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Abstract

Lead halide perovskites are greatly attracted to energy-harvesting and light-emitting
applications, which is owing to their long-range carrier diffusion, large absorption
coefficient, high defect tolerance, wide and tunable photoluminescence color, and high
photoluminescence quantum vyield. In this thesis, | present the study of the charge
carrier dynamics in lead halide perovskite nanocrystals, microcrystals and their close-
packed assemblies. While | assign energy transfer and carrier migration to be two
important factors which influence charge carrier dynamics in perovskites, I focus my
research on electron harvesting and amplified emission in nanocrystals, microcrystals
and films of perovskites excited with low- and high-intensity pulsed laser beams. The
thesis consists of five chapters. In Chapter 1, general introduction to lead halide
perovskites with special reference to their preparation, optical and charge carrier
properties, and applications are reviewed. This chapter begins with brief introduction
to the crystal structure and characterization of lead halide perovskites. Different wet-
chemical and mechanochemical routes, such as ligand-assisted reprecipitation, hot-
injection, antisolvent vapor-assisted crystallization, one-step or sequential deposition,
hand grinding and ball-milling techniques for the synthesis of perovskite nanocrystals,
microcrystals and thin films are discussed. Next, the optical properties of perovskites
are discussed by referring to the influences of composition, temperature and pressure
on the electronic band structure of perovskites. The charge carrier dynamics in
perovskites are reviewed in terms of monomolecular, bimolecular and trap-assisted
recombination, which is followed by an overview of the solar cell and lasing
applications of these materials. Finally, the motivation and the main objectives of my
research are stated. Chapter 2 is the experimental section which includes various
materials and methods used in this thesis. In the study, | synthesize the close-packed
pellets, microcrystals, nanocrystals, clusters and thin films of perovskites by solid state
and wet-chemical methods. I introduce piezochemical method as the new solid state
method for the synthesis of pure methylammonium lead or mixed bromide-iodide
perovskites. | prepare nanocrystals of methylammonium, formamidinium, or cesium

lead bromide perovskites by ligand-assisted reprecipitation and hot-injection methods.



Successively, these nanocrystals are self-assembled into clusters and thin films. On the
other hand, the microcrystals of methylammonium lead bromide perovskites are
obtained by antisolvent vapor-assisted crystallization. | characterize these perovskite
samples by X-ray diffraction, UV-visible and steady-state photoluminescence
spectroscopic techniques, single-particle microspectroscopy, transmission electron
microscopy, and fluorescence microscopy. The charge carrier dynamics are studied by
time-resolved photoluminescence and transient absorption spectroscopic techniques. In
Chapter 3, I study photon recycling and energy transfer in piezochemically-synthesized
closely-packed perovskite crystallites. In such closely-packed perovskite structures, a
nonradiative energy transfer among different crystalline domains through the
distributed energy states is obvious. | construct a distinct band gap heterojunction of a
mixed bromide-iodide perovskite to confirm the nonradiative energy transfer from
bromide- to iodide-rich domains and its role on photon recycling. The fast relaxation
of photoexcited donor (bromide-rich domain), which is associated with the
depopulation of its excited state by the acceptor (iodide-rich domain) confirms
nonradiative energy transfer across the heterojunction. However, | do not rule out the
carrier migration among closely-packed crystallites through the distributed band gaps
in these samples. To study the carrier migration in closely-packed perovskite structures,
in Chapter 4, | arrange the perovskite nanocrystals in self-assembled clusters and films.
The low-intensity excitation of closely-packed perovskite nanocrystals renders delayed
photoluminescence (>1 microsecond) which is attributed to the long-range diffusion of
photogenerated charge carriers. On the other hand, a multitude of charge carriers are
photogenerated in the closely-packed perovskite nanocrystals at high-intensity
excitation. The high-density charges are spatially confined, resulting in the high rate of
radiative recombination and amplified photoluminescence. Besides carrier migration,
photon recycling by reabsorption-emission in such closely-packed perovskite self-
assembly may complicate the carrier dynamics. Chapter 5 presents the study on the
harvesting of photogenerated electrons from perovskite nanocrystal films and amplified
spontaneous emission from perovskite microcrystals. To confirm the diffusion of
photogenerated charge carriers in the self-assembled structures of perovskite
nanocrystals, | efficiently extract photogenerated electrons from photoactivated
perovskite nanocrystal films by doping with Buckminster fullerene. The electron



transfer from perovskite nanocrystals to fullerene is obvious from the enormous
decrease of photoluminescence intensity and increase in the rate of carrier relaxation in
fullerene-doped nanocrystal film when compared to the pristine film. These results also
demonstrate the harvesting of charge carriers from a photoexcited perovskite self-
assembly, which will have important implications to the development of high-
efficiency solar cells. While the delayed recombination of charge carriers is promising
for their efficient harvesting in solar cells, the generation and radiative recombination
of multiple charges at high-intensity excitation suggest the potential application of
perovskite nanocrystal assemblies in amplified spontaneous emission and lasing.
However, in this study, the ensemble averaging of photoluminescence from the self-
assembled perovskite nanocrystals does not allow for the observation of any spectral
narrowing. Therefore, in Chapter 5, | also discuss the importance of well-defined
optical cavity for amplified spontaneous emission and lasing by demonstrating
amplified spontaneous emission from the isolated microcrystals of methylammonium
lead bromide perovskites. | estimate the threshold of amplified spontaneous emission
at 68 pJem2. In short, the thesis develops close-packed lead halide perovskite structures
that allow for the nonradiative energy transfer, and multiplication and long-range
migration of charge carriers. While nonradiative energy transfer among closely-packed
heterojunctions play an important role on photon recycling, the long-range carrier
diffusion at the low-intensity and the multiplication of charge carriers at high-intensity
excitation are important for carrier harvesting in solar cells and amplified emission in

lasers.
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Chapter 1

Introduction

Abstract

The intriguing optoelectronic properties and potential applications of lead halide
perovskites in the field of photovoltaic and lighting emitting devices have attracted an
immense interest of the entire semiconductor community to explore this material further.
In this chapter, | introduce the general concept of lead halide perovskites concerning
their structure, synthesis, characterization, optical properties, electronic structure, and
charge carrier properties. | also discuss the motivation and objective of my thesis work.
The first section of the chapter is general introduction, where | present an overview on
the structure of lead halide perovskites, their optoelectronic properties, and applications.
In the second section of the chapter, | discuss the synthesis and characterization of lead
halide perovskites. A more detail discussion is presented on the ligand-assisted
reprecipitation, hot-injection, and antisolvent vapor-assisted crystallization methods for
the synthesis of perovskite nanocrystals and microcrystals. Similarly, | also introduce
different techniques for the structural and optical characterization of lead halide
perovskites. In the third section, | review about the optical properties of lead halide
perovskites in relation to their electronic structure. In this regard, the modification of
electronic structure of perovskites, mainly by the variation of chemical composition
(halogen and A-site cation) is analyzed. The fourth section is about the carrier dynamics
in lead halide perovskites, where | discuss the exciton and free carrier properties in
these materials. In the fifth section, | survey about the applications of lead halide
perovskites as light-harvesting and light-emitting materials. Finally, 1 conclude the
chapter by stating my motivation for this research work and the specific objective to

attain the expected research goals.



1.1 General Introduction

Within a short span of time, lead halide perovskites have emerged into a class of cost-
effective light-harvesting and light-emitting materials, which is in virtue of their
excellent optical and electronic properties. High carrier mobility, long carrier diffusion
length, large absorption coefficient, and narrow-tunable photoluminescence (PL) with
nearly 100% photoluminescence quantum yield (PLQY) make these materials highly
promising for solar cells, light-emitting diodes (LEDs), lasers, and photodetectors.!®
Synthesis of large single crystals, thin films, and nanocrystals of lead halide perovskites
using inexpensive precursors are convenient which make them viable for their wide

applications.

A-site cation

B-site|cation Halide|(X") ion

‘ MA*, FA*or Cs* . Pb>* @ CI,Brorl

Figure 1.1 The structure of lead halide perovskites.

Lead halide perovskites have the general formula APbXs, where the A-site cation
such as Cs*, methylammonium (CH3NHz*, MA") or formamidinium (CH(NH2).*, FA™)
occupies the octahedral cavities formed by the corner-sharing lead halide octahedra
(PbXs, X=Cl, Br, I). The structure of lead halide perovskites is shown in Figure 1.1.
The formation and stability of APbXs perovskite structure is determined by the

Goldschmidt tolerance factor,
t=(ratr)/[V2 (ro+rx)] (1.1),

and the octahedral factor,



M=rp/rx (1.2),
where 4, I'p and ry respectively, are the radii of A-site cation, Pb?* cation and halogen.
The tolerance factor in the range of 0.80 to 1.00 and the octahedral factor in 0.44 t0 0.9
range render a stable perovskite structure.® Size of the cations and anions determine the
tolerance and octahedral factors that are favorable for the formation of stable perovskite
structures. Based on these stability factors, MA-, FA-, and Cs-based different
isomorphs of lead halide perovskites are obtained by replacing Pb?* with Sn?*, Ge?",
Bi®*, In®", or Sb®" cations and by varying halogen as X=Cl, Br, and 1.%1°

Lead halide perovskites show wide-range of PL, which spans in the entire
ultraviolet-visible-near infrared (UV-Vis-NIR) range. This wide emission color gamut
in lead halide perovskites is achieved by varying the halogen composition in single and
mixed halide perovskites irrespective of their size and shape.>>®1 Variation in
halogen composition tunes the optical band-gap of these materials by modulating the
valence band minimum (VBM). Such variation in PL and excellent PLQY make lead
halide perovskites highly promising for the applications in multi-color display devices,
LEDs, lasers, and photodetectors. In this regard, the synthesis of high-quality lead
halide perovskites using different methods, characterization and study of their

photophysical properties become important.
1.2 Synthesis and Characterization of Lead Halide Perovskites

Lead halide perovskites are easy to synthesize using inexpensive precursors. Different
lead halide salts (PbCl,, PbBr2 or Pblz) and metal halides (CsCl, CsBr or Csl), metal
salts (Cs acetate or Cs-oleate), or organic ammonium halides (MAX, FAX) are used as
precursors for the synthesis of perovskites. Even simple mixing of these precursors in
their solution in a stoichiometric ratio followed by coating on a substrate and drying
forms perovskites. Different synthesis techniques are employed for the synthesis of
high-quality lead halide perovskites with their size in nano, micro or millimeter scale,

which are summarized in Figure 1.2.

The techniques for the synthesis of lead halide perovskites are broadly categorized
into wet-chemical and mechanochemical methods. In wet-chemical methods, a solvent
plays an essential role in the growth and stabilization of the perovskite structure. As

shown in Figure 1.2, different wet-chemical methods used for the synthesis of



perovskite nanocrystals (PNCs) are ligand-assisted reprecipitation (LARP)® and hot-
injection methods.*® Similarly, for microcrystals, antisolvent vapor-assisted
crystallization (AVC)¥®1 and inverse temperature crystallization (ITC)!*¥° methods
are used, whereas single-step and sequential coating methods are applied for the

preparation of perovskite films.2%2! Typically, lead halide perovskite crystals and films

LARP method AVC method

Hot-injection

method
* »ch method

Synthesis of lead
halide perovskites

Sequential One-step
coating coating

Figure 1.2 A scheme of different methods for the synthesis of lead halide perovskites.

are prepared from the stoichiometric mixture of their precursor salts dissolved in the
solvents such as N,N-Dimethylformamide (DMF), dimethyl sulfoxide (DMSO) or y-
butyrolactone. On the other hand, mechanochemical synthesis involves the hand-
grinding? or ball milling?® of perovskite precursor mixtures. Different methods for the
synthesis of nanocrystals, microcrystals and films of lead halide perovskites are

discussed below in detail.
1.2.1 Synthesis of Nanocrystals

PNCs show high PLQY when compared to their bulk film counterparts.®>*® Further,
their optical properties can be tuned by controlling their size and shape.>*®12%5 Hence,
different wet-chemical approaches are widely studied for the synthesis of high-quality
PNCs. Wet-chemical synthesis of colloidal PNCs was first reported by Pérez-Prieto
and coworkers,?* where they used solvent-induced reprecipitation technique to obtain
luminescent MAPDbBr3 nanoparticles. In this synthesis, n-octylammonium bromide and
n-octadecylammonium bromide were used as capping ligands and acetone was used as
precipitating solvent. Following the first synthesis of colloidal PNCs by Pérez-Prieto

and coworkers, LARP and hot-injection methods were introduced to synthesize



luminescent PNCs with different dimensions, narrow size distribution and high
PLQY 3812152527 gynthesis of zero-dimensional (0D) perovskite quantum dots, one-
dimensional (1D) nanorods (or nanowires), two-dimensional (2D) nanoplatelets (or
nanosheets), and three-dimensional (3D) nanocubes by the LARP and hot-injection

methods are illustrated in Figure 1.3. In these methods, a combination of long chain

Nanoplatelets (2D) Nanocubes (3D)
— Y
o o
N

a) Hot-injection b) LARP method
method
]

Cssaltin

Precursors+
octadecene

ligands in DMF

in octadecene '\

High temperature Room temperature

vigorous stirring vigorous stirring
Nanorods (1D} Quantum dots (0D)

Figure 1.3 Scheme for the synthesis of 0D, 1D, 2D, and 3D PNCs by (a) hot-injection
and (b) LARP methods.

organic amines (for example, oleylamine, n-octylamine) and organic acids (for example,
oleic acid) are used as ligands to control the size and shape of the nanocrystals. The
LARP method was first developed by Zhang et al.® to synthesize colloidal MAPbX3
PNCs with a high PLQY at room temperature. They used n-octylamine and oleic acid
as organic ligands to control the size of the nanocrystals. In LARP method, addition of
perovskite solution prepared by dissolving the precursors in a good solvent such as
DMF into a vigorously stirring poor solvent such as toluene, supplemented with long
chain organic ligands, results in the precipitation of PNCs. The LARP method is also
used to synthesize the highly luminescent and uniform size FAPbX3 PNCs.?®

Hot-injection method is employed for the synthesis of all-inorganic PNCs such as

CsPbX3 561213152627 |n this method, a hot solution of metal salt (Cs-oleate or Cs-



acetate) dissolved in an organic solvent such as octadecene is injected into a hot solution
of PbX> in octadecene, which is supplemented with organic amine and organic acid
ligands. The crystallization of PNCs is arrested by quenching the reaction in an ice bath
immediately after the hot injection of precursor solution. Kovalenko and coworkers®
first demonstrated the synthesis of CsPbXs PNCs by hot-injection method, where
monodisperse nanocubes with edge lengths of 4-15nm were synthesized. In these
methods of PNC synthesis (LARP or hot-injection), the size, shape, and dimensionality
of the nanocrystals are controlled by varying the chain-lengths of organic acid and
organic amines, reaction temperature, and reaction time. Further, PNCs with different
single and mixed halide compositions are also easily synthesized by these methods,
which is by using different PbX> (X=ClI, Br, 1) salts, by varying the ratio of mixture of
different PbX> (PbCl2/PbBr2 or PbBr2/Pbl,) during synthesis, or by post-synthesis

halide exchange reactions on PNCs, 3812152526
1.2.2 Synthesis of Microcrystals and Films

High quality lead halide perovskite single crystals with size ranging from micro-to
millimeter scale are attaining considerable interests due to the long carrier diffusion
length, long carrier lifetime, and low defect density in them, which are highly promising
for solar cells.}16-19282% These crystals are generally prepared by using AVC!*®!7 and
ITC!1 methods. As shown in Figure 1.4a, in AVC method, single crystals of
perovskites are grown by exposing the precursor solution of perovskite to the vapors of
another solvent in which the perovskite crystal is poorly soluble (thus called
antisolvent). During the process, the vapors of antisolvent slowly diffuse into the
perovskite precursor solution, and the reduced solubility of perovskites in the
antisolvent facilitates the nucleation and growth of the crystals. However, the quality
and size of perovskite single crystals depend on the type of antisolvent, the volume ratio
between solvent and antisolvent, the antisolvent vapor diffusion time, and the diffusion
rate. Kirmayer and coworkers'® were first to employ the AVC method to prepare the
microcrystals of MAPbBrzand MAPDI3 using DMF as solvent and isopropyl alcohol as
antisolvent. Later, Shi et al.!” modified the method by using dichloromethane (DCM)
as antisolvent for preparing the high-quality millimeter size MAPbBr; and MAPbDI3
single crystals. Unlike isopropyl alcohol, DCM is a poor solvent for MAX and PbX>
salts and therefore facilitates the growth of large single crystals upon slow diffusion



into the precursor solution. On the other hand, ITC method is assisted by the retrograde
solubility of perovskite crystals under elevated temperature. Lead halide perovskites
show decrease in solubility in some solvents such as DMF or y-butyrolactone under

increasing temperature, which is known as inverse temperature or retrograde solubility.

a

Overnight

Room temperature

Antisolvent Perovskite

Lo microcrystals
Precursor solution in good solvent Y

MAX (FAX or CsX)
solution

PbX; solution
Perovsklte film

ﬂ PbX

Annealmg

Figure 1.4 Synthesis of microcrystals and thin films of lead halide perovskites. (a) AVC
method for the synthesis of perovskite microcrystals and (b) sequential deposition

method for the preparation of perovskite thin films.

