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Abstract

Organic-inorganic lead halide perovskites have attracted extensive attention to the next
generation energy-harvesting and light-emitting devices, which is owing to their strong
absorption of visible to near-infrared light, brilliant photo- and electro- luminescence, long-
range diffusion of electrons and holes, low-temperature solution processability, and. The
high degree of defect tolerance. In addition, being a direct bandgap material, the optical
and electronic properties of this class of materials can be easily modified in the entire UV-
visible to near-infrared region by tuning their bandgaps. On the other hand, laser-based
optical trapping is being used in a wide variety of fields to manipulate microscopic objects
by confining, assembling, or modifying them from the beginning of the inception by Arthur
Ashkin. The optical tweezer is often used in biological system to manipulate viruses, living
cells and organelles and in chemistry to grow or confine several molecules such as proteins,
amino acids, polymers, nanoparticles, and quantum dots in the focal volume, where the
assemblies are formed through trapping. In this thesis, I utilize the potential of an optical
trapping system for the site-specific bandgap tuning and halide vacancy filling of lead
halide perovskite materials and study the charge carrier dynamics in the fabricated
bandgap-graded heterojunctions. This thesis consists of five chapters. In chapter 1, I
reviewed the general introduction of lead halide perovskites in terms of their chemical
composition, structure, properties, and applications. I discuss the most widely followed
synthesis techniques of perovskite microcrystals, nanocrystals, and thin films. I have
highlighted the characterization methods of perovskite materials using different
microscopic and spectroscopic tools. Subsequently, I explain the charge carrier properties
and their recombination pathways, followed by the absorption and emission properties.
Furthermore, I describe the halide exchange reactions of perovskites in different
dimensions such as nanocrystals, microcrystals, and nanowires, which proceeds
homogeneously or site-specifically in the parent crystals. Despite being highly defect
tolerant, the abundant defects limit the overall performance of perovskite materials. Hence,
I reviewed the origin and types of the defects present in perovskite materials. I further
discuss the working principle of an optical trapping system to modify the bandgap and
passivate defects in perovskite crystals. In the application section, I reviewed the perovskite
solar cells, LEDs, and lasers, and finally, I describe the motivation and objectives of my
research work. Chapter 2 discusses the experimental methods and materials used in this

dissertation. The chapter includes detailed information on the chemicals and materials used



and the synthesis process of perovskite microcrystals, nanocrystals, and thin films. I used
the solvent evaporation technique for preparing microcrystals, and the ligand-assisted
reprecipitation method for synthesizing nanocrystals. Thin films of the nanocrystals are
prepared by the drop-casting method. In the instrumentation section, I discuss the basic
working principle and instrumental setup for the laser trapping system using the 1064 nm
near-infrared laser and spectroscopic analysis using 1064 nm and 405 nm continuous-wave
lasers. The charge carrier dynamics in perovskites are studied using a time-correlated
single-photon counting system. I characterize the perovskite samples using steady-state
fluorescence and UV-vis absorption spectroscopy techniques. The sample surface analysis
and elemental mapping are also performed using a scanning electron microscope and the
energy-dispersive X-ray spectroscopy. In chapter 3, I demonstrate a new laser trapping-
based methodology for the site-specific halide exchange reaction in the halide perovskite
crystals. In general, the halide exchange reaction proceeds homogeneously in the whole
crystal, and the bandgap is varied in the entire region when they are exposed to the reactant
halide solutions. Here, I introduce a focused near-infrared laser beam to induce halide
exchange reaction in the entire region of the selected small microplates and at the desired
center part of the large microplate- and microrod-shaped perovskite crystals in a temporally
and spatially controlled manner. I confirmed the site-specific halide exchange reaction via
spatio-temporal changes in the photoluminescence emission and spectra under near-
infrared laser irradiation and wide-field ultraviolet laser irradiation. I discuss the possible
mechanism of the exchange reaction from the viewpoint of local concentration increase of
the halide ions at the focal volume under laser trapping. In chapter 4, I discuss the
suppression of halide exchange reaction by optically controlled site-specific halide vacancy
filling of the perovskite microcrystals. The spontaneous halide exchange reaction of the as-
prepared crystals occurs homogeneously in the entire region, which can be suppressed by
treating the crystals with a constituent reaction solution. The precursor treatment reduces
the halide vacancies of the initial crystals and inhibits the halide exchange reaction in the
entire region. I demonstrated such halide exchange suppression at specific sites of the
microrod crystals through vacancy filling using a NIR laser beam. The NIR laser irradiation
fills the halide vacancies exclusively at the irradiated part, while the characteristic features
of the nonirradiated parts remain unchanged. The corresponding photoluminescence
spectra, scanning electron microscope images, and energy-dispersive X-ray mapping
confirm the halide vacancy filling of the crystals. Furthermore, an increase in the PL

lifetime at the irradiated part suggests the suppression of nonradiative recombination
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through vacancy filling. In chapter 5, I prepare perovskite heterojunction at desired
locations and control the transport and accumulation of charge carriers across the
heterojunction in perovskite microcrystals or nanocrystal films. I fabricate microscopic
heterojunctions with two distinct bandgap-gradient regions composed of iodide-rich and
bromide-rich regions through the site-specific halide exchange reaction. I observed the
efficient accumulation of charge carriers in the narrow-bandgap iodide-rich region in the
built-in halide gradient structures. The corresponding time-resolved spectroscopic analysis
revealed the transportation of photogenerated excitons/charge carriers from the surrounding
wide-bandgap bromide-rich regions to the narrow-bandgap iodide-rich region. In summary,
this thesis develops the construction of perovskite heterostructures with distinct emission
color and bandgap and controls the intrinsic properties of halide perovskite. Such laser
trapping-based findings offer a new area of interest toward the fabrication of high-quality

perovskite heterojunction-based optoelectronic devices.
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Abbreviations and Symbols

A Absorbance

AFM Atomic force microscopy

AVC Antisolvent vapor crystallization

APD Avalanche photodiode

ASE Amplified spontaneous emission

BSSG Bottom-seeded solution growth

CBM Conduction band minimum

CCD Charge-coupled device

cm Centimeter

cW Continuous-wave

D Dimensional

DCM Dichloromethane

DMSO Dimethyl sulfoxide

DMF N,N-dimethylformamide

EMCCD Electron multiplying charge-coupled device
ETL Electron transporting layer

e Electronic charge

Eg Band-gap energy

EDX Energy dispersive X-ray

ETL Electron transporting layer

FTO Fluorine-doped tin oxide

GBL y-butyrolactone

HTL Hole transporting layer

IPA Isopropyl alcohol

ITC Inverse temperature crystallization

ITO Indium tin oxide

ki The rate constant of monomolecular recombination
k> The rate constant of bimolecular recombination
ks The rate constant of nonradiative recombination
K3 Boltzmann constant

LARP Ligand-assisted reprecipitation
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LED Light-emitting diodes

MA Methylammonium

MABr Methylammonium bromide
MAI Methylammonium iodide

min Minute

mg Milligram

mL Milliliter

Mm Millimeter

mmol Millimolar

mW Milliwatt

um Micrometer

uL Microliter

n Charge carrier density

NA Numerical aperture

NCs Nanocrystals

NIR Near-infrared

nm Nanometer

PBS Polarizing beam splitter
PbBr Lead(II) bromide

PeLED Perovskite light-emitting diode
PL Photoluminescence

PLQY Photoluminescence quantum yield
PNC Perovskite nanocrystals

PSC Perovskite solar cell

Ia Ionic radii of A-site cation

I Ionic radii of B-site anion

I'x Ionic radii of X-site halide ion
rpm Rotation per minute

SCLC Space-charge limited current
SEM Scanning electron microscopy
STL Solution temperature-lowering
t time

T Temperature



TCSPC Time-correlated single-photon counting

TEM Transmission electron microscopy
TSSG Top-seeded solution growth
uv Ultraviolet
UV-vis Ultraviolet-visible
VBM Valance band maximum
Vv Volume: volume
WGM Whispering gallery mode
XRD X-ray diffraction

Refractive index
u Charge carrier mobility
T Photoluminescence lifetime
°C Degree Celsius
A Wavelength

P Molar extinction coefficient



Table of Contents

Abstract

Abbreviations and Symbols

Chapter 1: Introduction

1.1 General introduction

1.2 Synthesis of halide perovskites
1.2.1  Synthesis of microcrystals
1.2.2  Synthesis of nanocrystals
1.2.3  Preparation of thin films

1.3 Characterization of perovskites

1.4 Properties of lead halide perovskites
1.4.1 Charge carrier properties
1.4.2  Absorption and emission properties
1.4.3  Halide exchange reaction
1.4.4 Defects in halide perovskites

1.5 Optical trapping

1.6  Applications of lead halide perovskites
1.6.1 Solar cells
1.6.2  Perovskite light-emitting diodes (PeLEDs)
1.6.3 Lasers

1.7  Research motivation and objectives

1.8 References

Chapter 2: Experiments
2.1  Chemicals and materials
2.2 Methods
2.2.1 Fabrication of sample chambers
2.2.2  Synthesis of perovskite microcrystals
2.2.3  Synthesis of perovskite nanocrystals
2.2.4  Preparation of perovskite nanoparticles and their films

2.2.5 Preparation of reaction solutions

Xi

Page

viii

O o0 &N B~ W N

42
43
43
43
43
45
46
46



2.3 Instrumentation 46

2.3.1  Optical setup for laser trapping 46
2.3.2 Time-resolved PL analysis 48
2.3.3 UV-vis absorption spectroscopy 50
2.3.4 Steady-state fluorescence spectroscopy 51
2.3.5 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray 52
(EDX) analysis

2.4 References 53
56

Chapter 3: Bandgap tuning of lead halide perovskites by site-specific halide

exchange reaction under laser trapping

3.1 Introduction 57
3.2 Results and discussions 59
3.2.1 Spatially controlled halide exchange 59
3.2.2 Spatially controlled halide exchange in single microplate crystals 61
3.2.3 Spatially controlled halide exchange in single microrod crystals 66
3.2.4 The mechanism of the halide exchange reactions by laser trapping 68
3.2.5 Photoinduced halide exchange in a MAPbBr3; microrod crystal 70
3.2.6  Stability of the halide exchanged part 71
3.3 Conclusions 72
3.4 References 73
Chapter 4: Optically controlled site-specific halide vacancy filling in 80
perovskite microcrystals
4.1 Introduction 81
4.2 Results and discussions 83
4.2.1 Chemically controlled halide vacancy filling 83
4.2.2  Optically controlled site-specific halide vacancy filling 89
4.2.3  The mechanism of halide vacancy filling 93
4.3  Conclusions 95
4.4 References 96
Chapter 5: Spatially controlled charge carrier transport and collection in 104

heterojunction halide perovskite single crystals and nanocrystal films

5.1 Introduction 105

xii



5.2 Results and discussions

5.2.1 Preparation of heterojunctions at one end of microrod crystals

5.2.2  Preparation of heterojunctions at one half of microrod crystals

5.2.3  Preparation of heterojunctions at the center of microcrystals

5.2.4 Preparation of heterojunctions at specific parts of the nanocrystal films
5.3 The mechanism of laser-induced charge carrier accumulation
5.4 Conclusions

5.5 References

Summary and perspectives
List of Papers Presented in Conferences

List of Publications

xiii

106
106
110
112
114
115
117
118

122
124
126






Chapter 1

Introduction

In recent years, a ground-breaking revolution has been achieved in the field of perovskite-
based solar cells, lasers, and LEDs due to their incredible optoelectronic properties such as
high photoluminescence quantum yield, high absorption coefficient, high charge carrier
mobility, tuneable bandgap over the whole ultraviolet-visible-near infrared region and high
defect tolerance. Despite of having countless advantages compared to the conventional
semiconductor materials, lead halide perovskites are still far from commercialization due
to several limitations. Thus, more detailed study to grow high-quality crystals, controlling
the bandgap through localized halide exchange reaction, defect passivation, and controlling
the carrier properties is still necessary. In this chapter, I briefly discuss the general
introduction of lead halide perovskites in terms of their chemical composition, structure,
properties, and applications. Since most of the optoelectronic properties and device
efficiency depends on the initial crystal quality, I also discuss the most widely utilized
growth techniques of perovskite microcrystals, nanocrystals, and thin films. In the next
section, I have highlighted the characterization methods of perovskite materials using
different microscopic and spectroscopic tools. Subsequently, I explain the charge carrier
properties and their recombination pathways, followed by the absorption and emission
properties. Furthermore, I describe the spontaneous and spatially-resolved halide exchange
reactions of perovskites in different dimensions such as nanocrystals, microcrystals, and
nanowires. The solution-processed perovskite crystals contain an abundant number of
defects, which adversely affect the performance of perovskite devices. Thus, defect
characterization, classification, and passivation are important challenges in the perovskite
field. In this regard, the origin and types of the defects are reviewed in this chapter. I further
discuss the working principle of an optical trapping system utilized to modify the bandgap
and passivate defects in perovskite crystals. In the application section, I reviewed the
perovskite solar cells, LEDs, and lasers. Finally, I describe the motivation and objectives

of my research work.



1.1 General introduction

The journey of perovskites began in 1839 when Gustav Rose improvised a mineral
composed of CaTiO; and named after famous Russian mineralogist Count Lev A.
Perovskiy.! Later, in the 1890s, halide perovskites having halide anions instead of oxide
ions emerged as a new class of semiconductor materials.” In recent years, lead halide
perovskites have become the center of attraction for scientists as an alternative to
conventional semiconductors because of their implausible optoelectronic properties. The
wide optical absorption and emission range, high photoluminescence quantum yield
(PLQY), tuneable bandgap, high charge carrier mobility, long carrier diffusion length, and
high defect tolerance of these materials have made them a global candidate for next-

generation photovoltaic applications such as solar cells, LEDs, photodetectors, sensors and
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Figure 1.01: The lead halide perovskite crystal structure.

lasers.>!?

The crystal structure of lead halide perovskites is generally represented by the chemical
formula ABX3, where ‘A’ stands for the organic or inorganic monovalent cations such as
caesium (Cs"), methylammonium (CH3NH3;" or MA™), and formamidinium ((CH(NH)2)"
or FA")), ‘B’ denotes divalent cations such as Pb**, Sn**, Ge*" and ‘X’ is the halogen anions

CI, Br, I'. In a typical cubic ABX3 crystal structure, the A-site cations fit into the voids of



the corner-sharing BXs octahedra. B-site cations are located at the center of the octahedra,
which is surrounded by six halide anions.?®*! The Goldschmidt tolerance factor and the
octahedral factor predict the stability of a perovskite crystal/lattice.?> These factors are

expressed as

Tolerance factor, t = (r4 + r)/[+v/ 2 (1 + )]

Octahedral factor, u = rp/rx

In this expression, ra, 1p and 1x are the corresponding ionic radii of A, B, and X ions. Based
on the equations, a stable cubic structure is formed when ¢ is in the range 0.9-1.0, and u
ranges from 0.44 to 0.9.% An octahedral tilting of this ideal structure occurs when A-site
cation is replaced by a smaller cation and results in tetragonal or orthorhombic perovskite
phases and the tolerance factor ranges between 0.7-0.9.2* Furthermore, a large A-site cation
leads to the formation of a hexagonal structure with t > 1. A stable room temperature phase
can also undergo phase transition when the temperature is varied. For example, a room
temperature tetragonal MAPbI; crystal changes to cubic phase at 60 °C.* Besides, the
variation in the halide composition offers the PL emission and optical bandgap tuning

throughout the entire ultraviolet-visible-near infrared (UV-vis-NIR) region.
1.2 Synthesis of halide perovskites

The growth technique of lead halide perovskite crystals with different sizes (nano, micro
or milli scale) has attained an importance in recent years. Since the basic optoelectronic
properties and performance of perovskite-based devices mostly depend on the crystal
quality, in this section, I discuss recently developed and the most widely utilized growth
techniques for perovskite nanocrystals, microcrystals, and thin films. High-quality bulk
crystals ranging from micro to millimeter size can be obtained by the solution temperature-
lowering (STL) method, inverse temperature crystallization (ITC) method, anti-solvent
vapor-assisted crystallization (AVC) method and laser trapping induced crystallization
method. On the other hand, colloidal synthesis of nanocrystals includes hot-injection
method and ligand-assisted reprecipitation (LARP) method. Moreover, the fabrication of
perovskite thin films with a large size and high quality can be attained by facile one-step

and two-step deposition methods.



1.2.1  Synthesis of microcrystals

The synthesis methods of perovskite microcrystals have been developed to attain unbroken
and continuous crystal lattices without grain boundaries and fewer defects. Among various
growth techniques, the STL method, ITC method, and AVC method are widely applied to
grow single perovskite microcrystals. Except for these methods, I discussed here a new

approach of growing single perovskite crystals by the laser trapping technique.

The STL method is a widely applied traditional method, which is used for the crystal
growth of perovskite crystals. The perovskite solubility in the corresponding acid halide
(HX, X= Cl, Br, I) solvents decreases with a lower solution temperature. Based on this
principle, Poglitsch et al®®. obtained MA-based perovskite single crystals in 1987 by
cooling the precursor temperature. Briefly, they obtained MAPbX3 crystals by lowering the
temperature of a concentrated aqueous solution of HX acid, Pb**, and CH3NH3" from 100
°C to room temperature. In this process, the decrease in the solution temperature induced
the solute saturation, and the saturated aqueous perovskite precursor HX solution
containing an inorganic metal salt and an organic halide salt slowly form the halide
perovskite crystal. Recently, STL method is being used by fixing seed crystals in different
positions in the vessel to obtain larger crystals with a regular shape. In general, small size
seed crystals are obtained by the STL method. Top-seeded solution growth (TSSG) and
bottom-seeded solution growth (BSSG) are commonly used optimal methods for
synthesizing of high-quality large single crystals. For instance, Dong et al.® reported the
synthesis of a bulk single crystal of MAPbI; with the size of 10 mm X 3.3 mm via the TSSG
synthetic route. In this process, the seed crystal is fixed to a silicon substrate on the top half
of the precursor solution. The bottom half of the vial containing precursor and seed crystals
is heated in an oil bath, while the top half is air-cooled to remove the heat and create a
temperature gradient. Because of the temperature disparity between the top and bottom of
the solution, the supersaturation is induced in the top solution, which resulted in the
formation of bulk MAPDI; single crystals. Also, the growth of centimeter-sized MAPDI;
bulk single crystal was first reported by Dang et al.?” with the BSSG method using seed
crystals. In this crystal growth process, the tray with a high-quality seed crystal was placed
in the middle of the solution and rotated using an electric motor. Finally, the saturated
solution was gradually cooled down by decreasing the temperature from 65 °C to 40 °C,
which results formation of a high-quality single crystal with dimensions of 10 mm x 10

119

mm % § mm. Afterwards, Lian et al.”” also obtained bulk single crystals of 12 mm % 12 mm



x 7 mm dimensions by utilizing a seed crystal fixed to an unreactive platinum wire after
decreasing the solution temperature from 100 °C to 57 °C. STL method is a simple and
effective approach to grow large-sized single crystals with high quality under controlled
and stable conditions. However, being time-consuming is the main drawback of this
method, limiting its extensive use and led to the domination of other crystallization methods.

