 NCs 

remains linear and they are packed closely in linear arrays on the top of the TiO2 

film. In Figure 4A.14 we have shown schematic that depicts the initial alignment of 

PbSO4-Oleate capped NCs in dispersion and their bundling to form larger nanorod 
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secondary arrays on the electrode surface. It is possible that charge neutralization 

of PbSO4-Oleate capped CsPbX3 NCs assembly near the electrode surface 

promotes their aggregation and form larger rods as they get deposited onto the 

electrode surface. 

 

Figure 4A.14: Hierarchical assembly of PbSO4-Oleate capped CsPbX3 NCs. 
Illustration of alignment of CsPbX3 NCs following PbSO4-Oleate capping in hexane 
and as bundled array on the electrode surface following EPD. 

For more details about the characterization of the EPD assembled film, optical 

properties, please see our published paper (Ravi et al., J. Am. Chem. Soc. 2018, 

140, 28,8887-8894.)   

4A.3.5 Tunable emission including white light: 

The composition dependent bandgap tuning makes metal halide perovskites 

attractive for achieving emission at a desired wavelength. However, as described 

earlier in the chapter, simply mixing two or more pristine CsPbX3 NCs to obtain 

desired color is not possible because they would undergo anion exchange between 

themselves. However, now after PbSO4-Oleate capping, it is possible to suppress 

the halide ion exchange between different CsPbX3 NCs. The varying composition 

allows us to tune the emission of entire visible spectrum and the combination of the 

two or more of these suspensions can yield additional emissive colors. Examples of 

such color combination are shown in Figure 4A.15. We mixed blue emitting, PbSO4-

Oleate capped CsPbCl3 NCs; green emitting, PbSO4-Oleate capped CsPbBr3 NCs 

and red emitting, PbSO4-Oleate capped CsPbI3 NCs to obtain different color both 

in colloidal dispersion as well in the EPD deposited films. We also further explored 

this feature to obtain white phosphor perovskites by mixing blue (CsPbCl3), green 
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(CsPbBr3), and red (CsPbI3) emitting NCs capped with PbSO4-Oleate. Figure 

4A.16a shows the PL spectra of three separate dispersions of PbSO4-Oleate 

capped, CsPbCl3, CsPbBr3 and CsPbI3 NCs. As expected, they exhibit 

characteristic red (R), green (G), and blue (B) emission as a marker for the RGB 

display. Figure 4A.16b shows the resultant PL spectra when these NCs are mixed 

together.  

 

Figure 4A.15: Scheme showing RGB (Red, Green, and Blue) color combination. 
PbSO4-Oleate capped CsPbX3 NCs are mixed to generate different colors. Insets 
show the photographs of the colloidal dispersions and the deposited films on 
FTO/TiO2 under UV light. The excitation wavelength is 370 nm. 

 

Figure 4A.16: (a) Individual PL spectra of PbSO4-Oleate capped, CsPbCl3, 
CsPbBr3 and CsPbI3 NCs. Inset shows the photograph of these NCs dispersion in 
hexane and on EPD deposited films under UV light. (b) Mixture of these three NCs 
together dispersion to produce white emission. This white emission is retained even 
in EPD deposited film. Photographs of suspensions and corresponding films under 
UV light are shown in insets. The excitation wavelength is 370 nm. 

We have also made an effort to fill the spectral void in the emissions by introducing 

other CsPbX3 mixed halide perovskite NCs with intermediate emission. The 
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resultant emission spectrum is shown in the Figure 4A.17a. The CIE diagram 

corresponding to the obtained spectrum is shown in Figure 4A.17b showing 

coordinates (0.29, 0.32) very close to ideal white light coordinates (0.33, 0.33). The 

ability to maintain relatively high emission shows that the most of the emission is 

retained despite the possibility of interparticle interactions in the excited state.  

 

Figure 4A.17: (a) The PL spectrum shows the generation of white light by mixing 
different compositions of PbSO4-Oleate capped CsPbX3 NCs to have a better color 
purity of white light. (b) Color chromaticity of resultant white light is shown on CIE 
1931.The inset shows the photograph of colloidal dispersion of NCs showing white 
light emission under UV light. 

4A.4 Conclusions: 

In this chapter, we have shown a convenient way to cap CsPbX3 NCs with PbSO4-

Oleate. This strategy of capping offers a new approach to restrict the anions of 

CsPbX3 NCs from undergoing anion exchange reactions when they are mixed 

together. Here for the first time, we have also shown that the PbSO4-Oleate capped 

CsPbX3 NCs can be electrophoretically deposited on the FTO/TiO2 electrodes. This 

deposition method presents a very easy way to make films out of CsPbX3 NCs 

where film thickness can be simply controlled by voltage and deposition time. The 

color obtained in dispersion by mixing PbSO4-Oleate capped CsPbX3 NCs remains 

unchanged even when deposited onto FTO/TiO2 electrode surfaces because 

suppression of anion exchange between the films as well. This way, white emission 

can be obtained in dispersion as well as electrophoretically deposited film by mixing 

the different combination of PbSO4-Oleate capped CsPbX3 NCs, in appropriate 

460

480

500

520

540

560

580

600

620

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.0

0.2

0.4

0.6

0.8
CIE 1931

y

x

(0.29, 0.32)

400 480 560 640 720
0.0

0.5

1.0

1.5

2.0

P
L

 I
n

te
n

s
it

y
X

1
0

4
(c

o
u

n
ts

)

Wavelength (nm)

(a) (b)



Chapter 4A  
Capping of CsPbX3 (X= Cl, Br, I) Nanocrystals by  

PbSO4-Oleate to Suppress Anion Exchange 
 

 
[128] 

 
 

ratio. Thus, the capping strategy of CsPbX3 NCs by PbSO4-Oleate enables 

employment of wide array of tunable CsPbX3 NCs for harvesting light energy while 

retaining the optical properties of individual CsPbX3 NCs.  
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Abstract: 

In the previous chapter 4A, we have discussed about the suppression of anion 

exchange in CsPbX3 nanocrystals by PbSO4-Oleate coating. However, the capping 

was still not sufficient enough to protect the CsPbX3 NCs from damage by water 

and light.  Despite of extensive research on lead halide perovskites, there are a few 

reports addressing water instability issue. Core/shell heterostructure of CsPbX3 

NCs is desirable to overcome such problems. In this chapter, first we developed a 

strategy to stabilize the NCs under high temperature (~ 180 °C) so that it can be 

further processed for making core/shell heterostructures. Second part highlights 

conversion of already prepared CsPbBr3 nanocrystals to CsPbBr3/ZnS core/shell 

type nanostructure via treatment with a single molecular precursor namely, zinc 

diethyldithiocarbamate. We have developed CsPbBr3/ZnS core/shell type 

nanostructure that showed enhanced water and photostability. Understanding of the 

band structure suggests formation of pseudo type II CsPbBr3/ZnS core/shell type 

nanostructure where electron wavefunction gets confined within the core while hole 

wavefunction is delocalized over core and shell. 

Graphical Abstract: 

 

CsPbBr3/ZnS

core/shell
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4B.1 Introduction: 

 Lead halide perovskite shows excellent optoelectronic properties1-6 but they are 

prone to moisture, heat and light degradation.7-10.  CsPbX3 (X= Cl, Br, I) nanocrystals 

(NCs) also suffers from this fate and which impedes their commercial application.  

Literature survey reveals use of different inorganic and/or organic passivation/shell 

formation over lead halide perovskite NCs. There are reports of coating CsPbX3 

NCs with SiO2, TiO2, Al2O3, PbSO4, CsPbBrx or polyhedral oligomeric silesquioxane 

to increase their stability against external environment.11-16 However, the prior 

strategies have one problem or another like quenching of photoluminescence (PL), 

multiple NC cores are inside a single shell, and/or insulating shell that prevents the 

charge transport. A desirable way to improve the stability of the CsPbX3 NCs is by 

coating the NCs by inorganic crystalline semiconducting shell to form a core/shell 

nanostructure.17 It is known in literature for a long time where numerous examples 

of core/shell systems are present. Core/shell systems are advantageous because 

of better heat, light and moisture stability as compared to the core only NCs.18 

Moreover, core/shell nano-heterostructures help in separation of charge carriers 

due to formation of suitable band structure. Therefore, such nanostructures are 

considered as ideal candidates for important applications such as fluorescent 

biological labels, photovoltaics and catalysis.19-23 

                    Making core/shell for other type of semiconductors like II-VI, III-V are 

routine technique and wide variety of literature are available on these.24-28 Synthesis 

of core/shell structure of ionic perovskite NCs considered to be challenging because 

perovskite NCs are known to degrade under high processing temperature. Those 

methods do not work for halide perovskite NCs because of its inherent instability to 

high processing temperature to grow shell on seed NCs or polar solvent (another 

way of making core/shell by colloidal-atomic layer deposition). In this chapter, first 

we have stabilized the CsPbBr3 NCs in dispersion at high temperature by addition 

of optimized amount of oleylammonium bromide (OAmBr). This stabilization of NCs 

in dispersion at high temperature is important to further grow shell on them. We then 

used, as synthesized CsPbBr3 NCs as seeds, and treated it with zinc 

diethyldithiocarbamate (Zn(DDTC)2) to form CsPbBr3/ZnS core/shell type 

nanostructure. CsPbBr3/ZnS core/shell type NCs shows enhanced aqueous- and 

photo-stability as compared to pristine CsPbBr3 NCs. The Zn(DDTC)2 treatment 
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appears to form CsPbBr3/ZnS pseudo type-II core/shell NCs. The resulting 

core/shell type nanostructure retains the intense PL even when dipped inside water 

and can transfer holes to spiro-OMeTAD.  

4B.2 Experimental Section: 

4B.2.1 Chemicals: 

Cesium carbonate (Cs2CO3, 99.9%, Sigma-Aldrich), lead (II) bromide (PbBr2, 

99.999%, Sigma-Aldrich), oleic acid (OA, 90%, Sigma-Aldrich), oleylamine (OAm, 

technical grade 70%, Sigma-Aldrich), 1-octadecene (ODE, technical grade 90%, 

Sigma-Aldrich), zinc diethyldithiocarbamate (Zn(DDTC)2, 97%, Sigma-Aldrich), 

hydrobromic acid (HBr, 48% w/w in H2O, Sigma-Aldrich), methyl acetate (MeAc, 

99.98%, Sigma-Aldrich), toluene (Anhydrous, 99.99%, Sigma-Aldrich), TiO2 paste 

(~30 nm, Sigma-Aldrich), ethanol (99 %, Rankem), spiro-OMeTAD (99.9%, Sigma-

Aldrich), acetonitrile (99.9%, Sigma-Aldrich), 1-butanol (99.9%, Sigma-Aldrich), 

chlorobenzene (99.8%, Sigma-Aldrich), lithium bis(trifluoromethanesulfonyl) imide 

(Li-TFSI, 99.9%, Sigma-Aldrich), 4-tert-butyl pyridine (96 %, Sigma-Aldrich). 