Saidaminov et al.’¥!® ysed ITC method to grow high-quality single crystals of
MAPDBrs; and MAPbI;s perovskites. Unlike AVC method, the rate of crystal growth is
much faster in ITC method, and this method can be used to prepare the size- and shape-
controlled perovskite single crystals. Nonetheless, in both the methods, the selection of
suitable solvents for the crystallization and growth of high-quality perovskite crystals

IS important.

Lead halide perovskite films are employed as light absorbing and light emitting
layers in solar cells and LEDs, respectively. Films of lead halide perovskite are prepared
by the single-step or sequential deposition of precursor solutions on a substrate by using
different techniques, such as spin-coating,>?° hot-casting,*® spray-coating,3* doctor-
blade coating,* etc. In single-step deposition, the two precursors [AX (A=MA, FA or



Cs) and PbX5] in their stoichiometric ratio are dissolved together in a solvent (DMF,
DMSO or y-butyrolactone) and coated on the substrate, which is followed by
subsequent drying and annealing.? This renders with perovskite films in which the
uniformity and grain size of perovskite crystallites can be controlled by compositional
engineering, controlling the rate of solvent evaporation, and tuning the annealing
temperature.2? On the other hand, in sequential deposition,?® one of the perovskite
precursors, typically PbXo, dissolved in an appropriate solvent is coated on a substrate
which is followed by the deposition of another precursor (AX) solution, drying and
annealing. Figure 1.4b schematically shows the sequential deposition method for a lead

halide perovskite film.
1.2.3 Mechanochemical Synthesis

Large-sized or nanocrystalline lead halide perovskites are also prepared by the
mechanochemical synthesis,??23332% where chemical reaction between the precursors
is induced by the mechanical forces. Both the bottom-up?233338 and top-down®®
approaches can be employed in the mechanochemical synthesis of lead halide
perovskites. In bottom-up approach, the stoichiometric mixture of precursor salts (AX
and PbX>) in their solid state are subjected to hand-grinding, which is by using a mortar
and pestle, or ball-milling in absence of solvent, resulting in the formation of
polycrystalline and phase pure powders of lead halide perovskites. This solventless
solid-state approach is considered as the green method of material synthesis, where the
use of organic solvents is avoided during the synthesis. Stoumpos et al.?? first
demonstrated the mechanochemical synthesis of perovskites using a hand-grinding
process which rendered with the desired MASnNIz product and large amounts of
unreacted precursors. Such hand-grinding process of mechanochemical synthesis takes
quite a long time for the conversion of precursors into perovskite structure. Later,
Prochowicz et al.?® successfully demonstrated the phase pure and high yield synthesis
of MAPDI3 perovskites using electric ball-milling as the efficient mechanochemical
route. Apart from the synthesis of pure APbXs type perovskites, those involving mixed
cation,®® mixed halogen®* and other types such as 0D (Cs4PbBrs, CssPbCle),%® 1D
(GuaPbls),*® and 2D (CsPb2Brs, CsPb,Cls, GuazPbls)**2¢ perovskites are also easily
synthesized by the mechanochemical method.



In the top-down approach, lead halide PNCs are obtained by applying the
mechanical force to the corresponding bulk crystals in presence of solvents and ligands.
For example, Kovalenko and coworkers®® have used wet ball-milling of bulk perovskite
crystals mixed with a solvent and a capping ligand, n-oleylammonium bromide, to
obtain highly luminescent green emitting nanocrystals of Cs- or FA-based 3D lead
halide perovskites. The method is also extended to mechanically induce halide
exchange reaction to produce bromide-iodide mixed halide PNCs. Such facile and
diverse approaches for synthesizing PNCs of different compositions, sizes, and shapes
make them an easy recipe in many laboratories for further studies and applications.
Nevertheless, such diversity in synthesis also employs many challenges to characterize

these materials.
1.2.4 Characterization

Different spectroscopic and microscopic techniques are employed for the optical,
electronic, structural and morphological characterization of lead halide perovskites
(Figure 1.5). Since the crystals and films of lead halide perovskites are luminescent
under UV light, UV-Vis absorption and steady-state PL spectroscopic techniques are
used for the easy and first-hand optical characterization of these materials. The band-
gap of lead halide perovskites absorbs light in the range of UV-Vis to NIR. Therefore,
the absorption and PL spectra of lead halide perovskites involving pure halide, mixed
halide and mixed cation compositions span the entire UV-Vis-NIR region with sharp
bands.3811-1524-26 For jnstance, as shown in Figure 1.5a, MAPbCls, MAPbBrs, and
MAPbI3 perovskites show slightly Stokes-shifted band-edge absorption and emission
maxima in the blue, green and red (or NIR) region of electromagnetic spectrum,
respectively.!! Furthermore, the absorption and PL spectroscopic techniques help to
monitor the halide exchange reaction in perovskites, where the band-edge absorption
and emission peaks shift from blue to cyan and cyan to green when Cl is exchanged
with Br, and from green to orange and orange to red when Br is exchanged with 1.4
Moreover, these spectroscopic techniques are also helpful in analyzing the colloidal

solution of perovskites with different nanocrystal size, shape and dimensionality.'?2%2

The structural characterization of lead halide perovskites is carried out by using
X-ray diffraction (XRD) techniques (Figure 1.5b). Both the single crystal and powder
XRD techniques are used to analyze the crystal structure of perovskites. Luminescent



lead halide perovskites crystallize into orthorhombic (low-temperature), tetragonal
(room-temperature) and cubic (high-temperature) phases.*:** On the other hand, during
the synthesis or storage, some non-perovskite phases, known as yellow phase, may form
which are non-luminescent. These crystalline phases of lead halide perovskites are well
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Figure 1.5 Characterization of lead halide perovskites. (a) Absorption and PL spectra
of MAPbX3 (X=CI, Br, I) PNCs. (b) XRD patterns of MAPbX3 perovskite single
crystals. (c-e) Transmission electron microscopic images of (c) MAPbBrz perovskite
nanocubes, (d) CsPbBrs nanosheets, and (e) CsPbBrz nanowires. (f) Scanning electron
microscopic image of a mixed halide MAPbI3(Cl) perovskite film. Reproduced from
(a,c) Shamsi et al.,** (b) Liu et al.,?® (d) Shamsi et al.,>” (e) Zhou et al.,*® and ()

deQuilettes et al.?

characterized by XRD techniques. Besides, halogen composition and the size of A-site
cation can also influence the lattice parameters and crystal structure of
perovskites.1314294144 Eor example, structural deformation occurs through octahedral
tilting in perovskite lattice when a large FA™ cation is replaced by smaller MA*, which

in turn becomes more prominent when the replacement occurs by much smaller Cs*.41:44
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The octahedral tilt is reflected in the XRD pattern of lead halide perovskites by
shifting of the Bragg’s diffraction peak to a smaller 26 angle.** Similarly, as shown in
Figure 1.5b, while moving down the halogen group, the lattice contraction increases,
and the diffraction peaks shift to the smaller 20.13142° Such lattice distortion in
perovskites can also occur as the function of temperature,*?# pressure,**4" and
moisture,*® which sometimes becomes so large that the perovskite undergoes phase
transition, or the structure becomes unstable. Therefore, it is very important to
characterize the crystal structure of synthesized perovskite crystals and films, and XRD

is one of the efficient techniques.

Electron microscopic techniques such as transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) are used for the morphological
characterization of nanocrystals, microcrystals and thin films of lead halide perovskite,
which are shown in Figure 1.5¢-f. Such microscopic techniques are useful for studying
the shape, size, and stability of perovskite crystallites. The nanocrystals of lead halide
perovskites are revealed with 3D cubic (Figure 1.5¢),** 2D platelet or sheet (Figure
1.5d),%” and 1D rod or wire-like (Figure 1.5e)** structures by using electron microscopy.
Similarly, as shown in Figure 1.5f, electron microscopic studies are also helpful in
understanding the distribution of grain-boundaries in polycrystalline thin films of
perovskites.? Such grain-boundaries influence the performance of lead halide

perovskite films in solar cells.

Other techniques such as X-ray photoelectron spectroscopy (XPS), electron
dispersive X-ray (EDX), time-resolved PL spectroscopy, and transient absorption
spectroscopy are used for the advanced characterization of lead halide perovskites. The
compositional characterization of perovskites is carried out by using XPS and EDX
techniques, whereas the time-resolved PL and transient absorption spectroscopic

techniques are helpful for analyzing the ultrafast carrier dynamics in these materials.
1.3 Optical Properties of Lead Halide Perovskites

Lead halide perovskites are direct band-gap semiconductors whose band-edge
electronic structure is mainly contributed by the atomic orbitals of [PbXs]*
octahedra.®*®! As shown in Figure 1.6a, the conduction band minimum (CBM) has
the sigma (c*) and pie (z*) antibonding orbitals, which are formed by the hybridization
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of the 6p-orbitals of Pb and the s- and p- orbitals of halogens, respectively. On the other
hand, the VBM is contributed by the 6s- and 6p- orbitals of Pb and the s- and p-orbitals
of halogen. The band-gaps and the optical properties of lead halide perovskites are
therefore mainly governed by the [PbXs]* octahedra. The change in composition of
halogen from CI to Br and Br to I increases the contribution of halogen p-orbitals in
VBM, energetically favoring the orbital mixing between the halide p-orbitals and Pb s-

orbital to a greater extent. This lowers the optical band-gap energy (Ey) in lead halide
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Figure 1.6 (a) Electronic structure of lead halide perovskite. (b,c) Crystal structure of

lead halide perovskites (a) without and (b) with octahedral tilting.

perovskites in the order, Eq (CI)>Eq4 (Br)>Eq (1).>'* Therefore, the PL of lead halide
perovskites can be tuned in the UV-Vis-NIR region by varying the halogen composition
through anion exchange, as shown in Figure 1.7a,b.1? Spin-orbital coupling (SOC)
influences the optical band-gaps in lead halide perovskites, 5% which is the
consequence of mixing of orbital-angular momentum (i.e. electron motion in p, d, and
f orbitals) and spin-angular momentum (i.e. the electron spin around its own axis in

clockwise or anticlockwise direction). In lead halide perovskites, SOC splits the three-
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fold degenerate CBM into the lower-energy doublet spin-orbit split-off states and
higher-energy quadruplet states, causing the significant lowering of optical band-gap
energies in these materials. In fact, SOC tunes the optical properties of perovskites by
modulating the CBM, which is associated with the compositions of A-site and B-site

cations and octahedral tilting.14452°3
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Figure 1.7 (a) Photographs of colloidal solution of halide ion exchanged CsPbX3PNCs
under UV (365 nm) excitation, (b) PL spectra of halide ion exchanged CsPbX3PNCs,
and (c) Absorption (solid lines) and PL (dashed lines) spectra of CsPbBrz nanoplatelets
and nanocubes. Reproduced from Bekenstein et al.?

As the size of A-site cation decreases from a larger FA* to a smaller Cs*, the Pb-
X-Pb dihedral angle decreases from its ideal value (180°), resulting in an octahedral
tilt.%>444 Figure 1.6b,c shows the crystal structure of lead halide perovskites without
and with octahedral tilting, respectively. Such a tilt in PbXs octahedra weakens SOC
by lowering the orbital overlap between Pb and X and decreasing the contribution of
Pb orbitals to the band-edge. These decrease in SOC increases the band-gap and shifts
the absorption and PL band to blue. Interestingly, the change in crystal structure from
cubic to tetragonal or other phases also leads to an octahedral tilt,** and more
importantly, such crystal phase transition and octahedral tilt is the consequence of
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temperature*?# and pressure*®4” exerted on the perovskite lattice. Therefore, the band-
edge electronic structure in perovskites varies with these factors, resulting in different
Eg values and hence different optical properties of these materials. Apart from the
chemical composition and octahedral symmetry, the optical properties of lead halide
perovskites are also influenced by the quantum-size effects or quantum
confinement.'?1%2>26 \When the physical size of a material is smaller than or comparable
to the corresponding exciton Bohr radius, the quantum confinement comes into play,
resulting in the blue-shift of absorption edge and PL band. As shown in Figure 1.7c, a
blue-shift in the absorption and PL spectra is observed with the change in dimension of
CsPbBrz PNCs from a 3D nanocubes to 2D nanoplatelets; and the gradual blue-shift in
the absorption and PL spectra further continues with the decrease in the platelet
thickness from 5 unit cells to 1 unit cell.*?

1.4 Charge Carrier Properties of Lead Halide Perovskites

In lead halide perovskites single crystals and films, free charge carriers dominate over
the bound excitons at room temperature which is the consequence of low exciton
binding energy.®*%? In fact, the exciton dissociates into free charge carriers when the
thermal energy surpasses the associated binding energy in these materials. The free

charge carrier property of halide perovskites is associated with long carrier diffusion

length (%%/W , where kg is Boltzmann constant, T is absolute temperature,
is charge carrier mobility, t is PL lifetime, and e is electronic charge) and delayed PL.
Further, the shallow defects and low defect densities in perovskite single crystals and
films also help for such a long-range migration and delayed recombination of
photogenerated charge carriers. Nevertheless, the carrier lifetime varies in the range of
sub-nanoseconds to microseconds in different types of halide perovskites, depending

upon their size, dimensionality, and composition.1-3:56:9:11.15.17.18,23,25.28,30,54,57

Different charge carrier recombination rates in lead perovskites is explained by a
differential equation 1.3,°2

dn

E = _k3n3 - k2n2 - kln ............................................................... (13),

where ki, ko, and ks are the monomolecular, bimolecular and Auger recombination rate

constants, and n is the concentration of total charge carriers. Hence, the carrier lifetimes,
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mobility and diffusion lengths in perovskites are influenced by the monomolecular,
bimolecular and Auger recombination mechanisms. An excitonic (geminate) or a trap-
assisted carrier recombination is involved in the monomolecular mechanism,®:59:62
However, the contribution of excitonic recombination is less significant in the process,
which is due to the small exciton binding energies in single crystals and thin films of
lead halide perovskites.>*%2 Therefore, the trap-assisted processes mainly attribute to
the monomolecular carrier recombination rate (in the order of ~10° s1)%® in perovskites.
Material purity and crystal phase alter the density, activation energy and depth of the
traps in perovskites, affecting the trap-assisted monomolecular recombination process.
For example, when compared to the orthorhombic crystal phase, the cubic and
tetragonal phases of lead halide perovskites have higher rate of trap-assisted
monomolecular carrier recombination, which is due to the different trap formation

activation energies in these different crystalline phases.>¢6?

Bimolecular recombination, on the other hand, involves the recombination of free
charge carriers (non-geminate), and it is influenced by the halide and B-site cation
compositions in perovskites. The bimolecular recombination rate in lead halide
perovskites deviates from the Langevin theory, resulting in lower ka/u value than the
predicted one. Hence, the non-Langevin bimolecular recombination in lead halide
perovskites indicates high carrier mobility,>*°85°62 which is attributed to the occupation
of different molecular orbitals formed by the overlap of energetically different s- and
p-orbitals from halogen and Pb ions in a perovskite unit cell by an electron and a hole.