The ITC method is now the most extensively used one for the synthesis of perovskite
single or mixed halide crystals. This method is suitable for those materials whose solubility
in particular solvents is high at room temperature but decreases with increasing temperature.
The mechanism is that, at low temperatures, the perovskite forms complexes with the
solvent, exhibiting high solubility. As the temperature increases, the bonds break,

perovskite molecules become free, and the solubility drops, thus keeping the precursor at

a) ITC method b) AVC method
Precursor salts Perovskite
dissolved in DMF microcrystals Room
! ] temperature Diffusion
‘ Overnlght
Qil bath
Antisolvent
Room temperature Perovskite
Precursor salts dissolved microcrystals

in good solvent

Figure 1.02: Schematic representations of the growth techniques for perovskite single

crystals by (a) the ITC method, and (b) the AVC method.

a high temperature can promote crystallization of the crystals. Figure 1.02a shows the
crystallization of crystals through the ITC method. The Bakr group, Liu group and Yang
group explored the solubility of lead halide perovskites in y-butyrolactone (GBL), N, N-
dimethylformamide (DMF), and dimethylsulphoxide (DMSO).?%3? This method is widely
applied to methylammonium and formamidinium lead halide perovskites as well as mixed
halide perovskite. For example, the Bakr group first proposed this method in 2015 and
synthesized high-quality bulk single crystals of MAPbX3 perovskites based on the
solubility in various solutions at different temperatures.”® To grow MAPbBr3, they added
MABTr and PbBr; in DMF solution at room temperature and heated the solution in an oil
bath to 80 °C. Similarly, the iodide solution was prepared at 60 °C and heated to 110 °C
for the MAPbDI; crystals. The ITC method is a highly effective approach for growing size-
and shape-controlled crystals faster compared to other methods. However, the growth rate

is hard to control and consequently induces more defects.



The AVC method is used to grow the perovskite materials that are highly soluble in a
good solvent but have poor solubility in other solvents. Halide perovskites show good
solubility in DMSO, DMF, and GBL, while they are insoluble or show low solubility in
dichloromethane (DCM), chlorobenzene, benzene, diethyl ether, etc. The mechanism is to
use the large solubility difference of perovskite in different solvents to prepare the crystals.
For example, by the diffusion of a highly volatile poor solvent slowly into the precursor
solution to decrease the solubility, leading to the growth of high-quality crystals (Figure
1.02b). Based on this hypothesis, the Bakr group achieved millimeter-sized MAPbX3 single
crystals, where the anti-solvent DCM slowly diffused into the solution containing precursor
solutions dissolved in DMF or GBL.** The most prominent feature of the AVC method is
that it is a temperature-independent process operated at room temperature. This method can
be adapted to grow small-sized single crystals but not large-sized single crystals, thus
constraining its effective utilization for producing optoelectronic devices.

Recently, our group reported an innovative method for preparing single perovskite
crystals utilizing optical trapping force. Since Ashkin et al.* developed optical trapping
with the use of a tightly focused laser beam, this technique has been widely used as an
optical tweezer for confining and assembling nanoparticles, quantum dots, polymers, etc.
in the focal volume.*-® We used this laser trapping tool in a spatiotemporally controlled
manner to synthesize MAPbX3 single crystals and mixed halide MAPbBr,Cls., single
crystals.?”*® For the crystallization of MAPbBr3 by optical trapping, we used 1.2 molL"!
MABT1/PbBr; precursor solution dissolved in DMF and subsequently focused a 1064 nm
focused laser beam onto the solution surface to induce crystallization. Eventually, by
increasing the local concentration of the precursor solution at the focal volume, we obtained
crystals of MAPbBr3 at the desired location. Similarly, for the synthesis of MAPbBr,Cls.,
(n=0.5-2.0) crystals, the precursor solution was prepared by dissolving MAB1/PbBr; and
MACI/PbCl; in DMSO/DMF solution mixture and utilized the 1064 nm laser beam to
initiate the crystallization. Through this crystallization technique, we could overcome the
problem of multiple nucleation at different positions, which is common to other synthesis
methods. We grew a single crystal of uniform shape at the desired location by utilizing the
potential of laser trapping.

1.2.2  Synthesis of nanocrystals
The nanocrystals of perovskites with high photoluminescence quantum yield are mainly
synthesized using the hot-injection method and the LARP method.?*** A typical synthesis

of perovskite nanocrystals by hot injection method involves dissolving the lead halide
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precursor (PbX>) in octadecene along with oleic acid, oleyl amine and quickly injecting Cs-

oleate or Cs-acetate under the N> atmosphere and at 140 °C-200 °C (Figure 1.03a).

a) Hot-injection method b) LARP method
< Dissolved
o precursor salts and
\ ; |
Cation salts in ligands in DMF
octadecene
PbX, in
ogtad_ecene Toluene
with ligands
( . O ) ( . O )
High temperature Room temperature

Figure 1.03: Synthetic strategies for the lead halide nanocrystals using (a) hot-injection
method and (b) LARP method.

In the entire process, heat is provided to dissolve the long-chain capping ligands. For the
precipitation of nanoparticles, the reaction is quenched within a very short time by placing
the reaction mixture in an ice-water bath. Finally, the precipitate resuspended in hexane or
toluene forms a stable colloidal solution. This method is the most used procedure for the
synthesis of CsPbX3 nanoparticles. Kovalenko’s group first obtained CsPbX3 nanocubes
with 4-15 nm size employing the hot injection method.** This method is applicable for the
synthesis of shape-controlled halide perovskite nanocrystals with high PLQY up to 95%.
However, this method is very sensitive to reaction temperature and the atmosphere.

LARP method to synthesize perovskite nanocrystals is based on the reprecipitation
technology, which utilizes the aggregation characteristics of perovskites in the presence of
ligands. As shown in Figure 1.03b, during this process, first, the perovskite precursor
solution is dissolved in a good solvent such as DMF, DMSO, or GBL along with the long-
chain ligands (n-octylamine, oleic acid, etc.). The precursor solution is then mixed with the
poor non-polar solvents of the perovskite, such as hexane or toluene under continuous
stirring at room temperature. The solubility difference between the polar and non-polar

solvents initiates the recrystallization of nanocrystals. Finally, the perovskite nanocrystals



are obtained by centrifugation along with other operations. LARP strategy was first carried
out by Dong’s group in 2015, demonstrating the synthesis of colloidal MAPbX3
nanocrystals with 3.3 nm size.*° They prepared MAPbBr3 nanocrystals by dissolving MABr
and PbBr; salts as well as the ligands n-octylamine and oleic acid in DMF to make a
precursor solution. Consequently, the solution mixture was dissolved in toluene under
vigorous stirring, and after centrifugation large particles were discarded and MAPbBr3
nanoparticles were obtained. This method is widely used due to its simple and fast operation
at room temperature and convenience for scale-up synthesis with 100% PLQY. The main
drawback of this process is the degradation and solvation of the resultant nanoparticles in

polar solvents which limits their application to photoelectric devices.

1.2.3  Preparation of thin films

Halide perovskite thin films, one of the most important materials to achieve high-efficiency
perovskite solar cells can be fabricated by many facile and low-temperature routes.
Preparation of the perovskite thin films is broadly grouped into two main categories,
namely, the one-step deposition method and the sequential deposition method (Figure 1.04).
In a typical one-step synthesis process, a precursor solution is prepared by dissolving all
the precursor salts in a polar solvent such as DMF, DMSO, GBL or a mixture of such
solvents. Using a spin coater, this precursor solution is then dropped onto a spinning
substrate to remove the liquid from its surface. Afterward, through evaporation of the
remaining solution by annealing, the perovskite crystallization is initiated onto the substrate,
which eventually grows towards a large crystal. The one-step spin coating method was first
successfully demonstrated by the Miyasaka group'? in 2009. They spin-coated precursor
solutions of MAPbBr; and MAPDI; on a TiO> substrate to fabricate the thin films. In this
process, they prepared the MAPbBr3 and MAPDbI; precursor solutions by dissolving MABr
and PbBr: in DMF, and MAI and Pbl; in GBL, respectively. Later, other groups utilized
many other one-step deposition techniques like solvent engineering, antisolvent/solvent
extraction, gas quenching, drop-casting etc. to achieve the improved morphology of

perovskite films.*!*3
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Figure 1.04: Schemes of the deposition methods for the synthesis of perovskite thin films
via (a) one-step deposition, and (b) sequential deposition method. Reproduced from (a)

Guo et al.,*® and (b) Im et al.*

On the other hand, in a sequential synthesis process, first, a metal precursor solution
(usually PbX>) is deposited on the substrate, and then, the substrate is exposed to an organic
salt (AX) to drive the reaction that produces the thin films (Figure 1.04b). Liang et al.*
reported the fabrication of perovskite film by the sequential deposition method in which
the MALI diffuses into the Pbl precursor film to form MAPDbI3 perovskite by dipping the
Pbl; film in the MAI solution. Apart from these laboratory methods, doctor-blading, spray-
coating, inject printing, slot-die coating, soft-cover coating, etc have been adopted for the
commercial production of thin films used in perovskite solar cells.**/

1.3  Characterization of perovskites

To reveal the insights of perovskite crystals related to their chemical and electrical
properties, different characterization techniques have been employed. The chemical
composition, morphology, electronic band structures, and crystallographic patterns are
obtained by different electron microscopy and spectroscopy techniques. The most common
electron microscopy techniques are scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).>%3 These two microscopic tools are used to understand the
size, shape, and thickness of perovskite materials with different dimensions. The
crystallization steps to control the thickness of perovskite thin films are monitored with

SEM micrographs.’® SEM studies also identify the changes in the grain boundaries of



perovskite thin films generated during different deposition techniques. Also, the TEM
enables high-resolution atomic structure images of perovskite nanomaterials. For example,
Figure 1.05a revealed the TEM images of CsPbX3 (X= CI, Br, I) nanocrystals, where the
size of the parent nanocrystals remained unchanged after the anion exchange reaction. Also,
nanocrystal with different shapes such as cube, platelet, and rod or wire have been revealed
through TEM micrographs.’®>* Another direct approach to measure the thickness of a
particular perovskite crystal is atomic force microscopy (AFM). AFM provides detailed
analytical information about the surface roughness of perovskite thin films by mapping the
morphological distribution of the film.’® Energy dispersive X-ray (EDX) spectroscopy is
another advanced characterization technique combined with SEM or TEM. The elemental
composition of perovskite crystals is calculated from the stoichiometric ratios of elements
in the expected crystals.’**” Figure 1.05b shows the SEM of a single-crystalline CsPbBr3
nanowire and corresponding elemental distribution of Cs, Pb, and Br determined from EDX
mapping. Also, the Pb:I ratio is expected to be 3 in an ideal MAPDI; crystal but the EDX
elemental distribution shows a much higher or lower ratio than expected because of the
uncoordinated MAI or Pbl,.%"*® The crystallographic structure of perovskite crystals is
determined by the XRD studies.?®3?%! During the growth of perovskite crystals, they
crystallize into different phases such as cubic, tetragonal or orthorhombic.®! The XRD
diffraction patterns of different crystals are specified for different phases, which can be
rationalized with size, chemical composition and temperature.?®*°>* For instance, Figure
1.05¢c shows the size dependent XRD pattern of CsPbBr; nanowires, where an
orthorhombic crystal structure of the nanowires was found with larger crystal sizes. The
dominant miller indices for cubic, and tetragonal phases are (100), (110), (200), (210) and
(110), (220), (114), (224) respectively. The miller indices for orthorhombic are similar to
the cubic phase, but the peak at 30° is divided into two. The width of diffraction peaks also
determines the particle size of the crystals. When a crystal size is comparable to the Bohr
radius, the peak width becomes very sharp while a broadening of these peaks is observed
from the crystal size exceeding the Bohr radius. Moreover, the structural orientation of
perovskites due to a change in A-site cation or halide composition also shift the diffraction

peak to higher or lower 20 angle.
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Figure 1.05: Characterization of lead halide perovskites. (a) TEM micrographs of CsPbX3
nanocrystals upon varying the halide ions from CI™-Br™-I', (b) the SEM image of a single
CsPbBr3; nanowire combined with the corresponding EDX elemental map images, (C) XRD
pattern of an as-grown CsPbBr3 crystal with cubic and orthorhombic phases. Reproduced

from (a) Nedelcu et al.!, (b,c) Eaton et al.>*

Besides these microscopic characterization techniques, many spectroscopy-based
convenient techniques have been developed for the characterization of perovskite materials
(Figure 1.06a-c).%* Upon photoirradiation, a perovskite sample absorbs the light and
produces electrons and holes, which later recombine to give luminescence. Hence, UV-vis
absorption and PL spectroscopy are the fundamental tools to understand the carrier
dynamics including, generation, transport, and recombination of the charge carriers.’*%
UV-vis spectroscopy measures the absorption of atoms and molecules when they undergo

electronic transitions from the ground state to the excited state, while the transition from
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the excited state to ground states is measured by PL spectroscopy. The PL spectral

measurements also reveal the impurity or defect levels and monitor the
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Figure 1.06: Spectroscopic analysis to characterize the optical properties of perovskites.
(a) Optical absorption spectra and (b) PL spectra of MAPbX3 perovskite quantum dots as
a function of halide composition. Optical images of MAPbX3 solutions in toluene (c)under

sunlight and UV light. Reproduced from Zhenfu et al.%’

by shifting the band-edge emission peaks toward shorter or longer wavelength regions
(Figure 1.06)*%2% As shown in Figure 1.06a,b the optical UV—Vis absorption of the
MAPDLX3 quantum dots showed a single peak with a narrow spectral bandwidth with
different halide compositions. Corresponding to the absorption spectra, the emission peaks
in the PL spectra also changed from 408 to 710 nm with different halides components.
Moreover, different emission colors shown in Figure 1.06¢ under ambient light and 380-

nm ultraviolet light can be achieved through bandgap modification, which are difficult to

obtain through direct synthesis.

1.4 Properties of lead halide perovskites
1.4.1 Charge carrier properties

The power conversion efficiency of perovskite-based devices are directly dependent on the
charge carrier properties of lead halide perovskites. Hence, it is very important to

understand the basic properties such as the carrier mobility, carrier diffusion length, and
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carrier lifetime of these materials to fabricate high-performance perovskite devices. Carrier
mobility is positively related to the transportation and extraction of charge carriers, 2which
can be calculated by different methods like space-charge limited current (SCLC), Hall
effect, time-of-flight, field-effect transistor, or THz pulse measurement.>’*’> Among these
methods, SCLC is the most widely utilized one to calculate the carrier mobility using the
following equation,’

9ee, uv?
Jd =33

Here Js denotes the current density, v is the applied voltage, L is the crystal thickness and
u s the carrier mobility. Again, the diffusion length of perovskites depends on the carrier
mobility and carrier lifetime of the corresponding materials.”’* The diffusion length of the

perovskite materials is estimated from the following derivation,

K;Tut
L,= ’—e

where Kp stands for the Boltzmann constant, u is the carrier mobility, 7T is the temperature,
e is electronic charge, and 7 is the PL lifetime. Moreover, the charge carrier lifetime also
plays an important role in photovoltaic process. Depending on the dimension, nature, and
quality of the materials lifetime values varies from sub-nanoseconds to microseconds.
Upon photon absorption, the perovskite becomes electronically excited, where the
excitons/charge carriers recombine again radiatively or nonradiatively. The excition/charge
carrier recombination pathways can be explained with the following differential

equation,’>’¢

dn , ,

_Ez k1n+ szl + k3Tl
Here, n 1s the charge carrier density, k; is the trap-assisted monomolecular recombination
constant, k> is the bimolecular radiative recombination rate constant, and k3 is the
nonradiative Auger recombination rate constant. A scheme for the charge carrier

recombination pathways in halide perovskites is shown in Figure 1.07.
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Figure 1.07: A scheme for the charge carrier recombination pathways in halide
perovskites: (a) trap-assisted monomolecular recombination, (b) bimolecular

recombination, and (c) Auger recombination.

The monomolecular decay component is originated from the trap-assisted recombination
and depends on the density and distribution of trap states. As shown in Figure 1.07a, in this
process, a single charge carrier such as, an electron, a hole or an excition recombines with
a trap in the bandgap. Depending on the material processing the recombination rate differs
in a wide range from 4.9 x 10°s™! for mixed halide MAPbI3.xClx to 15 x 10°s™! in a MAPbI;3
thin films.”””® The bimolecular recombination (Figure 1.07b) means the direct combination
of an electron in the conduction band with a hole in the valance band. This process is
dominant at moderate charge carrier density when the traps are mostly filled, and
recombination takes place radiatively. Moreover, under high charge carrier density, many-
body nonradiative recombination, namely, Auger recombination becomes dominant. As
illustrated in Figure 1.07c(i, ii), this process involves the recombination of electrons and

holes which is transferred to an additional charge carrier known as Auger electron or hole.
1.4.2 Absorption and emission properties of perovskites

Halide-based perovskite shows strong absorption and emission upon light illumination and
cover the whole visible to near infrared wavelength region. These materials also exhibit the
direct bandgap between the valance band and conduction band, which can be altered by

varying the cation and anion.!”**40.7-80 The density of states suggests that the conduction
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band minimum and valance band maximum of lead halide perovskite materials are located
at the p-orbitals of lead and halides, respectively. Thus, the absorption and emission
properties can be readily tuned from the short-wavelength region to the long-wavelength
region by changing the halide ions from CI" to I. Similarly, replacing the Pb*" cation with
another divalent cation like Sn?* further shifts the wavelength to longer region.®! Figure
1.08 shows the absorption and emission peak of the CsPbX3 (X= Cl, Br, I) nanocrystals.

As shown in Figure 1.08a Protesescu et al tuned the
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Figure 1.08: (a) A photograph of CsPbX3 nanocrystals under the UV light, showing
different PL color depending on their halide compositions, (b) the corresponding PL spectra
of halide ion-exchanged CsPbX3 nanocrystals, (¢) absorption and emission spectra based
on different halide composition, (d) absorption and emission spectra of CsPbBr;3

nanocrystals varying with the particle sizes. Reproduced from Protesescu et al.*’

PL color of the parent CsPbX3 nanocrystals over the entire visible spectral region by
adjusting the ratio of halides. They also demonstrated the change in absorption edge and
emission maxima from 410-700 nm by changing the halide ions from CI- to I- (Figure
1.08b,c). Also, these properties of perovskite materials can be controlled by crystal size.
Due to the quantum confinement effect, a decrease in the particle size shifts the maxima to
lower wavelength region and vice-versa.>® For example, the absorption edge and emission
peak were blue-shifted when the size of CsPbBr3; nanocrystals decreases from 11.8 nm to

3.8 nm (Figure 1.08d).

