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Abstract

Lead halide perovskites have become the most promising semiconductor materials for light-
harvesting and light-emitting applications. These materials in the nanocrystalline forms,
obtained by reliable colloidal synthesis approaches, show high photoluminescence quantum
yield, high charge carrier mobilities, long photoluminescence lifetimes, and high photostability.
However, their exciton, charge carrier properties, and interfacial electron transfer dynamics
need optimization for next-generation perovskite devices. This thesis mainly focuses on the
electron donor-acceptor systems involving perovskite nanocrystal films or single-particles,
including the exciton, charge carrier, and electron-transfer dynamics. It is summarized in five
chapters. In chapter 1, I discuss the general properties and significance of lead halide
perovskites. First, I introduce their structure, chemical compositions, and stability factors.
Subsequently, I explain various perovskite nanocrystal synthesis methods to control the shape
and dimensionality. The preparation methods for self-assembled perovskite nanocrystal thin
films and different characterization techniques are discussed in the second section of this
chapter. In the third section, I present the bandgap and fundamental optical properties of
perovskite nanomaterials as functions of their halogen compositions, size, and shape. Also, |
describe the charge carrier properties and quantum confinement in perovskite nanocrystals and
films. In the final section, I explain the applications of halide perovskites to solar cells,
photodetectors, and light-emitting diodes, summarizing my research motivation and objectives.
In chapter 2, I provided complete details about the materials, synthesis methods, samples, and
instrumentation techniques in this thesis. Perovskite nanocrystals are synthesized using hot
injection, ligand-assisted reprecipitation, and a modified spray technique. Next, I explain the
theoretical bases, working principles, and instrumental setups of various spectroscopic (UV-
vis absorption, steady-state and time-resolved fluorescence spectroscopy, and transient
absorption spectroscopy) and microscopic (single-particle fluorescence microscopy,
transmission electron microscopy, and scanning electron microscopy) techniques. In chapter
3, I summarize the extent of carrier diffusion, the degree of radiative loss, and the rate of
diffusion-controlled interfacial electron transfer in heterojunction films of cesium or
formamidinium lead bromide nanocrystals and Ceo or TiO>. Electron transfer and charge
separation were confirmed by measuring the photoluminescence decays, intensities, and
transient absorption spectra. By measuring the distance-dependent photoluminescence

lifetimes and photocounts in samples containing halide perovskite-Ceo or halide perovskite-



TiO, donor-acceptor junctions, I find long-range (>100 um) carrier diffusion and distance-
dependent (>800 um) interfacial electron transfer. In chapter 4, I demonstrate the electron
transfer dynamics at the single-particle level by analyzing the photoluminescence blinking of
single perovskite nanocrystals with or without tetracyanoquinodimethane or tetracyanobenzene.
The Gibbs free energy changes of electron transfer are estimated to be negative, using the
donors and acceptors' redox potentials and the HOMO-LUMO gaps/bandgaps. The electron
transfer rates are determined from time-resolved photoluminescence measurements. Further,
the statistical analysis of >450 single perovskite nanocrystals and the ON-time and OFF-time
probability distributions help understand the photoluminescence blinking to the electron
transfer relationship. In chapter 5, I investigated exciton-plasmon interactions for perovskite
nanocrystals on Au plasmonic nanogaps. I find a huge photoluminescence intensity
enhancement for perovskite single nanoparticles directly synthesized in Au nanogaps. Here,
the Au nanogaps are created by the controlled Au sputter-coating on glass substrates, followed
by the spray-synthesis of perovskite nanocrystals on the Au-coated substrates. The radiative
exciton recombination rate of perovskite nanocrystals in the Au substrate is dramatically
increased by coupling with the localized surface plasmon, obvious from a drastic decrease in
the photoluminescence lifetime and an increase in the photocounts. The increased radiative
recombination rate is attributed to the chemical and electromagnetic coupling of the Au
plasmon with perovskite nanocrystals. Finally, I summarize the thesis and provide the prospect

of the work embodied in this thesis.