Trap-assisted and bimolecular recombination processes in perovskites dominate at
low-intensity of excitation and intermediate charge carrier concentration, whereas
Auger-assisted process is involved at higher intensity of excitation and high charge
carrier concentration.>*%°962 Also, the Auger-assisted recombination process is
temperature and crystal phase-dependent, which decreases at low temperature and
orthorhombic phase, increases at room temperature and tetragonal phase, and decreases
again at high temperature and cubic phase.> This temperature or crystal phase-
dependent variation of Auger recombination rate in perovskites is due to the different
extent of SOC and hydrogen bonding in different crystalline structures, which is related

to the change in band-edge electronic structure.
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On contrary to the above discussed mechanism of trap-assisted and free-carrier
recombination in lead halide perovskites, the isolated nanocrystals and quantum dots of
these materials show weak to strong quantum confinement regime, depending upon
their size, thickness or dimensionality, in which the carrier recombination is mainly
governed by the geminate type bound excitonic recombination.121>25:2658 Eor jnstance,
the exciton binding energy for micrometer-size bulk MAPbBTr3 perovskite crystal is 84
meV, which increases by more than three times to 320 meV in the case of corresponding
nanoparticles with size ca. 8 nm.>® Further, slow cooling and efficient extraction of hot
carriers are reported for the PNC colloidal solutions despite the quantum confinement
effects in them.®® Although the strong quantum confinement regime in lead halide
perovskites belongs to 2-7 nm range,!>?°86466 3 great many studies reporting the
excellent opto-electronic properties and applications of PNCs have used the
nanocrystals with size which is in the weak or negligible quantum confinement regime.

This suggests that PNCs show immense diversity in terms of properties and applications.
1.5  Applications of Lead Halide Perovskites

The promising applications of lead halide perovskites are found in solar cells, LEDs,

and lasers, which are discussed briefly in this section.
1.5.1 Solar Cells

Recently, lead halide perovskites are emerging as the highly desirable light-absorbing
materials for solar cells,1:>16-182021232830.31-3348, The high absorption coefficient, high
and ambipolar carrier mobility, long diffusion length of charge carriers, defect tolerant
properties, and cost-effective preparation methods make lead halide perovskites
compatible for harvesting solar energy. After the first demonstration of lead halide
perovskite solar cell by Miyasaka and coworkers®’, many researchers were attracted to
design cost-effective solar cells with improved power conversion efficiency (PCE) by
using lead halide perovskites as active light-absorbing material. Indeed, to this date, the
PCE of perovskite solar cells has improved up to 25.2%,%8 which has encouraged their

commercialization.

In general, uniform lead halide perovskite films with low or no grain boundaries,
high surface coverage, and high stability are desirable for high efficiency perovskite

solar cells.22%39-32 gych films are fabricated by a single-step or sequential deposition
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methods which are discussed in the previous section. Figure 1.8a shows a typical
perovskite solar cell architecture which consists of a perovskite layer as the light
absorbing material in between the electron transport layer (ETL) and hole transport
layer (HTL), and the whole architecture is sandwiched between a conducting glass
substrate [fluorine-doped tin oxide (FTO) or indium-doped tin oxide (ITO)] and Au or
Ag electrode. Figure 1.8b shows the energy levels of various ETLs, HTLs, lead halide
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Figure 1.8 Solar cell application of perovskites. (a) Device architecture of a perovskite
solar cell. (b) Energy levels of various ETLs, HTLs, perovskites, and electrode
materials.

perovskites, and electrode materials that are energetically favorable to construct a
perovskite solar cell, in which the efficient extraction and transport of photogenerated
electrons and holes from a perovskite layer are facilitated by the chosen ETLs, HTLs
and electrode materials. The common n-type ETLs used in perovskite solar cells are
[6,6]-phenyl-Ce1-butyric acid methyl ester (PCBM), TiO2, ZnO, or Buckminster
fullerene (Ceo); and the common p-type HTLs are poly(3,4 ethylenedioxythiophene)-
polystyrene sulfonate (PEDOT:PSS), 2,2,7,7-tetrakis(N,N-dimethoxyphenylamine)-
9,9 -spirobifluorene (spiro-OMTAD), or poly(triaryl amine) [PTAA].

Apart from the energetically favorable combination of perovskites, ETLs, HTLs
and electrodes, different approaches are used to improve the efficiency of lead halide
perovskite solar cells. For example, compositional engineering of lead halide perovskite
films by using mixed halogen and mixed A-site cation has improved the mobility and

diffusion of charge carriers and reduced the defect density in the film.87 Further, such
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defect density can also be reduced by minimizing the pin-holes and grain boundaries in
the film through the control of nucleation and growth of perovskite crystallites.? The
quality of lead halide perovskite films is improved by the chemical treatment of films
with ligands, Lewis-acid, Lewis-base or other additives which renders high PCE in
solar cells.”*"® Chemical engineering of ETL, HTL and the perovskite-HTL (ETL)

interface are also employed to improve the PCE of perovskite solar cells.”*"’

One of the limitations of lead halide perovskites for their application in solar cells
is their stability against moisture and high-intensity light. The highly ionic nature of
perovskite lattice results in degradation and the leakage of Pb?* cation in presence of
moisture.*¢"* Further, the photoionic conductivity of halides and vacancies also limits
the performance of perovskite solar cells.”®”® Nevertheless, different approaches such
as hydrophobic coating of perovskite layer, modifying the composition with mixed
cations and mixed halides, and treating the lead halide perovskites with additives are
employed to address the stability of perovskites and improve the performance of
perovskite solar cells to their optimal level.2%%7" For example, Bai et al.”* have used
water-resistant cross-linkable silane-functionalized doped Ce as ETL and
demonstrated a moisture-stable and high efficiency (19.5%) perovskite solar cell. The
hydrophobic tails of trifluoromethyl groups bonded to the cross-linked silane on the
doped Ceo surface prevented any water molecule or moisture to permeate into the
perovskite film which is underneath the fullerene layer. Their perovskite solar cell could
retain the original high efficiency even after exposing it to the ambient environment for
30 days.

1.5.2 Light Emitting Diodes

Perovskites are exceptional materials for next-generation LEDs, which is attributed to
their narrow emission band and high color purity, PL tunability in UV-Vis-NIR region,
high PLQY, low defect density, and low-cost solution processability.#121314.15.2526,27
Further, lead halide perovskites show long-range ambipolar charge transport,'?
facilitating the efficient injection and transport of charges at the interface and low turn-
on voltage, which are essential for the LED applications. In perovskite-based LEDs
(PeLEDs), the emitter layer comprises of a 3D, layered, or nanostructured perovskites
which is sandwiched between ETLs (or electron-injection layer), HTLs (or hole-

injection layer) and electrical contacts. A typical device architecture of MAPbBr3
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PeLED is shown in Figure 1.9a and the corresponding electroluminescence spectra at
different applied voltage along with the photograph of a working PeLED device is
shown in Figure 1.9b.* Here, MAPbBTr3 nanoplatelet film is sandwiched between a HTL
(PEDOT: PSS) and an ETL (bathocuproine, BCP). Different types of ETLs and HTLs

are discussed in the perovskite solar cell section and Figure 1.8b of this chapter.
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Figure 1.9 LED application of lead halide perovskites. (a) Device architecture of a
PeLED. (b) Electroluminescence spectra of MAPbBrs PeLED under different applied
voltage. Inset is a photograph of a working MAPbBrz PeLED at 7 V. Reproduced from
Ling et al.*

The efficiency of PeLED is limited by the optical loss or current leakage induced
by the presence of pin-holes due to the incomplete surface coverage and excess metallic
lead present due to the incomplete formation of perovskites.*#8! Therefore, for the
optimal external quantum efficiency, high surface coverage with smooth and grain
boundary free morphology of perovskite light-emitting layer is essential. This is
obtained by using different types of polymers such as poly(methyl methacrylate)
[PMMA] or polyimide precursor (PIP), poly(9-vinylcarbazole): 2-(4-biphenylyl)-5-
phenyl-1,3,4-oxadiazole (PVK: PBD) blends as host materials for the perovskite
emitters.*®* Furthermore, the problem due to the presence of excess metallic Pb can be

lifted by using excess of AX salt during the film deposition which suppresses the
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formation of free Ph.8% Apart from the quality of light-emitting material, the design of
PeLED should also account for the electrical losses for which the selection of interfaces
is critical. As shown in Figure 1.8b, the selection of ETL and HTL is mainly determined

by their band alignment with the perovskite layer and solution processability.
1.5.3 Lasers

Beside solar cells and PeLEDs, lead halide perovskites are promising materials for
low-threshold lasing and ASE.>®82-88 After the successful demonstration of low-
threshold ASE in solution-processed CsPbXs (X = Cl, Br, and 1) PNCs by Yakunin et
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Figure 1.10 ASE and lasing in lead halide perovskites. (a) ASE in CsPbBrz PNC film.
(b) Single and multimode lasing with tunable emission color in perovskites.

Reproduced from (a) Yakunin et al.>and (b) Zhu et al.®

al.,® investigations of lasing and ASE have been extended to various MA-, FA- and Cs-
based perovskites. As shown in Figure 1.10a, the ASE in lead halide perovskites is

marked by the narrowing and red-shifting of PL band above a certain excitation
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threshold when the sample is excited under increasing pump fluence or intensity.®
Similarly, as shown in Figure 1.10b, single and multimode low-threshold lasing is
observed in lead halide perovskites, in which the lasing wavelength is tuned in the entire
UV-Vis-NIR region by modulating the halogen composition.>©83

Arrangement of all-inorganic (Cs-based), organic-inorganic (MA- or FA-based),
and mixed halide perovskites in random cavity,®28 Fabry-Pérot cavity,%3* Whispering
Gallery Mode (WGM) cavity >#88 and vertical microcavity®”# results in low-threshold
lasing or ASE in these materials. The micro/nanodomains present in perovskite films
result in the coherent backscattering of propagating PL, which forms close-loop random
cavity.828% A vertical cavity is prepared by sandwiching a perovskite film in between
two reflector mirrors.8”88 Similarly, lead halide perovskites with different shapes, such
as microspheres and 2D micro or nanoplates act as WGM cavity.>> Such cavities are
also formed by coating of perovskite nanocrystals on the silica microspheres.® Besides,
lead halide perovskite cuboids, rods and wires act as optical waveguides along the axial
or planar direction and create a Fabry—Pérot cavity.®8* The lasing threshold in these
cavities vary largely, depending upon the factors, such as dimensions, end facets,

crystal quality and halide composition.
1.6 Motivation and Objectives of Research

Interesting optical and charge carrier properties make lead halide perovskites highly
cherished among material scientists, chemists and physicists for the further exploration
and application-based studies. While generation and diffusion of charges in perovskite
single crystals and bulk films are largely exploited in constructing high-performance
solar cells and PeLEDs, the control and stabilization of such charge carrier dynamics
in these materials for application-specific purposes are still fascinating and motivated
me to study further in this direction. Therefore, the main objective of this thesis is the
design and development of closely-packed lead halide perovskite structures or
assemblies that allow long-range diffusion of charge carriers and delayed emission. The
thesis aims to study the mechanism of diffusion of charge carriers in these structures as
the function of band-gap distributions and the excitation laser intensity modulations.
Further, the thesis also demonstrates the applications of such charge carrier properties
of lead halide perovskites in electron-harvesting and ASE. This study will be very
helpful to understand, on the one hand, the fundamentals of carrier dynamics in lead
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halide perovskites when the individual (nano or micro) crystallites are closely arranged
in an assembly and, on the other hand, the applications of these materials in solar cells

and lasers.
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Chapter 2

Experiments

Abstract

This chapter discusses different experimental methods and instrumentation techniques
used in this study. A brief overview on the significance of synthesis and
characterization of perovskites is followed by the Materials section. Different
experimental methods used to synthesize or prepare perovskite samples are discussed
in the Methods section. Here, | discuss the preparation of perovskite pellets,
nanocrystals, microcrystals, and thin films. Pellets of methylammonium lead halide and
bromide-iodide heterojunction perovskites are prepared by using piezochemical
synthesis. Similarly, nanocrystals of methylammonium, formamidinium, and cesium
lead bromide perovskites are prepared by using the ligand-assisted reprecipitation and
hot-injection methods. On the other hand, methylammonium lead halide microcrystals
are obtained from the antisolvent vapor assisted crystallization. The thin films of
perovskite nanocrystals are prepared by drop-casting the dilute solution of the samples
on a glass substrate. The prepared perovskite samples are characterized and studied by
using various spectroscopic and microscopic techniques, which are discussed in the
Instrumentation section of this chapter. The excitonic bands and the optical band-gaps
of perovskite nanocrystals and pellets are characterized by using UV-Vis absorption
and diffuse reflectance spectroscopy, respectively. The photoluminescence properties
and charge carrier dynamics of perovskite samples are studied by using steady-state
and time-resolved photoluminescence spectroscopy, transient absorption spectroscopy,
and single-particle microspectroscopy. Also, the crystal structure and morphology of
perovskite samples are elucidated by using X-ray diffraction and transmission electron

microscopy.
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The intriguing optoelectronic properties of lead halide perovskites and their promising
applications in light-harvesting and light-emitting systems have lured scientists to
synthesize them in different dimensions and sizes by following different methods and
characterize them using various spectroscopic and microscopic techniques. Different
dimensional nanoscopic, microscopic and large size organic-inorganic hybrid
(MAPbX3 and FAPbX3) and all-inorganic (CsPbX3) lead halide perovskites are
prepared from their precursor salts, MAX, FAX, CH3COOCs or CsX and PbX>, which
are commercially inexpensive and easy to handle. Besides, the synthesis methods are
facile and versatile. For instance, both nano and microcrystals of lead halide perovskites
can be prepared from the same precursor solution when two different synthesis methods,
LARP* and AVC,® respectively are used. Therefore, owing to the easily available
precursors and simple synthesis methods, the study of different types of lead halide
perovskites concerning their fundamental properties and applications has become

straightforward.

The optoelectronic properties of lead halide perovskites vary with respect to their
size, dimension, chemical and stoichiometric composition, and crystal structure. For
instance, a 3D PNC shows different optical and charge carrier properties when
compared to its 2D counterpart, which is due to the strong quantum confinement effect
in the later.® Also, the optical band-gaps of lead halide perovskites are dependent upon
the halogen composition, since the VBM is governed by the electronic structure of
[PbXs]* octahedra.?® The crystal structure of these materials may vary as orthorhombic,
cubic, and tetragonal when the synthesis temperature and halogen composition are
changed.!® Therefore, the first-hand characterization of lead halide perovskites by
employing different microscopic and spectroscopic techniques such as TEM, SEM,
UV-Vis absorption and diffuse reflectance spectroscopy, PL spectroscopy, XRD, EDX,

and XPS becomes crucial.

In this study, | prepared pellets, microcrystals, nanocrystals, and films of lead
halide perovskites by using various solid state and solution-processed methods to study
their PL properties and charge carrier and energy transfer dynamics.”® A piezochemical
synthesis method is used to prepare the pellets of pristine MAPbX3 (X = ClI, Br, 1) and
mixed bromide-iodide (MAPbBrsxlx) heterojunction perovskites.” Similarly, micro
and nanocrystals of MAPbXs (X = Cl, Br) and FAPbBr3; and CsPbBrs perovskites are

34



synthesized by employing the AVC, LARP, and hot-injection methods.**>81? The
PNCs are assembled into thin films by drop-cast technique. The synthesized perovskite
materials are characterized by using UV-Vis absorption spectroscopy, diffuse
reflectance spectroscopy, steady-state PL spectroscopy, fluorescence microscopy, TEM,
and XRD. Further, the charge carrier and energy transfer dynamics in these materials
and their assemblies are studied by using a time-resolved PL spectroscopy, transient

absorption spectroscopy, and single-particle microspectroscopy.
2.1 Materials

Various materials involved in the study are MACI (TCI, >98.0%), MABr (TClI,
>08.0%), MAI (TCI, >98.0%), FABr (TCI, >98.0%), CHzCOOCs (Sigma-Aldrich,
99.9%), PbCl, (Sigma-Aldrich, 98%), PbBr> (Sigma-Aldrich, >98%), Pbl> (Sigma-
Aldrich, 99%), hexadecylamine (C16H3sN, TCI, >95.0%), n-octylamine hydrobromide
(CsH17NH3Br, TCI, >98.0%), oleic acid (C1sH3402, TCI, >85.0%), dehydrated DMF
(Fujifilm Wako), dehydrated toluene (Fujifilm Wako, >99.5%), acetone (Fujifilm
Wako), DCM (Fujifilm Wako, >99.5%), 1-octadecene (TCI, >90.0%), 1-hexadecene
(Fujifilm Wako), hexane (Fujifilm Wako, >96.0%), n-butanol (Fujifilm Wako,
>99.0%), and cover glasses (Matsunami, 24 mmx50 mm or 18 mmx18 mm, thickness

0.13-0.17 mm). The chemicals were used as received.
2.2  Methods
2.2.1 Piezochemical Synthesis of Perovskite Pellets

Closely-packed pellets of MAPbX3 perovskites were prepared by using a novel
piezochemical synthesis method,” where pressure was applied to the solid mixture of

precursor salts to obtain perovskites (Figure 2.1). The study of piezochemically

v bo 7 oL a

Figure 2.1 A scheme of piezochemical synthesis of MAPbX3 perovskites.
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synthesized perovskite samples is presented in Chapter 3. In a typical synthesis, PbX>
(2.35 mmol) and MAX (1.25 mmol) were crushed separately into a fine powder using
a hand mortar and thoroughly mixed in a glass vial to obtain a precursor solid mixture.
The solid mixture was filled inside a silicon chamber (20 mm in diameter) placed on a
metal plate, which was followed by applying a pressure of 2.4 GPa using a hydraulic
jack. After 30 min, the pressure was released to obtain disk-shaped perovskite pellets.
Here, | also studied the effect of pressure by synthesizing perovskites pellets at 1.2, 3.6,
4.8, and 6 GPa.