4B.2.2 Synthesis of cesium-oleate (Cs-Oleate):  

Cs-Oleate stock solution is prepared by reacting Cs2CO3 (0.412 g) and OA (1.25 

ml) in 20 mL ODE. The mixture is first degassed under vacuum and heated to 120 

°C for removal of moisture. It is then further heated to 150 °C and continued until all 

Cs2CO3 reacted and turns to a transparent solution. It is then stored in a vial for 

further use.  

4B.2.3 Synthesis of pristine CsPbBr3 NCs: 

Pristine CsPbBr3 NCs are prepared by following the modified hot injection method29 

where 280 mg PbBr2 is loaded in a three neck round bottom flask along with 20 mL 

ODE and 1:1 ratio of OAm:OA (2 mL of each). It is then put under alternate N2 and 

vacuum for 1 h at 100 °C. After that, the reaction temperature is set to 180 °C. When 

the PbBr2 completely solubilizes resulting in a transparent solution, hot injection of 

preheated Cs-Oleate has been done (2 mL) and immediately (approximately 5 sec) 

the reaction has been quenched by using an ice-water bath.  

For the washing of the NCs, the crude NCs are first precipitated by centrifugation at 

7000 rpm for 10 minutes. Toluene and MeAc are then added in 1:1 ratio to the 
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obtained precipitate and purified again via centrifugation under 11000 rpm for 5 

minutes. The supernatant is discarded and then the final precipitate has been dried 

and stored in solid form (powders) for further use. 

4B.2.4 Synthesis of OAmBr:  

10 mL OAm, 1 mL HBr is loaded in a 25 mL three neck round bottom flask and 

heated to 80 °C under vacuum. The heating continued for 1 hour in N2 environment. 

Then the heating is set to 120 °C and maintained for 2 hours under the same 

environment. Then at that temperature only, the resulting solution is collected in a 

N2 filled vial tightly covered with septum. Whenever required, it has been heated at 

80 °C to get a transparent yellow colored OAmBr solution as shown below and used 

in this form. 

 

4B.2.5 Synthesis of CsPbBr3/ZnS core/shell type NCs: 

To prepare the CsPbBr3/ZnS core/shell type NCs by treatment of CsPbBr3 NCs with 

Zn(DDTC)2, 15 mg CsPbBr3 NCs powder is weighed and then dispersed in 3 mL 

ODE. Then the optimized amount of synthesized OAmBr (i.e. 20 µL for 15 mg 

CsPbBr3 NCs) is added along with 16 mg of Zn(DDTC)2 powder. The reaction 

mixture is then sonicated for 5 minutes to mix them completely and then heated at 

120 °C for 1 hour using an oil bath. The product is washed first by centrifuging at 

7000 rpm and discarding the supernatant. The precipitate is then dispersed in 

toluene and MeAc is added in equal volume and centrifuged again at 7000 rpm. 

Finally, the precipitate is dispersed in toluene for further use. This sample is referred 

as CsPbBr3/ZnS core/shell type NCs. We also prepared a control sample where 

CsPbBr3 sample heated only in presence of OAmBr, keeping all the parameters 

same (without the addition of Zn(DDTC)2 powder). This sample is termed as 

CsPbBr3-OAmBr NCs. Both the samples i.e. CsPbBr3-OAmBr and CsPbBr3/ZnS 
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core/shell type NCs shows reasonable colloidal stability in toluene where, the 

concentrated dispersions are stable upto 1 hour. After that, it slowly starts settling 

down. The dilute dispersions of the samples are colloidally stable for longer time 

than that. 

4B.2.6. Deposition of NCs on glass, TiO2 and spiro-OMeTAD substrates:  

Films of CsPbBr3/ZnS core/shell type NCs and CsPbBr3-OAmBr NCs are made on 

the substrates by spin coating method. To prepare the films on glass substrate, NCs 

are directly spin coated on cleaned glass substrate at 200 rpm for 30 seconds. To 

prepare films on TiO2, first TiO2 paste in ethanol (0.504 g TiO2 in 4.2 ml ethanol) is 

spin coated (1000 rpm for 20 seconds) on glass substrate and then the NCs are 

spin coated on that. Similarly, for making films on spiro-OMeTAD, a solution of spiro-

OMeTAD (72.3 mg spiro-OMeTAD, 28.8 μL of 4-tert-butyl pyridine and 17.5 μL of 

Li-TFSI solution in 1 mL of chlorobenzene) is spin coated on glass substrate at 3000 

rpm for 30 seconds and then subsequently NCs are deposited on that.  

4B.2.7 Characterization: 

Bruker D8 Advance X-ray diffractometer equipped with Cu Kα radiation of 1.54 Å is 

used to get powder X-ray diffraction (PXRD) data. UV-visible absorption spectra are 

recorded using Cary series UV-visible spectrophotometer. Steady state PL and PL 

decay measurements are carried out using FLS 980 (Edinburgh Instruments). The 

experimental PL decay plots are fitted with a bi-exponential decay equation, 𝑦 =

𝐴1ⅇ−𝑥 𝜏1⁄ +  𝐴2ⅇ−𝑥 𝜏2⁄  ; where A1 and A2 are the percentage contribution from lifetime 

𝜏1 and 𝜏2 , respectively. Average lifetime is calculated by using the formula, 𝜏𝑎𝑣𝑔 =

∑𝐴𝑖𝜏𝑖
2

∑𝐴𝑖𝜏𝑖
. Transmission electron microscopy (TEM) images and high resolution TEM 

(HRTEM) images are captured by using a UHR FEG-TEM, JEOL JEM 2200FS field 

emission transmission electron microscope operated at 200 kV. Scanning electron 

microscopy (SEM) and energy dispersive X-ray spectroscopy (EDAX) 

measurements are performed on Zeiss Ultra Plus SEM instrument. 

4B.3 Results and Discussion: 

4B.3.1 Stability of colloidal CsPbBr3 NCs against heat: 
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Core/shell heterostructure formation of NCs requires heating of the core NCs at 

higher temperatures (200 - 260 °C) for about 30 min or so. Unfortunately, such 

prolonged heat treatment of CsPbBr3 NCs leads to the formation of Cs4PbBr6 

impurity phase. So, the first challenge is to stabilize the CsPbBr3 NCs dispersion for 

the high temperature processing. It was earlier reported that the oleylammonium ion 

binds to the surface of the CsPbBr3 NCs.30  The loss of oleylammonium along with 

Br- from the surface of CsPbBr3 NCs destabilizes the NCs dispersion at higher 

temperatures (>100 °C). To address this issue, we have added extra OAmBr to the 

pristine NCs dispersion and then heated the dispersion at 180 °C for 1 hour. This 

OAmBr addition is motivated by the work of Pradhan et al31 adopted for the 

synthesis of CsPbX3 NCs. As a control sample, we have also heated the CsPbBr3 

NCs dispersion without OAmBr keeping all other conditions same. 
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Figure 4B.1: PXRD patterns of pristine CsPbBr3 NCs (red) along with the NCs when 
heated in absence (green) and presence (blue) of OAmBr at 180 °C for 1 hour. The 
NCs heated in absence of OAmBr gets degraded to mixture of phases of Cs4PbBr6 
and CsPb2Br5, while the NCs heated in presence of OAmBr remains in orthorhombic 
phase of CsPbBr3. 
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Figure 4B.1 shows the PXRD pattern of pristine CsPbBr3 NCs, CsPbBr3 NCs heated 

with OAmBr and a control sample of CsPbBr3 NCs heated without the OAmBr. Also, 

the PXRD pattern of bulk CsPbBr3, Cs4PbBr6 and CsPb2Br5 is given for the 

reference. In case of CsPbBr3 NCs heated without the OAmBr, we can see lots of 

impurities phases present after heating for 1 hour. These impurities correspond to 

CsPb2Br5 and Cs4PbBr6. Further extending the heating of the reaction mixture, the 

CsPbBr3 NCs completely breaks down to the white precipitate compound, mainly 

consisting of Cs4PbBr6, CsBr and PbBr2. However, the CsPbBr3 NCs heated with 

the optimized amount of OAmBr does not show such degradation and the 

orthorhombic phase is maintained.  

 

Figure 4B.2: Schematic showing the degradation mechanism when CsPbBr3 NCs 
heated in absence of excess OAmBr while the NCs remains stable in its 
orthorhombic phase when heated in presence of little excess OAmBr. 

The mechanism that we propose for the stabilization by excess OAmBr is that labile 

OAmBr gets detached from CsPbBr3 NC surface while heating.32 This disturbs the 

equilibria of adsorption and desorption of OAmBr from the surface of CsPbBr3 NC. 

Once OAmBr gets detached, it leads to further loss of CsBr and PbBr2 from the 

surface of NC and undergo surface reconstruction to give mixture of phases 

consisting of Cs2Pb2Br5 and Cs4PbBr6. Excess addition of OAmBr maintains this 

equilibrium as shown in Figure 4B.2 and thus orthorhombic phase of the NCs remain 

preserved.  

The UV-visible absorbance and PL spectra of pristine CsPbBr3, CsPbBr3 heated in 

presence of OAmBr and CsPbBr3 heated without OAmBr are compared in Figure 
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4B.3. For the CsPbBr3 NCs sample, heated in presence of excess OAmBr, the 

absorbance and PL profile remains similar to that of pristine CsPbBr3 NCs whereas 

for the CsPbBr3 sample heated without OAmBr, the absorbance profile is largely 

dominated by scattering behaviour and the PL is completely quenched. The 

quenching of PL is expected since the green emitting CsPbBr3 NCs are degraded 

to other impurity phases as shown in figure 4B.1.  