Abbreviations and symbols

AVC Antisolvent vapor-assisted crystallization
k3 Auger recombination rate constant

Tav Average photoluminescence lifetime

Ceo Buckminster fullerene

ko Bimolecular recombination rate constant
CBM Conduction band minimum

CsBr Caesium bromide

ca Centered around

Degree Celsius
DMF N, N-dimethylformamide

EMCCD Electron multiplying charge-coupled device

ETL Electron transport layer

FA Formamidinium

FABr Formamidinium bromide

fs Femtosecond

FWHM Full width at half maximum

g Gram

GPa Gigapascal

h Hour

dhki Interplanar spacing

ITC Inverse temperature crystallization
LUMO Lowest unoccupied molecular orbital
LED Light emitting diode



LARP
ki
MA
MHz
min
uM
um
mL
mmol
NA
NIR
nm

ns
OPA
PET
PL
PLQY
PCBM-Ce1
PeLED
P(1)
PCE
PNC
PSC

RegA

Ligand-assisted reprecipitation
Monomolecular recombination rate constant
Methylammonium

Megahertz

Minute

Micromolar

Micrometer

Milliliter

Millimole

Numerical aperture

Near infrared

Nanometer

Nanosecond

Optical parametric amplifier
Photoinduced electron transfer
Photoluminescence
Photoluminescence quantum yield
[6,6]-phenyl Cg; butyric acid methyl ester
Perovskite-based light emitting diode
Probability distribution
Power-conversion efficiency
Perovskite nanocrystal

Perovskite solar cell

Regenerative amplifier



Ket Rate constant of electron transfer

Kar Rate constant of nonradiative relaxation
k; Rate constant of radiative relaxation

S Second

SEM Scanning electron microscope

STL Solution temperature lowering method
SHG Second harmonic generation

SOC Spin orbit coupling

T Temperature

Tc Truncation time

TiO; Titanium dioxide

UV or uv Ultraviolet

VBM Valence band maximum
Vis Visible

\Y% Voltage

\% Watt

A Wavelength

XRD X-ray Diffraction
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Chapter 1

Introduction

Abstract

Halide perovskites emerge into a class of semiconductor materials for high-efficiency
photovoltaic and optoelectronic devices. Their excellent optoelectronic properties, such as high
photoluminescence quantum yields, halide- and size-dependent bandgap tuning, high
absorption coefficients, high charge carrier mobility, and defect tolerance, have greatly
attracted the entire semiconductor community. Nevertheless, understanding and optimizing the
interfacial electron transfer and long-range charge carrier diffusion are important for future
perovskite optoelectronics and photovoltaics. In this chapter, I briefly introduce halide
perovskites, including their structure, synthesis, characterization, optical and charge carrier
properties, and applications. At first, I introduce their history, summarizing their structures,
chemical compositions, and stability factors. Next, I explain various perovskite nanocrystal
synthesis methods to control the shape and dimensionality with suitable examples. The
preparation methods for self-assembled perovskite nanocrystal thin films and different
characterization techniques are discussed in the third section of this chapter. Further, I explain
their bandgaps with the Jablonski diagram and the fundamentals of absorption and fluorescence
spectroscopy. The fourth section describes the general charge carrier properties, including the
charge carrier recombination mechanisms and their diffusion in single crystals and films. 1
provide the details of charge carrier diffusion lengths, time distributions, and diffusion
coefficients. Also, the charge carrier properties and quantum confinement in single particles
and closely packed films are explained. In the fifth section, I introduce the applications of
halide perovskites to solar cells, photodetectors, and light-emitting diodes (LEDs) with details
about the device architecture, carrier diffusion, and interfacial charge transfer mechanisms. In
the final section, I summarize my motivation for this research, then classify the specific

objectives of this thesis.