The piezochemical synthesis method was extended to obtain MAPbBr3xlx
perovskites with the mixed halide composition. In the typical synthesis, | prepared a
precursor solid mixture from PbBr; (0.75 mmol), MABTr (0.75 mmol) and Pbl> (0.25
mmol). To this precursor solid mixture, a pressure of 2.4 GPa was applied for 30 min
to obtain a MAPDBrsxlx perovskite pellet. Amounts of precursors used during the

reactions are tabulated in Table 2.1.

Table 2.1 Amounts of precursors used for the piezochemical synthesis of MAPbX3 and
MAPDBTr3.xIx perovskite pellets.

S.N. Samples Precursors mmol (mg)
PbCl; 1.35 (375)

1. MAPDCI3 MACI 1.5 (85)
PbBr» 1.35 (500)

2 MAPbBrs MABr 1.25 (140)
Pbl 1.35 (622)

3 MAPbI; MA 1.25 (199)
PbBr 0.75 (275)

4, MAPDBI«l3.x MABr 0.75 (84)
Pbl 0.25 (115)

2.2.2 Synthesis of Perovskite Microcrystals

MAPDBTr3 perovskite microcrystals were prepared by the AVC method (Figure 2.2).812
The study of MAPbBrs microcrystals is presented in Chapters 3 and 5. During the
synthesis, the precursor salts, MABr (211 mg, 1.88 mmol) and PbBr, (690 mg, 1.88
mmol), were dissolved separately in 5 mL dehydrated DMF. Equal volumes (1 mL
each) of these solutions were mixed to form a precursor solution. | drop-cast this
precursor solution (50 pL) on an 18x18 mm? glass coverslip, which was placed on a

silicon stage in a solvent chamber. The chamber contained DCM leveled below the
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silicon stage, and the mouth of the chamber was covered with a lid for controlled
evaporation of the precursor solution. Over 12 h, microcrystals were formed on the

glass coverslip.

Precursors in DMF

(MABTr + PbBr,) MAPbBrg
/ microcrystals
vV | l N,
?_ """" S e
DCM Evaporation-diffusion Crystallization

Figure 2.2 AVC method for the synthesis of MAPbBr3 perovskite microcrystals.
2.2.3 Synthesis of Perovskite Nanocrystals
Synthesis of FAPbBr3 PNCs

FAPbBrs PNCs were synthesized by the modified LARP method,?° and the study of
these samples is presented in Chapter 4. Precursor solutions were prepared by
dissolving FABr (25 mg, 0.20 mmol) and PbBr2 (73 mg, 0.20 mmol), separately in
dehydrated DMF. Similarly, octylammonium bromide (25 mg, 0.12 mmol) and oleic
acid (190 pL, 0.60 mmol) were dissolved in 1-octadecene (4 mL) with continuous
stirring at 80 °C. The precursor solutions were added concomitantly to the above ligand
solution, which was followed by precipitation of PNCs by the addition of either acetone
or a mixture of hexane and acetone (8:1, v/v). The precipitate of FAPbBrs PNCs were
collected by centrifugation at 7000 rpm for 10 min. For the thin film deposition and
single-particle studies, colloidal solution of PNCs was used, whereas the dry precipitate

was studied as the clusters of PNCs.
Synthesis of MAPbBr3 PNCs

MAPDBr; PNCs were synthesized by the LARP method®® (Figure 2.3), and the study
of these samples is presented in chapter 4. In a typical synthesis, MABr (28 mg, 0.25
mmol), PbBr2 (100 mg, 0.27 mmol), oleic acid (80 pL, 0.25 mmol) and hexadecyl (46
mg, 0.19 mmol) were dissolved in 1 mL DMF by alternate stirring and warming on a
water bath at 60 °C, until a clear precursor solution was obtained. This solution was
injected into 50 mL dehydrated toluene with vigorous stirring. The solution turned into

green, and with mixing, it gradually changed into an orange-yellow turbid solution,
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indicating the precipitation of PNCs. After 15 minutes of vigorous stirring, the solution
was centrifuged at 10,000 rpm for 5 minutes, and the clear supernatant was discarded.
The precipitate was washed with n-butanol to remove excess ligands. It was dispersed
in toluene by sonication and centrifuged at 5000 rpm for 5 minutes to separate larger

particles. MAPbBrs PNCs in the supernatant were used in the further study.

Precursors and ligands
in DMF

Precipitation of MAPbBr; PNCs in
toluene

Vigorous stirring atroom
temperature

Figure 2.3 LARP method for the synthesis of MAPbBrs PNCs.
Synthesis of CsPbBrz PNCs

CsPbBrs PNCs were synthesized by the hot-injection method®!! (Figure 2.4), and the

-=— Vacuum/inertgas

~1 min I

PbBr,+ ligandsin
1-hexadecene

CH;COOCs
in 1-hexadecene

ice-water batl
(b) Quenching of reaction

(a) Injecting CH3;GOOGs under
vigorousstirring at 170 °C

Figure 2.4 Hot-injection method for the synthesis of CsPbBrs PNCs.

study of these samples is presented in Chapter 4. In a typical synthesis, a mixture of
PbBr2 (690 mg, 1.88 mmol), oleic acid (4 mL, 12.6 mmol), hexadecylamine (3670 mg,
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15.2 mmol), and 1-hexadecene (90 mL) was loaded in a 500 mL two-neck flask and
dried under vacuum at 120 °C for 1 h with stirring. In parallel, CH;COOCs (9 mg, 0.5
mmol) dissolved in a mixture of oleic acid (1 mL, 3.15 mmol) and 1-hexadecene (10
mL) was dried at 120 °C under vacuum with stirring. Argon was flushed alternately
with the vacuum at every 20 mins while drying. After the complete dissolution of PbBry,
the temperature was raised to 170 °C under Argon atmosphere. To this hot, vigorously
stirring solution, dried CH3COOCs solution was injected under Argon. Within 1 min
of injection, the reaction was quenched by placing the reaction mixture in an ice-water
bath. The reaction mixture was centrifuged at 6000 rpm for 25 min and a yellowish
supernatant was discarded. The precipitate was collected, washed with hexane and n-

butanol, and dispersed in toluene for further studies.
2.2.4 Thin Film Deposition of Perovskite Nanocrystals

| used drop-cast technique to deposit the thin films of PNCs in toluene. The study of
PNC film samples is presented in Chapter 4. As shown in Figure 2.5, PNC solution was

drop-cast in a silicon chamber fixed on a 24x50 mm? glass coverslip. | prepared close-

Sample well
|
Q*) PNC solution
Slllcon / 0\"}%} »
rubber

PNC film
under UV light

Figure 2.5 Schematic illustration of thin film deposition of PNCs.

packed or loose-packed PNC films by controlling the amounts of nanocrystals in the
depositing solution. A close-packed film was prepared by depositing 50 pL sample
from a stock PNC solution (1 mg mL™). Loose-packed films with different particle

densities were prepared by depositing solutions with 500, 250, 125, 62 ug mL™* PNCs.®
2.2.5 Preparation of MAPbBrs/MAPbCIs Double Layer Perovskite Structure

A double layer perovskite structure was prepared by depositing MAPbBrs PNCs on a
MAPDCIz microcrystal film. A MAPbCIs microcrystal film was prepared by drop-
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casting a precursor solution composed of MACI (85 mg, 1.25 mmol) and PbCl; (375
mg, 1.35 mmol) dissolved in 1 mL anhydrous DMF on a 24x50 mm? glass coverslip.®

The study of these samples is presented in Chapter 4.

2.2.6 Preparation of Ceo-doped Thin Film of Perovskite Nanocrystals

To the PNC stock solution (1 mg mL™? in toluene), 1.4 weight% of Ceo (14 ng) was
added, and the mixture was sonicated for 30 min. The stock solution containing Ceo Was
further diluted 10 times with toluene. Thin films of Ceo-doped PNCs were prepared by
drop-casting 100 pL of the dilute solution on 24x50 mm? glass coverslips and drying.®
The study of these samples is presented in Chapter 5.

2.3 Instrumentation
2.3.1 UV-Vis Absorption and Diffuse Reflectance Spectroscopy

To characterize the excitonic features and band-gaps of the lead halide perovskites,
UV-Vis absorption and diffuse reflectance spectroscopy were carried out in a UV-Vis

Monochromator

A

/ \ . .
Wavelength selector Colloidal solution of PNCs

Collimator (Slit) l
I Detector

— |
&) — :31 \\/I -" |

Lightsource

4—;‘21'cm
1cm
Cuvette

UV-Vis absorption spectroscopy

Pelletsample o'i‘o(\

<
ot
I Detector

From monochromator I

Glass slide

UV-Vis diffuse reflectance spectroscopy

Figure 2.6 Schematic illustration of UV-Vis absorption and diffuse reflectance

spectroscopy for PNC solutions and perovskite pellets, respectively.
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spectrophotometer (Evolution 220, Thermo Fischer Scientific). A scheme for the UV-
Vis absorption and diffuse reflectance spectroscopy used in this study is shown in
Figure 2.6. UV-Vis absorption spectra were measured for the colloidal solutions of
PNCs; and since the light cannot penetrate through thick perovskite pellets, diffuse
reflectance spectra were estimated for such samples in a customized reflectance

geometry as shown in the lower panel of Figure 2.6.

The band-gaps of PNCs and perovskite pellets were estimated from the
corresponding Tauc plot of absorption spectra and the diffused reflectance spectra,
respectively. The incident photon energy (hv) and E4 are related to the absorption
coefficient («) by the equation [ahv]? = a(hv-Eg) and the transformed Kubelka-Munk
(diffuse reflectance) function by the equation [F(R)hv]? = a(huv-Eg), where R is the
percentage of reflected light, h is Plank’s constant, v is the frequency of light, and a is

the proportionality constant associated with the direct allowed transition.3
2.3.2 Steady-state PL Spectroscopy

The steady-state PL spectroscopy was used to characterize the emission color from the
PNCs by using a fluorescence spectrophotometer (F-4500, Hitachi). A scheme for the

optical setup and working principle of fluorescence spectrophotometer is shown in

Excitation slits

Excitation monochromator Emission monochromator

Photomultiplier
90° detector

Figure 2.7 Optical setup and working principle of steady-state PL spectroscopy.

Figure 2.7. Xe lamp was used as the light source, and the PL spectra were obtained by
setting the excitation wavelength to 365 nm and scanning the emission monochromator.

In steady-state PL spectroscopy, the PL is collected at an angle of 90° from the
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excitation light in order to avoid any transmitted light in the spectra.
2.3.3 Time-resolved PL Spectroscopy

| used time-resolved PL spectroscopy to study the PL lifetime (t), excitation power-
dependent PL and ASE of PNCs, clusters, PNC thin films, and single microcrystals.
Similarly, the technique was also utilized to study the PL properties of perovskite
pellets and large single crystals. A schematic illustration of the optical setup for the
time-resolved PL measurement is shown in Figure 2.8.

Ti:sapphire
mode-locked laser U

Digital delay; CONTONEN. s
Mira 900 M : N A -
\M

P I
M it §4
Diode-pumped N

lasers

wu 008

sample stage

photodiodegl| gy ig Objective lens
Optical parametric
o P
amplifier 200 kHz ‘— | filter
’ M M

OPA 9400 | -400nm |

(1401s) = NDlﬁIterlM To eye-piece Processor

pulses

Ti:sapphire regenerative
amplifier laser

M: Mirror, L: Lens, BS: Beam splitter, ND: Neutral density, LP: Long pass

Figure 2.8 Optical setup for the time-resolved PL spectroscopy of perovskite pellets,
clusters, microcrystals and PNC films.

The excitation light source used for time-resolved PL spectroscopy was a 400 nm
wavelength femtosecond laser with a pulse width of 140 fs. The amplified femtosecond
pulses were generated at a 200 kHz repetition rate from the second harmonic generator
(SHG) crystal of an optical parametric amplifier (Coherent OPA 9400), which was
pumped by an 800 nm output from a Ti:sapphire regenerative amplifier (Coherent
RegA 9000). RegA was seeded by a mode-locked Ti:sapphire laser (Coherent Mira
900F). Spectral and time-resolved photocounts were recorded using an assembly of a
polychromator (model 2501S, Chromex) and a photon-counting streak-camera (model
C4334, Hamamatsu).

The PL signals from the perovskite samples on a glass substrate, placed over a

movable stage in an inverted microscope (Olympus 1X70), were passed through an
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objective lens (40x, NA 0.60, Olympus), filtered through a 440 nm long-pass filter, and
focused using a lens at the entrance slit of the polychromator. The signals were detected
using the streak-camera (Figure 2.8). For the colloidal solution of PNCs, PL signals
were collected by placing a cuvette containing the PNC solution in the excitation laser
path. A lens was used to focus the laser into the colloidal solution, and a mirror was
used to reflect the PL signals at a right angle from the cuvette to the entrance slit of the
polychromator. For the power-dependent studies, the laser power was varied by using
neutral density filters. For ASE measurements and PL studies of large single crystals,
an iris was used before the entrance slit of the polychromator for collecting the emission

from isolated microcrystal.

Multiexponential tail-fits of the PL decay profiles were performed and the average
PL lifetime (zav) was calculated using the equation,

T141 + 1,4, + 1345
‘[ =
av A+ A, + A

(2.1),

where A1, A, and As are the amplitudes, and 71, 72 and rz are the PL lifetime values of 1%,

2" and 39 components of the exponential fit, respectively.

2.3.4 PL Masking and Unmasking System

Irradiation area Irradiation area
(emission masked) (emission unmasked)

{J Masked area (ﬂ)

Probe area Probe area

Figure 2.9 Optical masking and unmasking experiment. (a) Masking of PL from the
central irradiated area by opening the iris to 150 um diameter and collecting PL from
outer non-irradiated area by placing a 50 um diameter mask on the emission side. (b)
Collecting PL from the central irradiated area by closing the iris to 50 um diameter and
removing the mask. The iris and mask were placed in between the sample and the

detector.
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As shown in Figure 2.9, | carried out the selected area time-resolved PL measurements
of the PNC film by collecting the photons through the assembly of an iris and a circular
mask. Here, the central area was always irradiated with either low- or high-intensity
laser. During the collection of PL from the outer area, 50 um diameter mask was
inserted on the emission side. During the collection of PL from the irradiated area, the

iris was set at the circumference of the mask and the mask was removed.
2.3.5 Single-particle Microspectroscopy

| used single-particle microspectroscopy to study the PL properties and photostability
of isolated FAPbBrs PNCs on a substrate. Using this technique, | estimated and
compared the time-traced total number of photons emitted by more than 500 single
FAPDbBrs PNCs when they were periodically excited at different pulse energies by
modulating a 400 nm femtosecond laser ON and OFF. The optical setup

M M
Lens
EMCCD
camera
Sample
Stage Eye-piece
LP filter
200kHz, 400 nm

(140 1s) pulses I
r 4

ND filter BS N m

B Processor

CCD camera

M: Mirror, L: Lens, BS: Beam splitter, ND: Neutral density, LP: Long pass, OL: Objective lens,
CCD: Charge coupled device, EMCCD: Electron multiplying CCD

Figure 2.10 Optical setup for the single-particle micro-spectroscopy.

for the experiment is shown in Figure 2.10. Samples for the single-particle
microspectroscopy were prepared by drop-casting of a dilute solution (ca. 1 ng/mL) of

FAPbBr3 PNCs on 18 mmx18 mm glass coverslips. Single-particle PL trajectories were
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recorded at 33 ms frame rate in an inverted optical microscope (1X70, Olympus), which
was equipped with an objective lens (40x, NA 0.60, Olympus), a 440 nm long-pass
filter, and an EMCCD camera (iXon, Andor Technology).