 

Figure 4B.3: UV-visible absorbance and PL spectra of pristine CsPbBr3 NCs (red) 
along with the samples when heated in absence (green) and in presence (blue) of 
OAmBr at 180 °C for 1 h. For obtaining emission spectra, the samples are excited 
at 400 nm.  

The PL decay profile for the pristine CsPbBr3 NCs and the CsPbBr3 NCs heated in 

presence of excess OAmBr are shown in the Figure 4B.4. The PL decay profiles 

are fitted with biexponential decay fit and both shows very similar lifetime values. 

                         These analyses suggest that heating of the CsPbBr3 NCs with 

excess OAmBr not only protect the orthorhombic crystal structure of the CsPbBr3 

NCs but also preserve the optical properties. This is a very important result as it 

gives us now a method where the CsPbBr3 NCs dispersion can be stabilised at high 

temperature, which can be then processed further for making core/shell 

heterostructure. But note that the heat treatment of CsPbBr3 NCs with excess 
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OAmBr leads to an increase in NCs size, which will be discussed in the next sub-

section.    

            

Figure 4B. 4: Comparison of PL decay of colloidal dispersion of pristine CsPbBr3 
NCs and CsPbBr3-OAmBr NCs. Both the samples show similar decay profile and 
lifetime. PL decay lifetimes are obtained at the corresponding emission peak and 
the excitation wavelength used is 400 nm.      

4B.3.2 CsPbBr3/ZnS core/shell type NCs: 

Now that we have tackled the heat stability of CsPbBr3 NCs dispersion, we then 

proceeded for making shell on top of CsPbBr3 NC. We have followed the modified 

protocol proposed by Dethlefsen et al.33 to make ZnS shell on the CsPbBr3 NCs. 

 

Figure 4B.5: Schematic of synthesis method used for the preparation of 
CsPbBr3/ZnS core/shell type NCs. 
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CsPbBr3 NCs are treated with Zn(DDTC)2 and OAmBr at 120 °C for 1 hour forming 

a sample referred here as CsPbBr3/ZnS core/shell NCs. The schematic for making 

CsPbBr3/ZnS core/shell type NCs is shown in Figure 4B.5. We have used single 

molecular precursor Zn(DDTC)2 for the growth of ZnS shell because Zn(DDTC)2 

slowly releases Zn and S at relatively lower temperature (~120 °C). The low 

temperature of shell growth and slow release of precursor ensures both the stability 

of CsPbBr3 NCs and absence of separate nucleation of ZnS impurity phase. The 

control sample obtained after treating CsPbBr3 NCs only with OAmBr is referred as 

CsPbBr3-OAmBr NCs. In this case all other parameters are kept same except 

addition of Zn(DDTC)2.  
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Figure 4B.6: PXRD patterns of CsPbBr3/ZnS core/shell type NCs and CsPbBr3-
OAmBr NCs shows orthorhombic crystal structure is maintained in both the 
samples. Reference patterns CsPbBr3 and ZnS are also shown for a comparison. 

Figure 4B.6 compares the PXRD patterns of the CsPbBr3/ZnS core/shell type NCs 

and the control sample CsPbBr3-OAmBr NCs. For reference the bulk PXRD 

patterns of CsPbBr3 and ZnS is provided. As shown in previous section that after 

heating the CsPbBr3 NCs in presence of extra OAmBr does not affect its crystals 
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structure and it remain in orthorhombic phase. For the CsPbBr3/ZnS core/shell type 

NCs structure remains unchanged after the shell formation and no impurity phase 

is found. However, from PXRD pattern, it is difficult to assign the CsPbBr3/ZnS 

core/shell type structure. Core/shell structure with thin shell often does not show its 

contribution in the PXRD patterns. A lot of literature with good quality CdSe/ZnS 

NCs does not show contribution of thin shell in the PXRD patterns.34   

The SEM image along with EDAX composition on the selected agglomerated region 

of NCs is shown in Figure 4B.7. It shows the presence of Zn and S along with the 

Cs, Pb and Br. Further, elemental mapping done on a rectangular area of a NC 

shows the uniform distribution of Cs, Pb, Br, Zn and S (Figure 4B.8). 

The TEM images of CsPbBr3 NCs, CsPbBr3-OAmBr NCs and CsPbBr3/ZnS 

core/shell type NCs are compared in Figure 4B.9. All the samples show distorted 

cubic morphology with average edge length of 10.8  1.5 nm, 47.2  9.1 nm and 

48.7 ± 7.9 nm for CsPbBr3 NCs, CsPbBr3-OAmBr NCs and CsPbBr3/ZnS core/shell 

type NCs, respectively. This suggests that heating the sample increases the NCs 

size as the NCs fuse together while heating. TEM image of CsPbBr3/ZnS core/shell 

type NCs (Figure 4B.10) along with the HRTEM image of a NC (inset of Figure 

4B.10) show lattice fringes corresponding to (020) planes of CsPbBr3 and (200) 

planes of ZnS in zinc blende phase, confirming the core/shell interface. 

 

Figure 4B.7: SEM image of densely packed agglomerated region of CsPbBr3/ZnS 
core/shell type NCs with an average size of ~ 49 nm and the EDAX measurement 
is performed on the same. EDAX measurement data on CsPbBr3/ZnS core/shell 
type NCs shows atomic percentage of different elements as mentioned.  
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Figure 4B.8: Elemental mapping done on a CsPbBr3/ZnS core/shell type NC shows 
Zn and S uniformly distributed along with Cs, Pb and Br. The area on which 
elemental mapping is done is highlighted by the orange rectangular box. 

 

Figure 4B.9: TEM image and corresponding size distribution plot for (a-b) pristine 
CsPbBr3 NCs, (c-d) CsPbBr3-OAmBr NCs, and (e-f) CsPbBr3/ZnS core/shell type 
NCs. It is to be noted that the heat treatment of the samples increases the size of 
the NCs from ~ 11 nm for pristine CsPbBr3 NCs to ~ 48 nm for the heat-treated 
samples. 
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Figure 4B.10: TEM image of CsPbBr3/ZnS core/shell type NCs showing cubic 
morphology. Inset shows HRTEM image of a NC near core/shell interface. 

 
 

Figure 4B.11: TEM image of CsPbBr3/ZnS core/shell type NCs. (b) Magnified part 
of same NC to show ZnS shell where planes are assigned to (111) and (200) of the 
zinc-blende phase of ZnS shell. 

Also, in Figure 4B.11a, the HRTEM image of CsPbBr3/ZnS core/shell NC and its 

magnified part (Figure 4.11b) is presented to show ZnS shell having (200) and (111) 

planes. However, we mention that the HRTEM image showing such interface is 

difficult to obtain for some other NCs of the sample, suggesting inhomogeneity in 

the shell growth (Figure 4B.12). Further improvement in the synthesis methodology 

is required to grow homogenous shell with a control over its thickness. 
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Figure 4B.12: (a) TEM image of CsPbBr3/ZnS core/shell type NCs where we see a 
contrast between CsPbBr3 and its edges indicating the ZnS shell. (b) HRTEM image 
of a part of NC showing the presence of shell of ZnS on CsPbBr3. The contrast 
between core and shell material is inhomogeneous for different NCs, suggesting an 
inhomogeneity in shell growth. For NCs with clear contrast suggest thick enough 
ZnS shell, whereas, for other NCs, the shell is either thin or absent. 

UV-visible absorption and PL peak (Figure 4B.13) of CsPbBr3/ZnS core/shell type 

NCs show a small red shift (~ 5 nm) compared to CsPbBr3-OAmBr NCs. This red 

shift might be because of spreading of electron and/or hole wavefunctions to the 

shell.35  

 

Figure 4B.13: UV-visible absorption and PL spectra showing little red shift for 
CsPbBr3/ZnS core/shell type NCs. For obtaining emission spectra, the samples are 
excited at 400 nm.  
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Figure 4B.14 shows that the relative PL intensity slightly increases for the 

CsPbBr3/ZnS core/shell type NCs as compared to the pristine CsPbBr3 NCs and 

CsPbBr3-OAmBr NCs. However, we would like to point out that this is just an 

estimation as it involves error in measuring PL quantum yield. This error is expected 

because of increased scattering effect in the heat-treated samples leading to error 

in measuring absorbance value. 

 

Figure 4B.14: PL spectra of pristine CsPbBr3 NCs, CsPbBr3-OAmBr NCs, 
CsPbBr3/ZnS core/shell type NCs, after normalizing with absorbance at the 
excitation wavelength. The results suggest similar or slightly higher PL quantum 
yield for the core/shell sample. The samples are excited at wavelength of 400 nm. 

 Interestingly, a drastic increase in PL lifetime is observed for the core/shell NCs 

(Figure 4B.15). The average lifetime of CsPbBr3/ZnS core/shell NCs is 102.6 ns, 

which is about 15 times longer than the average lifetime (7.2 ns) of CsPbBr3-OAmBr 

NCs. These results confirm that the ZnS shell growth effectively modifies the 

electronic properties of the core. Prior report suggest that the valence band 

maximum (VBM) energies of both ZnS and CsPbBr3 are similar, whereas, the 

conduction band minimum (CBM) of ZnS is at a significantly higher energy than that 

of CsPbBr3.36 So, there is a possibility of pseudo type-II  band alignment at the 

core/shell interface where the hole is delocalized over both the core and shell, and 

electron is confined within the core (Figure 4B.16). Such pseudo type-II band 
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alignment can explain the significantly longer PL lifetime of CsPbBr3/ZnS core/shell 

type NCs.  

 

Figure 4B.15: Comparison of PL decay shows a huge increase in PL lifetime for 
CsPbBr3/ZnS core/shell type NCs. PL decay lifetimes are obtained at the 
corresponding emission peak and the excitation wavelength used is 400 nm. 

 
Figure 4B.16: Schematic showing pseudo type-II band alignment at the 
CsPbBr3/ZnS core/shell interface, where the electron is confined inside the core but 
the hole is delocalized over both core and shell. 