1.1 General introduction to halide perovskites
In the 1990s, the scientific and engineering communities started investigating halide
perovskites due to their attractive optical and electronic properties, but the exploration was
limited to transistors and light-emitting devices. Later, it took around two decades to discover
the potential of these materials for practical applications.!? Perovskite structures are named
after the Russian mineralogist Lev Perovski. Initially, the perovskite describes CaTiOs
discovered in the Ural Mountains by the German scientist Gustav Rose in 1839. Today, any
materials with an ABX3 structure are identified as perovskites. Generally, the A-site cation
occupies the voids between the BXs octahedra, as shown in Figure 1.1, where A is a
monovalent inorganic or organic cation [e.g., Cs", HC(NH2)," (FA™), or CH3NH3" (MA™)], B
is a divalent cation (e.g., Pb**, Ge**, Sb*", Sn**, etc.), and X is a halide ion (C1~, Br~, or I").}
The stability of the perovskite structures, based on the ABX3 chemical formula and the radii
(ri) of the 1ons (A, B, X), has been extensively analyzed using the Goldschmidt tolerance factor
(t):*

t=(ra+rx) / [ s/ r (1.1)

Figure 1.1. A halide perovskite unit cell.

where ra, rg, and rx are the radii of A-cation, B-cation, and halogen ion, respectively. Generally,
the tolerance factor should be 0.76—1.13 for stable three-dimensional (3D) perovskite
structures.’ Nevertheless, some other stable dimensionalities outside this range are reported.

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



(Cs", MA", and FA"). The octahedral structure stability can be further understood using an

octahedral factor:?

U T (1.2)

The stability range is 0.44 to 0.900. Lead halide perovskites gained popularity due to their
straightforward and cost-effective synthesis,®® high photoluminescence quantum yields
(PLQY5s),”! halogen- and size-tunable bandgap,'''? high photostability,'* and versatile
solution processability.!*!> By building on pioneering advances in device engineering,
researchers could significantly increase the power conversion efficiencies of perovskite
photovoltaics and optoelectronics. Small stokes shifts,'® high charge carrier mobility,!” low
Urbach energy,'® long-range carrier diffusion,' and low trap density® of halide perovskites
have led to lightning advances in photovoltaic and optoelectronic devices such as solar
cells, 213131722 ]jght-emitting diodes (LEDs),? lasers,>* photodetectors,? transistors,?® and
single-photon devices.?” Currently, the certified power conversion efficiency exceeds 25% for
perovskite solar cells (PSCs),?® and 22% for perovskite LEDs (PeLEDs).” In this regard,
synthesizing high-quality and stable halide perovskites and characterizing their photophysical

and optoelectronic properties are important for optimizing their devices.

1.2 Synthesis and characterization of halide perovskites

The halide perovskite synthetic methods are critical to obtaining a pure and perfect crystal
structure that can be stabilized with desired ligand molecules or doped with inorganic salts.
High-quality perovskite nanocrystal fabrication is achieved at low temperatures because of its
ionically bonded crystal structure.’> One can achieve a majority carrier type and concentration

).2° However, the

by treating with different molecules (ligands, or inorganic or organic salts
defect chemistry and physics for perovskites are still not understood precisely. Still, the
energies from the vacancy-related defects are considered close to or within the bandgaps.
Halide perovskites can be synthesized by several straightforward, scalable, and cost-effective
methods.*>#930-33 Particularly, researchers have developed several techniques for controlling
the size, shape, and quality of their optical properties. High-quality bulk perovskite crystals
(micro to millimeter-scale) can be readily crystallized by the inverse temperature
crystallization technique (ITC),** solution temperature lowering method (STL),** anti-solvent

vapor-assisted crystallization (AVC),* or laser trapping induced crystallization method.*” On

the other hand, halide perovskite nanocrystals (PNCs) can be obtained by hot injection,** a



spray technique,*® and the LARP method,* which are more convenient for fabricating thin-
film devices. A scheme of the different synthetic methods for halide perovskite microcrystals,
nanocrystals, quantum dots, and their films is given in Figure 1.2. The most common and
traditional methods for synthesizing PNCs, and preparing their self-assembled films are

discussed below.

dAVT % uonodfur-joy

wnjueng) 2 S[eISAIO0UBN

Microcrystals & Thin Films

*

N

.
L - /
One-step & sequential
deposition

Figure 1.2. A scheme of halide perovskite synthetic methods.