1.4.3 Halide exchange reaction of lead halide perovskites
The optical properties and chemical composition of halide perovskites can be tuned over
the whole UV-visible-NIR spectral region through halide exchange reaction. The

substitution of X-site halide ions with Cl, Br, or I ions thus alters the bandgap of perovskites
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dramatically over a wide range. As the halide ion of a parent crystal changes from CI to Br
to I, their valance orbital also changes from 3p to 4p to 5p, respectively, which leads to the
variation in properties of perovskites. A variety of mixed halide compositions can be
attained through halide exchange reactions, which are not possible to fabricate by direct
synthesis methods. In a typical halide exchange reaction, the parent crystals are exposed to
another halide precursor solution to induce the exchange reaction. Due to the high mobility
of halide ions, they diffuse inside the crystal lattice via the solid-state diffusion mechanism
and undergo halide exchange reaction by substituting the original halide ions. The halide
exchange reaction has been studied extensively in different morphologies of perovskite
crystals such as nanocrystals and bulk crystals (Figure 1.09) to attain advanced optical and

electrical properties from the parent crystals.

a MACI MAI
+«—— MAPbBr;, ——
MABr MABr )
MAPbBr,,Cl, MAPbBr. |,

2791.9 117 RO.5"FT 0T R OS50

Figure 1.09: Halide exchange reaction of lead halide perovskite crystals in different
dimensions. (a) reversible halide exchange reaction of MAPbBr3 nano-plates, (b) gradual
halide exchange reaction of a single MAPbBr3; microcrystal with an MAI solution, and (c)
partial halide exchange reaction of the CsPbBr3; nanowires. Reproduced from (a) Jang et

al.,%* (b) Karimata et al.,® (c¢) Dou et al.*

As shown in Figure 1.09a Song and co-workers synthesized a series of mixed halide
nanocrystals from plate-type MAPbBr3; nanocrystals.®* They produced MAPbBr3;«Clyx or
MAPDBBT13«Ix nanocrystals by treating the as-grown MAPbBr3 NCs with MACI and MAI
precursor solutions and achieved a full range bandgap tuning from 1.6 to 3.0 eV. Manna
and co-workers reported fast halide exchange reaction of colloidal CsPbX3; NCs by using

the halide salts as a source of anions.®® Also, Nedulcu et al.®' demonstrated the



compositional fine-tuning of highly luminescent CsPbX3 nanocrystals through an anion
exchange reaction by mixing the specific ratio of the desired halide source and CsPbX3
NCs. Furthermore, as shown in Figure 1.09b, Karimata et al.’¢ demonstrated the halide
exchange reaction of a single MAPbBr3 crystal upon immersing the crystals in an MAI
reaction solution. The initial green emissive MAPbBr3 single crystal changed its emission
color in the whole area for 90 seconds. They observed the progress of the exchange reaction
from MAPDbBr; to MAPbBr3«Ix using single-particle PL imaging and revealed the carrier
dynamics during the reaction. Also, the thickness-dependent halide exchange reaction of
CsPbBr; single crystals was studied by Zhang et al.” The micrometer-sized CsPbBr;
nanoplates undergo halide exchange reaction in the vapor phase where the iodide vapor
changed the initial CsPbBr3 into CsPbls because of the rapid halide exchange reaction.
They revealed the kinetics of anion exchange reaction from the edges to the center of
CsPbBr3 crystals with different thicknesses, which proceeded through halide vacancy-
assisted diffusion mechanism.

Another interesting feature of the halide exchange reaction is the perovskite
heterostructure that can be created through a precisely controlled halide exchange reaction
(Figure 1.09¢). The spatially controlled halide exchange reaction can be induced at specific
positions, and the bandgap is tuned. For instance, Son and co-workers®® demonstrated a
photoinduced halide exchange reaction in the absence of any reacting anion source. The
photoinduced electron transfer from CsPbX3 NCs to a halogenated solvent induces the
spatial exchange reaction. They also demonstrated patterning of CsPbBr; in a thin
fluorescent film of CsPbClz NCs by partially irradiating them. Yang and co-workers
reported precisely controlled anion exchange in single-crystalline CsPbX3 perovskites by
using a nanofabrication technique.®® A spatially resolved exchange reaction was induced in
a specific uncovered area by dipping the crystals into a halide precursor solution. The other
parts of the crystals were masked with a thin layer of poly (methyl methacrylate) to avoid

the halide exchange reaction.
1.4.4 Defects in halide perovskites

The cost-effective, simple synthesis process of halide perovskites made them promising for
next-generation optoelectronic devices. Despite being defect tolerant, the formation of
defects during the solution-processed fabrication limits their application in terms of power
conversion efficiency and long-term stability. Because of the fast crystal growth process, a

large number of defects are present in these materials. The soft lattice structure of
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perovskite crystals undergoes imperfect lattice alignment from its ideal structure and
induces defects. The non-stoichiometric precursor ratio and purity of the precursor salts
also influence the crystal quality.”®®! Moreover, the low lattice energies and the presence
of organic contents also facilitates defect formation when the crystals are exposed to

moisture, oxygen, or light.

The defects in semiconductors are mainly classified as point defects, Schottky and
Frenkel defects, dislocations, and grain boundaries®**® (Figure 1.10). The point defects in
halide perovskites are namely vacancy defects Va, Vs, Vx; interstitial defects Ai, Bi, Xi;
and antisites Ap, Ax, Ba, Bx, Ia, Is.°? The types of defects in perovskite materials are

determined either by the formation energy or the position of the defect energy levels.

a b c d

Figure 1.10: (a) An ideal perovskite crystal structure without defects, (b-k) types of
possible defects in perovskites. (b-d) point defects, (e-h) Schottky and Frenkel defects, (i-

k) higher dimensional defects. Reproduced from Ball et al.!"!

The first principle theoretical calculation reveals the formation energy of defects in
perovskite semiconductors.”” Furthermore, depending on the positions in the band edge,
the defects can be classified as shallow-level traps or deep-level traps. The point defects,

close to the VBM or CBM in the energy levels are called shallow defects and can be easily



detrapped and release the charges to band edges.”® On the other hand, the deep traps are
located in the middle of the forbidden band and cannot detrap easily. In general, the halide
vacancy (Vi) and its complexes are responsible for the deep traps that act as the
nonradiative recombination center. The point defects can also exhibit array configuration,
which are commonly known as Schottky and Frenkel defects. Schottky defects are the
anion and cation vacancies coexist in the same crystal, while the Frenkel defects are
generated by ion vacancies from the same pair of ions.”® Besides these, the 1-dimensional
dislocation defects and 2-dimensional grain boundary defects are common types of defects
in perovskites originated from the crystal discontinuation and difference in the crystal
orientation.””~!% Regardless of the types of defects, all of them induces unavoidable charge
recombination center and trap the free charges, which eventually reduce the carrier mobility,
carrier lifetime, and diffusion length. Thus, passivation of the defects is mandatory to
achieve the theoretical limit of power conversion efficiency from perovskite-based

photovoltaic and optoelectronic devices.
1.5 Optical trapping

The foundation of laser-based optical trapping was developed by Arthur Ashkin in the
1970s.2* In the beginning, he demonstrated the movement of micron-sized dielectric
particles in both air and water under laser irradiation and utilized the laser beam to trap the
particles based on the counter propagation of two laser beams. Later he extended the
trapping experiments to manipulate living cells like viruses and bacteria and for trapping
and cooling of neutral atoms.!%>!% Since then, laser trapping or optical tweezers are being
used as a versatile tool in chemistry and biological research. The various targets such as
nanoparticles, polymers, proteins, and amino acids are trapped at the focal volume using
the laser trapping technique.’-® In this section, I discussed the basic principle of laser

trapping in brief.

When a laser beam is tightly focused on a dielectric particle, it experiences a force near
the focal point due to the transfer of momentum from the incident photons. The resulting
force generated by the incident photons can be classified as scattering force and gradient
force. The scattering force is proportional to the incident light intensity and acts in the
direction of incident light while the gradient force is proportional to the gradient of intensity
and acts along the intensity gradient.'® A general scheme for the generation of the stable,

the scattering, and the gradient optical force is shown in Figure 1.11. When the particle
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with radius a is larger than the trapping laser wavelength, A, i.e., a >> A, the Mie scattering
conditions are satisfied, and both the forces can be calculated by geometrical ray-optics
model.!® As illustrated in Figure 1.11a, for a homogeneous electric field, the incident light

is readily reflected and absorbed by the particle, which

Uniform light intensity Gradient light intensity

Figure 1.11: A schematic illustration for the generation of (a) a stable optical force by
uniform light intensity and (b) the scattering and the gradient optical force due to the

intensity gradient

arises the scattering component, and the scattering force is calculated from the optical
momentum transfer. On the other hand, for an inhomogeneous electric field, the incident
light undergoes refraction, and the change in momentum of the particle is considered
according to the gradient force. In an optical trapping system, the Gaussian intensity profile
beam of laser induces fluctuating dipoles in the particle, and the interaction of these dipoles
with the inhomogeneous electric field at the focus results in the gradient trapping force
(Figure 1.11b). To utilize stable trapping the trapping force that is pulling the particle
towards the focal region must exceed the scattering force. In another case, when the radius
a of the particle is smaller than the laser wavelength A, i.e., a << A, the conditions for
Rayleigh scattering are satisfied, and the particle is considered as a point dipole to calculate

the optical force.!® Under this condition, the scattering force is expressed as,
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where,

_128715a6 m2—1 ,
=73 \mir2

Here, I, is the light intensity, ¢ denotes scattering cross-section, 7, is the refractive index
of the medium, m is the refractive index contrast (m = ny/nu), ns is the refractive index of
the surroundings, and A is the wavelength of laser. Again, for an inhomogeneous electric

field, the gradient force arises from the dipoles is termed as,

F 2na VI
rad = 3
g 2 °
Where, m?2—1

@ = i@ Cry)

Here, a denotes the particle polarizability, c¢ is the speed of light in the vacuum. A higher
refractive index of the particle than the surrounding medium allows the forces to act on the
particle and bring it towards the higher light intensity region. As a result, the particle is

trapped at the focus point where the laser intensity is maximum.

1.6  Applications of lead halide perovskites

1.6.1 Solar cells:

Perovskite-based solar cells (PSC) have received enormous attention in recent years
because of their superior optoelectronic properties, such as high absorption coefficient,
slow carrier recombination, long carrier diffusion length, and unusually high defect
tolerance. A radical change in solar cell architecture has been achieved since Kojima et al.'?
fabricated the PSC with 3.8 % power conversion efficiency in 2009. In general, the
structure of PSCs can be classified as a n-i-p-i type or a p-i-n-i type junction. In both
structures, the perovskite layer is sandwiched between the hole transporting layer (HTL)
and electron transporting layer (ETL) to improve the charge extraction and transport
characteristics. The HTL is contacted to fluorine-doped tin oxide (FTO) or indium tin oxide
(ITO), while the HTL is contacted to a counter electrode like Au, Ag, and Cu, etc. Finally,
the outer layers are connected to an external load. Figure 1.12a. Shows a model structure
of a solar cell based on MAPDI; perovskite crystals. Upon irradiation, the perovskite

absorption layer generates electron and hole charge carriers which are extracted by the
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charge transport layers HTL or ETL. Thus, the adoption of a suitable charge transport layer
plays a crucial role in determining the performance of PSC. Various ETLs such as TiO»,
SnO,, and ZnO and HTLs such as 2,20,7,70-tetrakis-(N, N-dimethoxyphenylamino)-9,90-
spirobifluorene (spiro-MeOTAD), poly(triarylamine) [PTTA], poly(3,4 ethylene
dioxythiophene)-polystyrene sulfonate (PEDOT;PSS) are commonly used to achieve high
efficiency and stable PSCs. (Figure 1.12b).
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Figure 1.12: (a) Device architecture of a solar cell fabricated by using MAPDI; single
crystal, (b) Energy levels of various commonly used perovskite materials, HTLs and ETLs

in solar cells. Adopted from Jena et al.!'®

For an energetically stable PSC, the lowest unoccupied molecular orbital of the ETL should
be lower than CBM and the highest occupied molecular orbital should be higher than VBM.

Besides the charge transporting layers, the most fundamental and critical factor for
high-efficiency PSC is the crystal quality. The defects in perovskite thin films or single
crystals can induce shallow or deep charge traps, which lead to the decrease in carrier
lifetime and mobility. Considering these defects, detailed studies have been employed to
passivate the perovskite layers of PSCs through controlled deposition and crystal growth
mechanisms.!%1%7 Also, different compositional engineering by altering the stoichiometric
ratio and post-synthetic chemical treatments by Lewis acids and bases, cations, and anions
are reported to enhance the efficiency of PSCs.!®11% Along with the intrinsic crystal
properties, the stability of the perovskite layers is also significantly affected by several
external factors such as moisture, oxygen, heat, and light. Several encapsulation strategies,
such as treating the perovskites with additives, coating with large cations or polymers, and
modifying the composition with mixed halides, are employed to improve the performance

of PSCs.?>!"!"113 For instance, Chaudhary et al.''® adopted an ultra-thin layer of polyvinyl
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pyridine to coat the MAPbI3 perovskite surface, which improves the water-resistance of
MAPbI; when immersed in water. Despite of these limitations, the power conversion
efficiency of PSCs has reached to 26.5% in a single junction and 29.5% in a perovskite/Si

multi-junction perovskite solar cell.!'*

1.6.2 Perovskite light-emitting diodes (PeLEDs)

Owing to the high color purity, narrow emission band, and high photoluminescence
quantum yield (PLQY) perovskite materials find their application in LEDs. Similar to the
solar cell structure, PeLEDs structure also consists of an anode, an HTL, a perovskite layer,
an ETL and a cathode. Figure 1.13a shows the device architecture for a PeLED using
CsPbBr; perovskite nanocrystals. The HTLs efficiently transport the holes, and the ETLs
are adopted to transport the electrons and prevent holes at the interface. When an external
voltage is applied, electrons and holes transport from the cathode and anode, respectively.
The excitons are generated and consequently recombine radiatively to release energy as
light or nonradiatively by releasing heat. For example, as shown in Figure 1.13b, a green-
emitting PeLED was prepared by Ling et al.!® using MAPbBr3; nanosheets as emitting
materials, which exhibit high color purity with bright green electroluminescence centered
at 530 nm with full width half maximum of 20 nm and 85% PLQY at 7 V. However, the
efficiency of PeLEDs is intensely affected by the leakage currents resulting from the
pinholes of thin films as well as the presence of excess metallic Pb atoms.!'®!"” These
shortcomings can be resolved by blending the perovskites with suitable polymers and

treating the surface with excess precursor salts.'!*12°
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Figure 1.13: (a) A scheme for the device fabrication of PeLED, (b) A perovskite-based

LED showing emission and electroluminescence spectrum at different applied voltages.

Reproduced from (a) Huang et al.!'” (b)Ling et al.'®
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For example, a reduction in leakage current and trap passivation of CsPbBr3 using a MABr

layer was reported by Lin et al.!'®

with a high external quantum efficiency of 20%. Besides
these, manipulating the crystallization process, using low dimensional perovskites and
tuning the precursor ratios to create multiple quantum well can also accelerate the
efficiency of PeLEDs.!?"!22 The chemical and structural stability of perovskites are also
affected by external factors such as moisture, air, and heating. Using all inorganic Cs-based
perovskite instead of MA-based perovskites have shown improved stability.!>* Also, mixed

cation composition and layered perovskite structures are other ways to improve the LED

stability.!?

1.6.3 Lasers

Low temperature, solution-processed perovskite materials possess high crystallinity with
slow nonradiative decay making them highly potential in lasing applications. The
perovskite materials can easily achieve the population inversion, which is mandatory to act
as a gain medium in lasers. Since the demonstration of amplified spontaneous emission
ASE) by Xing et al.!” from MAPbX; thin films, various dimensions of perovskites, such as
quantum dots, cuboids, platelets, and wires or rods have been introduced to gain lasing
from these materials. Also, the perovskite materials are placed in different types of cavities
such as random cavities, Fabry-Perot cavities and whispering gallery mode (WGM) cavities
to achieve low lasing threshold power.'?*1?” Beyond the minimum threshold, the emission
intensity increases sharply with redshifted, and ultranarrow peak, characteristic of
multimode or single-mode lasing. For instance, solution processed MAPbX3; nanowires
were prepared by Zhu et al.!*® which exhibited low lasing thresholds at 200 nJ/cm™ with a
high Q-factor of 3600 and tuneable wavelength over the whole visible wavelengths (Figure
1.14).
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Figurel.14: (a) A scheme of a MAPbX; nanowire under laser excitation, (b) amplified
emission from the nanowire over lasing threshold, and (c) lasing emission spectra from

MA-based mixed halide composition. Reproduced from Zhu et al.'*

(Also, the WGM cavities were found in MAPbI3 nanoplatelets with a lasing threshold of
37 uJ/em™.'* However, the lasing threshold in various cavities hugely depends on the size,
shape, halide composition, and crystal quality. Thus, considering these factors during the
crystal growth is also essential to achieve desired lasing from the perovskite materials.

1.7 Research motivation and objectives

Lead halide perovskites are being extensively studied due to their low-cost fabrication and
superior optoelectronic properties. These materials are expected to be one of the most
promising semiconducting materials for next-generation photovoltaic devices. The
optoelectronic properties of perovskite materials can be easily tuned by post-synthetic
halide exchange reaction. Moreover, the fast solution-processed crystal growth process also

creates many defects in these materials, especially cation and anion vacancies. On the other
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hand, recently our group has demonstrated the crystallization of halide perovskites by laser
trapping. In this process, the crystallization of perovskite crystal was induced at the focal
volume of the trapping laser by tightly focusing it. The new laser trapping-based
crystallization approach motivated me to further explore the laser trapping potentials to
modify perovskite crystals in terms of halide exchange reaction, vacancy filling, and
controlling the charge carrier dynamics. Thus, the thesis aims to induce the halide exchange
reaction at the desired positions and tune the emission color and bandgap of perovskite
microcrystals and nanocrystal films. Moreover, in this research, the laser trapping tool is
further utilized to fill the vacancies of the as-grown lead halide crystals to control the charge
carrier dynamics. Thus, this study offers innovative laser-based site-specific reaction for
spatially-resolved bandgap tuning, halide vacancy filling, and controlling of the properties

of perovskite by fabricating heterojunctions.
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Chapter 2

Experiments

This chapter discusses different experimental procedures to prepare perovskite samples and
instrumentation techniques used for the analysis. Here, I listed the chemicals and materials'
details, explaining the sample chamber fabrication, and synthesis of perovskite
microcrystals, nanocrystals, and thin films. Perovskite microcrystals are prepared by the
solvent evaporation technique, and nanocrystals are prepared by the ligand-assisted
reprecipitation method. Thin films of the nanocrystals are prepared by the drop-casting
method. In the instrumentation section, I discuss the laser trapping system using the 1064
nm near-infrared laser and spectroscopic analysis using 1064 nm and 405 nm continuous
wave lasers. The charge carrier dynamics in perovskites are studied using a time-correlated
single-photon counting system. The photoluminescence spectra and bang-edge transition
of perovskite nanocrystal samples are characterized by using the steady-state fluorescence
and UV-vis absorption spectroscopy techniques. The sample surface analysis and elemental
mapping are performed using a scanning electron microscope and the energy-dispersive X-

ray spectroscopy.
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2.1 Chemicals and materials

The following commercially available chemicals and materials were used in the study;
methylammonium bromide, MABr (TCIL, >98.0%), lead (II) bromide, PbBr2 (Aldrich,
>98.0%), methylammonium iodide, MAI (TCI, >98.0%), N, N-dimethylformamide, (DMF)
(Wako), isopropyl alcohol, (IPA) (Wako), 1-hexadecene (Wako), gamma-butyrolactone,
(GBL) (TCI), hexadecyl amine, (C16H35N) (TCI, >95.0%), oleic acid (C18H3402) (TCI,
>85.0%), n-butanol (Wako, >99%), dehydrated toluene (Wako, >99.5%), acetone (Wako),
cover glass (Matsunami, 25 mm X 25 mm, thickness 0.13—-0.17 mm), and silicone glue
(ShinEtsu, KE42RTV). The precursors and solvents were used as received without any

further purification.
2.2 Methods
2.2.1 Fabrication of sample chamber

The experiments were carried out in a hand-made silicone chamber prepared by the
following procedure (figure 2.1). First, blocks of silicone sheet with 20 mm % 20 mm size
were prepared by cutting a large silicone rubber sheet with 3 mm thickness. Holes with a
diameter of 4 mm were created in the center part of these rubber blocks using a cork borer.
Finally, these silicone blocks are attached to the cover glass using silicone glue to fabricate

the silicone chamber.