0 100 200 300 400

10

100

1000

10000

CsPbBr3/ZnS
CsPbBr3- OAmBr Biexponential decay fit

 t1=   4.8 ns (92 %)

P
h

o
to

n
 C

o
u

n
ts

 

Time (ns)

 t2= 15.8 ns (8 %)

 t1=  13.5 ns (25 %)

 t2= 106.4 ns (75 %)

CB

VB

CsPbBr3ZnS ZnS
Eg1

Eg2



Chapter 4B  
CsPbBr3/ZnS Core/Shell Type Nanocrystals for  

Enhanced Water Stability  
 

 
[151] 

 

To verify the pseudo type-II band alignment further, we have made films of 

CsPbBr3/ZnS core/shell type NCs, on glass, electron acceptor TiO2 and hole 

acceptor spiro-OMeTAD (Figure 4B.17a). Interestingly, PL lifetimes of CsPbBr3/ZnS 

core/shell type NCs remain comparable on both TiO2 and glass substrates, 

suggesting suppression of electron transfer by the ZnS shell. Furthermore, PL 

decay of the CsPbBr3/ZnS core/shell type NCs coated on spiro-OMeTAD becomes 

significantly faster, suggesting the hole delocalization over both core and shell 

materials, and therefore, can be transferred to suitable hole acceptors. PL decay of 

control sample i.e. of CsPbBr3-OAmBr NCs on TiO2 is much faster compared to the 

same NCs on glass substrate (see Figure 4B.17b), suggesting possibility of electron 

transfer from CsPbBr3 NCs to TiO2. The film on glass shows an average PL lifetime 

9.3 ns, whereas the average lifetime decreases to 3.6 ns for the film on TiO2. These 

PL decay trends support the proposed pseudo type-II core/shell structure, which is 

suitable for photodetectors applications.35 

 

Figure 4B.17: (a) PL decay of CsPbBr3/ZnS core/shell type NCs film deposited on 
glass, TiO2, and spiro-OMeTAD. (b) Comparison of PL decay of CsPbBr3-OAmBr 
NCs film on glass and on TiO2 substrate. Bi-exponential PL decay and best fit 
parameters are given in the inset. PL decay lifetimes are obtained at their 
corresponding PL peak and the excitation wavelength used is 400 nm. 

Finally, we have checked the effect of shell formation on aqueous and photo stability 

of NCs. Films of CsPbBr3/ZnS core/shell type NCs and CsPbBr3-OAmBr NCs are 

immersed in beakers full of water (to check for aqueous stability) and excited with 

white LED (50 mW) (to check for photostability). Figure 4B.18 shows the 

CsPbBr3/ZnS core/shell type NCs remain highly emissive even after 48 hours, 

whereas PL of CsPbBr3-OAmBr NCs disappears within 2 hours. Water stability tests 
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on powder of CsPbBr3/ZnS core/shell type NCs and CsPbBr3-OAmBr NCs are 

performed by mixing them with distilled water, and PL spectra are recorded at 

regular intervals of time. The NCs do not form a homogenous dispersion in water. 

This makes the quantitative estimation of PL intensity difficult. We have tried to 

minimize the error in estimation by vigorously shaking the sample just before 

measuring each PL spectrum.  CsPbBr3/ZnS core/shell type NCs retain about 54% 

of its initial PL intensity even after 48 hours, whereas the PL intensity of CsPbBr3-

OAmBr NCs quenches completely within 2 hours as shown in Figure 4B.19. 

CsPbBr3 NCs in water is known to degrade to structurally lower dimensional 

counterpart Cs4PbBr6. The core/shell type structure of CsPbBr3/ZnS NCs resists 

this degradation and the NCs remain emissive up to 4 days under continuous 

treatment of water.  

 

Figure 4B.18: Digital photographs of the films of CsPbBr3/ZnS core/shell type NCs 
and CsPbBr3-OAmBr NCs dipped in beakers full of water, and excited with UV lamp 
(365 nm). 

To check the photostability of the NCs, we have dispersed the CsPbBr3/ZnS 

core/shell type NCs and CsPbBr3-OAmBr NCs in toluene, then irradiated them with 

50 mW white LED continuously. PL spectra are recorded at different intervals of 

time which shows improved photo-stability of CsPbBr3/ZnS core/shell type NCs 

compared to the CsPbBr3-OAmBr NCs. As shown in Figure 4B.20, CsPbBr3/ZnS 
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core/shell type NCs maintain about 80 % of its initial PL intensity even after 48 hours 

of continuous irradiation whereas intensity of CsPbBr3-OAmBr NCs reduces to 20 

% of its initial value. 

 

Figure 4B.19: Powders of CsPbBr3/ZnS core/shell type NCs and CsPbBr3-OAmBr 
NCs dispersed by vigorous shaking in distilled water. CsPbBr3/ZnS core/shell type 
NCs retain about 54% of its initial PL intensity even after 48 h whereas the PL 
intensity of CsPbBr3-OAmBr NCs quenches completely within 2 h. Inset shows 
digital photographs of the sample in the cuvette under UV light (365 nm). 

 

Figure 4B.20: PL intensity quenching of CsPbBr3/ZnS core/shell type NCs 
compared with that of CsPbBr3-OAmBr NCs. The NCs powder are dispersed in 
toluene and then irradiated with 50 mW white LED continuously and PL spectra are 
recorded at different intervals of time. Inset shows the corresponding photographs 
under UV light of 365 nm. CsPbBr3/ZnS core/shell type NCs shows improved 
photostability compared to that of CsPbBr3-OAmBr NCs. 
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4B.4 Conclusions: 

We have shown that the addition of little extra amount of OAmBr to the CsPbBr3 

NCs dispersion helps it to maintain its orthorhombic phase even at high processing 

temperature. Then the CsPbBr3/ZnS core/shell type NCs are synthesized by 

treating CsPbBr3 seed NCs with single molecular precursor Zn(DDTC)2 in presence 

of excess OAmBr. The shell growth over CsPbBr3 NCs is not yet homogeneous. 

Interestingly, the CsPbBr3/ZnS core/shell system of shows significant improvement 

in stability of sample when dipped inside a beaker of water. The shell formation also 

improves the photostability of CsPbBr3/ZnS core/shell type NCs. PL lifetime of 

CsPbBr3/ZnS core/shell type NCs increased significantly, suggesting a pseudo 

type-II band alignment at the core/shell interface. The holes are delocalized over 

both core and shell but the electrons are localized in the core only. This hole 

delocalization led to the transfer of holes from CsPbBr3/ZnS core/shell type NCs to 

spiro-OMeTAD layer in a film. The success of obtaining CsPbBr3/ZnS core/shell 

type nanostructure with enhanced stability to water and light, along with higher PL 

lifetime, would pave its way to use them for various applications like optically 

pumped LEDs, photodetectors and photocatalysis. We anticipate that this work 

would motivate future research on controlling the thickness and homogeneity of 

shell growth, along with device fabrication. 
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Abstract: 

Barium Zirconium Sulfide, BaZrS3 as a potential alternative of lead halide 

perovskite, has been proposed because of it is environmentally benign and are 

more stable than the lead halide perovskite. Theoretical optoelectronic properties of 

chalcogenide perovskites (e.g., BaZrS3) are as good as that of halide perovskites 

(e.g., CH3NH3PbI3). But the fabrication of optoelectronic devices is rarely reported, 

mainly because researchers still do not know how to prepare good quality thin films 

of chalcogenide perovskites. Here in this chapter, we report the colloidal BaZrS3 

nanocrystals (NCs, 40-60 nm) and their solution processed thin film transistors. The 

NCs exhibit thermal (15 – 673 K) and aqueous stability. BaZrS3 NCs are first 

prepared using a solid-state synthesis route, and the subsequent surface 

modifications lead to colloidal dispersion of NCs in both polar N-methyl-2-

pyrrolidinone and non-polar chloroform solvents. Colloidal BaZrS3 NCs in 

chloroform is then used to make field effect transistors showing ambipolar 

properties with hole mobility 0.059 cm2V-1s-1 and electron mobility 0.017 cm2V-1s-1. 

This first report of solution processed chalcogenide perovskite thin film with 

reasonable carrier mobility and strong optical absorption and emission, is expected 

to pave the way for future optoelectronic devices of chalcogenide perovskites.    

Graphical Abstract: 
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5.1 Introduction: 

In the previous chapters, we have discussed the instability and toxicity issues of 

lead halide perovskite nanocrystals (NCs). We tackled some of those instability 

issues by doing the surface engineering of CsPbX3 (X= Cl, Br, I) NCs. Ideally it is 

desired to develop new non-toxic and stable optoelectronic material. In this regard, 

we have explored a new class of material namely chalcogenide perovskite. Here, 

we prepare BaZrS3 NCs for solution processed thin film device fabrication. 

               Oxide perovskites have long been exhibiting amazing properties including 

colossal magnetoresistance, ferroelectricity and multiferroics.1, 2 But oxide 

perovskites are often not good semiconductors with wide band gap in the UV region, 

mainly because of the high electronegativity of oxygen. On the other hand, Pb-

halide perovskites are recently proven to be excellent solution processed 

semiconductor with high solar cell efficiencies and other exciting optoelectronic 

properties.3-10 But Pb toxicity and moisture/thermal instability remain as major 

challenges to overcome for this class of material.11-17 Can chalcogenide (sulfide, 

selenide, and telluride) perovskites combine the good semiconducting properties of 

the halide perovskites with high stability and non-toxicity of oxide perovskite? This 

question re-ignited the study of chalcogenide perovskites, with first theoretical report 

of optoelectronic properties of chalcogenide perovskites appearing in the year 

2015.18 Subsequently, there are other theoretical studies suggesting high solar cell 

efficiency and photoelectrochemical water splitting of certain compositions of 

chalcogenide perovskites.19-24 Some of the suggested chalcogenide perovskites 

compositions like BaZrS3, SrZrS3 and SrHfS3 are experimentally synthesized in the 

form of their bulk powder.20, 25-32 Also, 2D Ruddlesden−Popper and Dion–Jacobson 

type phases of chalcogenide perovskites are reported.33-35 Optical properties in 

terms of strong light absorption and reasonable photoluminescence (PL) are also 

encouraging for their optoelectronic applications.31, 32, 36  

                But unfortunately, fabrication of thin films of chalcogenide perovskites, 

which is prerequisite for a typical optoelectronic device, remains very challenging 

till date. The major problem of material design is that the formation of BaZrS3 and 

other chalcogenide compositions require a temperature > 600 °C. Physical methods 

such as sputtering and pulsed laser deposition (PLD) or chemical sulfurization of 
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BaZrO3 thin film required multiple steps at temperatures ~ 900 °C or above, to 

achieve films of complex ternary chalcogenide compositions.21, 37, 38 In this process 

non-stoichiometric compositions and also sometime impurity phases are observed. 