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

3840 morphology,*' and crystal phase.® For example, we can tune the

structure-dimensionality,
optical properties of halide perovskites by achieving quantum confinement, i.e., by reducing
the crystal size to the nanoscale. Halide perovskite quantum dots can be achieved readily by
using long-chain amines or long-chain carboxylic acids and controlling the synthesis
temperature.*’ Particularly, the octahedral unit plays an important role in controlling the
binding energies and the emission wavelengths of halide perovskites.®>* Various synthetic
approaches have been employed for obtaining defect tolerant crystals with narrow emission
and tunable bandgaps. The hot injection and LARP techniques are the two well-known wet-
chemical syntheses methods widely used for synthesizing high-quality PNCs. The synthesis of

different dimensions (zero-dimensional, one-dimensional, two-dimensional, and three-
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dimensional), and shapes using hot injection and LARP techniques are demonstrated in Figure
1.3A-C. In the hot injection method,>®* the ratio of precursors to surfactants, the injection
temperature, the reaction time, and the precursors' concentration needs to be maintained
precisely for controlling the size distribution and shape of PNCs. This traditional method is
more convenient for separating the nucleation and growth stages and small nanocrystals with
a uniform and narrow size distribution. When one injects the precursor mixture into the ligand

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

Nanocube

A
Nanoplatelet
@Cs* or MA* //
.Pb2+ Sn2* Nanowwes
X-(Cl, Br, I)
R Long chain amine
~rraiy— Long chain carboxylic acid
B = Hot-injection c LARP
| .
¥ —
= Good solvent
+ Metal halide salts
+ Organic Ligands
A+ Perovskite
4 Nanocrystals
Precursor = ' i
\ - L Miming i ’
\ '
Hot Solution % (0 ™ 1 Il
Solvent VU U Injection ) /T - I
Ligand Y { =\ “J / . e
szs\q \ . Bad solvent s ®®
| Ll L ]
\ ra '-._'. .. ®y/ -.._. .
S N
Heating Mantle Ice Bath | < _E'_..!

Figure 1.3. Synthesis schemes for (A) PNCs with different morphologies (B) hot-injection
and (C) LARP methods. Reproduced from (A) Chouhan et al.> (B, C) Shamsi et al.*

The hot injection method was further extended by Protesescu et al. in 2015.** This was the
first report of the colloidal synthesis of cesium CsPbX3 (X = Cl, Br, and I) PNCs. They obtained
CsPbX3 PNCs by directly injecting the Cs-oleate into a mixture of PbX» salts, fatty acids, and
alkyl amines dissolved in octadecene at a high temperature (140—200 °C). They discovered



that the PNC size could be controlled by varying the reaction temperature and the ratios of
carboxylic acids and alkyl amines. The color tunability across the entire visible spectrum was
also achieved by tuning the PNC size or by using different halide salts (Cl, Br’, I'). By simply
varying the ratios of lead halide salts, they realized the mixed-halide PNCs. The growth kinetics
of PNCs via the hot injection method was later investigated by Lignos et al.*> Here, they used
a droplet-based microfluidic platform to understand the CsPbX3 PNCs growth and reported the
fast reaction kinetics, where the nucleation and growth took place within the first 1-5 s of the
reaction. In a subsequent study, a two-step growth mechanism was reported by
Udayabhaskararao et al. in 2017.%¢ By employing electron microscopy, they monitored the
CsPbX3 PNC growth, including a seed formation of Pb® NCs followed by CsPbX3 nucleation.