Cover glass

n @
Rubber block

Silicone rubber Silicone glue

Sample chamber
with hole

Fig 2.1: A scheme for the fabrication of sample chambers

2.2.2  Synthesis of perovskite microcrystals

The synthesis of MAPbBr3 microcrystals were carried out by the spontaneous solvent
evaporation method.' In the typical synthesis process, equimolar amount of precursor

salts, MABr (112 mg, 1.3 mmol) and PbBr> (367 mg, 1.3 mmol), were first dissolved in 1

43



mL DMF solution at room temperature. The precursor salts were dissolved by stirring the
mixture at 1000 rpm for 2 hours at room temperature to obtain a clear precursor solution.
Surprisingly, the Br-based perovskites were reported to precipitate at elevated temperatures
in DMF solution, which is termed as retrograde solubility behavior.* Because of the
retrograde solubility characteristic, the precursor salts dissolved in DMF formed a
supersaturated MAPbBr3 precursor solution at room temperature. The precursor solution
was then mixed with GBL solution in 1:1 (v:v) ratio to obtain an unsaturated solution. A
microdroplet (ca. 1 uL) from the supernatant of the unsaturated solution was placed on the
cover glass within the silicone chamber. After placing the solution on the cover glass, the
microdroplet was observed under microscope. Within minutes the MAPbBr3; microcrystals
started growing inside the droplet through natural solvent evaporation. Microcrystals of
different morphologies such as, microrods and microplates were observed to grow through
the solvent evaporation. Also, samples with different sizes were obtained by varying the
reaction time. For example, the small-sized microplates of 4-5 pm, which were studied in
chapter 3, were obtained within 2-3 min. On the other hand, the large-sized microplates and
microrods were obtained by through the same synthetic route but, with longer time. The
microplates and microrods with large sizes were studied thoroughly in chapter 3, 4, and 5.
However, after confirming the desired size of the crystals under optical microscope,
remaining precursor solution was wiped out with filter paper to limit further growth of the

crystals. Figure 2.2 represents a scheme for the preparation of microcrystals on the cover

glass.
D“Ahﬁl?g(:zﬁc:; y-butyrolactone 1 pLjflution
4 i
Y
|
ﬁ g
—
Unsaturated Nucleati Removing
i neaiuirate ucleation  remaining solution .
Saturated solution solution within minutes 9 MAPbBr; microcrystals

Fig 2.2: A scheme for the synthesis of MAPbBr3; microcrystals
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2.2.3 Synthesis of perovskite nanocrystals (PNCs)

MAPDbBr3; PNCs were synthesized by following the LARP method”’ (Figure 2.3) based on
the reprecipitation technology utilizing the aggregation characteristics of perovskites in the
presence of ligands.® During this synthesis process, precursor salts, CH;NH3Br (28 mg,
0.25 mmol), PbBr; (100 mg, 0.27 mmol) and ligands, oleic acid (80 uL, 0.25 mmol), and
hexadecyl amine (46 mg, 0.19 mmol), were dissolved in 1 mL DMF by stirring on a hot
plate. The temperature was set at 60 °C along with stirring for 30 minutes to obtain a clear
precursor solution. The obtained precursor solution was then injected into 50 mL
dehydrated toluene with vigorous stirring under an inert atmosphere. The solution
immediately turned green, and with further mixing for 30 min, the green color gradually
changed into an orange-yellow turbid solution. This color change indicates the precipitation

of PNCs.

| —

Precursors and ligands

dissolved in DME at 60 °C MAPbBr, nanoparticles
issolved in a

Precipitation of MAPbBr, in toluene
nanoparticles by vigorous
stirring at room temperature

Fig 2.3: A scheme showing the synthesis of MAPbBr3 nanocrystals by the LARP method.

The obtained solution was centrifuged at 10,000 rpm for 5 minutes, and the clear
supernatant was discarded. The precipitate was collected and washed with 500 pL n-
butanol to remove excess ligands. Finally, the solution was dispersed in toluene by
sonication and centrifuged at 5000 rpm for 5 min to separate larger particles. I used the

PNCs in the supernatant in my studies.
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2.2.4 Preparation of perovskite nanoparticles and their films films

I prepared thin films of MAPbBr; nanoparticles by the simple drop-casting method.”*!!
This method involves drop-casting of MAPbBr3 solution dispersed in toluene to the cover
glass of the sample chamber followed by a short heating process at 60 °C to remove the

solvent. Figure 2.4 shows a scheme for the preparation of thin films on the cover glass using

this method.
:’-(‘{\.
\ PNC solution
i in toluene
> _ >
Room temp. [ S 60 °C
Sample chamber PNC film

under UV light

Fig. 2.4: A scheme of thin film deposition by the drop-casting method

Film thickness was controlled by the amount of the sample content in the solution. I
prepared films with different thicknesses by depositing 2-10 pL of the nanoparticle solution,

as necessary. Figure 2.4 shows a scheme for the preparation of thin films.
2.2.5 Preparation of reaction solutions

MABr and MALI reaction solution was prepared by dissolving MABr (8.40 mg, 0.025
mmol) and MAI (11.93 mg, 0.025 mmol) precursor salts in IPA solution. These precursor
solutions were mixed with 1-hexadecene in 1:100 (v:v) ratio to prepare the final reaction
solution before the reaction. The IPA solution was mixed with 1-hexadecene to prevent the

perovskite sample degradation in a pure IPA solution.
2.3 Instrumentation

2.3.1 Optical setup for laser trapping

The optical system I used for the laser trapping experiments in this study consists of lasers,
an inverted microscope, a charged coupled device (CCD) camera, and a spectrometer. The
optical setup for laser trapping is shown schematically in figure 2.5. Each of the

components used in this system is described briefly in the following section. Lasers used
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in trapping experiments should have a good quality beam profile and stable output power

to form the necessary intensity gradients for trapping.'? In this study, a continuous wave

halogen lamp

NIR laser
(A =1064 nm)

sample
chamber

UV laser
(A =405 nm)

ND filter

DM
optical I| :
filter 1
I optical fiber
I
switching T
mirror
Fm———————
1
\ I 1
v/ 1
Y 1
|
cCD | o _____\_
camera
computer

Fig. 2.5: A scheme of the optical system used for laser trapping and spectroscopic analysis.

near-infrared (NIR) Nd:YAG laser medium (Spectron laser system, A= 1064 nm) was used
as a laser source for laser trapping. A power supply system (cw 60 power supply) and a
laser control system (LS101) were used for generating the NIR laser beam and controlling
the laser power. Such a power control system is required because only a few milliwatts of
power is required for optical trapping. Moreover, to fine-tune the optical trapping power, a

polarizing beam splitter (PBS) and a half waveplate were placed in the optical path. A PBS
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is used to split the monochromatic light field into two linearly polarized components in
such a way where the horizontally polarized light is transmitted, and the vertically polarized
one is reflected at the 90-degree angle. On the other hand, a half-wave plate was used to
rotate the polarization direction of linear polarized light. The combination of PBS and half-
wave plate thus enabled fine-tuning of the laser power. The NIR laser beam was then
subjected to the inverted microscope (Olympus, IX71) and reflected with a dichromatic
mirror. Selecting an appropriate dichroic mirror to direct the laser beam into the microscope
was mandatory to have a high reflectivity at the trapping laser wavelength and transmit all
other wavelengths. In this system, I used a mirror having high reflectance at 1064-nm for
laser trapping and high transmittance in the visible light region. With an objective lens of
60 times magnification (Olympus, UPlan FLN) and 0.90 numerical aperture (NA), the
reflected NIR laser beam was focused. The objective lens with high NA was used to
minimize the focused laser spot size and to increase the electric field gradient. After passing
through the objective lens, the NIR laser power was set between 0.5 to 1.0 w by rotating
the half-wave plate. The power was measured directly by placing a power meter in front of
the objective lens. High-quality microscope illumination is essential for obtaining images
and videos with good resolutions. I used a digital camera coupled with a charge-coupled
device (CCD) camera for imaging. A spectrometer (Ocean optics, Flame) connected with
an optical fiber having 200 pm diameter was used for the spectroscopic analysis. While
imaging and spectral recording, a band-pass filter placed below the dichromatic mirror, and
before the camera removes the back-reflected laser light transmitted through the dichroic

mirror.

For the wide-field illumination of the samples, an UV laser (Thorlabs, cps 405 A=405
nm) was introduced to the microscope. The UV laser was also directed to the microscope
through the same optical path as the NIR laser. The UV laser's maximum output power was
measured at 4.5 mW which was 0.045 mW after passing through the objective lens because
of the high transmittance of the UV laser at the dichroic mirror. The contrast of the image
was adjusted using a variable reflective density filter. Objective lenses with different

magnification 4x, 10x, 60x were used for the excitation as necessary.
2.3.2 Time-resolved PL analysis

Time-resolved PL analysis was carried out with a time-correlated single-photon counting

(TCSPC) system (figure 2.6). TCSPC is a powerful analysis tool that records the time-
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dependent intensity profile of the emitted light upon excitation by a laser pulse. This
method is based on the repetitive, precisely timed registration of single photons of a
fluorescence signal.!* The TCSPC system I used in this study consists of three major parts:
the excitation light, the microscope, and a photon-counting module. A picosecond pulsed
laser (Advanced laser diode systems) of 465 nm wavelength and 1 MHz repetition rate was
used as a source of excitation pulses. The laser diode box was connected to the laser head
(Class 1 laser product, EN 60825) through a flexible wire. The laser beam was directed into
the illuminator stage via some appropriate optics, e.g., lenses and mirrors, such that it
passed through the objective lens (Olympus UPlan FLN, 100x magnification). An
appropriate dichroic mirror was placed before the objective lens to transmit all other
wavelengths beyond the excitation laser wavelength. A neutral density filter (Thorlabs,

RA90/M) is used to control the light levels of the laser beam to maintain the single-photon

Photocounter |........... . Lozt T bl

Objective
lens

computer

Lens

: DM Pinhole
: Mirror | |
I APD : filter
I I ND filter
: Lens |
1
I : CCD \
I 4 camera ' '}
1 Beam splitter ¥ I pinhole
L-------------‘

Fig. 2.6: A scheme of the optical setup used for time-resolved PL spectroscopy.
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count rate to acceptable levels. The perovskite samples prepared on the coverslips were
excited homogeneously or confocally upon placing on the sample stage. The emitted light
was filtered out using an optical filter (OG 515 EM, XFO0815) to block the scattered
excitation light. Then it was directed to the photon detector placed inside a home-made

black box via the lens.

I used an avalanche photodiode (APD) (PerkiElmer, SPCM-AQR 14) to detect the
emitted photons from the perovskite samples. The APD was connected to a photon counting
module (Becker and Hickl GmbH, SPC-830). The laser driver also provided the electronic
sync signal needed for the photon arrival time measurement, which was observed by a
digital delay/pulse generator (Stanford research systems, DG535). This signal was directed

to the TCSPC control system via a standard coax system.
The PL decay profiles were fitted with the following tri-exponential equation,

y=y0 + Ale (ttg)/lt) + A2e ~(tty) /'ty + A3e (t-ty) /13

Here, ‘t’ is time, A1, A2, and A; are amplitudes and 7, 12, and 13 are the corresponding

lifetimes of the three components.

2.3.3 UV-vis absorption spectroscopy

To examine the absorbencies of PNCs solutions, I used a UV-vis absorption
spectrophotometer (Evolution 220, Thermo-Fischr scientific). A scheme for the
instrumentation of the UV-vis spectroscopy is shown in Figure 2.7. The absorption
spectrometer principally works on the Beer-Lambert-Bouguer law, which states, the
absorbance (A) of the solution is proportional to the concentration (c) and the path length

(1), that is, A=¢gcl, where, € is the molar extinction coefficient (M cm™).!4

Light Entrance Collimator Prism Excitation Cuvette Detector Display
source slit slit

Fig. 2.7: A scheme showing the optical setup and working principle of a UV-vis

spectrophotometer.

50



The basic construction of the spectrometer has four components, e.g., a light source, a
monochromator, a sample holder, and a detector associated with the readout system. In the
conventional spectrometer, a combination of a hydrogen or deuterium lamp and a tungsten
filament was used as the light sources which cover the wavelength region from 190 to 900
nm. The radiation was separated according to its frequency/wavelength in the
monochromator and passed through the narrow slit to a sample solution. A solution placed
in a cuvette (1 cm) partly absorbs the incident light, and the transmitted light is recorded
by the spectrometer. In this study, I measured the absorption spectra of the PNCs from 400
to 800 nm range by correcting the baseline with toluene and dispersing the PNC samples

in toluene.
2.3.4 Steady-state fluorescence spectroscopy

The emission properties of the PNCs were studied here using a fluorescence spectrometer
(F-4500, Hitachi). I used the fluorescence spectrometer to understand the relaxation process
of the excitons from the excited states to the ground states. The basic working principle of
a fluorescence spectrometer is schematically shown in Figure 2.8. The spectrometer

contains a number of convenient optical features, which surrounds the sample holder.

; <,
Excitation slits 78 Excitation slits %y “y,

Mirror

Mirror Mirror

Mirror .
Mirror
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90"
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Fig. 2.8: A scheme of the steady-state fluorescence spectroscopy system.

A Xe-lamp was used as a source of exciting light, which can provide a wavelength-

dependent continuous light output from the UV to the NIR range. A diffraction grating
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monochromator was used to obtain maximum efficiency to detect low light levels for a
selected wavelength. The excitation monochromator selectively passed the desired
wavelength to the sample through an assembly of diffraction gratings and slits. The PNC
solution taken in a quartz cuvette was placed inside the sample holder. The photoexcitation
generated photons and the emitted photons were collected by the emission monochromator.
Since the emitted photons has a higher energy than the excitation wavelength, the emission
monochromator efficiently filters the excitation light. Also, the 90° angle between the
excitation and emission paths, created by placing the slits in appropriate positions, limited
the excitation light to reach the emission monochromator. Finally, the emission was
detected by the photomultiplier tube and recorded as spectrum. The PNC sample studied
here was dispersed in toluene and a very dilute solution was used for the detection of

emission.

2.3.5 Scanning Electron Microscope (SEM) and Energy dispersive x-ray (EDX)

analysis

SEM images of the prepared perovskite samples were taken by (SEM, HITACHI, SU8230).
After crystallization and drying-up of the crystals on ITO glass, the sample deposited on
copper tape was pasted on the sample stage. The electron gun located at the top of the
column generates a beam of electrons, which was guided down the column using the gun
alignment control. The beam was condensed by lenses and focused on the sample using an
objective lens. A magnetic field was created by energizing the scan coils to deflect the
electron beam back and forth in a controlled pattern. When the beam touches a sample
surface, it produces secondary electrons. These induced secondary electrons were collected
by an appropriate detector and converted into a voltage signal. The varying voltage
produced by the scan coils created the patterns on the surface of the sample, and the
detected voltage signal from the sample was applied to the cathode ray tube, which createed

the image on the screen.

EDX technique was used for the elemental analysis, which relies on the investigation
of the interaction between x-rays and a sample. In this study, I used EDX (Bruker,
QUANTAX EDS) coupled with the SEM instrument for the elemental analysis of the
perovskite samples. SEM and EDX were operated at an acceleration voltage of 1 kV and

15 kV, respectively. Total collection time was set for 1 minute for the measurements.
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Chapter 3

Bandgap tuning of lead halide perovskite by site-specific
halide exchange reaction under laser trapping

Halide perovskites, owing to their unique excitonic and charge carrier properties, become
the most promising semiconductor materials for next generation optoelectronic devices.
The optical and electronic properties of perovskites can be modified in the entire UV-
visible to near infrared region by tuning the bandgaps. Halide exchange reaction is a post-
synthesis approach for the bandgap tuning. Upon exposing a parent perovskite crystal to
the reactant halide solutions, the bandgap is varied homogeneously in the entire region.
Here, 1 demonstrate the site-specific halide exchange reaction in the halide perovskite
microplates and microrods with the use of a focused near-infrared laser beam. Perovskite
microcrystals and microrods are prepared by the simple solvent evaporation technique. To
induce the site-specific halide exchange, a near-infrared laser beam was focused onto the
surface of the perovskite crystals by immersing them in a reactive halide precursor solution.
The local halide exchange reaction was induced in the entire region of the selected small
microplates and also at the desired center part of the large microplates. To check the
universality of the laser trapping initiated local halide exchange reaction, I further
demonstrated the bandgap tuning at a specific part of the microrod crystals. Spatio-temporal
changes in the photoluminescence emission and spectra are studied precisely under near-
infrared laser irradiation and wide-field ultraviolet laser irradiation. I discuss the possible
mechanism of the site-specific halide exchange reaction from the viewpoint of local

concentration increase of the halide ions at the focal volume under laser trapping.
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3.1 Introduction

Halide perovskites have emerged as a class of promising semiconductor materials and
being studied intensively in the fabrication of next generation cost-effective photovoltaic
and optoelectronic devices such as solar cells, light emitting diodes, detectors, displays,
sensors and lasers.'” These promising applications of perovskite materials depend on their
outstanding optoelectronic properties, including strong light absorption, high
photoluminescence (PL) quantum yield, small exciton binding energy, long charge carrier
diffusion lengths and remarkable bandgap tunability.!%!> The unique excitonic and charge
carrier properties of the perovskites are undoubtedly dependent on the bandgap, which is
the most critical parameter in the perovskite materials for almost all applications. In most
cases, halide perovskites are direct-bandgap semiconductor materials with strong band-
edge optical absorption and PL emission from ultraviolet to near-infrared (NIR) wavelength
region.!®!” A wide range of bandgaps have been achieved through different compositional
engineering by varying the cations, metals, or anions of halide perovskites.'®” Since the
valance band maximum of lead halide perovskites is mainly contributed by the p-orbitals
of halogens, the crystal structure and bandgap of these materials are mostly dependent on
the halide composition. Thus the halide exchange reaction provides a facile way for the
bandgap tuning, which can be achieved by mixing different halide ions in proper ratios.
Halide exchange reaction generally proceeds via the spontaneous diffusion of guest halide
ions inside the parent crystal through the soft crystal lattice of perovskites. The large halide
concentration gradient between the parent crystal and precursor solution allows the
diffusion of halide ions from the precursor into the parent crystal and induce partial or

complete substitution of the original halide ions.

Several research groups have demonstrated the post-synthetic halide exchange reaction
in 0D, 1D, 2D, and 3D perovskite materials and studied the change in structures and
properties of these materials.”®® For instance, Kovalenko group®® demonstrated the
postsynthetic chemical transformation of colloidal CsPbX3 nanocrystals (NCs) through an
anion exchange reaction. The highly mobile halide ions from the desired halide source
resulted remarkably fast anion exchange and resulted the PL emission color and spectral

tuning of the parent CsPbX3 NCs. Similarly, Akkerman et al.?’

demonstrated the tuning of
chemical composition and optical properties of the pre-synthesized colloidal CsPbX3 NCs
through postsynthetic anion exchange reactions using a range of different halide precursors.

The anion exchange reaction proceeded without any significant change in the structure of
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the initial NCs. Moreover, Jang et al.?® showed the reversible halide exchange of plate-
shaped MAPbX3 NCs. They synthesized a series of mixed halide MAPbBr;«Clx or
MAPDbBr13.4Ix nanocrystals from the as-grown MAPbBr3 nanocrystals by treating them with
MACI and MALI precursor solutions and achieved a full range bandgap tuning from 1.6 to
3.0 eV. Zhang et al.>* reported the full range compositional tuning of 1D CsPbBr;
nanowires from 409 to 680 nm spectral range via anion exchange reaction by reacting them
with the new guest halide ions.