For example, the PLD grown (at 1150 °C) BaZrS3 films also suffer from high level 

of sulfur vacancies resulting into high carrier density (1019 - 1020 cm-3) that is 

undesired for optoelectronic applications.37 Furthermore, it will be very challenging 

to incorporate such complex processes requiring temperature ~ 900 °C for 

fabricating desired interfaces in optoelectronic devices like solar cells. Till date, 

there is no chemical method reported for solution processed thin films of BaZrS3. 

The obvious reason of this failure is that no solvent can survive the high synthesis 

temperature of BaZrS3. 

To overcome this difficulty, we employed a two-step process to achieve solution 

processed thin films (~50 nm thick) of BaZrS3 NCs. In the first step, cube-shaped 

(edge length 40-60 nm) BaZrS3 NCs are synthesized at 600 °C using a solid-state 

synthesis route. In the second step, we functionalize the surface of BaZrS3 NCs 

achieving their colloidal dispersions either in polar solvents like N-methyl-2-

pyrrolidinone or in non-polar solvents like chloroform. Then the field effect 

transistors (FETs) are fabricated to measure the charge transport characteristics of 

BaZrS3 NCs films. FETs are fabricated with the solution processed thin films of 

BaZrS3 NCs at room temperature. High thermal stability and aqueous stability of 

BaZrS3 NCs are ensured, along with preliminary results of good photocatalytic 

activity of the NCs towards degradation of methylene blue dye. 

5.2 Experimental Section: 

5.2.1 Chemicals:  

Barium sulfide (BaS, 99.9%, Sigma-Aldrich), sulfur (S, 99.998%, Sigma-Aldrich), 

zirconium powder (99%, Nanoshel), iodine (I2, 99.9%, Rankem) oleylamine (OAm, 

technical grade 70%, Sigma-Aldrich), methyl acetate (anhydrous, 99.5%, Sigma-

Aldrich), N-methyl-2-pyrrolidinone (90.7%, Sigma-Aldrich), chloroform (CHCl3, ≥99 

%, Sigma-Aldrich), methylene blue (Sigma-Aldrich), spiro-MeOTAD (99%, Sigma-

Aldrich), acetonitrile (99.9%, Sigma-Aldrich), titanium diisopropoxide bis- 

(acetylacetonate) (99%, Sigma-Aldrich), 1-butanol (99.9%, Sigma-Aldrich) 
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chlorobenzene (99.8%, Sigma-Aldrich),  lithium bis(trifluoromethanesulfonyl) imide 

(LITFSI, 99.9%, Sigma-Aldrich), FTO glasses (~7 Ω/sq, Sigma-Aldrich). 

5.2.2 Solid-state synthesis of BaZrS3 NCs powder:  

Solid-state synthesis of BaZrS3 NCs powder is done by following modified method 

of Niu et al.31 Stoichiometric amount of BaS, Zr and S powders (BaS = 3 mmol, Zr 

= 3 mmol, and S = 6 mmol), and catalytic amount of iodine (25 mg) are taken inside 

a quartz tube. The quartz tube has length 20 cm, outer diameter of 20 mm and inner 

diameter of 18 mm. The tube containing the chemicals are then put under high 

vacuum of 5   10-6 mbar. Then the tube is sealed using oxy-acetylene torch and 

put inside a tubular furnace. The reaction is then carried out at 600 °C for 60 hours 

with heating rate of 1 °C/min and cooling rate of 0.5 °C/min. After the completion of 

reaction, the tube is taken out of the furnace and it is broken to take out the black-

brown powder as shown in Figure 5.1. It is then further grinded to finer powder. 

These grinded powders are used for all characterization and surface modification. 

5.2.3 Surface modification to form colloidal BaZrS3 NCs dispersion: 

To achieve colloidal dispersion of BaZrS3 NCs, first we mix BaZrS3 NCs powder 

with N-methyl-2-pyrrolidinone and then stirred the mixture at 120 °C for 6 hours to 

make it completely dispersible. It yields dark brownish dispersion which is then 

passed from 0.22 µm syringe filter without any aggregation to obtain stable 

dispersion of BaZrS3 NCs in N-methyl-2-pyrrolidinone. Further to obtain colloidal 

dispersion of BaZrS3 NCs in low boiling solvent like chloroform, we did a second 

round of surface modification by taking  a mixture of BaZrS3 NCs (400 mg) in N-

methyl-2-pyrrolidinone 300 µL along with 100 µL OAm and heated it at 160 °C till 

the majority of solvent evaporates and it dries to form a thick paste. Then the dried 

paste is dispersed into chloroform, and passed through the syringe filter to obtain 

stable colloidal dispersion of BaZrS3 in chloroform.  

5.2.4 Characterization: 

Powder X-ray diffraction (PXRD) patterns are recorded on Bruker D8 X-ray 

diffractometer with Cu Kα radiation of 1.54 Å. UV-visible-near infrared (NIR) diffused 

reflectance spectra of BaZrS3 NCs powder are recorded using Shimadzu UV-3600 

plus UV-VIS-NIR spectrophotometer. The reflectance data are converted to 
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absorbance data using Kubelka-Munk transformation. The UV-visible absorption 

spectra of colloidal dispersion is recorded using Cary series UV-visible 

spectrophotometer. Steady state photoluminescence (PL) measurements are 

carried out using FLS 980 (Edinburgh Instruments).  Transmission electron 

microscopy (TEM) images and high resolution TEM (HRTEM) images are captured 

by using a UHR FEG-TEM, JEOL JEM 2200FS field emission transmission electron 

microscope operated at 200 kV. TEM sample for BaZrS3 NCs powder is prepared 

by taking ~ 0.5 mg of sample in n-butanol (~ 1 mL) and then drop casted on carbon 

coated Cu TEM grid, while colloidal BaZrS3 NCs are drop casted directly on the 

TEM grid. Light intensity is measured using HTC Instrument LX-101A Light Meter 

Luxmeter.  

5.2.5 Aqueous stability and photocatalytic activity of BaZrS3 NCs powder:  

As prepared BaZrS3 NCs powder is studied as a photocatalyst for the degradation 

of methylene blue dye in water, under sunlight irradiation (~70 mW /cm2). 100 ppm 

of methylene blue is prepared by dissolving 5 mg methylene blue in 50 mL Milli-Q 

water. The methylene blue solution is stirred in dark along with 20 mg BaZrS3 NCs 

powder for 1 hour. This stirring promotes the chance for adsorption of dye on BaZrS3 

NCs powder. The degradation of methylene blue gets almost completed (ca. ∼98 %) 

upon continuous irradiation of sun light over a period of 50 minutes. The 

photocatalytic dye degradation is repeated for multiple cycles, to test aqueous 

stability of BaZrS3 NCs powder. The same BaZrS3 NCs is reused for all the cycles, 

along with addition of fresh methylene blue for each cycle. 

5.2.6 Thin film FET fabrication: 

To form BaZrS3 film, BaZrS3 NCs dispersion in chloroform, has been passed through the 

0.2 μm filter without clogging, and then spin-coated for 30 s at 2000 rpm. The FET device 

fabrication is carried out by Seong Hoon Yu and Dr. Dae Sung Chung in their laboratory 

(Department of Chemical Engineering, Pohang University of Science and Technology 

(POSTECH), Pohang, Korea 37673).  

5.2.7 Fabrication of BaZrS3 NCs sensitized solar cells: 

BaZrS3 NCs based solar cells are fabricated following a modified protocol used for 

fabrication of lead halide based solar cells.39 Briefly, a FTO substrate (2.5 cm X 2.5 
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cm) is masked with Scotch tape leaving 5 mm on one side. Then the exposed area 

is etched by dropping Zn powder + HCl (3 M) and left it to react for 10 min. It is then 

washed and cleaned using ethanol/water bath. A blocking TiO2 layer is made using 

a 0.15 M solution of titanium diisopropoxide bis- (acetylacetonate) in anhydrous 1-

butanol. It is spin-casted at 2000 rpm for 40 s and then heat treated at 125 °C for 5 

min. A mesoporous layer of TiO2 is made using TiO2 paste (size ~ 40 nm) having 

concentration C= 0.12 g/cm3 in ethanol. It is spin-casted at 2000 rpm for 20 s by 

static coating and further annealed at 500 °C for 1 hour in a high-temperature oven. 

The BaZrS3 NCs as an active layer is then deposited using colloidal dispersion of 

BaZrS3 NCs in chloroform, through spin-coating. NCs having concentration around 

20 mg/mL is used for deposition of single layer. It is then heated at 150 °C for 5 min 

and then dipped in MeOAc to get rid of organic part. The desired film thickness has 

been achieved by repeating the deposition and annealing cycles. Spiro-MeOTAD 

as hole transport layer is deposited through spin-coating at 3000 rpm for 30 s (Spiro-

MeOTAD solution is made by mixing 72.3 mg Spiro-MeOTAD, 28.8 μL of 4-tert-

butyl pyridine and 17.5 μL of Li-TFSI solution (520 mg Li-TSFI in 1 mL acetonitrile) 

in 1 mL of chlorobenzene). An 80 nm thick gold counter electrode is deposited using 

a thermal evaporator with a homemade mask of single cell area of 0.24 cm2 at 10−6 

Torr at a 5−10 Å/s deposition rate. Final contacts are made using silver paste.  

5.3 Results and discussions: 

5.3.1 Synthesis and morphology of BaZrS3 NCs powder: 

BaZrS3 NCs powder are prepared using a slightly modified solid-state synthesis 

method reported by Niu et al.31 The schematic of the reaction conditions is shown 

in Figure 5.1.  

PXRD pattern of the product confirms the formation of phase pure BaZrS3 NCs with 

orthorhombic crystal structure (distorted perovskite), as shown in Figure 5.2. UV-

visible-NIR diffuse reflectance spectrum of BaZrS3 NCs powder is measured, which 

is then converted to absorbance spectra by using Kubelka-Munk equation.40 The 

absorption spectrum along with its corresponding Tauc plot is shown in Figure 5.3 

suggest a direct band gap of 1.9 eV. Note that the finely grounded powder of BaZrS3 

NCs is used for absorption measurements.  
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Figure 5.1: Schematic showing solid-state synthesis of BaZrS3 NCs powder. 

 

Figure 5.2: Comparison of PXRD pattern of BaZrS3 NCs powder with that of 
reference pattern (00-015-0327) for orthorhombic phase of BaZrS3. 