LARP method is the simplest and most cost-effective technique to synthesize colloidal
PNCs.*347 At the equilibrium concentration of the precursors in a solvent, eventually attaining
a nonequilibrium state of supersaturation help reprecipitate PNCs. The PNCs will be capped
with long-chain acid or amine ligands, called ligand-assisted reprecipitation. Here, the
supersaturated state can be achieved by evaporating the solvent, adding a poor solvent, or
varying the temperature. In the LARP method, the nucleation and growth stages cannot be
isolated in time, unlike in the hot injection method. This LARP method synthesis of PNCs was
first demonstrated by Zhang et al. in 2015.*® They simply dissolved the precursors (PbBr, and
MABTr) and ligands (alkyl amines and carboxylic acids) in DMF, and this clear precursor
solution was injected into vigorously stirring toluene at room temperature and obtained
colloidal MAPbBr13 PNCs. Also, they investigated the role of alkylamines and carboxylic acids
in controlling the size of PNCs by using various organic acids (oleic acid, butyric acid, octanoic
acid) and amines (hexylamine, dodecyl amine, hexadecyl amine, octylamine). Surprisingly,
they obtained PNCs without using the amines, but without a carboxylic acid, the reaction
resulted in the aggregated PNCs. Over the years, different groups further optimized this
approach to obtain PNCs with narrow size distributions.

Recently, Pushkarev et al.*’

developed a new spray technique for the fabrication of PNCs,
which can be achieved at ambient conditions faster than other literature methods. They
demonstrated a simple, scalable technique, where the precursor ink was sprayed onto a glass
or ITO substrate resulting in high-quality CsPbBr3; nanowires. Here, the clear precursor solution
(PbBr2 and CsBr in anhydrous dimethyl sulfoxide, DMSO) was taken in a vial with a spray
cap, and the ink was spray cast onto the substrate. They found isolated droplets with a 0.5-2
mm diameter on the sprayed area. Interestingly, the crystallized PNCs showed the nanowire

structure with excellent walls and end facets that are capable of lasing. This spraying technique

6



can be useful in the development of simple, stable, high-quality, and low-cost films for

nanophotonic applications.

1.2.2 Preparation of thin films

Halide perovskite films are widely used as active layers in energy harvesting and light-emitting
devices. The optical and electronic properties of the devices are mainly dependent on the
surface chemistry and stability of the perovskite films.**>? For this purpose, the crystallization
of perovskite thin films and their surfaces are widely investigated but are yet to be fully
understood. These perovskite thin films can be fabricated in a single step or two steps
deposition (Figure 1.4) of their precursor solutions using several methods such as spin
coating,>® hot-casting,>* doctor-blade coating,’ and spray coating.’® For example, a single-step
deposition of precursor salts (MAX, CsX, or FAX and PbX>) dissolved in DMF, GBL, or

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

polycrystalline film.’
PNC:s dispersed PNC:s dispersed
in toluene in toluene

Closely packed self-assembled film

Glass slide

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

technique.

The nucleation and growth stages of the perovskites will be supported by the solvents' low
vapor pressures and high boiling temperatures. Here, the film processing conditions play an
important role in controlling the crystallization of perovskite thin films. In the case of
sequential deposition, high-quality films can be prepared by depositing one of the precursor
solutions on a substrate followed by coating another precursor solution, drying, and
annealing.>®

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

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



is realized for PNC thin films where the closely packed PNCs could reduce the quantum
confinement. In general, the dielectric screening is larger in PNC films, which dissociates
excitons into free carriers and their migration.>® Thus, preparing these closely packed nano-
assemblies are more important to understanding the diffusion or migration of charge carriers.
These ligand-assisted self-assembled films can be prepared by simple drop-casting or spin-
coating techniques. For instance, PNCs dispersed in toluene are deposited on a substrate with
lower rotations per minute (rpm, e.g., 100 rpm for 1 min) followed by a consecutive deposition
with a higher rpm (1000 rpm for 3 min) and drying gives brilliantly luminescent nanocrystalline