Beside these, halide exchange reaction has also been studied widely in bulk single

crystals of perovskites. As an example, Karimata et al.*’

reported the halide exchange
reaction of a single MAPbBr3 crystal upon immersing the crystals in an MAI reaction
solution and revealed the charge carrier dynamics during the exchange reaction. While
these reports provided post-synthesis halide exchange reaction to alter the emission and
bandgap homogeneously over the whole crystals, several groups also reported spatially-
resolved halide exchange reaction. For example, Son et al.** demonstrated a photoinduced
halide exchange reaction in the absence of any reacting anion source. The photoinduced
electron transfer from CsPbX3 NCs to a halogenated solvent induces the spatial exchange
reaction. They also demonstrated patterning of CsPbBr3 in a fluorescent thin film of
CsPbCls NCs by partially irradiating them. Yang and co-workers reported®® precisely
controlled anion exchange in single crystalline CsPbX3 perovskites by combining the anion
exchange reaction with the nanofabrication technique. A spatially resolved halide exchange
reaction was induced in a specific uncovered area by dipping the crystals into an
oleylammonium halide precursor. The other parts of the crystals were masked with a thin
layer of poly (methyl methacrylate) to avoid the exchange reaction. These halide exchange
reactions at a desired location proceed through very sophisticated techniques, which are at
the same time costly and time consuming. Thus, flexible and facile method for spatially-
resolved halide exchange reaction and bandgap engineering is yet to develop.

In this chapter, I introduced a new laser trapping based methodology to induce halide
exchange reaction in microcrystals and microrods of lead halide perovskites in a temporally
and spatially controlled manner. Laser based optical trapping was pioneered by Arthur
Ashkin in the early 1970s.>” A variety of novel techniques were developed based on laser
trapping to manipulate microscopic objects by confining, organizing, assembling, or
modifying them. For instance, Ashkin et al. utilized the optical tweezer system in a
biological system to manipulate viruses, living cells and organelles.*®*° The optical tweezer

was also studied extensively in chemistry to grow or confine several molecules such as
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proteins, amino acids, polymers, nanoparticles and quantum dots in the focal volume,
where the assemblies were formed through trapping.*'** Hosokawa et al.*® reported an
increase in fluorescence intensity of polystyrene nanoparticles at the focal volume under
laser trapping. The trapping mechanism was explained from the viewpoint of sequential
gathering and gradual occupying of nanoparticles at the focal volume. Here, I demonstrated
the laser trapping of reactive halide precursors at the surface of a perovskite crystal to
control the exchange reaction in a specified domain through the local increase in the
concentration of halide precursors.

3.2 Results and Discussions
3.2.1 Spatially controlled halide exchange

The halide exchange reaction on a selective MAPbBr3; was carried out spatially by utilizing
the laser trapping technique. Micrometer-sized MAPDbBr3 crystals were prepared on a clean
cover glass inside a hand-made silicone chamber by spontaneous solvent evaporation
method. First, the MAPbBr3; precursor solution (1.3 M) was prepared by dissolving MABr
and PbBr; salts in DMF and mixed with GBL in a 1:1 (v:v) ratio to obtain an unsaturated
solution. A droplet (ca. 1 pL) of the solution was then placed on the cover glass, where the
crystallization took place within minutes through spontaneous solvent evaporation. After
confirming the growth of the crystals on the cover glass with an optical microscope
remaining solution was wiped out with filter paper. Figure 3.01a represents an optical
image of four MAPbBr3; microcrystals prepared from the precursor solution. The square-
shaped crystals were observed with a size varying from 4-5 pm. Prior to the exchange
reaction, all the four crystals showed intense green emission under a 405 nm wide-field
excitation laser illumination (Figure 3.01b). This green emission from the crystals is due to
the band-to-band transition, which is characteristic of MAPbBr3 crystals. After preparing,
the crystals were immersed in a reaction solution of MAI to induce the halide exchange
reaction. The MAI reaction solution was prepared by dissolving MAI precursor salts in
isopropyl alcohol followed by mixing with 1-hexadecene. A freshly prepared MAI reaction
solution was added inside the sample chamber. The final concentration and amount of the
reaction solution I used was 125 uM and 50 pL respectively. A low concentration of MAI
reaction solution is required in the laser induced halide exchange reaction because the
exchange reaction is strongly dependent on the concentration of the reaction solution.

Spontaneous halide exchange reaction proceeds at a negligibly small rate when the
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concentration of the MAI solution was 125 uM, while a higher concentration than this can

accelerate the spontaneous

(a) As-prepared MAPbBT, crystals (b) Before irradiation
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(c) During irradiation (d) After 20 min laser irradiation

Figure 3.01: (a) An optical transmission micrograph of as-prepared MAPbBr3 crystals in
the sample chamber. (b) PL images of the crystals under UV laser irradiation before the
exchange reaction. (c) A combined transmission and PL image during laser irradiation
using a NIR laser. (d) PL images of the crystals under UV laser irradiation after the halide

exchange reaction.

exchange reaction dramatically. However, after immersing the crystals in an MAI solution
the NIR laser beam was tightly focused on a selected crystal (Figure 3.01c) and irradiated
for 20 min. Interestingly, after the laser irradiation, only the irradiated crystal showed a
change in emission color. The initial green emission of the selected crystal changed to red
after the irradiation while the neighbouring crystals remained green emissive under wide-
field excitation with 405 nm laser (Figure 3.01d). These results indicate that the focused
laser irradiation induced the halide exchange reaction, which results in bandgap tuning in

a spatially selective manner.
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Furthermore, I observed the progress of the halide exchange reaction of the selected
crystal with time and recorded the PL spectra (Figure 3.02). At the beginning of the reaction,

the crystal showed green emission under
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Figure 3.02: (a-d) Temporal changes in PL images of the target crystal under NIR laser
irradiation at (a) 1min, (b) 10 min, (c) 15 min and (d) 20 min. (e) PL spectral change of the
MAPDbBBTr; crystal under laser trapping

the irradiation with NIR laser. As the reaction proceeded, the green emission of the crystal
gradually changed into first orange-yellowish and finally red (Figure 3.02a-d). Along with
the color change, the PL intensity also increased during the irradiation and finally a bright
red PL was observed at 20 min. To understand the exchange reaction quantitatively, PL
spectral changes were also recorded under the NIR laser irradiation (Figure 3.02¢). The
initial crystal showed PL spectral maxima at 545 nm. After 5-min of laser irradiation, a
new red-shifted emission band appears at 615 nm which continuously shifted to a low
energy emission band and finally reached upto 677 nm after 20 min. The PL peak at 677
nm indicated that the as-prepared MAPbBr3 crystal was changed to MAPbBrl3.n which

further confirmed the halide exchange reaction of the selected crystal.
3.2.2  Spatially controlled halide exchange in single microplate crystals:

The 1064 nm NIR laser was then utilized to perform the halide exchange reaction in a
selected part of a large MAPDbBr3 crystal. For this experiment, a large-sized MAPbBr3
crystal was prepared following a similar synthetic route. In this case, after placing the
microdroplet of the precursor solution on the cover glass, the solution was kept for a long
time to obtain large crystals. The growth of the crystals was observed under the microscope

and the remaining precursor solution was removed after confirming the
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a) As-prepared MAPDBr; crystal b) Before irradiation c) After irradiation
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Under laser trapping

Figure 3.03: (a) An optical transmission micrograph of the as-prepared MAPbBr3 crystal
in the sample chamber. (b) PL image of the crystal under UV laser irradiation before the
exchange reaction. (c) PL images of the crystals under UV laser irradiation after the halide
exchange reaction. (d) Temporal changes in PL images at the focal volume under NIR laser

irradiation at (a) 0 min, (b) 10 min, (¢) 15 min, and (d) 20 min.

crystallization of the MAPbBr3 crystals. Figure 3.03a represents an optical micrograph of
an as-prepared MAPDBr; crystal with a size of 50x40 um?. The as-prepared crystal showed
green emission from the entire region under wide-field excitation with 405 nm laser which
is one of the characteristic features of a MAPbBr; crystal (Figure 3.03b). Then, the reaction
solution MAI of concentration 125 uM was put in the sample chamber. Immediately after
immersing the crystal with the reaction solution, the laser beam from the NIR laser was
focused on the center part of the crystal. Under the laser irradiation, an intense green
emission from the focal spot was observed at the beginning of the reaction. The laser
irradiation was continued for 20 min. With time, a change in the emission color from the
focal spot was observed. The initial green emission first changed into orange-yellowish and
finally became red within 20 min (Figure 3.03d-f). This emission color change at the
irradiated part allowed us to consider that the halide exchange reaction at the focal spot had
taken place under laser trapping. I assumed that the exchange reaction taken place only at
the irradiated part covered by the focal volume of the laser, whereas the other parts of the
crystal will remain unchanged. To validate the assumption, the whole crystal was excited

homogeneously with a 405 nm laser, but a nonluminescent black spot at the irradiated part
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of the crystal was observed, while the other parts remain green emissive as the initial crystal
(Figure 3.03c). This phenomenon is due to the thickness of the as-prepared crystal. The
halide exchange reaction at the center part of the crystal was induced by focusing the NIR
laser beam on the upper surface of the crystal. On the other hand, the 405 nm laser can
excite the crystal up to a certain limit from the lower part because of its limited excitation
depth. The excitation depth of laser in materials can be determined by Beer-Lambert law.
According to this law,* the intensity of laser radiation falls off exponentially from the

surface of a material as,
1=10e*

Where, a is absorption coefficient (m '), Iyis incident light intensity, / is transmitted light

intensity, and x is optical path length (m). a is dependent on the materials and wavelength
of the incident light. In case of MAPbBT3, the absorption coefficient at 400 nm is in the

scale of 10° cm™! (= 0.01 nm™!). Thus, the excitation depth was calculated 500 nm.

To validate this phenomenon, I measured the thickness of the microcrystals using

themathematically optimized Sellmeier dispersion formula:
W’ =A+B/(}’-c)-Di’

where, 7 is the refractive index, 4 is the wavelength in micrometres and 4, B, C, D are
constant values. All these parameters were obtained by least-squares fitting and the values

are listed in Table 1°°

Table 3.1: The fitted parameters of the MAPbBr3 single crystals in the Sellmeier dispersion

equation
Crystal A B C D
MAPDBI3 3.565 0.253 0.135 -0.118

Using the above listed values for every wavelength (1) the refractive index (7) values were
determined and then by using these # values the intensity (/) was calculated by the

following equation:

4 2 5 (4nnd
I « (1 + cosnTnd) +sm2( n; )
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Here, d is the thickness of the crystal. Comparing this calculated value with the measured
reflectance value, I determined the thickness of the crystal. For this representative

microcrystal, the thickness was measured 2123.96 nm from the fitted curve.
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Figure 3.04: (a) Refrective index value measured as a function of wavelength value
(b) Fitted curve to determine the crystal thickness by camparing calculated and

measured intensity value

However, to observe the upper surface of the crystal the sample chamber was flipped and
again observed under the 405 nm laser. Interestingly, after flipping the coverslip when the
same crystal was excited using 405 nm laser, the exchanged part was visible with a red
emission from the center part of the crystal (Figure 3.05a,b). At the same time remaining
part of the crystal was unchanged, which confirmed the halide exchange reaction

selectively at the irradiated center part.

(a) Before flipping the cover glass b) After flipping the cover glass
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Figure 3.05: PL images of the crystal after the halide exchange reaction by NIR laser
irradiation (a) before flipping the cover glass, (b) after flipping the cover glass to observe

the upper surface.
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The halide exchange reaction at the center part of the crystal was further confirmed by
PL spectroscopic analysis under laser trapping. At the beginning of the exchange reaction,
the center part of the crystal showed an emission peak at 545 nm which is characteristic of

a MAPbBr3 crystal. With time, the emission peak continuously
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Figure 3.06: (a) PL spectral change of the MAPbBr3 crystal under laser trapping. (b) PL

spectra of the crystal in an MAI reaction solution at the irradiated and nonirradiated areas.

red-shifted under the NIR laser irradiation. After 20 min of laser irradiation, an emission
peak at 750 nm was observed from the focal spot along with the change of emission color
(Figure 3.06a). After the exchange reaction, PL emission from the non-irradiated parts of
the crystal was also measured (Figure 3.06b). The emission peak wavelength at the non-
irradiated parts was the same as the prepared crystal while the emission peak at the
irradiated part shifted to 750 nm. Although the emission peak was kept constant, the PL
intensity decreased compared to the initial value. However, the decrease in PL intensity can
be discussed from the following band energy alignments.>* The low PL intensity during the
reaction was resulted from the generation of low iodide composed MAPb(Br.I); from
pristine MAPDbBr3; crystal. When a MAPbBr; crystal is partly replaced by a small amount
of iodide ions (0 < x <1 in MAPbBr3.xIx), the energy difference between the conduction
bands of MAPbBr3;.«xIx and MAPbBr3; become comparable to the room temperature thermal
energy which is 0.025 eV. Contrarily, the large valance band energy gaps between them
occupy the photogenerated holes in the iodide rich domain. These unique band structures
allow the photogenerated electrons to be delocalized between the conduction bands of
MAPbBBr3«xIx and MAPbBr3 regions and limits the recombination with the trapped holes
localized in MAPbBr3.«Ix domains. Thus, the crystal structure with smaller x values prevent
the radiative recombination and quench the PL emission. In addition, the photogenerated

holes from MAPbBT3; crystals are readily captured by the adsorbed iodide ions at the surface
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which also possess the PL quenching. As the result, the emission from the non-irradiated
parts was quenched and the PL intensity of MAPbBr3; was decreased without emission from

MAPbBrnIS-n.

To avoid the observation problem with microplate-shaped crystals after the exchange
reaction, I further investigated the halide exchange reaction in microrod-shaped MAPbBr13
crystals. The crystals were prepared following the same synthetic route via natural solvent
evaporation technique. Along with the growth of large microplates inside the precursor

droplet, microrods of different size were also found (Figure 3.07).

o, )
(a) As-prepared MAPDBr; erystals». (b) As-prepared MAPbBr; microrod crystal
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Figure 3.07: Optical micrographs of the as-grown microplate and microrod shaped crystals

under (a) low magnification. (b) high magnification.
3.2.3 Spatially controlled halide exchange in single microrod crystals:

Halide exchange reaction at the desired location of microrod-shaped MAPbBr; crystals was
carried out by locally irradiating them with the NIR laser beam. After preparing MAPbBr3
microrods in a sample chamber, a freshly prepared reaction solution of MAI (125 uM) was
added to the sample chamber. Subsequently, the center area of the microrods were
irradiated by a tightly focused NIR laser beam to induce the halide exchange reaction. Also,
a high concentration of reaction solution was avoided to suppress the spontaneous exchange
reaction during the laser-induced exchange reaction. Figure 3.08a shows a PL image of the
as-prepared MAPDbBr3 microrod which was green emissive in the whole area when
illuminated by a 405 nm laser. After immersing the microrod in a MAI reaction solution,
the center area of the microrod was irradiated with an NIR laser beam. Under laser

irradiation, the irradiated center part showed an intense green emission at the focal spot.
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a) Before NIR laser irradiation b) After NIR laser irradiation

Figure 3.08: (a) PL image of the microrod crystal under UV laser irradiation before the
exchange reaction. (b) PL image of the microrod crystal under UV laser irradiation after
the halide exchange reaction. (c-e¢) Temporal changes in PL images at the focal volume

under NIR laser irradiation at (c) 0 min, (d) 5 min, (e) 10 min.

As the reaction continued, the emission color of the irradiated part started changing. After
5 min of irradiation, I observed an orange-yellowish emission color from the focal spot.
With further irradiation for 10 min, the emission color changed to red. After observing the
red emission, the NIR laser was turned off and the crystal was illuminated again with a 405
nm laser. Under uniform illumination, it was observed that the laser-irradiated center part
exclusively showed red emission while the two ends of the microrod retain their initial
green emission. I consider that the focused laser irradiation induced bromide-to-iodide
exchange reaction by increasing the local concentration of precursor solution and tuned the

emission color selectively at the irradiated part of the microrod.

For quantitative analysis of the spatially-controlled halide exchange reaction under
NIR laser irradiation, PL spectra from the irradiated center part were recorded at equal time
intervals. I recorded the PL spectra after every 2 min (Figure 3.09). The initial PL maximum
at the beginning of the reaction was measured at 545 nm. As the halide exchange reaction
proceeds, the PL spectra also shifted towards a higher wavelength. This red shifted PL

spectra continuously shifted upon the NIR laser irradiation. Finally, the PL maxima was
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measured at 755 nm after 10 min. These changes of emission color and spectra allowed to
consider that the laser-irradiated part of the initial MAPbBr; microrod changed to

MAPDbBT.I3., without any significant changes at the non-irradiated parts.
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Figure 3.09: PL spectral change of the MAPbBr3 microrod crystal under laser trapping.
3.2.4 The mechanism of the halide exchange reactions by laser trapping

The possible mechanism of the halide exchange reaction of the MAPbBr3; microplates and
microrods immersed in a MAI reaction solution is proposed here. I consider that due to the
focused NIR laser irradiation the local concentration of the MAI reaction solution increases
at the focal volume through laser trapping. Since the gradient force for an inhomogeneous
electric field is proportional to the gradient of intensity and acts along the intensity gradient,
the generated gradient force can be utilized to trap the MAI molecules in the direction of
the light gradient. The applied optical force upon focused laser irradiation on a nanometre-

sized object is expressed by the following equation”!

2mn,a’ (%)2 -1

ey

F(r) = VI(r)

where n1 denotes refractive index of the target particle and n> is the refractive index of the
surrounding medium, a is the particle radius, ¢ is speed of the light in vacuum, and 7 is
intensity of the laser.

The potential energy of the gradient force generated at the at the focus for a stable trapping

is expressed as”!
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where P is the power of the laser beam and wy is radius at the beam waist position. Here,
the relationship between the applied optical force and the generated gradient force at the
focal volume is considered as F(r) = —VU(r). A fundamental requirement for stable
trapping of a particle is that the optical potential well of the generated gradient force should
be sufficiently larger to suppress the Brownian motion of the object with the kinetic energy,
ksT, where kg is the Boltzmann constant and 7 is the temperature of the surrounding
medium. The optimum condition for stable trapping of a single object in the solution is |U|
> 10kgT. In the calculation, I used 1.531 as n; which was referred from the refractive index
of methyl iodide and 0.5 nm as a which is the effective ionic radii of methylammonium
ion> and iodide ion. From the experimental condition, I estimated, n, as 1.436, which was
the refractive index of the medium,* laser power, P was 0.5 W, and wo = 375 nm. The
calculation led to the relation U~ 0.00014g7, which suggests the presence of MAI molecule

clusters in the focal volume of the NIR laser.
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Figure 3.10: Mechanism of local halide exchange reaction by a focused laser beam. The
local concentration of iodide ions is increased by optical force, and bromide to iodide
exchange reaction is caused on (a—c) a microcrystal or (d, €) a microrod of MAPbBr3. The
bromide-to-iodide exchange reaction accompanies PL change from green to red for (c) the

entire microcrystal or (f) the irradiated part of the large microplate or microrod.
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Based on the above calculation it is considered that during laser trapping more than
one MAI molecule comes to the focal spot through Brownian motion and remains there for
a longer time. Compared to the isolated MAI molecule, a stronger optical force generated
by the focused laser beam is applied to the groups of MAI molecule. Thus, the local
concentration of MAI increases, and the halide exchange reaction takes place at the focal
volume. The exchanged iodide ions can migrate inside the crystals via vacancy assisted
diffusion mechanism due to the higher concentration of halide vacancies in the crystals.
This halide diffusion also allows propagation of the exchange reaction from the surface to

the bulk of the crystals along with the surroundings of the focal spot to some extent.