PXRD peaks of BaZrS3 powder in Figure 5.2 shows a small broadening suggesting 

possibility of formation NCs. Indeed, TEM image in Figure 5.4a shows the formation 

of NCs with cubic morphology.  The edge lengths of the cubic NCs are around 40 

to 60 nm. However, it is to be noted that some of the NCs agglomerate on TEM grid 

as shown Figure 5.4b.   

BaS + Zr + 2 S   

+

I2 (catalyst)

Sealed in vacuum 

tube  (5 X 10-6 mbar)

Heat@ 600  C,

As synthesized

After grinding
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Figure 5.3: (a) The UV-visible-NIR absorption spectrum is obtained through 
Kubelka−Munk transformation from the measured diffused reflectance spectra of 
BaZrS3 NCs powder, where α is the absorption coefficient and S is the scattering 
coefficient, (b) Tauc plot obtained from the corresponding absorption spectrum 
showing a direct bandgap of 1.9 eV. After the solid-state synthesis, the product is 
grounded, and the fine powder is used to measure absorption spectra. 

 

Figure 5.4: TEM image of BaZrS3 NCs powder prepared by mixing the powder with 
n-butanol. (a) TEM image showing cube shaped BaZrS3 NCs with edge lengths in 
the range of 40-60 nm. Inset shows the magnified image of NCs. (b) Many times, 
BaZrS3 NCs shows irregular morphology and particles overlapped on each other. 

HRTEM image in Figure 5.5a shows lattice fringes with interplanar distance 2.98 Å 

and 2.69 Å corresponding to the (004) and (220) planes of BaZrS3 NCs respectively. 

Figure 5.5b shows the magnified HRTEM image of the same NC with the 

assignment of interplanar distance and the corresponding planes. Selected area 

electron diffraction (SAED) pattern of the NC in the inset of Figure 5.5a 

(a) (a)

200 nm

(b)
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demonstrates the single crystallinity of the sample. The diffraction spots can be 

assigned to the orthorhombic phase of BaZrS3, similar to the powder XRD patterns 

in Figure 5.2.  These TEM results are interesting because there is no prior report on 

the synthesis of BaZrS3 NCs or any other chalcogenide perovskite NCs. More 

importantly, formation of NCs gives us the hope to make first ever solution 

processed films of chalcogenide perovskites.    

 

Figure 5.5: (a) HRTEM image of a single BaZrS3 NC showing lattice fringes (b) 
magnified image of same to show the lattice fringes. Interplanar distances are 
marked, 2.98 Å and 2.69 Å corresponding to (004) and (220) planes of orthorhombic 
BaZrS3 respectively. Note: Inset of Figure 5.5a shows the SAED pattern recorded 
on a different BaZrS3 NC. 

5.3.2 Stability of BaZrS3 NCs powder: 

To check the thermal stability of BaZrS3 NCs, PXRD patterns are recorded at 

different temperatures. As shown in Figure 5.6a, the BaZrS3 NCs remained in the 

orthorhombic phase throughout the temperature range, while heating up the sample 

from 298 K to 673 K. PXRD patterns recorded during the cooling of samples also 

show similar data (Figure 5.6b). These results show that BaZrS3 NCs do not 

undergo any phase transition unlike the lead halide-based perovskites where they 

transform from orthorhombic to tetragonal to cubic phases with increasing 

temperatures.41  

We have calculated the thermal volume expansion coefficient of BaZrS3 NCs. 

Coefficient of volume thermal expansion, αv at temperature T is defined as αv,T = 

(1/Vm,T) × (dVm,T / dT) (at a constant pressure).42 In the measured temperature range 

molar volume can be taken as linear function of temperature and is fitted with the 

linear equation as shown in Figure 5.7b.  

(a)
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Figure 5.6: (a) Variable temperature XRD of BaZrS3 NCs from room temperature 
to 673 K shows that the orthorhombic phase is maintained without any sign of 
degradation. (b) Cooling steps shown for the BaZrS3 NCs coming from high 
temperature to room temperature. Peaks marked with “*” is due to Pt substrate. 

 

Figure 5.7: (a) It shows the variation of unit cell volume (VT) of BaZrS3 with 
increasing temperature determined using variable temperature PXRD. To obtain 
this, unit cell constants i.e. a, b and c are determined at each temperature and 
multiplied to give unit cell volume of orthorhombic crystal structure. (b) It shows the 
variation of molar volume (Vm,T) of BaZrS3 with increasing temperature. Molar 
volume (Vm,T) are calculated as a function of temperature as Vm,T = VT × NA/Z,42 
where VT is the volume of the unit cell at temperature T, NA is Avogadro number 
and Z is the number of formula unit per unit cell (for orthorhombic crystal structure, 
Z= 4).     

The αv,T at 300 K is then determined by dividing the slope (7.21×10-4) with molar 

volume at 303 K (72.32 cm3/mol) and is equal to, αv,303 K = 9.97×10-6 K-1. The thermal 

expansion coefficient serves as a design parameter for material having low thermal 

lattice conductivity and hence have application in designing thermoelectric 

materials.43 This low thermal volume expansion of BaZrS3 NCs gives an indication 



Chapter 5  
Colloidal BaZrS3 Chalcogenide Perovskite Nanocrystals  

for Thin Film Device Fabrication
 

 
[171] 

 
 

that it could have low thermal conductivity which is recently reported by some 

groups.44, 45 

After confirming the thermal stability of BaZrS3 NCs over a wide temperature range, 

now we will discuss about the aqueous stability by testing photocatalytic activity of 

BaZrS3 NCs in water. We have studied the photocatalytic activity of BaZrS3 NCs 

powder by carrying out the degradation of methylene blue dye in distilled water, 

under sun light. Figure 5.8 shows the absorbance spectra of methylene blue at 

regular interval after irradiation of sunlight. Decrease in absorbance values shows 

the degradation of dye. 

 

Figure 5.8: UV-visible absorption spectra of methylene blue dye in water at different 
irradiation times (using sunlight) in the presence of BaZrS3 NCs. Inset shows digital 
photographs of methylene blue at different irradiation time. 

Figure 5.9 shows the decrease in concentration of methylene blue with time. We 

find that BaZrS3 NCs degrades almost 98 % of methylene blue within 50 min when 

exposed to sunlight. This preliminary photocatalytic activity of BaZrS3 NCs is 

reasonably good compared to prior literature.46, 47 Such photocatalytic performance 

probably arises from multiple factors like good solar light absorption capability of 

BaZrS3 NCs, high surface to volume ratio of NCs, and reasonably good water 

stability.  
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Figure 5.9: (a) Concentration of methylene blue (MB) dye with increasing time after 
sunlight irradiation. (b) Plot of C/C0 versus the irradiation time for the 
photodegradation of methylene blue dye in presence of BaZrS3 NCs. Co is 
concentration of dye at time = 0 min and C is concentration at time = t min. These 
data are extracted from the UV-visible absorption spectra shown in Figure 5.8. 

 
Figure 5.10: Testing water stability of BaZrS3 NCs by measuring photocatalytic 
degradation of aqueous solution methylene blue dye in presence of the NCs. 
Reasonably good photocatalytic activity of BaZrS3 NCs that remains largely 
unchanged over 3 cycles is observed. 

To further check the water stability BaZrS3 NCs, we show the recycling ability of the 

photocatalyst. Figure 5.10 shows that the photocatalytic performance of BaZrS3 

NCs for the degradation of methylene blue is stable for at least 3 cycles. However, 

we note that after several hours (10 to 12 hours) the BaZrS3 NCs sample starts to 
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degrade in water as the water starts turning milky. In the dark, BaZrS3 NCs powder 

(not a proper colloidal dispersion) in water is stable for a few days, as confirmed by 

PXRD pattern recorded after the water treatment. 

5.3.3 Solution processability of BaZrS3 NCs powder: 

An important finding of the previous sub-section is that the BaZrS3 powders are NCs 

of size around 40 – 60 nm. While the size may be too large to observe quantum 

confinement effect, the high surface to volume ratio could be utilized to make 

colloidal dispersion of NCs. Traditionally, colloidal synthesis yields NCs with their 

surfaces decorated with long-chain organic ligands or charged inorganic ligands, 

facilitating solution processed film fabrication.48 Since, our BaZrS3 NCs are 

prepared by solid-state synthesis, the NCs do not have any such surface ligands. 

Therefore, we needed to modify the surface of our pre-formed NCs to achieve 

solution processed BaZrS3 NCs, which then can be utilized later to make thin film 

devices. Schematics in Figure 5.11 illustrate our strategy to functionalize the surface 

of NCs. BaZrS3 NCs are first mixed with N-methyl-2-pyrrolidinone and then stirred 

at 120 °C for 6 hours to make it completely dispersible. It yields dark brownish 

dispersion which is then passed through 0.22 µm syringe filter without any clogging.  

 

Figure 5.11: Schematic to make powder of BaZrS3 NCs colloidally stable in N-
methyl-2-pyrrolidinone (NMP) followed by treatment with oleylamine (OAm) to make 

dispersion in chloroform (CHCl3). BP = boiling point and 𝜀 = dielectric constant. 

PXRD pattern of the sample obtained by drop casting the dispersion in N-methyl-2-

pyrrolidinone is shown in Figure 5.12. The PXRD pattern corresponds to BaZrS3 
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NCs with orthorhombic phase without any impurity phase. This result confirms that 

the solution is nothing but colloidal dispersion of BaZrS3 NCs in N-methyl-2-

pyrrolidinone. The dispersibility of the BaZrS3 NCs is attributed to the coordination 

of N-methyl-2-pyrrolidinone to the BaZrS3 NCs. N-methyl-2-pyrrolidinone is known 

as a powerful coordinating solvent for ‘d block’ metals cations like Fe, Mn.49, 50 N-

methyl-2-pyrrolidinone has also been used to disperse transition metal 

dichalcogenide where it is believed that the interactions between the N-methyl-2-

pyrrolidinone molecules and interactions between N-methyl-2-pyrrolidinone and 

transition metal dichalcogenide are of the similar nature.51 

 

Figure 5.12:  PXRD pattern recorded of the film made by drop casting colloidal 
dispersion of BaZrS3 NCs on a glass slide. 