2.3.6 Transient Absorption Spectroscopy

The transient absorption spectra were measured using a femtosecond pump-probe
technique. The samples were excited at 400 nm with an average power of 10 uW using
second harmonics from a laser (Solstice, Spectra-Physics). The pump pulse was
focused to a spot with 0.7 mm diameter, and a repetition rate of 250 Hz was achieved
by using an optical chopper (model 3502, New Focus). The transient absorption was
probed using the supercontinuum from a CaF plate. Detection was carried out using a
C-MOS detector (PMA-20, Hamamatsu-Photonics). The temporal resolution was 100
fs.

2.3.7 Powder X-ray Diffraction

To characterize the crystalline phase of perovskites, | carried out powder XRD
measurements of PNC samples and perovskite pellets in an X-ray diffractometer (RINT
2200, Rigaku), and | compared the obtained XRD spectra to the reference spectra from
the literature to confirm the crystal structure. | prepared the samples for XRD
measurements by crushing the perovskite samples into a fine powder using a hand
mortar and drying it in a vacuum for 5 h. For each measurement, about 30 mg of

powdered perovskite samples were used to disperse on a sample holder.

In the X-ray diffractometer, X-rays were generated in a cathode ray tube by
bombarding the Cu target with accelerated electrons. Monochromatic CuKal radiation
with wavelength 1.5406 A was filtered, collimated and directed towards the sample,
and the scanning was performed by rotating the sample and the detector in a range of
20 angles. Here, the random orientation of the powdered sample resulted in the
diffraction of X-rays in all possible directions of the lattice, which was recorded by the
detector to produce a set of diffraction spectra.

The powder XRD measurement utilizes the Bragg’s diffraction law nA=2d sin0,
where L is the wavelength of X-ray, 0 is the diffraction angle, d is the lattice spacing in

a crystalline sample and n is a positive integer. The interaction of the incident
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monochromatic X-rays with the crystalline powder sample produces constructive
interference when the conditions satisfy the Bragg’s law. This results in diffraction

peaks in the XRD spectra.
2.3.8 Electron Microscopy

| characterized the size and morphology of the PNCs by recording the TEM images in
a transmission electron microscope (HD-2000, Hitachi) operated at 200 kV. Samples
for TEM imaging were prepared by placing PNCs dispersed in toluene (dilute solution)
on carbon-coated TEM grids (STEM Cul00P) and drying the grids inside a vacuum
chamber overnight. I also estimated the size distribution of PNCs by analyzing the TEM

images using ImageJ software.

In summary, | synthesized different types of lead halide perovskites, which
include pellets, nanocrystals, microcrystals, and thin films, by using a solid state and
different solution-processed methods. | introduced piezochemical synthesis as a new
method to prepare MAPbX3 and mixed halide MAPbBrz.xlx perovskite pellets. This is
a solvent-less solid state method for synthesizing perovskites where the pressure acts
as the reaction driving force. PNCs, microcrystals, and thin films were prepared from
solution-processed methods. Here, | synthesized PNCs by applying LARP and hot-
injection methods. On the other hand, | prepared perovskite microcrystals from AVC
technique. For the synthesis of nanocrystals, ligands such as oleic acid, hexadecyl
amine, and octylammonium bromide were used to control the crystal size. | also
prepared the thin films of lead halide perovskites, which was by drop-casting the

colloidal solution of PNCs at the different concentration on the glass substrate.

Furthermore, | characterized and studied the perovskite samples by using UV-
Vis absorption and diffuse reflectance spectroscopy, steady-state and time-resolved PL
spectroscopy, transient absorption spectroscopy, single-particle microspectroscopy,
powder XRD and TEM. | estimated the optical band-gaps of perovskite pellets and
nanocrystals from the UV-Vis absorption and diffuse reflectance spectra. Similarly, |
studied the PL and charge carrier dynamics of perovskite samples by using steady-state
and time-resolved PL spectroscopy and transient absorption spectroscopy. Single-
particle microspectroscopy was used to study the PL properties and photostability of

perovskites at their single-particle level. The crystal structure and morphology of
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perovskite samples were revealed by the powder XRD and TEM, respectively.
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Chapter 3

Energy Transfer in Pellets and Microcrystals of
Perovskites

Abstract

Photon recycling and charge carrier migration are two important phenomena which
influence photoluminescence and carrier dynamics in lead halide perovskite single
crystals and films. Besides, in closely-packed perovskite structures, a nonradiative
energy transfer among different crystalline domains through the distributed energy
states should also be considered. However, a closely-packed donor-acceptor type
structure is necessary for the efficient energy transfer process. In this chapter, | discuss
the role of nonradiative energy transfer among the closely-packed crystallites of lead
halide perovskites in photon recycling. For this purpose, | introduce a new
piezochemical method to synthesize closely-packed pristine methylammonium lead
halide and mixed bromide-iodide (heterojunction) perovskites. The efficient
nonradiative transfer of excitation energy is realized in a mixed bromide-iodide
(heterojunction) perovskite with distinct higher (bromide) and lower (iodide) band-gap
domains. The phenomenon of nonradiative energy transfer is characterized by
temporally- and spectrally-resolved photoluminescence, where the fast relaxation of
photoexcited bromide-rich domain is associated with the depopulation of its excited
state by the iodide-rich domain. These results suggest that energy transfer plays
important roles on photon recycling among the heterogenous crystallites of perovskites.
Concerning these facts, | also study the PL properties of methylammonium lead halide
perovskites microcrystals by using temporally- and spectrally-resolved
photoluminescence. | find that the photon recycling through repeated self-absorption
and re-emission of photons play dominant role on the PL properties and charge carrier
dynamics of perovskite microcrystals. In addition to the energy transfer process, the
pellets and microcrystals of lead halide perovskites may also involve carrier migration.
However, the fast PL decays in these samples suggest that there is no long-range
migration of charge carriers, and the PL is mainly influenced by the photon recycling

or the nonradiative energy transfer.
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3.1 Introduction

The study of PL and charge carrier properties in lead halide perovskites can be realized
by processing them using different solution-based!® and solid state methods.®° Close
packing of perovskite crystallites may result either in the nonradiative energy transfer
through the distribution of their energy states or band-gaps'**2 or in the long-range
migration of charge carriers.>'>* On the other hand, thick perovskite samples show
photon recycling, where the photoexcitation results in multiple cycles of self-absorption
and re-emission.®™° In this chapter, | discuss energy transfer process and it’s role on
photon recycling in closely-packed lead halide perovskite crystallites by modulating
the distribution of their energy states or band-gaps. To support the photon recycling
process in thick perovskite samples, | also study the surface and bulk charge carrier
properties of lead halide perovskite microcrystals.

Multiple photon recycling events along with photonic confinement with in the
perovskite sample result in low energy PL to escape far away from the point of
excitation. Therefore, the long-range energy transport is not only limited to a carrier
diffusion length but can occur through repeated recycling between photons and
electron-hole pairs.?’ Yamada et al.*® first demonstrated the photon recycling process
in MAPDI3 perovskite single crystals by using time-resolved PL measurements under
one- and two-photon excitation. Friend and coworkers?® have shown an increase in the
excited state population of charge carriers in bulk MAPDI3 perovskite film resulting in
high open circuit voltages, which is attributed to the photon recycling process.
Conversely, Fang et al.?! have reported very small photon recycling efficiencies
(<0.5%) in MAPDbIz and MAPDOBrs perovskite microcrystals, underscoring the
intrinsically long carrier recombination lifetime instead of the photon recycling-
induced photon propagation responsible for their long carrier diffusion length. However,
they did not exclude the possibility of photon recycling in polycrystalline films of
perovskites. Recently, a red-shifted and delayed emission was reported in 2D lead
halide perovskites which was mainly attributed to photon recycling that acted as the
dominant process instead of the interplane carrier migration in such multi-quantum-
well perovskite structures.?? Therefore, photon recycling and charge carrier migration
are two important phenomena that affect PL and carrier dynamics in lead halide
perovskites. In addition, a nonradiative energy transfer through the distributed energy
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states among different crystalline domains in closely-packed perovskite structures
should also be considered. Some studies have shown energy transfer among lead halide
perovskite nanocrystals of different sizes or compositions which exhibit different band-
gaps in their films,!! aggregates,'? and colloidal solution.?® However, a more rigorous
study on the role of nonradiative energy transfer on photon recycling in closely-packed
perovskite structures is yet to be carried out. The efficiency of energy transfer in such
structures depend upon the close packing and the composition of the crystallites. In this
regard, the methods for preparing or processing closely-packed perovskites become

important.

The closely-packed perovskite structures can be realized either by processing
them into films, clusters or by pressing the perovskite crystallites under the pressure. In
this chapter, | study the in-situ solid state formation and processing of perovskite
crystallites into close-packed arrangements. So far, the solid state method involves
direct grinding or ball-milling of precursor salt mixtures to yield perovskite lattice.® 24
26 Such method foots on a mechanochemical technique with high efficiency, remarkable
reproducibility, and environmental friendliness. For instance, Jadlowski et al.?* have
synthesized 3D MAPbI3z, FAPDbI3, and 1- and 2D GuaPbls perovskites by grinding the
precursor salts in an electrical ball mill. Michaelis and coworkers?® have reported the
mechanochemical synthesis of 0- and 3D cesium lead mixed halide perovskites by
crushing the precursor salts using a hand pestle and mortar. While the mechanical force
is a major driving parameter for the solid state reaction among precursors to form the
perovskite in a mechanical grinding or ball-milling process, the pressure is another
important thermodynamic variable that can result in the in-situ formation and close
packing of perovskite crystallites. For instance, silicate perovskites are abundant in the
lower part of the Earth’s mantle where pressure plays a vital role in the formation of
these materials.?” Although studies on the effect of pressure on the electronic and
optical properties and the crystal structure of perovskites are known,®1° piezochemical
synthesis of these materials is not reported yet. Any chemical reaction resulting from
the pressure which is applied on the reactants is termed as ‘piezochemistry’. In this
study, I introduce piezochemical synthesis to prepare closely-packed pristine MAPbX3
(X=Cl, Br, 1) perovskites, where hydraulic pressure is applied for the chemical
reaction.?® The method is further extended to prepare mixed bromide-iodide (MAPbBIs.

xIx) heterojunction perovskites.
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3.2 Results and Discussion
3.2.1 Characterization of MAPbX3 Perovskites

This study is the first report on the piezochemical synthesis of lead halide perovskites,
where the applied pressure converts the chains of edge-sharing orthorhombic PbXz into
corner-sharing PbXs octahedra.?® | hypothesize that, under the applied pressure, such
transformation is assisted by the deformation of MAX, squeezing out the halide ion to
become a part of the octahedra. In parallel, MA™ is pushed into the cavity between the
octahedra to form a stable perovskite structure. Piezochemical method resulted in the
formation of thick (ca. 1 mm) disc-shaped (diameter ca. 20 mm) perovskite pellets,

which are shown in Figure 3.1a. This hypothesis of pressure-assisted transformation of
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Figure 3.1 Characterization of MAPbXs (X=Cl, Br, 1) perovskite pellets. (a)
Photographs and (b) powder XRD patterns of (i) MAPDCIs, (ii) MAPDbBrs, and (iii)
MAPbI3 perovskite samples.

precursors into perovskites is supported by the structural characterization of these
samples, which is carried out by using XRD, as shown in Figure 3.1b. The XRD study
reveals different crystal phases of the piezochemically synthesized perovskite samples,
which are consistent with the literature reports.?®** The XRD pattern of MAPbCI3
reveals cubic crystalline phase with the 100, 110, 111, 200, 210, 211, 220, and 300
crystal planes.?>% In the case of MAPDbBr3, a mixture of cubic and orthorhombic phases
is observed. The Bragg’s diffraction peaks of MAPbBrs; at 14.90°, 21.18°, 30.13°,
33.83°, 37.15°, 43.14°, and 45.93° correspond to the 100, 110, 200, 210, 211, 220, and
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300 crystal planes, respectively, of a cubic crystalline phase.®**? The existence of
orthorhombic phase is confirmed by the splitting of a diffraction peak at 30.13° (the 200
crystal plane) and the appearance of a new peak at 30.56° (the 121 crystal plane).3%
MAPbIz perovskite shows tetragonal crystalline phase with characteristic diffraction
peaks at 13.99°, 19.86°, 23.46°, 24.48°, 28.36°, 31.79°, 34.29°, 34.95°, 40.56°, and
43.08° that correspond to the 110 or 002, 112, 211, 202, 004 or 200, 114 or 222, 024,
312, 224 or 040, and 314 or 330 crystal planes, respectively.®*

3.2.2 Optical Properties of MAPDbXs Perovskites

| studied the optical properties of MAPbXz3 perovskite pellets using PL and Kubelka-
Munk diffused reflectance spectroscopic techniques. The PL spectra of the perovskite
samples are shown in Figure 3.2a. Here, MAPbClz, MAPbBTr3, and MAPDI3 perovskite
pellets show blue (ca. 450 nm), green (ca. 560 nm) and near infrared (NIR, ca. 760 nm)
emission peaks, respectively. | also estimated the optical band-gaps of MAPbXs
perovskites from the Tauc plots, which are shown in Figure 3.2b. The band-gap values
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Figure 3.2 Optical properties of MAPbX3 (X=ClI, Br, 1) perovskites. (a) PL spectra and
(b) the Tauc plots of (i) MAPDCIs, (ii) MAPbBTr3, and (iii) MAPbI3 perovskite pellets.

for MAPDCIs, MAPbBr3, and MAPbI3 are 2.90, 2.20, and 1.49 eV, respectively.® Here,
the red-shift in PL of perovskite samples are correlated to the decrease in band-gap in
the order Eq(MAPDCI3) > Eq(MAPDBr3) > E¢(MAPDI3), which is due to the increase in
the contribution of halogen’s p-orbital on the VBM of a lead halide perovskite and the
enhancement of SOC when the composition changes from Cl to Br and from Br to 1.3%
% In addition to the halogen-induced red-shift, the PL maxima of these pellets are
further shifted to lower energy when compared to the perovskite nanocrystals.? Also,

the emissions from the pellets have lower intensity when compared to their isolated
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crystals, which is due to the increased frequency of nonradiative recombination during
the multiple self-absorption and nonradiative energy transfer processes. These red-
shifted and low-intensity PL bands in thick perovskite pellets are similar to the photon
recycling and inner-filtering processes observed in thick films and large single crystals
of perovskites.'>-2222 Further the Tauc plots, shown in Figure 3.2b, have the low-energy
tails, suggesting heterogeneity in these samples induced by the applied pressure. Based
on these results, | hypothesize that the closely-packed perovskite crystallites in the
pellet have a distribution of energy states or bands. On the other hand, I do not exclude
the possibility of excitation light scattering by the microcrystallites in the pellet.
Therefore, concerning the close packing of perovskite crystallites with the distribution
of energy states in these samples, energy transfer through such energy states should
play an important role on photon recycling. The energy transfer in such closely-packed

perovskite samples complicates the charge carrier dynamics.
3.2.3 Photon recycling by Energy Transfer in MAPbBrsxlIx Perovskites

To understand photon recycling through distributed energy states among closely-
packed perovskite crystallites, | prepared MAPbBr3.xIx perovskites with mixed halide
composition by the piezochemical method. Based on the Eg values, | assign the

bromide-rich domain as energy donor and the iodide-rich domain as energy acceptor. |
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Figure 3.3 Photon recycling by nonradiative energy transfer in a MAPbBr3xlx
perovskite pellet. (a) PL image of the MAPDBr3.xIx perovskite pellet. The image size is
100 umx100 um. (b) PL spectra of the MAPDbBrs.xIx perovskite pellet collected from

bromide-rich and iodide-rich domains across the heterojunction.

evaluated the energy transfer process from the donor to the acceptor domain by
recording time-resolved PL at the bromide-iodide heterojunction. The microscopic PL

image of a MAPbBrsxIx pellet is shown in Figure 3.3a which reveals bromide-rich

54



(green), iodide-rich (NIR), and mixed bromide-iodide (red) domains. Such distinct
band-gap domains in a perovskite system are likely to influence photon recycling by
nonradiative energy transfer. As shown in the PL spectra in Figure 3.3b, which is
recorded at different positions on the mixed halide pellet, some areas showed bromide-
rich intense green emission ca. 550 nm and some other areas showed iodide-rich intense
NIR emission ca. 750 nm. In other words, across the bromide-iodide heterojunction,
the PL from the donor becomes less and less intense which is accompanied by the more
and more intense PL from the acceptor, suggesting energy transfer from bromide-rich
to iodide-rich domains. Nevertheless, different ratio of bromide and iodide
compositions in different areas of mixed halide pellet cannot be excluded based on the

variations in PL intensities in these regions.
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Figure 3.4 PL decay profiles of (i) a pristine MAPbBr3z and (ii) bromide-rich (green
emitting) domain in the MAPbBrsxIx perovskite pellet. The two decays were collected
in the 500-575 nm region.