3.2.5 Photoinduced halide exchange in a MAPbBr3 microrod crystal

The photoexcitation effect on halide exchange reaction was investigated by exciting the as-
prepared microrod crystals with one-photon excitation. The exchange reaction was
investigated under a low concentration of an MAI reaction (125 pM) solution used for the
previous laser trapping experiments. I used a confocal laser beam from a 532 nm
continuous-wave laser to irradiate the crystals. Figure 3.11a shows the PL image of the as-
prepared MAPbBr; microrod crystal. Prior to the reaction, the as-prepared MAPbBr3
microrod showed green emission from the whole area. Subsequently, the crystal was
immersed in the MAI reaction solution and the center part of the crystal was irradiated for
10 min (Figure 3.11b). After the irradiation, the whole crystal was observed under 532 nm

laser again. The irradiated

(a) Before the laser irradiation (b) During 532-nm laser irradiation (c) After the laser irradiation

-

50 X 36 ym?

Figure 3.11: PL image of a MAPbBr3 microrod under 532 nm UV laser irradiation (a)
before the exchange reaction. (b) during the exchange reaction and (c) after the exchange
reaction.

part of the crystal showed green emission as the initial crystal without any change in PL
emission (Figure 3.11c). Under the current experimental conditions, photoinduced halide

exchange by one-photon excitation is negligibly slow. Thus, without local concentration
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increase in halide concentration by laser trapping any spatially-controlled exchange

reaction is difficult to execute.
3.2.6 Stability of the halide exchanged part

The stability of the laser-induced halide exchanged part was observed under ambient
condition. Following the same laser trapping technique center part of an as-synthesized
MAPDbBT13; microrod was changed into iodide rich MAPb(Bry.I3.n) region (Figure 3.12a,b).
After the exchange reaction, the microrod was excited with 405 nm laser at a different time
interval to examine changes in the halide exchanged part. With time the PL images showed
a gradual change in emission color at the exchanged part (Figure 3.12¢-h). The intense red
emission from the irradiated part gradually decreased and changed into a nonluminescent

site after 150 min of irradiation which remain non-emitting even after 24 hours.

a) As-prepared MAPbBr, crystal b) After halide exchange reaction ¢) After 30 min d) After 60 min

\ \

e) After 90 min ) After 120 min g) After 150 h) After 24 hours
min

\ | \
\

Figure 3.12: PL images of the microrod crystal under UV laser irradiation (a) before the
exchange reaction. (b) after the halide exchange reaction. (c-h) Changes in PL emission of

the exchanged part at different time intervals.

This phenomenon can be discussed from the viewpoint of halide diffusion in
perovskite materials.>* Here, the bromide-iodide halide interdiffusion facilitated the mixing
of two distinct phases across the bandgap gradient heterostructure region. Thus, the
subsequent mixing of two phases occurred through vacancy mediated diffusion mechanism.
Also, the previous studies demonstrated the absence of PL emission in a certain wavelength
range from a mixed halide perovskite composition. Due to the formation of such amorphous
states via the mixing of halide ions, the laser-irradiated exchanged part may show no PL

emission after a certain period.
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3.3 Conclusions

In summary, I successfully demonstrated site-specific emission and bandgap tuning of the
MAPDBBr3 microplate and microrod-shaped crystals. The changes of the emission color and
spectra at the desired part was confirmed in a spatio-temporal manner under laser
irradiation. The exchange reaction at the irradiated part suggests the proceedings of the
reaction through local concentration increase induced by optical force. I excluded the
possibility of photoinduced exchange reaction by irradiating the crystals with a confocal
one-photon excitation. Also, subsequent mixing of the irradiated part and non-irradiated
part was discussed through halide interdiffusion. Thus, the innovative laser-based halide
exchange reaction offers new methodology for spatially-resolved bandgap tuning and
enable control of the properties of perovskite materials by fabricating heterojunctions in

perovskite materials.
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Chapter 4

Optically controlled site-specific halide vacancy filling in

perovskite microcrystals

The remarkable optoelectronic properties of halide perovskite materials made them
promising for the next generation optoelectronic and photovoltaic devices. The wide-
bandgap perovskite materials are being readily used in solar cells, LEDs, and lasers because
of their facile tunability. However, the stability and performance of these solution-
processed perovskite materials is firmly governed by the density of defects such as halide
vacancies. On the other hand, the bandgap of these materials is tuned by post-synthesis
halide exchange reaction which proceeds through the vacancy-assisted diffusion
mechanism. This chapter discusses the suppression of halide exchange reaction by
optically-controlled site-specific halide vacancy filling of the MAPbBr3; microcrystals. The
spontaneous halide exchange reaction of an as-grown MAPbBr3 crystal in an MAI reaction
solution occurs homogeneously in the entire region, which can be suppressed by treating
the crystals with a MABr reaction solution. The MABr treatment reduces the halide
vacancies of the initial crystals and inhibit the halide exchange reaction in the entire region.
I also demonstrated such halide exchange suppression at specific sites of the microrod
crystals through vacancy filling using a NIR laser beam. The NIR laser irradiation fills the
halide vacancies exclusively at the irradiated part, while the characteristic features of the
nonirradiated parts remain unchanged. The corresponding photoluminescence spectra,
scanning electron microscope images, and energy dispersive x-ray mapping confirm the
halide vacancy filling of the MAPbBr3 microcrystals. Furthermore, an increase in the PL
lifetime at the irradiated part suggests the suppression of nonradiative recombination

through vacancy filling.
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4.1 Introduction

Lead halide perovskites have achieved revolutionary success in the present decade towards
the fabrication of next-generation photovoltaic and optoelectronic devices such as solar
cells, light emitting diodes, lasers, and sensors.!'® The remarkable progress of these
materials benefits from the superior optoelectronic properties such as high absorption
coefficient, long carrier diffusion length, high defect tolerance, the generation of free
charges by photoexcitation, and high electron and hole mobilities.!!"!® Moreover, the
synthesis of perovskite materials using abundant precursors and solution-based
processability under low temperatures offers low-cost fabrication.!>?° However, the
solution-processed halide perovskites are of low quality due to an abundance of crystal
defects which put a roadblock toward the improvement of device efficiency.?!?® Various
unpremeditated defects, including point defects, Schottky and Frenkel defects, grain
boundaries, and dislocations can be originated during the crystallization of perovskite
materials via precursor routes in a solution-cast process.?>?® These defects serve as trap
sites in these materials for both photogenerated electrons and holes, which finally induce
nonradiative recombination. The nonradiative recombination creates a passage for
combining the excess free carriers and shortens the steady-state charge carrier density. This
unexpected route of recombination generated by defects limits the power conversion
efficiency of perovskite solar cells to reach the predicted theoretical limit. Hence, a detailed
study for understanding and characterizing these defects is essential to attain high

performance and stability from the perovskite materials.

A considerable number of reports provided various theoretical and experimental
techniques to calculate the formation energy and transition energy level of the defect
densities and their effect on optoelectronic properties. The theoretical studies of defect
states mainly stand on first-principle density functional theory (DFT) calculations.?-** For
example, the most extensively studied lead halide-based perovskite material regarding
defect physics is methylammonium lead iodide (MAPDI3) because of its superior electronic
structure. Various DFT approaches like hybrid-functional, exchange-correlation function
or semilocal functional calculation revealed the energy levels of structural defects made up
of MA" and I" vacancies in the MAPbI; material.*! On the other hand, several experimental
strategies such as space-charge limited current (SCLC), time-resolved photoluminescence
spectroscopy (TRPS), confocal fluorescence microscopy (CFM), thermal admittance

spectroscopy (TAS), photothermal deflection spectroscopy (PDS), and atomic force
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microscopy (AFM) based scanning probe techniques have been employed to study the
defect concentration and defect distribution in perovskites.**** SCLC method is one of the
straightforward methods to measure the defect density where the filled traps are estimated
as a function of applied voltage. An approximate value of defect density 10'7-10' m™ was
measured by this technique in a polycrystalline perovskite thin film.*® TRPS and CFM are
also often used methods to determine the defects as these PL measurements have a strong
interdependence with the nonradiative trap states. A steady-state PL intensity increase or
decrease mostly depends on the density of defects which results from the reduction or
enhancement of trap states. Also, the PL mapping of a particular domain by CFM can probe
the defects. For example, Dequiletters et al.>* used the CFM technique and observed an
increase in PL intensity and lifetime in MAPbI; films under continuous light illumination.
Furthermore, different electronic states in the defects arise variations in the local

conductivity which is recognized through conductive-AFM. Also, Yun et al.>

reported a
local contact potential difference map under an applied bias using the kelvin-AFM
technique to explore the surface and grain boundary defects. Moreover, low temperature
STM was conducted by Ohmann et al.*” on the MAPbBr;3 crystals which estimated 10
defects/100 nm?. Such high defect density underscores the importance of defect passivation

in perovskite materials to enhance the stability and performance of perovskite-based

devices.

To overcome the limitations of perovskite materials on device performance and
enhance the radiative recombination rates originated by defects, many thriving attempts
have been taken to defect engineering by removing or filling trap states in perovskite
materials. Different defect passivation strategies, including stoichiometry control, lewis
acids, and bases, cations, and anions are reported to passivate the defects of perovskite
materials.*!*® For example, Cho et al.*' fabricated the MAPbBr; films with an excess
amount of MABr (MABr: PbBr,= 1.05:1) which gives an increased PL intensity and
photoluminescence quantum yield (PLQY) than those prepared by the stoichiometric
reaction. Similarly, a CsPbBr3 film prepared with higher CsBr ratio exhibited an improved
PL intensity and PLQY by decreasing the Br vacancies. Lewis bases such as carbonyl,
hydroxyl, carboxyl, and amine derivatives are frequently used to passivate the defects by
donating electrons. For example, amine derivatives were used by Lee et al.** for filling the
Br vacancies of MAPDbBr3; film surface and improving the optical properties. Also,

Fullerene derivatives are found to be the potential Lewis acids for passivating the electron-
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rich defects. Shao et al.* first utilized the fullerene functionalized phenyl butyric acid
methyl ester to lessen both the deep and shallow traps. Moreover, several cationic and
anionic species have been involved in passivating the defects of perovskite materials.*”4°
For example, metal ion NA+ was found to passivate the MA vacancies by diffusing into

the grain boundaries.*’ Similarly, Abdi-Jelebi et al.*

used potassium iodide as a passivating
material in a mixed halide perovskite precursor and found an improved PLQY upto 95%.
Besides the cationic passivating materials, anions in the form of PbCl>, MAI, FACI, MABr
and MACI have been reported to compensate the halide vacancies of perovskite materials.
As an example, Saidaminov et al.*® successfully incorporated CIl° ion into a

CsMAFAPDI» s5Bro.4s perovskite film and observed a superoxide generation and increased

stability, which confirms the reduced defect density by Cl™ incorporation.

In general, the halide exchange reaction is induced by exposing perovskite crystals to
the solution containing reactant halide ions, and the bandgap is homogeneously varied in
the crystal which proceeds by the migration of halides through halide vacancies. In this
chapter, I demonstrated the suppressions of halide exchange reaction by filling the halide
vacancies via optically-controlled reaction. The spontaneous halide exchange reaction of
the MAPbBr; crystals was homogeneously induced in the reaction solution of MAIL
Chemically, the reaction was suppressed by filling the halide vacancies of the as-grown
MAPDBI3 crystals with a MABr solution before the addition of an MAI solution. On the
other hand, these halide vacancies were filled at a specific site of the MAPbBr3 crystals by

optical trapping with the use of a focused near-infrared (NIR) laser beam.

4.2  Results and discussions
4.2.1 Chemically controlled halide vacancy filling

A facile experimental procedure was developed for the spontaneous halide exchange
reaction and the suppression of halide exchange through vacancy filling on the as-prepared
MAPDBBr3; microrods as illustrated schematically in figure 4.01. Microcrystals (plate and
rod-shaped) of MAPbBr3; were prepared by spontaneous solvent evaporation technique in
the following process.’*>! For preparing the plate and rod-shaped MAPbBT; crystals, solid
precursor salts MABr and PbBr> were dissolved in DMF solution in a 1:1 stoichiometric
ratio. The concentration of the precursor solution was 1.3 M which was mixed with a GBL
solution in 1:1 ratio to attain an unsaturated solution. Subsequently, 1 uL of the supernatant
from the mixed solution was taken on a clean coverslip inside a home-built silicone

chamber. Spontaneous crystallization of the MAPbBr3; crystals with different sizes and
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shapes started growing inside the solution droplet. Through natural solvent evaporation, the
crystals further grow. After confirming the desired size under a microscope, the remaining

solution was removed by wiping with filter paper to limit the growth of crystals.

(@) (b) ™ (c)

MABr solution MAI solution

MAPbBr; microrod
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Figure 4.01: A scheme of the experimental procedures for spontaneous halide exchange

reaction and suppression of exchange reaction by halide vacancy filling.

However, after the synthesis, the as-prepared crystals were immersed in a reaction solution
of MAI (375 uM) to induce bromide-to-iodide exchange reaction (Figure 4.01a,c). Again,
the spontaneous exchange reaction was suppressed homogeneously in the whole crystal by
treating the prepared crystals with a MABTr reaction solution (375 uM) and then immersed
in an MAI solution (Figure 4.01a-c) to examine the halide exchange reaction. The MABr
and MAI reaction solutions were prepared by dissolving MABr and MAI precursor salts in
isopropyl alcohol followed by mixing with 1-hexadecene in a 1:100 ratio to obtain the final

concentration.

The spontaneous halide exchange reaction was observed by illuminating the as-grown
MAPDBBr3; microrod crystals with a 405 nm laser. The PL images of the crystals were
recorded before and after immersing the microrods in an MAI solution. Prior to the
exchange reaction, upon wide-field excitation, an as-prepared MAPbBr3 microrod showed
bright green emission from the whole area of the crystal (Figure 4.02a). This green emission
is one of the characteristic features of the MAPbBTr3 crystals, which results from the band-
to-band transition. After that, the reaction solution MAI was added to the sample chamber
to initiate the halide exchange reaction. In the MAI solution, the green emission of the
MAPDBBr; microrod started changing within minutes and gradually changed fully to red
emission within 5 min. (Figure 4.02b). The change in emission color is due to the formation
of resultant MAPb(Br.I);, which occurred by the halide exchange reaction between the

iodide ions in the solution and bromide ions in the crystal.
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Figure 4.02: PL images of (a) an as-prepared MAPbBr3 microrod before the halide
exchange reaction, (b) the microrod in an MAI reaction solution after the halide exchange
reaction, (¢) a MABr treated MAPbBr; microrod before immersing in MAI reaction

solution, and (d) the microrod in an MAI reaction solution after 20 min of incubation.

The role of halide vacancies on the exchange reaction was evaluated by treating the as-
prepared crystals with MABr reaction solution. An as-prepared crystal was immersed in 40
uL of MABr solution for 5 min to fill the Br vacancies, and then the MABr solution was
removed. Figure 4.02c represents a MABr treated MAPbBr3 microrod crystal.
Consequently, the microrod was immersed in a MAI solution to examine the spontaneous
exchange reaction. In case of Figure 4.02a,b the microrod changed its initial green emission
completely into red, but interestingly, the green emissive MABTr treated microrod remained
green emissive in the MAI solution (Figure 4.02d). Moreover, the MABr treated microrod

was investigated for 20 min, but no change in emission color was observed.

To evaluate the role of halide vacancies on the spontaneous exchange reaction
quantitatively, I measured the PL spectra of the microrods before and after incubating it in
the constituent halide precursors. In case of the spontaneous halide exchange reaction, the
MAPbBBr3; microrod showed an emission peak at 545 nm (Figure 4.03a) which agrees well

with the reported value.>? After the halide exchange reaction in an MAI reaction solution,
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a redshifted PL maximum was found at 740 nm (Figure 4.03a). The formation of
MAPb(Br.I); with different halide ion compositions from MAPbBr3 microrod is
responsible for the broad PL spectrum. Thus, the PL spectral measurement along with the
emission color change confirms the spontaneous halide exchange reaction. Again, the PL
spectral measurements were also performed during the suppression of the exchange
reaction. First, The PL spectra was measured before and after treating the microrod with

MABT reaction solution (Figure 4.03b). The initial PL

(@ An as (b) —As-prepared crystal | (G}
-grown crystal —a |

1.00 —— In MAI solutien 1.00 —In MABr solution 1.00 crystal pretreated
) — . with MABr
®0.75 3 0.75 5075 — In MAI solution
- = <
2050 £ 050 2050
c B =
2 c @
Eo2s 8025 2025

< <
0.00 0.00 0.00
450 550 650 750  B50 450 550 660 750 850 450 550 650 750 850
Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure 4.03: PL spectra of (a) an as-prepared MAPbBr3 microrod before the halide
exchange reaction and the microrod in an MAI reaction solution after the halide exchange
reaction, (b) an initial MAPbBr3 microrod and after treating with MABr reaction solution,
and (c) a crystal pretreated with MABr solution and in an MAI reaction solution after 20

min of incubation.

intensity of the as-prepared microrod increased after the MABr treatment which is due to
the decrease in trap sites through halide vacancy filling. After treating, the microrod was
immersed in MAI for 20 min where I didn’t observe any spectral change except a decrease
in PL intensity (Figure 4.03c). These spectroscopic analyses and intact emission color
imply the suppression of spontaneous halide exchange reactions by vacancy filling.
However, the decrease in PL intensity can be discussed from the following band energy
alignments.>® The low PL intensity during the reaction resulted from the generation of low
1odide composed MAPb(Br.I); from pristine MAPbBr3; crystal. When a MAPbBr3 crystal
is partly replaced by a small amount of iodide ions (0 < x < 1 in MAPbBr3xlx), the energy
difference between the conduction bands of MAPbBrxIx and MAPbBr; become
comparable to the room-temperature thermal energy which is 0.025 eV. Contrarily, the
large valance band energy gaps between them occupy the photogenerated holes in the
1odide-rich domain. These unique band structures allow the photogenerated electrons to be
delocalized between the conduction bands of MAPbBr3.«xIx and MAPbBr3 regions and limit
the recombination with the trapped holes localized in MAPbBr3«Ix domains. Thus, the
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crystal structure with smaller x values prevents the radiative recombination and quenches
the PL emission. In addition, the photogenerated holes from MAPbBr; crystals are readily

captured by the adsorbed iodide ions at the surface, which also possess the PL. quenching.

I also recorded the scanning electron microscopy (SEM) images and energy dispersive X-
ray (EDX) images to examine the vacancy filling of the prepared crystals by bromide ions.
First, the SEM and EDX images of an as-prepared microrod was measured. Figure 4.04a-c
shows the SEM image and the corresponding EDX elemental map of an as-prepared
MAPDBBr3 microrod. The EDX elemental mapping shows the distribution of Br and Pb
elements of the prepared microrod. Later, the microrod was treated with MABr by
immersing it in a MABr reaction solution of the same concentration used for the

aforementioned vacancy filling experiment.

As prepared MAPbBrg 5 um

[ MABr treated MAPbBr, S pm

Figure 4.04: SEM images of the as-grown MAPbBr3; microrod (a) before and (d) after
treating with a MABTr solution. EDX elemental mapping of Br and Pb composition (b,c)
before and (e,f) after treating with the MABr solution.

After treating the microrod with MABr, again, the SEM and EDX micrograph was taken.
Figure 4.04d-f shows the SEM image and corresponding EDX elemental mapping of the
MAPDBBr3 microrod after treating with MABr. The EDX images clearly show an increase
in Br composition after the vacancy filling. The Br composition of the microrod increased
by 9% after immersing in the MABr reaction solution, which also confirms the vacancy

filling. An unusual deformation of the microrod was observed from the SEM image after
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the vacancy filling reaction, which may result because of drying up the crystal after MABr

treatment.