The UV-visible absorption data (Figure 5.13a) of colloidal sample shows onset 

similar to the powder sample, but onset is less clear for dispersion because of the 

significantly reduced concentration of NCs in the dispersion. We have measured 

the extinction coefficient of colloidal BaZrS3 NCs by using Beer-Lambert law as 

shown in Figure 5.13. The absorbance varies linearly with concentration of NCs. 

Using these data, we have calculated the extinction coefficient of BaZrS3 NCs as 

0.44  104 mg-1 cm-1 mL at 400 nm. For comparison, we note that the 11 nm sized 

CsPbI3 NCs exhibit similar extinction coefficient (1.2  104 mg-1 cm-1 mL) at 400 

nm.52   
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Figure 5.13: (a) UV-visible spectra of different concentrations of BaZrS3 NCs 
dispersion in N-methyl-2-pyrrolidinone. (b) Plot of absorbance vs molar 
concentration (mg/mL) of BaZrS3 NCs obtained by using the spectra in (a). 

These results confirm the high absorption coefficient of the BaZrS3 NCs, similar to 

Pb-halide perovskites, and agree with prior theoretical reports18, 19 suggesting 

BaZrS3 is having high absorption cross-section on par with lead halide perovskites. 
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Figure 5.14: UV-visible absorbance and PL spectra of BaZrS3 NCs dispersed in N-
methyl-2-pyrrolidinone. The excitation wavelength used is 500 nm.  

UV-visible absorption and PL spectra of the colloidal BaZrS3 NCs in N-methyl-2-

pyrrolidinone are shown in Figure 5.14. The PL signal is very weak for BaZrS3 NCs 

powder (noisy data, not shown here), similar to prior report.30, 31 Interestingly, PL 
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intensity increases significantly by making the dispersion of BaZrS3 NCs in N-

methyl-2-pyrrolidinone. Comparison of the PL and absorption data suggests that 

the PL is due to band-edge (or excitonic) emission. The increase in PL intensity for 

the dispersion is probably because of reduction of both non-radiative energy 

transfer and  the radiative self-absorption processes in the dilute dispersion 

compared to the powder.41 Since the PL quantum yield of our BaZrS3 NCs is still 

rather low, such energy-transfer from more to less emitting NCs is expected to 

quench the PL significantly. Also, there is a possibility that N-methyl-2-pyrrolidinone 

might passivate the surface of NCs improving the PL intensity. 

 

Figure 5.15: TEM image of BaZrS3 NCs samples prepared from the chloroform 
dispersion of BaZrS3 NCs, after treatment with N-methyl-2-pyrrolidinone and OAm. 

While we could achieve the NC dispersion in N-methyl-2-pyrrolidinone, making thin 

films from this dispersion using standard techniques like spin coating is difficult 

because of the high boiling point of N-methyl-2-pyrrolidinone. Therefore, we did a 

second round of surface modification to disperse BaZrS3 NCs into low-boiling 

solvents like chloroform. We take BaZrS3 NCs (400 mg) in N-methyl-2-pyrrolidinone 

(300 µL) along with 100 µL OAm and heated it at 160 °C till the majority of solvent 

evaporates and it dries to form a thick paste. Then the dried paste is dispersed into 

chloroform. Figure 5.15 shows the TEM data of the sample taken from the 

chloroform dispersion. Cube shaped NCs are observed, implying that the treatment 

with the N-methyl-2-pyrrolidinone and OAm does not significantly change the 

morphology and size of BaZrS3 NCs.  
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5.3.4 Thin film FET of BaZrS3 NCs: 

After achieving the colloidal dispersion of BaZrS3 NCs in chloroform, now it can be 

used for making thin films. BaZrS3 NCs FET is demonstrated with bottom gate-top 

contact geometry based on the solution process BaZrS3 NCs. The FETs are 

fabricated by Dr. Dae Sung Chung and his student Seong Hoon Yu at POSTECH, 

Korea. Further details about the device fabrication, geometry and characterization 

can be found in our paper (Ravi et al., Colloidal BaZrS3 Chalcogenide Perovskite 

Nanocrystals for Thin Film Device Fabrication, Manuscript submitted).  

The BaZrS3 NCs FETs exhibit ambipolar properties. It is capable of both hole and 

electron transport.  

 

Figure 5.16: FET data showing changes in charge carrier mobility and threshold 
voltage of (a) p-type and (b) n-type FET as a function of annealing temperature. 

With drain-source voltage (VDS) of ± 0.1 V, it is found that the FET performances in 

terms of both mobility and threshold voltage (Vth) become worse at higher annealing 

temperatures of the BaZrS3 NCs film. We speculate that this decrease is due to 

rough surface developed by the annealing process, which may hamper charge 

transport within BaZrS3 NCs film. As summarized in Figure 5.16 a and 5.16b, there 

are clear trends of decreasing mobility and increasing Vth when annealing 

temperature is increased, in both p- and n-type measurement regimes. BaZrS3 NCs 

FET without any annealing (pristine) rendered the highest hole mobility of 0.059 

cm2V-1s-1, and also the highest electron mobility of 0.017 cm2V-1s-1. Note that as far 

as we know, this is the first report of solution processed BaZrS3 thin film device. 

(a) (b)
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Long organic capping ligands like OAm hinders the charge transport in a NC film.14 

The size of our BaZrS3 NCs is large (40-60 nm), reducing the surface-to-volume 

ratio or ligand-to-NC ratio. This large size of NCs, along with incomplete ligand 

coverage on the NC surface, possibly brings the NCs closer to each other in the 

film, allowing the charge transport.53, 54 The carrier mobility values are expected to 

increase after a better surface modification of BaZrS3 NCs.  

5.3.5 Preliminary attempt at fabrication of solar cell of BaZrS3 NCs: 

Solar cells are fabricated from the colloidal dispersion of BaZrS3 NCs in chloroform 

and by using it as an active layer. Figure 5.17 shows the planar architecture that is 

followed to make the solar cell device. 

 

Figure 5.17: Planar architecture of fabricated solar cell device with layers from 
bottom to top as: FTO/ TiO2 / BaZrS3 NCs/ Spiro-MeOTAD/ Au. 

Figure 5.18a shows the homemade mask of single cell area of (0.24 cm2) made 

from tin foil and has been used for deposition of gold electrode. Figure 5.18b shows 

one of the representative solar cell devices. The fabricated solar cell devices are 

tested under the simulated solar spectrum of AM 1.5G and the power density of the 

light source has been fixed at 100 mW/cm2 (In the lab of Dr. Nirmalaya Ballav, IISER 

Pune). Figure 5. 19 shows the Current density (J) –Voltage (V) curve of the solar 

cell devices employing BaZrS3 NCs as light absorbing layer. As seen the current 

density (and voltage) increases with the number of BaZrS3 NCs deposition layer 

and the maximum efficiency for this architecture is achieved for 6 layer having 

photovoltaic efficiency of 0.17 %. However, we do note that the thickness does not 

increase linearly with the increasing BaZrS3 NCS deposition probably because the 

washing of previous layer when the next deposition is carried out. 

Glass/FTO (Anode)
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Figure 5.18: (a) Homemade mask made from steel having cut-out area of 0.24 cm2 
(8 mm X 3 mm). (b) A representative solar cell device. 

 

Figure 5.19: Current density−voltage curves (J−V) of various representative solar 
cell devices. Number of layers mentioned in legend refers to the number of times 
the BaZrS3 NCs are spin-coated to increase the thickness. 

Table 5.1: Solar cell parameters of BaZrS3 NCs based devices having different 

thickness. 
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The low photovoltaic efficiency of this BaZrS3 NCs based devices suggest that there 

is need of optimization of device architecture. Further treatment of BaZrS3 NCs films 

for effective removal of organic ligand is also one of the ways to increase the 

efficiency.   

5.4 Conclusions: 

We have prepared BaZrS3 chalcogenide perovskite NCs by employing solid-state 

synthesis resulting in the cube shaped NCs having edge length in the range of 40-

60 nm. Structural stability of the NCs is confirmed using variable temperature PXRD 

(298 – 673 K). The NCs also serve as good photocatalysts (under sunlight) for 

methylene blue dye degradation in water. While the detailed photocatalytic activity 

can be studied in future, the present results confirm significantly improved water 

stability of bare BaZrS3 chalcogenide perovskite NCs, compared to their metal 

halide perovskites. The size of the NCs are too big to observe quantum confinement 

effect, however the high surface to volume ratio is utilized not only for photocatalytic 

activity, but more importantly for solution processability. We developed desired 

surface chemistry for BaZrS3 NCs making stable colloidal dispersion in both, polar 

solvent N-methyl-2-pyrrolidinone and non-polar solvent chloroform. The NCs 

dispersion in low-boiling chloroform is then spin coated to make thin films with 

thickness ~ 50 nm. These solutions processed thin films are then used to fabricate 

FET device in the bottom gate-top contact geometry. BaZrS3 NCs show both p- and 

n-type ambipolar transistor behaviour with hole mobility 0.059 cm2V-1s-1, and 

electron mobility 0.017 cm2V-1s-1. So, the early results of charge carriers mobility 

values, along with their light absorbing power and moderate band-edge PL is 

encouraging for developing future optoelectronic devices of BaZrS3 NCs and other 

related chalcogenide perovskite compositions. We also attempted to make solar cell 

devices based on BaZrS3 NCs but the performance of the device is poor. Surely 

new strategy in making films, ligand removal and device architecture is needed for 

making more efficient solar cell. To the best of our knowledge, this is the first report 

of (i) any chalcogenide perovskite NCs, (ii) solution processed chalcogenide 

perovskite thin films, and (iii) FET of any chalcogenide perovskite system. So, the 

early results of carriers mobility values, along with their light absorbing power and 
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moderate band-edge PL is encouraging for developing future optoelectronic devices 

of BaZrS3 NCs and other related chalcogenide perovskite compositions. 
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Thesis Summary: 

This thesis mainly discussed about the optoelectronic parameters, surface 

composition and strategy for providing stability to colloidal CsPbX3 (X= Cl, Br, I) 

perovskite nanocrystals (NCs). These NCs have emerged as exciting material for 

optoelectronic applications because of their defect tolerant nature and thus reaching 

photoluminescence (PL) quantum yield near unity. One of the major problems that the 

CsPbX3 NCs face is their instability in different reactive environments. A major portion 

of this thesis is employed on improving the stability of CsPbX3 NCs by understanding 

and optimizing their surface chemistry. Thereafter, we introduced a new 

semiconducting material, BaZrS3 chalcogenide perovskite NCs, which is non-toxic, 

stable and shows promising optoelectronic activity.  