films.%°

1.2.3 Characterization
Precise knowledge of the electronic structures, electronic/bandgap properties, and optical
properties is mandatory to advance the science and technology of halide perovskites. Several
modern electron microscopy and spectroscopy techniques have been employed to understand
various properties of these materials, such as the chemical composition, surface chemistry,
structural and morphological properties, optical properties, and electronic band structures. The
routinely used transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) are more promising for investigating the structures and morphologies.®> The size,
shape, thickness, and stability of PNCs and their films can be explored using these microscopes.
As shown in Figure 1.5A-D, the different shapes and sizes, such as nanorods, nanocubes, and
nanosheets are detected using TEM. Also, the different dimensionalities like zero dimension,
one-dimension, two-dimension, and three-dimension PNCs are revealed by TEM imaging. On
the other hand, SEM could be more efficient in understanding the surface morphologies of
perovskite films, including grain boundaries in nanocrystalline and polycrystalline films. Such
grain boundaries and surface morphologies of halide perovskite thin films are widely studied
using SEM, as shown in Figure 1.5 E, F. Similarly, SEM imaging is broadly extended to
measure the thicknesses of thin films by cross-section analysis. Atomic force microscopy
(AFM)® is another candidate to measure and visualize PNCs and their surfaces at high
resolutions.

Researchers in the materials science field are fascinated by the excellent luminescence
properties of halide perovskites. Understanding the absorption and emission properties of
halide perovskites is essential to advance their practical applications. The optical properties of

halide perovskites are extensively investigated using UV-vis absorption and steady-state



Figure 1.5. Characterization of halide perovskites. (A-D) TEM images showing different
shapes and sizes of CsPbBr3 PNCs. (E, F) SEM images of MAPbIz.x Clx mixed halide
perovskite films. Reproduced from (A, C) Dang et al.,** (B) Wang et al.,®> (D) Shamsi et
al.% and (E, F) Heo et al.?’

fluorescence spectroscopic methods. Since halide perovskites absorb light from the UV-vis
region to the near-infrared (NIR) region by engineering the halide composition, one can
perform the bandgap tuning experiments by simple halide mixing or halide exchange

reactions®®%

and monitor the change by UV-vis absorption and fluorescence analyses. For
example, the blue emission and near UV absorption of CsPbCls can be shifted to green by
treating with Br’, which further shifts to red by exchanging with I'. This halide exchange-
induced bandgap tuning of CsPbX3 and the corresponding absorption and photoluminescence
(PL) spectra are shown in Figure 1.6A. The uniform size distribution of PNCs could be
recognized with excitonic absorption band edges. The aggregates of PNCs and bulk crystals
result in light scattering in the absorption spectra. The halide perovskites absorption edges are
blue-shifted relative to their emissionmaxima , pr ovi di ng a few to
shift.7071

The atomic and molecular structures of the materials are widely studied using X-ray
diffraction (XRD) analyses.”” The halide perovskite crystal phases are realized by both powder
XRD and single-crystal XRD techniques. Generally, halide perovskites are tetragonal at room

temperature, and other crystal phases are observed at low and high temperatures.”* For example,
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the high-temperature synthesis can result in the cubic-phase perovskites, whereas the
orthorhombic phase is achieved in low-temperature experiments. The different crystal phases
of halide perovskites are broadly studied by XRD analyses. The XRD patterns of CsPbX3 PNCs

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

Figure 1.6. Characterization of halide perovskites. (A) Absorption and PL spectra of
CsPbX3 (X=Cl, Br, I) PNC solutions. (B) XRD patterns of CsPbX3 and mixed halide
perovskite powders. (C) Energy-dispersive X-ray spectroscopy (EDS) mapping of
CsPbi—xCdxBr3 and CsPbi—xZnxBr3 nanocrystals. Reproduced from (A, B) Protesescu
et al.”*and (C) Der Stam et al.”

halide perovskites are examined using EDS. For instance, as shown in Figure 1.6C, the
elemental composition of CsPbBrs doped with other divalent ions like Zn?"'Cd>"Sn?* resulted

in the lattice contraction. Here the smaller ionic radii of the newly doped divalent cations helped
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in the lattice contraction, and EDS analyses confirm the doped ions. It is easy to disclose the
elements' ratio in the crystal phase.’® All the cations to anions ratios present in the halide
perovskite structures could be recognized using EDS. Hence, this technique is more efficient
in developing novel perovskites doped with desired elements. The other properties like
electronic and photoexcited states of halide perovskites are explored by using advanced
characterization techniques such as time-resolved PL spectroscopy, transient absorption (TA)

spectroscopy, and single-photon counting techniques.