I further investigated the suppression of the spontaneous halide exchange reaction of
the plate-shaped MAPbBr3 crystals. Following the same experimental route, the MAPbBr3
microplates were also immersed in an MAI reaction solution to induce the Br-to-I exchange
reaction. Similar to the microrod crystals, the microplate crystals also showed spontaneous
exchange reaction, and the initial green emission color of the crystal gradually changed to

red emission after 10 minutes (Figure 4.05a,b).
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Figure 4.05: PL images and PL spectra of (a,c) an as-prepared MAPbBr3 microplate before
the halide exchange reaction, (b,c) the microplate in an MAI reaction solution after the
halide exchange reaction, (d,f) a MABTr treated MAPbBr3; microplate before immersing in

an MAI reaction solution, and (e,f) the microplate in an MAI reaction solution after 20 min

of incubation.

Different from the case of microrods, microplate crystals took a longer time for the
complete exchange. This phenomenon can be discussed from the viewpoint of crystal
thickness. It is reported that the anion exchange reaction of different thickness crystals
follows a similar tendency of reaction propagation pathway but with different rates.>* Thus,
depending on the crystal thickness, the time required for the halide exchange reaction vary
from crystal to crystal. Along with the emission color change a redshifted PL spectrum

from 545 nm to 735 nm also confirms the spontaneous halide exchange reaction (Figure
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4.05¢). However, to suppress the exchange reaction through vacancy filling, the microplate
crystals were also pretreated with a MABT solution before immersing in the MAI solution.
The emission color and spectrum of the MABTr treated decrease in bandgap (Figure 4.05d-
f). The above PL images, PL spectra and EDX mapping clearly confirm the inhibition of
spontaneous halide exchange reaction of the rod and plate-shaped MAPbBr; crystals by Br

vacancy filling when they are treated with a MABT reaction solution.
4.2.2 Optically controlled site-specific halide vacancy filling

The optically controlled halide vacancy filling at a specific position of the MAPbBr3
crystals was performed by irradiating a tightly focused 1064 nm NIR laser beam. Similar
to the halide exchange reaction at the specific sites through local concentration increase of
precursor solution discussed in chapter 3, halide vacancy filling is also expected to take
place at the irradiated sites through local concentration increase under NIR laser
irradiation.>! For this purpose, I prepared the MAPbBr3; microrod in the silicone chamber
and immersed it in a MABr reaction solution of 250 uM (Figure 4.06a (i, ii)). A lower
concentration of a MABT reaction solution was selected to avoid the spontaneous halide
vacancy filling by the higher concentration reaction solution. Immediately, after immersing
the microrod in the reaction solution, the center part of the MAPbBr; microrod was
irradiated by the focused laser beam. The center part was irradiated for 20 min, and then
the laser was turned off. Afterward, the MABTr solution was removed from the chamber,
and finally, the crystal was immersed with an MAI reaction solution of 375 uM to

investigate the Br-to-1 halide exchange reaction(Figure 4.06a(iii)).
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Figure 4.06: (a) A scheme for the laser induced vacancy filling experiment of a MAPbBr3

microrod in a solution. PL images of (b) an as-prepared MAPbBr3; microrod before starting
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the exchange reaction, (c) the microrod in an MAI solution after irradiating the center area
with the 1064 nm laser in the MABTr solution, and (d) PL spectra from the irradiated area

and nonirradiated area of the crystal incubated in an MAI reaction solution.

I recorded the PL images of the as-prepared MAPbBr3 microrod before starting the reaction
and after immersing in the MAI reaction solution. Figure 4.06b shows the PL micrograph
of the initial microrod, which was green emissive in the whole area. After the laser
irradiation, when the crystal was immersed in an MAI solution, it shows an exclusive green
emission only at the central irradiated part. The emission color of the nonirradiated parts
gradually changed into the red from its initial green emission(Figure 4.06c). The red
emission from the nonirradiated parts was due to the halide exchange reaction which took
place between the Br ions of the crystal and I ions from the reaction solution. However, the
irradiated center part remained green emissive in the MAI solution because of the
suppression of halide exchange by Br vacancy filling through laser irradiation. I also
verified the role of halide vacancy filling by measuring the PL spectra from the laser-
irradiated part and nonirradiated parts after the exchange reaction (Figure 4.06d). The
irradiated center area showed one emission peak at 545 nm, which is same the as the as-
prepared MAPbBr; crystals. On the other hand, the nonirradiated parts showed two distinct
peaks at 545 nm and 615 nm. During the laser irradiation process, the spontaneous halide
vacancy filling at the nonirradiated parts also occurred inevitably to some extent and
formed mixed halide composition MAPb(Br.I);, which is responsible for such a bimodal
emission spectrum. Thus, I consider that in the MABr solution, the focused laser irradiation
fills the halide vacancies of the MAPDbBr3 crystal at the irradiated area and hinders the

halide exchange reaction when immersed in an MAI solution.

To understand the site-specific vacancy filling reaction, I captured the of the two-photon
excited PL images while irradiating with the focused laser beam. At the beginning of the
reaction, the crystal showed a green emission of low intensity from the focal spot of the
NIR laser. With time, the green emission from the focal spot gradually increased and
reached to a highest after 20 min. (Figure 4.07a-c). To understand the vacancy filling
reaction quantitatively, PL spectral changes were also recorded every 2 min under the two-
photon excited irradiation. The initial PL. maximum of the microrod was observed at 545
nm. As the reaction proceeds, the PL intensity also increased and became saturated within

20 min without any shifting of the PL maximum (Figure 4.07d). As the PL maximum was
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observed at 545 nm, I plotted the PL intensity values at 545 nm as a function of time to

show the increase in PL intensities during laser irradiation (Figure 4.07¢).
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Figure 4.07: (a-c) PL emission images of the irradiated area under two-photon excitation
at (a) 0 min, (b) 10 min, and (¢) 20 min. (d) Two-photon excited PL spectra from the
irradiated area at different times. (e) Increase of PL intensity at 545 nm as a function of

equal time intervals.

For the representative microrod showed in Figure 4.07a the saturation point was achieved
at around 20 min, which may differ from crystal to crystal depending on the defect densities

in them.

Also, to examine the NIR laser irradiation effect on the crystals, I conducted the
experiment under the same experimental condition using a pure solvent of 1-
hexadecene/isopropyl alcohol (100:1) without any MABTr solvent. In the case of the laser
irradiation without any MABr there was no change in the PL intensity (Figure 4.08a). The
PL intensity of the laser-irradiated part remains almost unchanged compared to the initial
PL intensity. Moreover, after the laser irradiation with MABr reaction solution, the PL

intensity from the nonirradiated part was also investigated. While the PL intensity of the
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laser-irradiated part increased more than four times after irradiation, the PL intensity of the

nonirradiated parts remains similar to the as-prepared crystal (Figure 4.08b).
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Figure 4.08: (a) PL spectra from the laser-irradiated area of a microrod without any MABr
solution. (b) PL spectra from the irradiated area before, after the NIR laser irradiation and

nonirradiated area

The time-resolved PL properties of the microrods were recorded before and after the
MABTr treatment to understand the relationship between the site-specific halide vacancy
filling and nonradiative charge carrier recombination. The PL lifetimes of the microrods
were studied from the laser-irradiated part and nonirradiated parts. The decay profile of the
microrod showed different lifetime values from the irradiated and nonirradiated parts after
the NIR laser irradiation. The average lifetime value of the laser-irradiated part increased
to 23 ns while the PL lifetime was calculated 15 ns from the nonirradiated parts (Figure

4.09).
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Figure 4.09: PL decay profiles of the MAPbBr3 microrod measured from (a) the irradiated,
and (b) a nonirradiated part.

However, the lifetime values were found different among rods both from the irradiated and
nonirradiated parts. This difference in lifetime values attributes from the initial crystal
quality where the defect concentrations are different among the crystals. Although the PL
lifetime varied from crystal to crystal, I always found an increased lifetime value from the
laser-irradiated parts compared to the nonirradiated parts. These results indicated that the
density of halide vacancies was decreased at the irradiated part of the microrods and
minimized the nonradiative charge carrier recombination, which results in the inhibition of

halide exchange reaction in a spatially controlled manner.
4.2.3 The mechanism of the halide vacancy filling

Here, I summarized the underlying mechanism of the suppression dynamics of halide
exchange reaction of the MAPbBr; microrod crystals. Generally, a solution-processed
MAPDBBr; microrod consists of a lot of halide vacancies. Upon excitation, these halide
vacancies act as the trap sites for the photogenerated electrons and recombine
nonradiatively. On the other hand, when the microrod is immersed in an MAI reaction
solution, a spontaneous Br-to-I halide exchange reaction takes place. (Figure 4.10a) The
halide exchange reaction first takes place rapidly at the crystal surface and then diffuses

inside the crystal via the halide vacancy-assisted diffusion mechanism.>>3¢ Again, when the
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MAPDbBr3 microrod is treated with a MABr solution, the halide vacancies are filled with

the bromide ions and increases the crystal quality.
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Figure 4.10: Schematic representation of the chemically and optically controlled halide
exchange suppression by vacancy filling in MAPbBr; microrods. (a) An as-prepared
microrod immersed in pure solvent without MABr and then in MAIL (b) A microrod
immersed in MABr and then in MAI solution. (¢) A microrod irradiated at the center in

MABET solution and then immersed in MAI solution

Thus, after the MABr treatment, the PL intensity is enhanced, and PL lifetime becomes
longer. The halide vacancy filling also limits the diffusion of ions inside the bulk of the
crystal, which results in suppression of halide exchange reaction upon incubating in MAI
solution (Figure 4.10b). Such vacancy filling is optically controlled at a specific site of the
MAPDBBr; microrods using a focused NIR laser beam. The bromide vacancy filling is
induced only at the irradiated part in a MABr solution and inhibits the Br-to-I exchange
reaction while the nonirradiated parts change through halide exchange reaction (Figure
4.10c). In the previous chapter, I discussed the NIR laser-induced halide exchange reaction
at a specific site of the crystals through the local concentration increase of the reactive
precursors.’! Similarly, I consider that the focused NIR laser irradiation efficiently fills the
bromide vacancies in the irradiated part by concentrating the precursor solution at the focal
volume. Since the inception of laser trapping using a gradient force by Ashkin et al®’, this
universal trapping tool is being widely used in the field of chemistry for nanoparticles
patterning, compounds crystallization, and controlling phase transition or separation
spatiotemporally.’®%? T consider that the strong optical force generated by the NIR laser

beam concentrates a group of precursors at the focal spot, which remains there and fills the
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halide vacancies. The halide vacancy filling thus leads to the inhibition of exchange

reaction spatially at the irradiated part.
4.3 Conclusions

In summary, I studied the role of halide vacancies on the halide exchange reaction of
MAPDBBr3 microrod and microplate-shaped crystals. In the beginning, I demonstrated the
spontaneous halide exchange reaction of a MAPbBr3; microrod which progresses through a
vacancy-assisted diffusion mechanism upon exposure to a reactive reaction solution. The
spontaneous halide exchange reaction was suppressed homogeneously in the whole crystal
by treating the as-prepared MAPbBr; microrod with a MABr solution. The PL emission
and spectral change confirmed the suppression of halide exchange reaction through the
chemical process. Also, the SEM images and elemental mapping by EDX further confirmed
the halide vacancy filling of the MAPbBr3; microrods. I further extended the vacancy filling
study in the plate-shaped MAPbBT3; crystals, which followed a similar trend of changes as
microrod crystals. Furthermore, I successfully controlled the halide exchange reaction at a
specific area of the microrods through vacancy filling using a NIR laser beam. I
investigated the reaction progress under the two-photon excitation by measuring the PL
spectra, which revealed the suppression of halide exchange reaction only at the irradiated
part. I examined the PL decay profiles of the MAPbBr3; microrods after the filling of halide
vacancies which suggested the decrease of the nonradiative recombination at the laser-
irradiated part and showed enhanced PL lifetime values. Thus, these results offer a new
window for site-selective defect passivation and improving the optoelectronic properties of
perovskite materials toward the construction of high-quality perovskite-based

heterojunction devices.
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Chapter 5

Spatially controlled charge carrier transport and collection in
heterojunction halide perovskite single crystals and
nanocrystal films

Halide perovskites have emerged as a class of promising semiconductor materials for next-
generation optoelectronic devices due to their unique excitonic and charge carrier
properties. Also, architecting perovskite heterostructures with distinguishing halide
composition becomes promising for the generation and transport of charge carriers in solar
cells. A facile way to achieve such wide compositional and optically tuneable
heterostructure in halide perovskites is halide exchange reactions by replacing the halide
ions in a parent crystal. However, precise control of the heterostructure domain size through
spatial halide exchange reaction by delivering the guest precursors at a desired location is
still challenging. Instead of the time consuming and sophisticated methods, here, we utilize
a tightly focused near-infrared laser beam to prepare bandgap engineered perovskite
heterojunction at desired locations as well as control the transport and accumulation of
charge carriers across the heterojunction in methylammonium lead bromide (MAPbBr3)
microcrystals or nanocrystal films. The site-specific halide exchange reaction allows us to
fabricate microscopic heterojunctions with two distinct bandgap-gradient iodide-rich and
bromide-rich regions. The built-in halide gradient structures also enable the efficient
accumulation of charge carriers in the narrow-bandgap iodide-rich region. Photogenerated
excitons/charge carriers are transported from the surrounding wide-bandgap bromide-rich
regions to the narrow-bandgap iodide-rich region. This investigation provides a convenient
method for designing heterostructure-based optoelectronic devices where long-distance

directional carrier funnelling is required.
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5.1 Introduction

In recent years, lead halide perovskites have been realized promising for light-harvesting
and light-emitting applications.'™ The success of these materials is attributed to their
superior optoelectronic properties, including high charge carrier mobilities, long charge
carrier lifetimes, high absorption coefficients, and facile bandgap tunability in the whole
visible to near infrared (NIR) region.® In addition, perovskite heterostructures are essential
building blocks for expanding the application of perovskite-based electronic and
optoelectronic devices. Perovskite heterostructures are generally constructed through
bandgap engineering by varying the halide compositions of these materials.!®!*> The soft
crystal lattice structures of perovskites facilitate the diffusion of guest ions inside the parent
crystals, and bandgap tuning at the exposed regions toward the fabrication of
heterostructures.!*!¢ For instance, Dou et al.'® revealed the formation of CsPbBr3-CsPbCls
perovskite heterostructure through the anion exchange method. In brief, they combined the
anion exchange with electron-beam lithography and masked an individual nanowire with a
thin layer of poly(methyl methacrylate). The nanowire was immersed in an
oleylammonium halide solution to induce the halide exchange reaction at the uncovered
area. This polymer mask-assisted exchange reaction enabled the formation of two-segment
or multiple spatially resolved perovskite heterostructures in a single nanowire. The facile
halide exchange reaction at solid-solid, solid-liquid, or solid-gas interfaces also facilitates
the formation of the perovskite heterostructures through halide interdiffusion. Following
the halide interdiffusion mechanism, Pan et al.>' fabricated a halide gradient CsPbBrs.lx
heterostructure by stacking the microplates of CsPbCls on CsPbBr3; nanowires. Due to the
solid-state Br-Cl interdiffusion, the CI in the upper CsPbCl; microplate gradually replaced

Br in the lower CsPbBr3; nanowire, which resulted the heterostructure formation.

Moreover, the charge carrier diffusion dynamics in perovskite semiconductors play a
crucial role in terms of device stability and performance. To achieve highly efficient, and
long-term stable perovskite devices, diffusion engineering of the photogenerated charge

carriers is mandatory. Tian et al.>

studied the carrier diffusion dynamics of individual
MAPbBX3 (X =Br, I) nanowires, and nanoplates. They measured the carrier diffusion length,
carrier mobility, and carrier lifetime values of the individual crystals using time-resolved
and PL-scanned imaging microscopy. Although the long-range carrier migration is
advantageous for perovskite devices, the carriers can be lost radiatively or nonradiatively

during long-range migration or their energy can be lost. Thus, the construction of
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composition-graded heterojunction is promising for trapping the carriers in a controlled
way.!” The flexible crystal lattice and abundant halide vacancies of perovskite materials
enable facile switching of the halide sites in a spatially controlled manner and transfer the
photogenerated carriers from a wide-bandgap region to narrow-bandgap region, which can
help highly efficiency energy funneling in such halide-gradient heterostructures.'*!'® For
example, Tian et al.'” reported the fabrication of a halide-gradient nanowire heterostructure
by contacting a MAPbBr3 single crystal with a MAPbI; nanowire at one end. The solid-to-
solid halide exchange reaction between the large MAPbBr3 single crystal and MAPbI3
nanowire resulted the formation of MAPbBr«I3.« heterostructure. The resulted nanowire
heterostructure formed an energy funnel and transported the charge carriers over a few
micrometers from the wide-bandgap region to the narrow-bandgap region. Such carrier
funneling is believed to facilitate carrier extraction at perovskite/electrode interfaces when
applied in perovskite solar cells. However, despite these rapid progresses, the halide-
gradient domain size, exciton/charge carrier transport dynamics and carrier accumulation

at a desired location in the heterostructures are yet to be optimized.

Here, we report the construction of the narrow-bandgap iodide-rich domains in the
wide-bandgap bromide microcrystals or nanocrystal films in a spatially resolved manner at
the focal point of a NIR laser beam. Heterostructures are generated by inducing the halide
exchange reaction at the desired location of the as-grown MAPbBr3; microrods, microplates
or nanocrystal films using the laser trapping technique.?*?! In addition, we studied the
charge carrier dynamics in the prepared heterostructures and revealed the transportation
and accumulation of the photogenerated charge carriers in the narrow-bandgap iodide-rich
region from the wide-bandgap bromide rich regions. These findings provide us a new way
to locally engineer perovskite structures and optimize the optoelectronic charge carrier and

bandgap properties of halide perovskites at a desired location.
5.2 Results and discussions
5.2.1 Preparation of heterojunctions at one end of microrod crystals

Figure la shows the experimental setup for constructing the heterojunctions in the as-
prepared MAPbBr3 microrods through laser trapping. Rod- and plate-shaped MAPbBr13
microcrystals were prepared by the spontaneous solvent evaporation technique in the
following process.?*** The precursor solution of MAPbBr; with 1.3 M concentration was

prepared by dissolving the precursor salts (MABr and PbBr;) in the 1:1 ratio in N,N-
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dimethylformamide (DMF). Subsequently, the precursor solution was mixed with GBL
solution in the 1:1 ratio (v: v) to form an unsaturated solution. 1 pL of the supernatant from
the mixed solution was placed on a coverslip inside a homemade silicone chamber.
Spontaneous crystallization of the MAPbBr3 crystals with different sizes and shapes started
growing inside the precursor solution through natural solvent evaporation. The crystals
further grew with time, and after confirming the desired size under a microscope the
remaining solution was removed by wiping with a filter paper to arrest the crystal growth.
After the synthesis, the as-prepared MAPbBr3; rods and microplates were immersed in a
reaction solution of MAI (125 uM) prepared in a mixture (1:100, v/v) of isopropanol and

I-hexadecene to induce bromide-to-iodide exchange reaction at the laser focal point.

(b) Before NIR laser irradiation (c) After NIR laser irradiation

(@) MAI solution (3= w
. MAPbBBr; \
r In MAI solution

d) 0 min

NIR laser

)

Focal spot

Figure 5.01: (a) A scheme of the laser trapping technique for spatially controlled halide
exchange reaction. (b,c) PL images of the MAPbBr3 microrods (b) before and (c) after the
halide exchange reaction in an MAI solution. (d-f) Confocal two-photon excited
fluorescence images of the NIR laser irradiated part showing temporal changes in PL

images at (d) 0 min, (e) 5 min, and (f) 10 min.