The nonradiative energy transfer from bromide- to iodide-rich domains is
confirmed by comparing the PL decay of a bromide-rich domain at the heterojunction
with that of pristine MAPbBrs, which are shown in Figure 3.4. The efficient
nonradiative energy transfer from the donor to the acceptor at the interface is obvious
from the oy Of a green emitting bromide-rich domain which is much shorter (ca.
1.77£0.33 ns) than that of pristine MAPbBr3 pellet (ca. 15.56+£3.89 ns). Photon
recycling by multiple self-absorption and re-emission alone should not affect the zay of
the donor, whereas energy transfer from the bromide-rich domain depopulates its

excited state and thus lowers the zay. Nevertheless, the emission from the mixed
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bromide-iodide domain is not clearly observed in the PL spectra (Figure 3.3b) which
suggests that the mixed halide domains act as both the acceptor for the bromide-rich
domain and the efficient donor for the iodide-rich domain. In other words, the mixed
halide domain facilitates efficient nonradiative energy transfer from the donor to the

acceptor.

From the zay values of pristine MAPbBr3 perovskite pellet and the bromide-rich
domain of the mixed halide perovskite, | estimated the rate of nonradiative energy
transfer in the MAPDbBrs.xIx perovskite using equations 3.1 and 3.2 as follows:

1

R 3.1
kr + knr (3.1

To

1

L

(3.2),

where 7o and 7 are the PL lifetimes of pristine MAPbBr3 perovskite pellet and green
emitting bromide-rich domain at the heterojunction, respectively; kr and knr are the rates
of radiative and nonradiative relaxations, respectively; and ket is the rate of energy
transfer. From 7o (15.56 ns) and ¢ (1.77 ns), the rate of energy transfer is estimated at
5x108 s which is one order of magnitude higher than the rate of carrier recombination
(radiative and nonradiative) in pristine MAPbBr3; perovskite (1/70=6x10" s™). Here,
self-absorption of emitted photons does not add any additional path for the deactivation
of the excited state in MAPbBr3.«Ix perovskites. Thus, a considerably decreased z and a
high ket value show that nonradiative energy transfer plays a key role on photon
recycling process in them. Although ket in this study is discussed in terms of energy
transfer, inter-domain charge carrier migration or electron transfer in such systems may
also exist. | also estimated the efficiency of nonradiative energy transfer in a MAPbBTs.

xIx perovskite by using the equation,
n=1-tpalto> (3.3),

where 7 is the efficiency of energy transfer, zpa is the PL lifetime of donor (Br-rich
domain) in the presence of acceptor (I-rich domain) and 7p is the PL lifetime of donor
in the absence of acceptor (pristine MAPDbBTr3 pellet). For 1pa=1.77 ns and 7p=15 ns,
is 0.88, which is quite high and supports efficient nonradiative energy transfer in mixed
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halide perovskites.
3.2.4 Effect of Pressure on the PL Properties and Energy Transfer

The efficiency of nonradiative energy transfer depends upon the degree of close
packing among perovskite crystallites. Therefore, | prepared MAPbBr3 perovskite
pellets at different pressures of 1.2, 3.6, 4.8 and 6.0 GPa and compared the PL properties
of these samples. The PL spectra of MAPDbBr3 perovskite pellets synthesized at different
pressures are given in Figure 3.5. When the pressure was increased from 1.2 to 2.4 GPa,
a red-shift of ca. 90 meV in the PL maximum with spectral narrowing from a full width
at half maximum (FWHM) of 34 to 23 nm was detected. This red-shifting and spectral

Photocounts

400 450 500 550 600 650
Wavelength (nm)

Figure 3.5 Pressure-dependent PL spectra of MAPDbBTrs3 perovskite pellets.

narrowing of PL band is ascribed to the Pb-X-Pb bond-length compression upon the
increment of pressure. Further, when the pressure was increased from 2.4 to 3.6 GPa
and from 3.6 to 4.8 GPa, a blue-shift of ca. 120 meV with an increase in the broadening
of PL band from a FWHM of 23 nm at 2.4 GPa to 34 nm at 4.8 GPa was revealed. This
is discussed in terms of octahedral tilt, which is the decrease in Pb-X-Pb bond-angle
from 180° to the lower values. At 6.0 GPa, which is the maximum applied pressure in
this study, | observed a further increase in the FWHM (38 nm) of the PL band. However,
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the spectral broadening in this case was accompanied by a red-shift (30 meV) in the PL
maximum which indicates the disordering of organic cation (MA™) and amorphization
of the perovskite lattice at a very high pressure. The variation in PL properties of
perovskite pellets at different pressures is due to the enhancement and weakening of
SOC which is induced by the compression of Pb-X bond and decrease of Pb-X-Pb
bond-angle, respectively.®1% A large blue-shift (120 meV) of PL spectra in 2.4 to 4.8
GPa pressure range suggests a significant octahedral tilting of the perovskite lattice,
which changes the band-gap and PL maximum through the weakening of SOC. In
closely-packed perovskite structures with distributed band-gaps, the PL shift can affect
the efficiency of energy transfer by influencing the spectral overlap between donor and
acceptor. Thus, sample-to-sample variation in pressure can affect the energy transfer

and photon recycling.

3.2.5 Mechanism of Photon Recycling by Energy Transfer
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Figure 3.6 A scheme of photon recycling and energy transfer in the mixed bromide-

iodide (heterojunction) perovskite.
Although multiple self-absorption and re-emission of photons are the major processes
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in photon recycling, the role of nonradiative energy transfer is obvious from the above
results. In this regard, in addition to the radiative processes which are involved in
photon recycling, nonradiative energy transfer should also be considered alongside,
which is shown schematically in Figure 3.6. In the scheme, the energy states of the
bromide-rich donor and the iodide-rich acceptor are depicted to the left and right sides,
respectively. The energy states formed by the mixed halide (bromide-iodide) domain at
the interface whose band-gap is intermediate between the bromide- and iodide-rich
domains are shown in between. Mixed halide domain acts as both the acceptor and the
donor. When photoexcited, all the three perovskite domains across the heterojunction
show various radiative and nonradiative processes. Besides, some of the photons
emitted by donor are absorbed and emitted again by the acceptor, marking the radiative
photon recycling process. However, when the nonradiative energy transfer surpass the
interband relaxation, the excited state of the bromide-rich donor depopulates by
efficiently transferring the energy nonradiatively to acceptors. Here, the mixed halide
region helps to channel the energy efficiently from bromide- to iodide-rich domains,
but without undergoing radiative relaxation, which is also discussed earlier in Figure
3.3.

3.2.6 Photon Recycling by Self-absorption in Perovskite Microcrystals

a e > b
\ </\
\ | PR
/ V'
= '
- o 20pm | 20 um

Figure 3.7 Optical microscopic images of (a) small and (b) large size MAPDbBTr;

microcrystals synthesized by AVC method.

In thick perovskite samples, photon recycling by multiple self-absorption and re-
emission leading to a delayed PL is well established.'>2° However, in this study, the
piezochemically synthesized closely-packed pellets of lead halide perovskites with
considerable thickness (ca. 1 mm) show short zay values when compared to the
perovskite samples involving strong photon recycling'®?° or long-range carrier
migration, 151314293940 gyggesting the role of efficient nonradiative energy transfer in

photon recycling. On the other hand, the trap states and grain boundaries induced by
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the heterogeneity in these samples might have also affected the PL properties and
charge carrier dynamics. Concerning these facts, | studied the surface and bulk PL
properties of MAPbBrs microcrystals which are prepared by the AVC method*! and are
shown in Figure 3.7a,b. These microcrystals show size distribution within few tens of

micrometer range.
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Figure 3.8 PL properties of MAPbBr3 microcrystals with different size. (a) PL spectra
recorded from (i) small to (v) large size MAPbBrs microcrystals showing asymmetric
and red-shifted emission bands. (b) PL decay profiles corresponding to the (i-v) PL

spectra shown in (a).

To study the effect of photon recycling on the PL properties of perovskite
microcrystals, | recorded the PL spectra and decay profiles of these samples, which are
shown in Figure 3.8a and b, respectively. As shown in Figure 3.8a, | observed
asymmetric PL spectra with red-shift in emission wavelength which are recorded from
the small (ca. 10 um) to the large (ca. 80 um) size MAPbBrs microcrystals. The PL
spectra (i) from a small size microcrystal shows emission maxima ca. 530 nm, which
is red-shifted to 560 nm in (v) for a large size microcrystal. On the other hand, the
intermediate PL spectra (ii-iv) show emission maxima at 550 nm with a shoulder at
higher energy region ca. 530 nm, which gradually decreases as the crystal size increases.
Here, these PL spectra are recorded in transmission mode by exciting the microcrystals
at one side and collecting the emission from another side. Therefore, the PL generated
on the surface of the microcrystal has to travel across certain thickness of the crystal to
reach the detector. This results in two possibilities, inner-filtering and photon recycling,
for the origin of above spectral features. %22 In photon recycling, the PL generated by

the carrier recombination at the excitation spot propagates inside the crystal, which is
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self-absorbed and re-emitted far away from the excitation spot, resulting in reduced PL
energy. The largely red-shifted (ca. 30 nm) PL spectra (v) when compared to (i) in
Figure 3.8a is attributed to such photon recycling effect. On the other hand, during
inner-filtering, the photons are self-absorbed inside the crystal during propagation, but
they are not re-emitted. As the result, the PL at higher energy weakens while the
wavelength of lower energy PL does not shift even with the increase in the propagation
distance. The intermediate PL spectra (ii-iv) in Figure 3.8a suggests the dominance of
inner-filtering effect in the corresponding crystals. To further support these phenomena
in lead halide perovskite microcrystals, | recorded the PL decay profiles (Figure 3.8b)
which correspond to (i-v) PL spectra shown in Figure 3.8a and estimated the zay values.
The photon recycling process includes both the self-absorption and re-emission, in
which the high energy photons are absorbed and only the low energy photons are
regenerated. As the result, the zay should increase. This is indeed the case for the large
MAPDBrs microcrystal with the most red-shifted PL spectra (v). The zay value is ca. 20
ns, which is longest when compared to all other microcrystals in this study. On the other
hand, during the inner-filtering effect, the zay is not much affected, which is again
consistent with the estimated z.v values which varies in the range of 2-4 ns, as shown in

Figure 3.8b, for the crystals with intermediate PL spectra (ii-iv).

Although inner-filtering and photon recycling plays important role on the PL
properties of perovskite microcrystals, the involvement of carrier diffusion in these
systems cannot be completely ruled out. Therefore, in order to distinguish the
contribution of carrier diffusion and photon recycling on the PL lifetime of perovskite
microcrystals, | recorded the temporally- and spectrally-resolved PL in the reflection
mode of a large size (ca. 80 um) microcrystal and compared the results with those
obtained from the transmission mode measurements of the same crystal, as shown in
Figure 3.9. Under the reflection mode, the PL spectra and the decay profiles were
recorded from the same side of the microcrystal where it was excited. Therefore, the
reflection and the transmission modes of PL collection help to distinguish between the
surface and the bulk PL properties of the perovskite microcrystal, respectively. The PL
spectra in Figure 3.8a shows that the PL under the reflection mode is broad and blue-
shifted by 20 nm when compared to the PL under the transmission mode. Further, the
tav at the reflection mode is very short (ca. 2 ns) when compared to that (ca. 20 ns) at

the transmission mode (Figure 3.9b). These differences in the PL spectra and zav values

61



indicates that there must be different mechanisms controlling the PL and charge carrier
dynamics on the surface and in the bulk of the crystal. The fast PL decay with emission
band at higher energy recorded under the reflection mode suggests that the major
contribution is from the short-range diffusion and fast recombination of photogenerated
charge carriers, which is mainly influenced by the trap-states or defects.'® In other

words, the surface-related PL is least affected by the photon recycling. On the other
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Figure 3.9 Surface and bulk PL properties of a MAPbBrz microcrystal. (a) PL spectra
and (b) corresponding PL decay profiles of the MAPbBr3 microcrystal measured under

(1) transmission and (ii) reflection modes.

hand, the slow PL decay with emission band at lower energy recorded under the
transmission mode infers that, in addition to the carrier diffusion, photon recycling also
contributes to the PL properties and charge carrier dynamics of the microcrystals in
their bulk.*>1%22 Since the PL decay at the surface of the MAPbBrs microcrystals is
much faster when compared to the bulk, the photon self-absorption and re-emission
processes (photon recycling and inner-filtering) are dominantly influencing the PL

properties in these samples rather than the long-range carrier diffusion in these samples.
3.3 Conclusions

In summary, | studied the role of photon recycling and energy transfer in the PL
properties and charge carrier dynamics of closely-packed perovskite crystallites and
microcrystals. | introduced piezochemical synthesis to prepare closely-packed pellets

of lead halide perovskites which are ideal for studying the energy transfer processes. |
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prepared pristine MAPbXs (X=ClI, Br, 1) and mixed halide MAPbBrz«lIx perovskite
pellets by applying a hydraulic pressure to their precursors. Since the perovskite pellets
are thick, and they have closely-packed crystallites, photon recycling along with the
energy transfer processes must be considered to explain the PL and the carrier dynamics
in such samples. In this regard, |1 showed photon recycling in closely-packed perovskite
pellets through efficient nonradiative energy transfer. From the PL quenching of the
donor (bromide-rich domain) and PL enhancement of the acceptor (iodide-rich domain)
at different positions on the mixed halide perovskites, | confirmed an efficient
nonradiative energy transfer in MAPDbBr3.xIx perovskite systems. In such mixed halide
perovskites, photon recycling by self-absorption of emitted photon alone should not
contribute to a fast PL relaxation of the donor. On the other hand, the results showed
an extremely fast PL decay of the green emitting bromide-rich domain when compared
to that of pristine MAPDBTr3 perovskite, suggesting the depopulation of the excited state
in donor by efficient energy transfer to the acceptor across the heterojunction. In fact,
not only repeated absorption and emission but also the nonradiative energy transfer
among the distributed energy states contributes significantly to the photon recycling
process in thick, closely-packed perovskites. On the other hand, in the case of MAPbBT3
microcrystals, | observed that the photon recycling through self-absorption and re-
emission of photons play dominant role on the PL properties and charge carrier
dynamics. Migration of charge carrier under photoactivation in these pellets and
microcrystal samples cannot be excluded. However, based on the fast PL decays in
these samples when compared to the films and single crystals of perovskites reported
previously,1>1314293940 gne can say that there is no long-range diffusion of charge
carriers. One possible reason for this is the dominance of trap states or defects in these
samples. Although piezochemical synthesis is novel method for synthesizing closely-
packed perovskites which are ideal for studying the energy transfer and the photon
recycling processes, the limited PL and charge carrier properties of perovskites
prepared by this method are not promising for their applications to energy-harvesting
and lighting systems. Therefore, processing of lead halide perovskites into closely-
packed structures or assemblies, but without compromising their PL properties, is

necessary for their efficient applications.
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Chapter 4

Charge Carrier Dynamics in Self-assembled
Perovskite Nanocrystal Clusters and Films

Abstract

The stabilization of photogenerated charge carriers in lead halide perovskites is
fundamental for their utilization in energy-harvesting and lighting-emitting
applications. In this chapter, I discuss the charge carrier dynamics in perovskite
nanocrystals as the function of excitation intensity. In these samples, the nanocrystals
are self-assembled into closely-packed structures. In the clusters and films of
formamidinium and methylammonium lead bromide perovskite nanocrystals, I detect
unusually delayed (>1 microsecond) recombination of charge carriers at low-intensity
excitation, which becomes extremely fast (<<100 nanoseconds) and associates with
amplified emission at high-intensity excitation. The prolonged photoluminescence
lifetime at low-intensity excitation is attributed to the generation and diffusion of low-
density charge carriers through interparticle states formed among close-packed
perovskite nanocrystals. On the other hand, high-intensity excitation results in the
generation of high-density and spatially confined charge carriers among close-packed
perovskite nanocrystals, which recombine radiatively resulting in the fast and amplified
photoluminescence. | precisely detect the photoluminescence from an irradiated area or
outside and reveal the migration as well as confinement of photogenerated charge
carriers in such perovskite nanocrystal self-assemblies. While the stabilization of
charge carriers is promising for the efficient harvesting of charge carriers in solar cells,
the generation and radiative recombination of multiple charge carriers suggest the
potential application of perovskite nanocrystal assemblies in luminescent displays.
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4.1 Introduction