1.3 Properties of halide perovskites

1.3.1 Bandgaps

The band structures and the density of states substantially control the optical properties of
halide perovskites. Hence it is necessary to explore their electronic structural disorders,
dimensionality, and material composition to advance optoelectronic applications.’”” The main
optoelectronic properties of halide perovskite, including the charge carrier mobility, excited-
state lifetime, carrier recombination dynamics, and intrinsic carrier concentration, can be
manipulated by controlling the structural framework. In halide perovskites, the conduction
band minimum (CBM) is formed by hybridizing 6p-orbitals of Pb and s- and p-orbitals of
halide. The valence band maximum (VBM) comprises 6p- and 6s-orbitals of Pb and s-and p-
orbitals of halide. By varying the halide composition, one can easily tune the bandgap of these
materials. For example, the change in the halide from Cl to Br and Br to I increases the
contribution of the halide p-orbitals to the VBM. Dynamically, this contribution favors the
orbital mixing between the Pb s-orbital and halide p-orbital to a considerable extent.®® This
increase in the contribution of halide p-orbitals lowers the optical band-gap energy in the order
of C1 > Br > I. The band-edge states of lead halide perovskites are represented in 1.7A.

In general, the direct band-gap nature of halide perovskites is a deep-rooted concept, but
the noncentrosymmetric lattice recently suggests Rashba or Dresselhaus band splitting in
halide perovskites.®! Quantum confinement in halide perovskites is generally tiny, and also,
when the electron-hole exchange interaction becomes predominant, one obtains an exciton
state like 0 or 1 J values, and this is mainly due to the Rashba effect, or inversion symmetry
breaking. The strong momentum-dependent interaction by the heavy nucleus of the lead is
causing this spin-orbital coupling, splitting the exciton states into singlet and triplet states.®?
According to the angular momentum projections of the Rashba effect, the band edge further

degenerates into three triplet states, as shown in Figure 1.7B. The spin-orbital coupling in the

11



Rashba

z
symmetry
breaking 3 |L|JZ>
X y
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Utzat et al.®

lead halide perovskites is well-known for tuning the optical properties by manipulating the
CBM. The constitution of both A-site and B-site cations and octahedral tilting play an
important role in the electronic structure and optoelectronic properties.®* The PbXe octahedra
undergo tilting, depending on the corresponding A-site cation. For example, The Pb-X-Pb
dihedral angle decreases from 180° to 163° or 153° by reducing the size of A-site cations from
larger to smaller [CH(NH,)*" (FA) >CH3NH3" (MA)> Cs*], which results in the octahedral
tilting. Figure 1.8 exhibits the octahedral structure of PbXs without and with tilting the dihedral

Figure 1.8. Structural deformations in halide perovskites induced

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

angle from 180° for FA" to 163.6° for MA™ and 153.2° for Cs". The orbital overlap between Pb
and X is lowered due to the octahedral tilting, which mainly weakens the spin-orbital coupling.

Hence, the contribution of Pb orbitals to the band-edge is considerably decreased. However,
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the octahedral tilting is not only size-dependent on the A-site cation but also changes the crystal
phase. It is well established that changes in the temperature and pressure cause a series of phase
transformations.® Consequently, the optical properties are modified. The strongly quantum
confined PNC structures such as two-dimensional nanoplatelets or nanosheets are expected to
have large lattice distortions compared to the three-dimensional nanocubes, which result in

blue-shifted absorption and emission spectral maxima.3®

1.3.2 Absorption and photoluminescence properties

The optical properties of halide perovskites are widely studied using UV-vis absorption and
fluorescence spectroscopic methods. The band-gap tuning, quantum confinement, and
electronic transition of PNCs can be understood using these fundamental methods, which
provide details about the absorption/emission-concentration relations as a function of the
wavelength.®” Halide perovskites under UV light illumination undergo electronic transitions
from the ground to the excited state, which consists of multiple vibrational and rotational
transitions. The PL of halide perovskites can be tuned from the UV-vis to the NIR region by
the quantum confinement effect and simple halide exchange reactions, as shown in Figure

1.9A-C.
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Figure 1.9. Halide- and size-dependen