Figure 1b shows a PL image of the as-prepared MAPbBr3; microrod under a 405 nm wide-
field laser illumination. This MAPbBr3; microrod shows intense green emission due to the
characteristic band-to-band transition. To prepare the bromide-iodide heterojunctions with
the crystal, the microrod was immersed in a MAI reaction solution and the NIR laser beam
was focused at one end of the microrod to induce the Br-to-I exchange reaction (Figure 1a).
At the beginning of the NIR laser irradiation (Figure 1d), the irradiated part showed green

emission at the focal volume under two-photon excitation. As the reaction proceeded, the
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PL emission of the irradiated part changed from green-to-orange yellowish-to-red within
10 min of irradiation (Figure 1d-f). The change in the PL color indicates the halide
exchange reaction by replacing the Br™ ions with I" ions at the focal volume. As-shown in
Figure lc, after the laser irradiation the microrod showed red emission exclusively at the
irradiated part while the other parts remained green emissive under wide-field illumination.
These results indicate that the focused laser irradiation induced exchange reaction from
MAPDBBr; to MAPbBri«lx selectively at the irradiated part and fabricated halide

composition graded heterojunction in the same microrod.

For quantitative analysis of the heterojunction formation, the PL spectra were also
measured during the spatial halide exchange reaction. Prior to the reaction, the PL spectrum
of the as-prepared MAPbBr3; microrod was measured by excitation with a 1064 nm NIR
laser and the crystal showed the emission maximum at 545 nm. This PL maximum is
comparable to the reported value of the MAPbBr; single crystals.?* Next, we recorded PL
spectra from the irradiated area at every 2 min intervals. As shown in Figure 2a, with time,
the PL spectra continuously shifted towards the higher wavelength region upon the NIR
laser irradiation. Finally, the PL. maximum was at 715 nm after 10 min. Moreover, after the
laser irradiation for 10 min the PL spectra was also measured from the nonirradiated parts
of the crystal. Figure 2b shows. the PL maxima remained unchanged at the nonirradiated
parts. The continuous PL shift of the irradiated area, while maintaining the characteristic
green (Amax = 545 nm) emission of the bromide perovskite throughout the nonirradiated
parts allow us to consider that the laser-irradiated part selectively changed into MAPbBrs.
xIx, creating a donor (bromide part) — acceptor (iodide-rich part) heterostructure in the
microrod. In short, by the spatially controlled halide exchange, we prepared a

heterojunction perovskite single crystal with donor-acceptor band structure.
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Figure 5.02: (a) PL spectral changes at the two-photon irradiation area for a MAPbBr3
microrod immersed in an MAI solution, (b) PL spectra of the MAPbBr3; microrod before
irradiation and from the nonirradiated parts after irradiation, (c, d) PL decay profiles from
(c) different parts of the MAPbBr3; microrod measured before the laser irradiation and (d)

the laser irradiated part and nonirradiated parts after the laser irradiation.

To analyze the transfer of photogenerated electrons and holes from the parent bromide
perovskite to the newly formed iodide-rich part, we studied the charge carrier dynamics of
the microrod crystals before and after the laser irradiation. We find a direct correlation
between the charge carrier/exciton recombination rates along the microrod before and after
the exchange reaction. Before the exchange reaction, we recorded the PL decays from four
different positions of the microrod. The decay profiles are shown in Figure 2c. We fitted
the decays with 3™ exponential equation and the PL lifetimes were estimated at 11 ns for
the positions 1 to 4 marked in Figure 1b. The constant PL lifetime indicates a uniform
distribution of bandgap and charge carriers in the whole microrod. Depending on the
nucleation-growth process, the lifetime values differ from crystal to crystal because of the
crystal quality or the difference in the halide vacancy densities. After the laser irradiation,

the PL lifetime decreased while moving from the nonirradiated part to the irradiated part.
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The initial value of 11 ns before halide exchange reaction decreased to 2 ns after laser
irradiation at position 1. Interestingly, the lifetime value gradually increased as the
measurement point was shifted to the nonirradiated part (Figure 1c). The lifetime values
are 5 ns, 10 ns, 11 ns respectively at positions 2, 3, and 4 (Figure 2d). Conversely, as we
created exciton/charge carriers closer and closer to the narrow bandgap region formed by
the exchange reaction, the rate of exciton/carrier recombination increased by 5-fold. This
increase in the rate is attributed to three factors: (i) the intrinsically short PL lifetime of the
iodide-rich region, (ii) an increased nonradiative rate of exciton/carrier recombination due
to the formation of vacancies during the two-photon irradiation, and (iii) the interface
between the bromide and iodide rich region where fast nonradiative recombination is
promoted by the indirect bandgap nature of the mixed halide region. Nonetheless, the bright
red emission from the exchanged part suggests a small extent nonradiative recombination.
In other words, the short PL lifetime of the iodide-rich part and decrease of PL lifetime
while moving from part 4 to part 1 suggest the intrinsically fast radiative recombination of

the iodide-rich part.
5.2.2 Preparation of heterojunctions at one half of microrod crystals

To further confirm the accumulation of charge carriers at the laser irradiated part, we moved
the two-photon excitation center gradually from one end to the other and performed the
halide exchange reaction in a larger area of the microrod. As shown in Figure 3a, the as-
prepared MAPbBr; microrod showed green emission in the entire region. To induce the
halide exchange reaction in a larger area, first the NIR laser beam was focused on position
1 in Figure 3b while immersing the microrod in an MAI reaction solution. The initial green
emission was changed into red within 10 min which confirmed the halide exchange reaction
at the irradiated part. After tuning the emission color at position 1, the NIR laser beam was
moved to position 2 and the halide exchange reaction was induced similarly. Under the
wide field illumination with 405 nm laser, the microrod showed two distinct parts with red
and green emission (Figure 3b) and confirmed the bromide-iodide heterostructure. To
examine the exchange reaction, we continuously recorded the PL spectra from the
irradiated parts. As shown in Figure 3c the spectral change from green to red during the
laser irradiation further confirmed the halide exchange reaction. The initial PL maximum
was measured at 545 nm which gradually shifted to 740 nm after 10 min of laser irradiation
at parts 1 and 2. After confirming the large area heterostructure fabrication, the PL lifetime

was measured at the marked positions in Figure 3b. Interestingly, the PL lifetimes of part
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1 and 2 was 1 ns, whereas as we moved to the bromide-rich portion, the lifetime increased
to 4 ns at part 3 and 6 ns at part 4. The PL lifetimes of the green-emitting regions were
much smaller (4 or 6 ns) than (11 ns) the as-synthesized MAPbBr3 crystal. The short
lifetimes of the green-emitting part suggest the formation of a small amount of mixed halide
perovskites throughout the crystal, which is attributed to the migration of iodide from the

I-rich to the Br-rich portion
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Figure 5.03: PL emission images of the MAPbBr3; microrod (a) before the halide exchange
reaction, (b) after the halide exchange reaction at one half of the microrod, (c) PL spectral
change during the halide exchange reaction under NIR laser irradiation, (d) PL decay
profiles from the laser irradiated and nonirradiated parts of the MAPbBr; microrod

measured after the laser irradiation.

and vice versa or the long time (20 min or more) incubation of the crystal in the MAI
solution leading to partial spontaneous exchange. However, we rule out the later based on
a control experiment in which an MAPbBr3; rod was immersed in an equivalent MAI
solution, but without any two-photon excitation. In this case, the PL lifetime of the crystal
was not decreased over 20 min. Thus, the reduced PL lifetime values (4 and 6 ns) of parts
3 and 4 in Figure 3b suggest iodide ion migration within the crystal from the I-rich domains

(parts 1 and 2) to the Br-rich domains (parts 3 and 4). Similarly, bromide ions migrate from
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parts 3 and 4 to parts 1 and 2. Since such halide ion migration through halide vacancies
creates mixed halide perovskites to a small extend, which increase with time , the red-
emitting portion is iodide rich with some contribution of the bromide ions, which are
quickly exchanged during the laser trapping. However, the iodide ions migrating from parts
1 and 2 to parts 3 and 4 increase with time, producing more and more mixed halides, where
the charge carriers segregate between the iodide conduction band (electron) and the

bromide valance band (holes) leading to nonradiative recombination and short PL lifetimes.
5.2.3 Preparation of heterojunctions at the center of microcrystals

The 1064 nm NIR laser was then utilized for constructing the heterostructure in a selected
part of a plate-shaped MAPDbBr3 crystal. For this experiment, the plate-shaped MAPbBr3
crystals were prepared following the similar solvent evaporation synthetic route. The as-
prepared crystal showed green emission from the entire region under wide-field excitation
with 405 nm laser which is one of the characteristic features of a MAPbBr3 crystal (Figure

4a).
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Figure 5.04: PL images of (a) an as-prepared MAPbBr3; microcrystal before starting the
exchange reaction, (b) the microcrystal in an MAI solution after irradiating the center area
with the 1064 nm laser, (c) PL spectra from the irradiated area of the crystal during the
exchange reaction, (d) PL decay profile of the MAPbBr; microrod measured before the
laser irradiation, (e) PL decay profiles of the laser irradiated part and nonirradiated parts
measured from different distances, (f) the calculated lifetime values as a function of

distance measured at every 10 pm distances from the irradiated part
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Then, the reaction solution MAI of concentration 125 uM was put in the sample chamber.
Immediately after immersing the crystal with the reaction solution, the laser beam from the
NIR laser was focused on the center part of the crystal. Under the laser irradiation, the
center part of the crystal gradually changed its emission color from green to red within 10
min. Under wide-field illumination, the Figure 4b shows the PL image of the microcrystal
after laser irradiation where a clear distinction between the laser irradiated part and
nonirradiated part is observed. The center part of the crystal showed red emission while the
surrounding nonirradiated parts remain green emissive. Also, the initial PL. maximum of
the as-prepared crystal showed a gradual redshift under laser irradiation. The PL spectra of
the irradiated center part shifted from 545 nm to around 700 nm after the laser irradiation
(Figure 4c¢). The change of the emission color and PL spectral shift at the focal volume of
the laser confirms the halide exchange reaction exclusively at the center part of the crystal
towards the fabrication of heterostructure. Furthermore, a distance dependent charge carrier
recombination process was studied from the irradiated part to the nonirradiated parts of the
heterostructure to reveal the directional diffusion of charge carriers into the iodide rich
narrow-bandgap region from the bromide rich higher bandgap region. Figure 4d shows a
representative PL lifetime decay curve of the as-prepared crystal before immersing in the
MALI reaction solution. The average lifetime of the initial crystal was calculated around 12
ns from different parts of the crystal. However, after the formation of heterostructure the
PL decays were recorded from the exchanged central part and the unchanged parts at every
10 pm distance along the arrow shown in Figure 4b. Figure 4e shows the lifetime values of
the crystal measured at different distances from the laser irradiated part. We found the
shortest PL lifetime for the central iodide-rich region and a gradual increase of lifetime
values apart from the exchanged part. From both the measured sides the lifetime values
were almost similar at same distances. The PL lifetime of the iodide-rich part was
calculated 2.3 ns. Finally, the lifetime value reached upto 11 ns and 10.5 ns respectively at
the two ends of bromide-rich region which is 40 pm away from the exchanged part (Figure
4f). The lifetime values from different parts of the heterostructure further confirm the
diffusion of charge carriers from the wide-bandgap bromide-rich region to the narrow-

bandgap iodide-rich region.

113



5.2.4 Preparation of heterojunctions at specific parts of the nanocrystal films

To evaluate the universality of the carrier accumulation in the laser induced exchanged
part, we also demonstrated the fabrication of heterostructure in a desired position of the
MAPDBBT13; nanocrystal thin films. The MAPbBr3 nanocrystals were synthesized by the
ligand-assisted reprecipitation method and deposited on the cover glass following one-step

drop-casting deposition technique.?>28
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Figure 5.05: PL images of the MAPbBr3 thin film under wide-field excitation (a) before
the halide exchange reaction, (d) in an MAI solution after the halide exchange reaction, PL
images from the focal volume of the NIR laser (b) at the beginning of the exchange reaction,
(c) after 20 min of laser irradiation, (e) PL spectral changes during the two-photon excited
exchange reaction, PL decay profiles from (f) different parts of the MAPbBr3; nanocrystal
thin film measured before the laser irradiation and (g) the laser irradiated part and

nonirradiated parts after the laser irradiation.

Figure 5a shows the PL image of an as-prepared thin film prepared by depositing the
MAPDBBr3 nanocrystals. After preparing the thin film, a reaction solution of MAI was put
inside the sample chamber and subsequently, the NIR laser beam was focused on the
air/solution surface of the thin film to induce the site-specific halide exchange reaction. As
shown in Figure 5b in the beginning of the exchange reaction an intense green emission
was observed from the focal volume of the laser beam. This PL emission of the focal spot
gradually changed to red within 20 min which confirm the halide exchange reaction (Figure

5¢). After the NIR laser irradiation, upon wide-field excitation the laser irradiated part
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showed red emission from the irradiated part while the other parts remain green emissive
as the beginning of the reaction (Figure 5d). Also, the PL spectra were measured under
laser irradiation which further confirmed the exchange reaction quantitatively. The initial
PL maximum was found at 545 nm which gradually changed as the reaction proceeded and
finally redshifted to 725 nm after 20 min of laser irradiation (Figure 5e). The PL emission
color and spectral changes allowed us to consider the formation of the heterostructure in
the thin films of a MAPbBr3 nanocrystal. Furthermore, the PL lifetime was also studied
along the prepared heterostructure to understand the charge carrier dynamics. Before the
NIR laser irradiation, the PL lifetime was measured from three different parts of the thin
films and the lifetime values were measured 191 ns, 210 ns and 192 ns, respectively (Figure
5f). A longer lifetime of the as-prepared thin films is attributed to the long-range charge
carrier migration and photon recycling process of the photogenerated excitons or free
charge carriers. However, after the exchange reaction the PL lifetime was measured again
from the iodide -rich exchanged part and after every 10 pm from the bromide-rich region.
The lifetime values were measured from the three parts of the bromide-rich region along
the arrow shown in Figure 5d. The lifetime value was calculated 22 ns from the exchanged
part of the thin film. An increase in the lifetime values were found apart from the exchanged
part similar to the microrods and plate-shaped microcrystals. The lifetime values at 10 um,
20 pm, 30 um distances were found 73 ns, 102 ns, 120 ns respectively from the three
measured areas (Figure 5g). These distinct PL lifetime values further confirm the
transportation of charge carriers from the higher bandgap bromide-rich region to the lower
bandgap iodide-rich region and accumulation of these charge carriers in the laser induced

exchanged part.
5.3 The mechanism of the laser induced charge carrier accumulation

Here, we summarize the dynamics of charge carrier accumulation in the laser induced
halide exchanged part of the MAPbBr3 crystals. When an as-prepared MAPbBr; crystal is
excited, the photogenerated carriers are homogeneously distributed over the whole crystal
and follow similar recombination pathway (Figure 6a). The pure as-prepared MAPbBr3
crystals thus exhibit uniform distribution of local PL. dynamics and give almost similar PL
lifetime values from the whole crystal. Moreover, in our previous studies we demonstrated
that the strong optical force generated by the focused NIR laser beam can increase the local
concentration of reactive perovskite precursors and induce halide exchange reaction at the

focal volume.?*3°
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Figure 5.06: Schematic representation of the heterostructure formation and charge carrier
accumulation in the MAPbBr3; crystals. (a) an as-prepared MAPbBr3 crystal showing
uniform distribution of charge carriers in the whole area, (b) procedure for the laser trapping
induced site-specific halide exchange reaction, (c) transportation and recombination of
charge carriers in the prepared heterostructure to the iodide-rich region from the bromide-

rich region.

As illustrated in Figure 6b, we utilized this potential mechanism to induce the site-specific
halide exchange reaction which creates a halide composition-gradient heterostructure with
distinct MAPbBr; and MAPbBr3«Ix in the same crystals. In such a halide-graded
heterostructure the carriers quickly diffuse toward the narrow-bandgap region which is
driven by the efficient energy funnelling (Figure 6¢). Due to this movement and
accumulation of charge carriers the PL decay in the iodide-rich region become fast while a
gradual increase of the PL decay apart from the iodide-rich domain is observed. As a
consequence of the carrier transport and recombination into the iodide-rich domain from
the surrounding bromide-rich region, a low PL lifetime value compared to the initial value

results in the surrounding area upto several micrometres.
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5.4 Conclusions

In summary, we have successfully demonstrated the fabrication of perovskite
heterostructures in different dimension of MAPDbBr3 crystals by controlling the anion
exchange reaction at desired sites using laser trapping technique. We have also shown the
accumulation of charge carriers in the halide exchanged iodide-rich domains which is
facilitated by the transportation of charge carriers by the raising bandgap distribution. Thus,
these findings open a new window toward the fabrication of high-quality perovskite

heterojunction based optoelectronic devices.
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Summary and perspectives

In summary, I have demonstrated the fabrication of heterostructures in perovskite single
crystals and thin films by modifying their bandgap. The bandgap modification was
achieved by halide exchange reaction with the use of a tightly focused NIR laser beam. The
laser trapping force was used for inducing the halide exchange reaction at the specific sites
of the perovskite crystals. In this work, I also studied the role of halide vacancies on the
halide exchange reaction of perovskite crystals and demonstrated the site-selective defect
passivation at the desired location of the crystals through vacancy filling using the focused
NIR laser beam. The study further investigated the transport and accumulation of charge

carriers at the narrow-bandgap region of the prepared bandgap-graded heterostructures.

For the studies, I synthesized the microrod and microplate-shaped lead halide
perovskite single crystals using facile solvent evaporation method and the nanocrystals
through ligand-assisted reprecipitation method. Site-specific halide exchange reaction was
induced in the crystals by immersing them in a reactive halide precursor solution. The
optical force generated by the focused laser beam increased the local concentration of
halide precursors at the focal volume and induced the halide exchange reaction in a
specified domain under laser trapping. The change of emission color and spectra at the

irradiated part confirmed the bandgap tuning of the crystals in a spatio-temporal manner.

The laser trapping tool was further utilized for the defect passivation and to reduce the
nonradiative recombination of charge carriers at the specific sites of the perovskite crystals.
I demonstrated the suppression of halide exchange reaction homogeneously in the whole
crystal by treating the initial crystals with constituent halide precursor solution. The change
of emission color and spectra, along with the SEM images and EDX mapping confirmed
the halide vacancy filling of the crystals. Furthermore, I also suppressed the halide
exchange reaction at a specific area of the microrod crystals through vacancy filling using
the NIR laser. The increased PL intensity under the laser irradiation revealed the vacancy
filling and suppression of halide exchange reaction exclusively at the laser irradiated part.
The enhanced PL lifetime values also suggested the vacancy filling and decrease of the

nonradiative recombination at the laser irradiated part.

Furthermore, I fabricated the narrow-bandgap iodide-rich domains in the wide-

bandgap brome microcrystals or nanocrystal films at the focal point of a NIR laser beam
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and studied the charge carrier dynamics in the prepared heterostructures. The time-resolved
photoluminescence studies revealed the transportation and accumulation of the
photogenerated charge carriers in the low-bandgap region from the wide-bandgap regions.
Thus, the laser trapping controlled spatial bandgap engineering and charge carrier
recombination will be an important milestone to develop various perovskite-based

heterojunction devices.
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