Lead halide perovskites have emerged into promising light-harvesting and light-
emitting materials, which is owing to the high charge carrier mobility and high PLQY
of these materials.”” The photovoltaic and optoelectronic applications of lead halide
perovskites are influenced by the carrier recombination dynamics in these materials.
The interplay of bound excitonic and free charge carrier states largely determines the
carrier recombination dynamics in lead halide perovskites.2* While charge carriers in
individual PNCs, owing to the formation of bound excitons (or electron-hole pairs),
follow fast radiative recombination,>*>1° this process is unusually delayed in large
single crystals and bulk films due to the presence of free charge carriers.2®20?5 The
delayed radiative recombination in lead halide perovskites is associated with the long
diffusion lengths of free charge carriers, which are the consequence of dissociation of
photogenerated excitons due to the small exciton binding energy. Therefore, the
dynamics of photogenerated charge carriers can be different among the individual
PNCs and their closely-packed assemblies. In this chapter, | study the charge carrier
dynamics in closely-packed assembly of organic-inorganic hybrid and all-inorganic
lead halide PNCs.?6:%7

The long-range migration of charge carriers in perovskite single crystals?0-222425
has attracted much attention to the carrier dynamics in films of lead halide
perovskites.2*%112 For instance, delayed emission was observed in the thin films of
polycrystalline MAPDbIs perovskite by Ginger and coworkers.? Similarly, Noel et al.
have discussed high carrier mobility in highly-crystalline MAPbBTr3 perovskite films,
and developed high-voltage solar cells using such materials.® Saba et al. have shown
that, in bulk films of MAPbIz and mixed halide (MAPDbIzxClx) perovskites,
photoexcitation populates Coulomb-correlated, free charge carriers with negligible
bound excitons.® The migration of photogenerated charge carriers are observed in the
films of PNCs as well.’*?62° Previously, Kamat and coworkers detected ultrafast
charge carrier migration to the iodide-rich domains in a film of mixed halide perovskite
formed by the layer-by-layer deposition of CsPbls on CsPbBrz PNC film.? Similarly,
Pérez-Prieto and coworkers have shown that, in MAPbBrz PNC films, the
photogenerated charge carriers or excitons migrate among nanocrystals, and during the

migration, they collect into deep trap-states resulting in delayed emission.*® Here, the
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diffusion of charge carriers, which are generated and confined within the individual
photoexcited PNCs, is possible only when these nanocrystals are assembled into
closely-packed structures, which is an interesting subject to explore. However, in
chapter 3, | have shown that even when the perovskite crystallites are closely-packed
by applying a pressure, long-range diffusion of charge carriers is not detected. Instead,
such samples show efficient nonradiative energy transfer through the distributed energy
states. These results suggest that the long-range migration of charge carriers is a special
case, where only the close packing of perovskite crystallites with distributed band-gaps
is insufficient for such diffusion. Indeed, the quality of the perovskite crystallites and
their assembly matters. Therefore, it is interesting to study the charge carrier dynamics
in a perovskite system by systematically arranging the high-quality individual
crystallites into closely-packed structures. The low binding energy of excitons and the
long-range diffusion of charge carriers in large single crystals of perovskites attracted
me to assemble PNCs into closely-packed films and clusters and study the PL properties

and charge carrier dynamics in PNC assemblies.

The surface of PNCs is stabilized by hydrophobic ligands, which are long-chain
organic acid (for example, oleic acid) and long-chain organic amine (for example, oleyl
amine). Using these ligands, size-controlled PNCs are synthesized by LARP*?°¢ and
hot-injection methods.*>3! These ligands not only control the size of the PNCs by
surface capping but also help to disperse the nanocrystals in solutions through the
repulsive interaction of their bulky hydrophobic carbon chain. However, the
hydrophobic interaction between ligands can facilitate the assembly formation among
nanocrystals on a substrate.?®3° In this study, | used combinations of oleic acid and
hexadecyl amine or octylammonium bromide as hydrophobic ligands to synthesize the
nanocrystals of MAPbBr; and FAPbBrs perovskites by LARP*?° and CsPbBrs
perovskite by hot-injection methods.3* The PNCs in the colloidal solution or at the
single particle level were stabilized by these capping ligands. On the other hand, in
films or clusters, the capping ligands assisted PNCs to self-assemble into closely-

packed structures.
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4.2  Results and Discussion
4.2.1 Characterization of Perovskite Nanocrystals

| characterized the synthesized PNCs by using TEM, XRD and UV-Vis absorption and
PL spectroscopy. Figure 4.1(a-c) shows the TEM images of MAPbBr3, FAPbBr3 and
CsPbBrz PNCs. TEM image of FAPbBrs PNCs reveals spherical morphology (Figure
4.1b), whereas MAPbBr3 and CsPbBr3 appear cubic (Figure 4.1a,c). The morphological
differences among PNCs suggests the role of ligands in controlling the shape of the
nanocrystals. Here, n-octylamine hydrobromide was the ligand for FAPbBrs PNCs,

whereas hexadecylamine was used in the case of MAPbBrz and CsPbBrz PNCs.
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Figure 4.1 (a-c) TEM images of (a) MAPbBr3, (b) FAPbBr3, and (c) CsPbBrz PNCs.
Scale bars correspond to 20 nm. (d-f) Size distributions of (d) MAPbBTr3, () FAPbBTrs3,
and (e) CsPbBr3z PNCs.

Similarly, the TEM images reveal uniform size distribution of these nanocrystals. |
analyzed the TEM images using imageJ software and estimated the apparently uniform
size distribution of PNCs, which is 11.5 nm for MAPbBrs3, 6 nm for FAPbBrs, and 10
nm for CsPbBrs PNCs. The size distribution histograms of PNCs are shown in Figure
4.1(d-f).
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Figure 4.2 Powder XRD patterns of (a) MAPbBr3, (b) FAPbBrs3 and (c) CsPbBrz PNCs.

The crystal structures of PNCs were characterized by powder XRD studies. Figure
4.2 shows the XRD patterns of PNCs. Based on the literature,?*?33 | assigned the XRD
patterns of all three types of PNCs to the 100, 110, 200, 210, 211, 220, and 300 crystal
planes of a cubic unit cell with Pm3m space group. The Bragg’s diffraction peaks in
Figure 4.2 show small shift to higher 26 values from FAPbBrz: to MAPbBr3 and to
CsPbBr3, which is attributed to the difference in lattice parameters among different PNC
samples induced by the decreasing size of A-site cations in the order: FA*> MA* > Cs™,

17 20 23 26 450 500 550 600
Energy (eV) Wavelength (nm)
Figure 4.3 Optical characterization of PNC samples. (a-c) Photographs of (a) CsPbBrs,
(b) MAPDBTr3, and (c) FAPbBr3z PNC solutions at (left) room light and (right) UV light.
(d) Tauc plots and (e) PL spectra of (i) CsPbBrs, (ii) MAPbBTr3, and (iii) FAPbBrs PNC
solutions. The PL spectra were collected by exciting the samples at 400 nm wavelength.

The optical characterization of the PNCs is carried out by UV-Vis absorption and

steady-state PL measurements. As shown in Figure 4.3(a-c), the colloidal solutions of
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Cs-, MA-, and FA-based lead bromide PNCs show green emission under 365 nm UV
light. The characteristic emission peaks are estimated ca. 540 nm for FAPbBr3, 532 nm
for MAPDBTr3, and 516 nm for CsPbBrs PNCs from the PL spectra, which are shown in
Figure 4.3e. Here, the blueshift in PL spectra from FAPbBrs to MAPbBr3; and to
CsPbBr3 is associated with the increase in Eg value in the order, FAPbBrs3 (2.18 eV) <
MAPDBr3(2.22 eV) < CsPbBr3 (2.36 eV). The band-gaps in PNC samples are estimated
from the Tauc plots shown in Figure 4.3d, which is derived from the UV-Vis absorption
spectra. This variation in optical properties of PNCs is correlated with the size of
different A-site cations, rendering different band-gap values. It has been shown that
upon the replacement of a large A-site cation (FA™) with the smaller cation (Cs"),
octahedral tilt occurs due to the decrease of Pb-X-Pb dihedral angle.®*3® Such a tilt in
PbXe octahedra weakens the SOC by lowering the orbital overlap between Pb and X.
The decrease in SOC increases the band-gap and shifts the PL band to blue.
Furthermore, the optical properties of lead halide perovskites are also influenced by the
hydrogen bonding between MA* or FA* ion and PbXg octahedra.®* It has been reported
that FA™ ion has greater extent of hydrogen bonding with PbXs octahedra than MA™ ion,
whereas such hydrogen bonding is absent in the case of Cs* ion.3* The enhanced
hydrogen bonding in the case of FA* ion increases the ionic character of Pb-X bond,
which strengthens the SOC and decreases the band-gap in FAPbBr3 perovskites when
compared to their MA or Cs counterparts. Such tunable optical properties of PNCs can
be utilized in the optoelectronic applications of these materials. In this regard, the
photostability of PNCs is necessary for their efficient use as light-emitting and light-

harvesting materials.
4.2.2 Photostability of Perovskite Nanocrystals

The PNCs were photostable in solution at the ensemble level. In order to clearly
understand the photostability of PNCs at their single particle level, | recorded and
analyzed temporally- and spectrally-resolved photons emitted by the same single PNC
at different excitation intensities or the excitation pulse energies. The time-traced total
number of photons emitted by single FAPbBr3 PNCs which were periodically excited
by regulating the laser ON and OFF periods at 1.75, 3.5 and 5.25 mJ cm™ excitations
are shown in Figure 4.4a. Interestingly, the number of photons emitted by each single
PNC has increased linearly with increase in the energy of excitation pulse, and the PL
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intensity is apparently same over time for a particular energy of excitation pulse. The
PL intensity histograms of more than 500 single FAPbBrz PNCs and the PL image of
corresponding single PNCs are shown respectively in Figure 4.4b and its inset. Here, a
3-fold increase in the number of emitted photons validates the radiative process as the
major process of charge carrier relaxation in a single PNC at high-intensity excitations.

Similarly, this increase in the number of photons along with the apparently constant PL
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Figure 4.4 Photostability of FAPbBra PNCs at single-particle level. (a) PL intensity
trajectories and (b) PL intensity histograms of single FAPbBrz PNCs photoactivated
with different laser intensities: 1.75 (red), 3.5 (green), and 5.25 (blue) mJ cm. Inset in
(b): PL image (100x100 um?) of single FAPbBr; PNCs. The samples were excited by

using a 400 nm femtosecond laser.

intensity over time for a particular intensity of excitation suggests the photostability of
single PNCs. Nevertheless, radiative bi-exciton recombination cannot be ruled out in
these PNCs.1%%":3 The excellent photostability and high rate of radiative recombination
in PNCs at their single-particle level observed in this study are highly desirable not only
for their photovoltaic and light-emitting applications but also for the PL and carrier
dynamic studies of these nanocrystals, which are fundamental for understanding how

efficiently these materials can be utilized for their diverse applications.
4.2.3 Charge Carrier Dynamics in Isolated Perovskite Nanocrystals

To understand charge carrier dynamics in PNCs, | studied the time-resolved PL
properties of these nanocrystals in the colloidal solution and at the single-particle level.

As shown in Figure 4.5a, PNCs in solution show fast PL decay, where the zay value
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decreases in the order: FAPbBrs (14 ns) > MAPbBTrs; (8 ns) > CsPbBrz (6 ns). This
variation in zay values is also correlated with the size of A-site cations — FA*, MA*, and
Cs* — present in PNCs.2*% The 7,y was further decreased when PNCs were isolated as
single particles. Here, an isolated FAPbBr3 PNC at the single-particle level shows

comparatively fast PL decay within 7 ns with a sharp emission ca. 545 nm (Figure 4.5b).
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Figure 4.5 Time-resolved PL properties of PNCs in the colloidal solution and at the
single particle level. (a) PL decay profiles of colloidal PNCs. (b) PL spectra (black) and
the PL decay profile (red) of PNCs at the single particle level. In (a), the samples were
excited by using a 400 nm femtosecond laser, and in (b), the sample was excited by

using a 465 nm picosecond laser.

The difference in zay values and emission wavelengths of PNCs in solution and at the
single-particle level is attributed to the ensemble averaging among the large number of
isolated PNCs in the solution. Here, the fast carrier recombination in PNCs suggests
the confinement of photogenerated electrons and holes within the individual
nanocrystals. Nevertheless, the charge carrier properties of PNCs are modified when

they are arranged in closely-packed assembly. 32829

4.2.4 Charge Carrier Dynamics in the Clusters and Films of Perovskite

Nanocrystals

Guided by the long-range diffusion of charge carriers in large single crystals and films
of perovskites,>®20-2 | assembled the PNCs into closely-packed clusters and films and
studied the time-resolved PL properties of these samples. Here, the PNC clusters were

collected as precipitates, and these samples were difficult to disperse in the solvents
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like toluene or hexane. The colloidal or the single-particle studies were carried out by
sonicating the PNC precipitates for a long time (ca. 30—45 min) and removing the
larger clusters by centrifugation or decantation. This suggests a strong interaction
among the individual nanocrystals in clusters, which is mediated by the capping ligands.
To understand the carrier dynamics in such clusters of strongly interacting particles, |
studied the time-resolved PL properties of FAPbBr3 PNC clusters under different
excitation intensity, which is in the sequence: 0.044, 0.088, 0.440, 0.880, 4.40, 8.80,
17.50, 43.75, and 88 mJ cm™. The PL decay profiles of PNC clusters under the
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Figure 4.6 PL decay profiles of FAPbBr3 PNC clusters under increasing intensity of
400 nm femtosecond excitation laser: (i) 0.044, (ii) 0.440, (iii) 0.880, (iv) 4.40, (v) 8.80,
(vi) 17.50, and (vii) 88 mJ cm™.

increasing excitation intensity are shown in Figure 4.6. At the lowest intensity of
excitation, the zay value of FAPbBr3 PNC clusters was 800 ns, which is exceptionally
long when compared with that of an isolated single PNC or the PNCs in solution. On
the other hand, by increasing the intensity of excitation from 0.044 to 88 mJ cm™, the
7av Value of the clusters decreased systematically from 800 to 40 ns. The exceptionally
long zav in PNC clusters at low-intensity excitation suggests the long-range migration
of photogenerated charge carriers among strongly-interacting and closely-packed

nanocrystals.

To account for the faster PL decay at high-intensity excitation, | studied the
variation in number of emitted photons and zay values of PNCs in the clusters as the

function of excitation laser intensity, which is shown in Figure 4.7. Here, the decrease
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in zay values with the increase in the intensity of excitation laser is associated with a
nonlinear increase in the number of emitted photons by the PNC clusters. On the one
hand this correlation study points towards the possibility of photoinduced curing of
defects with an increase in the PLQY, but on the other hand it also suggests the increase
in the rate of carrier-carrier interaction and radiative recombination at high
concentrations of charge carriers generated among nanocrystals at high-intensity
excitation. Although the photoinduced defect curing and PLQY increase are reported
in microcrystals of lead halide perovskites,3%4° this process alone cannot account for an
enormous enhancement of PL in PNCs, which was by a factor of 10% in these PNC

clusters, when the excitation laser intensity was modulated from low to high. Further,
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Figure 4.7 Correlation between emitted photons and zay values of FAPbBrz PNC

clusters as the function of excitation laser intensity.

it is known that the defects in lead halide perovskites are shallow, and they do not
contribute significantly to the trap-assisted nonradiative recombination of charge
carriers.”2122242541 Therefore, the observed carrier dynamics at different excitation
intensities in PNC clusters is interpreted as follows. At low-intensity excitation, the
density of charge carriers photogenerated among closely-packed PNCs in the clusters
is low. As the result, charge carriers find larger space to diffuse, leading to delayed
recombination or long 7a. At the high-intensity excitation, the number of
photogenerated charge carriers in PNC clusters increases and confines within a small
area. Therefore, the probability of radiative charge carrier recombination dominates
over their migration which shortens the zay of PNCs in the clusters. However, in highly-
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excited chalcogenide quantum dots, photogenerated charge carriers are largely
deactivated by the nonradiative Auger recombination which significantly shortens the
zav and lowers the number of emitted photons.*>* In the PNC clusters, although Auger
and bi-exciton recombination cannot be ruled out, an increase in the rate of radiative
carrier recombination dominates the nonradiative processes, which is by the generation

of multiple charges among many interacting PNCs.

o

b Excnatlon (mJ cmr 2)

2 0.047 1
= 0.093
+0.234 1
0.470

co

(=3}

Pho1ocounts x 105
o

\v]

475500 525 550575 600 625
Wavelength (nm)

c d f g
. . - -

0.047 mJ cm2 4.7mJ cm2
Excitation Intensity (400 nmy)

Figure 4.8 Amplified emission from a PNC film. (a) Scheme of PNC film deposition
on a glass coverslip: (i) silicon rubber, (ii) sample well, (iii) glass coverslip, (iv) PNC
solution, and (v) photograph of the deposited film of MAPbBrs PNCs under UV light.
(b) PL spectra of MAPbBrs PNC film recorded at different excitation laser intensity.
(c-g) Photographs of a MAPbBrs PNC film showing amplified emission with an

increase in the intensity of excitation laser.