 

Figure F.1:  Graphical summary of this thesis, starting from Chapter 2 to Chapter 5. 
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At first, we explored the challenges and opportunities in synthesizing CsPbX3 NCs, 

followed by elucidation of important physical parameters like band edge energies and 

optical transition probabilities for different halide compositions. Subsequently, a variety 

of experimental and theoretical techniques are used to understand the nature of 

binding of organic ligands on the surface of CsPbBr3 nanocubes. Relying on the 

understanding of this surface chemistry, we have developed two approaches to 

encapsulate CsPbX3 NCs, thus improving their stability. In the first approach, CsPbX3 

NCs are capped with the PbSO4-Oleate which prevents unwanted anion exchange 

between CsPbX3 NCs with different halide (X) anions. Films of PbSO4-Oleate capped 

CsPbI3 NCs are then coated on another film of PbSO4-Oleate CsPbBr3 (or any other 

X) NCs by electrophoretic deposition method, without the exchange of halide ions 

between the two films. This suppression of anion exchange in films allowed us to tune 

the band gap of different films, achieving optically pumped white light emitting diode. 

The second surface coating approach is to prepare CsPbBr3/ZnS core/shell structure, 

where the crystalline shell enhances the moisture/water stability of the NCs.  

                      In the last chapter, a new kind of perovskite NCs, namely BaZrS3 

chalcogenide perovskite NCs are explored. Compared to their lead-halide 

counterparts, these NCs promise better stability and are environmentally benign. 

BaZrS3 NCs are synthesized using solid-state method and then the surface of BaZrS3 

NCs are decorated appropriately achieving solution processed thin films with 

reasonably good carrier mobility.  

From the data presented in this thesis, some key results of this thesis are: 

1. Band edge energies and excitonic transition probability of CsPbX3 NCs:  

 A trend in shift of bandgap of in CsPbX3 NCs is explained by measuring valence band 

maxima (VBM) and conduction band minima (CBM) energy levels. Experimentally, it 

is shown that the halide contributes largely to the VBM and have little contribution to 

the CBM. Similarly, the measurement of the excitonic transition probabilities for 

different halide composition of CsPbX3 NCs shows a decreasing trend from Cl to Br to 

I which is in support of observation of decreasing binding energies and increasing 

dielectric constant. 
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2. Unusual mechanism of binding of organic ligand to CsPbBr3 NCs surface: 

A new understanding of the binding of organic ligand on the surface of the CsPbBr3 

NCs is proposed in this thesis work. It is found that the oleylammonium ions act as 

binding ligands not by conventional adsorption mechanism but by substitution 

mechanism. It replaces some Cs+ ions form the surface and substitute itself to have 

more hydrogen bonds with the Br- on the surface and thus adopting more 

thermodynamically stable structure. 

3. Encapsulation of CsPbX3 NCs to overcome anion exchange and water 

degradation. 

Two approaches have been shown in this thesis work for the encapsulation of the 

CsPbX3 NCs. In the first approach, CsPbX3 NCs are capped with PbSO4-Oleate. 

These surface modified NCs show suppressed anion exchange compared to pristine 

CsPbX3 NCs without any detrimental effect on their optoelectronic properties. Capping 

with PbSO4-Oleate of CsPbX3 NCs also enables electrophoretic deposition of these 

NCs on the electrodes. The suppression of anion exchange has direct application in 

tandem solar cell or layered emissive layers to obtain gamut of color including white 

light. 

In the second approach, a core/shell type structure of CsPbBr3/ZnS NCs has been 

synthesized having type II band structure. This shows enhanced water and light 

stability compared to pristine CsPbX3 NCs. The enhancement in water and light 

stability would be next step for researchers to look for their applications in 

photocatalysis including water splitting reactions.  

4. Non-toxic and stable BaZrS3 NCs for thin film devices: 

An environmentally benign and inherently more stable chalcogenide perovskite, 

BaZrS3 NCs are synthesized and made into colloidal dispersion. To the best of our 

knowledge, this marks the first report of synthesizing colloidal dispersion of BaZrS3 

NCs. These NCs are then used for the fabrication of thin films and its related devices 

like field effect transistor (FET) and solar cell. This advancement in making good 

quality thin films would encourage future work to look into chalcogenide perovskite for 

possible optoelectronic applications. 
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Future Directions: 

1. Opportunities for CsPbX3 NCs: 

A. Fabrication of blue light emitting diodes (LEDs):  

One of the most active research problems right now in the field of CsPbX3 NCs is to 

increase the efficiency and stability of blue LEDs. The green and red LEDs based on 

CsPbX3 NCs have reached an external quantum efficiency (EQE) of 20 %, which is 

closer to their theoretical limit.1, 2 However, the EQE of perovskite based blue LEDs is 

less than 10 %.3-5 To obtain blue light emission, mixed halide Cl/Br composition is 

used which shows light and electric field induced phase segregation.6, 7 This 

segregation causes different chloride and bromide rich region leading to impurity in 

the emitting color.  

 

Figure F.2: Schematic showing anion segregation in case of pristine mixed halide NC 
leading to impurity in blue color. However, this can be avoided in case of mixture of 
CsPbCl3 and CsPbBr3 NCs used for blue emission capped with PbSO4-Oleate. 

One way to overcome this problem is with our approach of PbSO4-Oleate capping of 

CsPbX3 NCs as discussed in Chapter 4A. There we have shown that blue light can be 

achieved in colloidal dispersion as well in films by having a mixture of PbSO4-Oleate 

capped, CsPbCl3 and CsPbBr3 NCs in appropriate ratio. Pure PbSO4-Oleate capped 

CsPbCl3 NCs (size ~ 11 nm) would have PL peak at 410 nm and pure PbSO4-Oleate 

capped CsPbBr3 NCs (size ~ 11 nm) would have PL peak at 515 nm. So, a mixture of 

these samples would have resultant PL somewhere in blue region. By carefully 
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optimizing the ratio of PbSO4-Oleate capped, CsPbCl3 NCs and CsPbBr3 NCs it is 

possible to tune the PL peak all the way from 410 nm to 515 nm. We believe, this 

would be a novel approach as it can mitigate the problem of anion segregation as the 

NCs now maintain their individual identity without showing anion exchange or 

segregation. 

B. Application in photocatalysis: 

Lead halide perovskites have potential as photocatalysts because of the properties 

like high absorption coefficient with easily tunable bandgap and long charge carrier 

diffusion length.8-11 There are some reports for the use of CsPbBr3 NCs for 

photocatalytic CO2 reduction,12-14 and hybrid halide perovskite for splitting of HI15, 16 

and selective oxidation of alcohols.17 However, the instability problem of lead halide 

perovskites in water makes it unsuitable for water splitting reaction and other aqueous 

based photocatalysis reactions. 

 

Figure F.3: Schematic showing application of CsPbBr3/ZnS core/shell type NCs for 
photocatalytic water splitting reaction. 

As shown in Chapter 4B, the CsPbBr3/ZnS core/shell type NCs have enhanced 

stability in water. This makes them desirable for their use as photocatalysts in aqueous 

system including water splitting reactions. Also, the CsPbBr3/ZnS core/shell NCs can 

shuttle the charge across the interface which was earlier a problem for other types of 

CsPbBr3 encapsulation with silica18 or polymer matrixes19.  

O2H2
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2. Opportunities for chalcogenide perovskite NCs: 

A. Solar cells fabrication: 

In Chapter 5 of this thesis, we made an attempt to make solar cell device using BaZrS3 

NCs. This was motivated by the fact that we were able to get colloidal dispersion of 

BaZrS3 NCs which then can be used for making thin films. Also, the initial display of 

reasonable mobility values obtained from the FET devices suggested that it has a 

potential for the solar cell devices. However, the efficiency value that we got from our 

initial fabrication of solar cell devices is low. We suspect two main reasons behind it: 

1. Improper washing of the BaZrS3 NCs: N-methyl-2-pyrrolidinone and oleylamine as 

ligands are used for obtaining the colloidal dispersion which are then used for making 

thin films. This might cause problem in removing them from the NC surface and 

ultimately affecting the charge carrier transport. We believe that a better ligand for 

obtaining dispersion or better washing method to remove these long chain ligands 

would improve the efficiency of the fabricated solar cell device. 

2. The device structure: The device stricture we followed is similar to that of lead halide 

perovskite based solar cell devices, where TiO2 and spiro-OMeTAD are used as 

charge transport layers. We believe optimization in the device structure would further 

improve the efficiency. 

 

Figure F.4: BaZrS3 NCs capped with long organic carbon chain ligand inhibiting 
charge transfer between NCs while proper annealing or washing or ligand exchange 
with shorter ligand would increase electronic coupling allowing efficient charge transfer 
between NCs. 

 

BaZrS3 NCs film:
Insulating long carbon chain
hinder charge transfer

Washing or 
ligand exchange

Annealing

BaZrS3 NCs film:
Increased electronic coupling
charge transfer between NCs
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B. Development of one step colloidal NCs: 

Chalcogenide perovskite, BaZrS3 is theoretically predicted to have optoelectronic 

properties on par with the lead halide perovskites. This is in alignment with their direct 

bandgap nature and high absorption coefficient. But it does not reflect in its PL property 

which indicates presence of defects, causing non radiative recombination of charge 

carriers. We observed that the PL response of BaZrS3 NCs after modifying its surface 

with N-methyl-2-pyrrolidinone and oleylamine increases compared to the powder of 

BaZrS3 NCs suggesting passivation of surface defects. 

Ligand assisted colloidal synthesis is one of the prominent ways to make 

semiconductor NCs. It not only provides a great control over the size and shape but 

also passivates the defects by the ligands employed. This usually leads to high PL 

efficiency because of passivation of surface defects along with increased overlap 

between electron and hole wave functions owing to quantum confinement effect. Till 

now there is no such report on colloidal synthesis of BaZrS3 NCs. We do believe that 

by appropriate choice of reactive precursor and the ligands, the colloidal synthesis of 

BaZrS3 NCs would be feasible. This would allow researchers to study fundamental 

properties like quantum confinement effect on BaZrS3 NCs along with their potential 

optoelectronic applications. 

 

Figure F.5: Ligand assisted colloidal synthesis of BaZrS3 NCs would allow control over 
size and shape thus control over optoelectronic properties. 
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