The remarkably delayed PL shown by the PNC clusters when compared to their
colloidal solutions or isolated single nanocrystals motivated me to arrange PNCs
systematically into a closely-packed film and study the carrier dynamics further.?’
Figure 4.8a shows the preparation of film sample by the deposition of PNC solutions
on a glass coverslip. Here, the PNCs self-assembles into a thin film, which is facilitated
by hydrophobic interactions among ligands. The films of PNCs deposited on the glass
coverslips were studied by exciting the samples at systematically increased intensity of
excitation light in the 0.0024 to 24 mJ cm range with a 400 nm femtosecond laser. As
shown in Figure 4.8(c-g), an enormous increase in the intensity of green emission from

the film is observed. The corresponding excitation intensity-dependent PL spectra are
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shown in Figures 4.8b. Such an increase in PL intensity indicates amplified emission
via increase in the concentration and rate of radiative recombination of photogenerated

charge carriers.

Photocounts
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Figure 4.9 Excitation laser intensity-dependent, time-resolved PL properties of PNC
films. (a) PL decay profiles of a MAPbBr3 PNC film under increasing intensity of
excitation laser: (i) 0.0024, (ii) 0.024, (iii) 0.047, (iv) 0.240, (v) 0.930, (vi) 2.40, (vii)
9.30, and (viii) 24.00 mJ cm™. (b-e) Temporally- and spectrally-resolved photocount
maps of a FAPbBrs PNC film, with increase in intensity of excitation laser: (c) 0.024,
(d) 0.24, (e) 2.40 and (f) 24.00 mJ cm™,

The charge carrier dynamics in these closely-packed PNC films are studied by
estimating the zav values of the samples at different excitation intensities. The PL decay
profiles of a MAPbBrs PNC film under the increasing intensity of excitation are shown
in Figure 4.9a and the corresponding temporally- and spectrally-resolved photocount
maps are shown in Figure 4.9(b-e). A remarkably delayed (1.86 ps for FAPbBr3, and
915 ns for MAPDBT3) recombination of a low density of charge carriers generated at
low-intensity excitation is observed.?” Such a delayed recombination of photogenerated
charges in large single crystals and bulk films of perovskites is assigned to the free
diffusion of excitations.?>%1120-25 The delayed recombination of charges in PNC films
suggests carrier diffusion among PNCs.??° On the other hand, a high rate (kr =
0.7~1x108 5%, Figure 4.5) of radiative recombination for PNCs isolated in a solution or
on a substrate and excited with low-intensity light is observed, which excludes the
possibility of delayed recombination within individual PNCs. Interestingly, the rate of
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radiative recombination in PNC films increases with increase in the concentration of
photogenerated charge carriers, which is obvious from the fast PL decays (Figure 4.9a)
and enhanced photocounts [Figure 4.9(b-e)]. In a FAPbBr3z PNC film, the zay value is
decreased from 1.86 us to 28 ns, which is from 915 ns to 24 ns for a MAPbBr; PNC

film, upon increasing the excitation laser intensity from 0.0024 to 24.00 mJ cm2.%
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Figure 4.10 Plots of 7.y values and the total number of photons emitted by a MAPbBr3

PNC film as the function of excitation intensity.

Such an excitation laser intensity dependent PL and charge carrier dynamics in
PNC films suggest a strong correlation among excitation intensity, the density and
diffusion of charge carriers, and the rate of radiative recombination, which is shown in
Figures 4.10, taking MAPbBrs; PNC film as an example. Here, the number of emitted
photons is increased, and the zay value is decreased, both nonlinearly with increase in
excitation intensity. These results support the spatial confinement and amplified
radiative recombination of photogenerated charge carriers. However, the amplified
emission was not accompanied by any spectral narrowing, showing ensemble averaging.
Increase in the PL intensity accompanied by the evolution of PL band narrowing under
high-intensity excitation is the signature of amplified spontaneous emission (ASE) or

lasing which will be discussed in detail in Chapter 5.

In addition, as discussed before in the case of colloidal PNCs, different A-site
cations (Cs*, MA™ or FA") may influence the PL and charge carrier properties of
closely-packed PNC assemblies as well. To investigate the relations of carrier lifetime
to A-site cations, | examined the time-correlated PL properties of all inorganic CsPbBr3
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PNC film and compared those with MAPbBr3; and FAPbBrs PNC films. Although the
tav Value was decreased and the PL intensity was increased with increase in the intensity
of excitation light for a CsPbBrz PNC film, the longest zay (50 ns) estimated was two
orders of magnitude lower than that for the organic-inorganic perovskites. Figure 4.11

05 b 05 © 05 d
1.0 1.0 1.0

1.5 1.5 1.5

2.0 2.0 2.0
500 550 600 500 550 600 500 550 600 500

Wavelength (nm)

Figure 4.11 Temporally- and spectrally-resolved photocount maps of a CsPbBrz PNC
film under increasing intensity of excitation laser: (a) 0.0061, (b) 0.061, (c) 0.61, and
(d) 6.10 mJ cm™,

shows the spectrally- and temporally-resolved photocount maps of a CsPbBr3 PNC film
at different intensity of excitation. While the roles of A-site cations such as Cs*, MA*
or FA* on modulation of the conduction band minimum of PNCs are known,®*3¢ the
relations of A-site cations to carrier recombination time are poorly understood. The
unexpectedly short zay of a CsPbBr3 PNC film compared with that of a MAPbBr3 or
FAPbBrs; PNC film suggests that the A-site organic cation (MA* or FA") is favorable

for an extended diffusion of charges in a PNC film.

The dynamics of charge carriers generated in a PNC film at low- and high-
intensity excitations are shown schematically in Figure 4.12a. Exposure of PNC films
to high-intensity laser results in the generation of multitude of charge carriers among
different PNCs in the irradiated area. At low-intensity excitation, the density of
photogenerated charge carriers is low, minimizing carrier-carrier interactions and
allowing for long-range carrier diffusion in the film. Because of such a long-range
diffusion, PNC films excited with low-intensity laser show unexpectedly long zav values.
On the other hand, by increasing the intensity of excitation laser, the diffusion of
photogenerated charge carriers is spatially confined, which is due to an upsurge in the
carrier concentration. Consequently, the rate of radiative recombination within the
irradiated area dominates over diffusion, providing amplified emission. However, as
discussed in Chapter 3 and reported elsewhere,*®5? the PL dynamics in bulk perovskite

films and single crystals involve photon recycling process, which cannot be ruled out
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in the case of PNC films and clusters as well. In addition to the carrier diffusion, the
long-range energy transport through photon recycling may contribute to the delayed

emission and long zav values in such perovskite samples.
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Figure 4.12 Diffusion of charge carriers in a PNC film. (a) Scheme of charge carrier
diffusion and recombination. (b) PL decay profiles of a FAPbBrz PNC film recorded
by selectively collecting photons from (1) non-irradiated area and (2) irradiated area,
both at low-intensity excitation (0.012 mJ cm), and (3) irradiated area at high-intensity
excitation (24.00 mJ cm™). (c) PL spectra of a FAPbBrs PNC film from (1) non-

irradiated and (2) irradiated areas, both at low-intensity excitation.

To verify the mechanism of excitation intensity-controlled generation and the
confinement of charge carriers in a PNC film, I carried out PL masking and unmasking
experiments. Here, time-resolved PL measurements on a FAPbBrz PNC film were

carried out by selectively collecting the emitted photons at low and high excitation
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intensities from irradiated or non-irradiated area (Figure 4.12). At low-intensity
excitation, the zay (Figure 4.12b, 540 ns) of PNCs in the irradiated area was smaller than
the non-irradiated area (Figure 4.12b, 870 ns). Furthermore, as shown in Figure 4.12c,
the emission spectrum collected from the non-irradiated area is red-shifted compared
to the irradiated area. The larger 7.y value and the red-shifted spectrum outside the
irradiated area support the diffusion of photogenerated charge carriers from the
irradiated to the non-irradiated area. The delayed and red-shifted PL suggest the
presence of interparticle states that promote long-range carrier diffusion. Nevertheless,
the extent of charge carrier migration depends largely on the packing density of PNCs

in the film. To examine the fate of high-density charge carriers generated at high-
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Figure 4.13 Energy loss and delayed charge carrier recombination in PNC films. (a)
PL spectraand (b) PL decay profiles of FAPbBr3 PNC films with different PNC density.

The corresponding zay Values are shown in the line-symbol plot in (a).

intensity excitation, photons were collected from the irradiated or the non-irradiated
area. The zay value in the irradiated area, at high-intensity excitation, was estimated at
50 ns (Figure 4.12b), which is much smaller than at low-intensity excitation.
Importantly, unlike at low-intensity excitation, I couldn’t distinguish the dynamics of
photogenerated charge carrier in the non-irradiated area from the irradiated area at high-
intensity excitation. The small zay, which is associated with an enormous increase in PL
intensity in the irradiated area support spatial confinement of charge carriers. In other
words, a high density of photogenerated charge carriers in the irradiated area radiatively
recombine, but without any long-range diffusion, providing amplified emission. This

also indicates that the contribution of photon recycling on the carrier dynamics in PNC
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films is less, although this process in the samples cannot be completely ruled out.

The degree of charge carrier migration across PNCs is further examined by
recording PL spectra of closely- and loosely-packed films. As seen in Figure 4.13a, the
PL spectrum of a loosely-packed FAPbBrs PNC film is shifted to the high energy side,
whereas that of a closely-packed film is shifted to the low energy side. The closely- and
loosely-packed PNC films were prepared by varying the density of PNCs in the solution
deposited on the glass substrate, which is discussed in Chapter 2. The corresponding
PL decay profiles are shown in Figure 4.13b. Interestingly, a red-shifted PL spectrum
is associated with the longer zay value. The inverse relation between the energies of
emitted photons and PL lifetime should be considered in terms of diffusion of charge

carriers through closely-spaced states in PNC films.

425 Charge Carrier Dynamics at the Interfacial Layers of Perovskite

Nanocrystals

For obtaining further insight into the relations of carrier diffusion to chemical
composition, | examined the interfacial migration of charge carriers in multilayer
perovskites with different halogen compositions. | deposited MAPbBr3 PNCs on a
MAPDBCIz microcrystal film and studied the time-resolved PL characteristics of the
interface in real-time. Immediately after deposition, | observed distinct blue (ca. 440
nm) and green (ca. 520 nm) emissions, respectively from the MAPbCIs and MAPbBr3
layers (Figure 4.14a,d). Within a few minutes after the deposition, a new, distinct
emission band ca. 465 nm (Figure 4.14b,e) emerged. The PL intensities of individual
perovskites at the interface decreased with time, which was accompanied by an
enormous increase in the intensity of the new band (Figure 4.14c,f). Like in several
reports about halogen exchange reactions,*©162831.33 the new emission is attributed to
interfacial exchange of chloride and bromide, and the formation of mixed chloride-
bromide perovskites. The z.y values of MAPbCIlz and MAPbBIr3, recorded immediately
after deposition of the layers, are 3.0 and 3.5 ns, respectively. The lifetime of the mixed
halide perovskite formed at the interface is estimated at 6 ns. These lifetime values are
much smaller than a MAPDbBr3 PNC film (915 ns), indicating poor migration of charge
carriers at the interface. However, the fast, temporal evolution of mixed halide
perovskite interface limited the further extraction of information about charge carrier
dynamics at the interface. Kamat and coworkers®® have demonstrated layer-by-layer
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deposition of CsPbX3 (X = Cl, Br, I) through electrophoresis, wherein a white light

emitting multilayer perovskite structure is accomplished by employing PbSOs-Oleate
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Figure 4.14 Temporally- and spectrally-resolved PL from the interface between
MAPDBr3; and MAPDLCIs films. (a-c) Streak camera images and (d-f) the corresponding
PL spectra.

ligand that suppresses halogen exchange. By adapting such methods, | expect to prevent

halogen exchange and resolve charge carrier migration at interfaces between PNC films.
4.3 Conclusions

While lead halide perovskites are exciting materials for photovoltaic and optoelectronic
devices, the potential applications of self-assembled and close-packed PNCs in LEDs
and solar cells are yet to be explored. In this chapter, | demonstrated excitation-intensity
dependent charge carrier dynamics in lead halide PNCs which are closely-packed and
self-assembled into clusters and films. | studied organic-inorganic MAPbBrz and
FAPbBrs PNCs and all-inorganic CsPbBrs PNCs. | detected unusually long zay values
in the clusters and films of organic-inorganic PNCs at low-intensity excitation, which
resulted from the diffusion of charge carriers over long distances across the nanocrystal
assembly. In other words, the PNC assembly stabilized the charge carriers under low-
intensity excitation, resulting in delayed PL. On the other hand, at high-intensity
excitation, | found amplified PL with short lifetime from the clusters and films of these

PNCs. This is attributed to the increased rate of radiative recombination of spatially-
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confined manifold charge carriers generated at high-intensity excitation in close-packed
nanocrystals. These results suggest the potentials of harvesting freely-diffusing charge
carriers in solar cells and utilization of amplified emission in LEDs. Compared to
organic-inorganic perovskites, the all-inorganic CsPbBrs PNC assembly showed short
tav Values, suggesting the role of A-site organic cation (MA™ or FA™) for an extended
diffusion of charges in the nanocrystal assembly. Although multicolor emission was
detected at the interface of chloride-bromide perovskites, the migration of charge
carriers across the interface was complicated by halogen exchange. By controlling the
migration of charge carriers and halogens, novel interfacial properties and device

applications of layered perovskites can be realized.
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Chapter 5

Photoinduced Electron Transfer and Amplified
Spontaneous Emission

Abstract

Lead halide perovskites are promising light absorbing materials for solar cells and low-
threshold optical gain media for lasing. In this chapter, | discuss the consequences of
photoluminescence and charge carrier dynamics in perovskite nanocrystal films and
microcrystals concerning the extraction of photogenerated charge carriers and the
amplified spontaneous emission. | show that the freely diffusing charge carriers
generated in perovskite nanocrystal films at low-intensity photoexcitation are
efficiently extracted using fullerene as electron acceptors. | study the electron transfer
process from a perovskite nanocrystal film to fullerenes by using time-resolved
photoluminescence and transient absorption studies. | also discuss amplified
spontaneous emission in perovskite nanocrystal films and isolated microcrystals. The
ensemble averaging of photoluminescence in perovskite nanocrystal films does not
offer any spectral narrowing at high-intensity excitation which suggests the importance
of well-defined perovskite cavity for optical gain. Thus, I prepare the microcrystals of
lead halide perovskites and analyze the temporal and spectral narrowing of
photoluminescence in these samples, which is by varying the incident photon flux. The
potential applications of perovskite nanocrystal films and microcrystals to solar cells
and lasing is demonstrated by the harvesting of photogenerated charge carriers and the

observation of amplified spontaneous emission.
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5.1 Introduction

Charge carrier dynamics in closely-packed lead halide perovskites concerning photon
recycling, energy transfer and carrier migration, which are discussed in chapters 3 and
4,13 highlight the implications of lead halide perovskites to potential applications, such
as in light-harvesting and light-emitting devices. While the applications of nanocrystals,
bulk crystals and films of perovskites are already demonstrated elsewhere,** the role
of carrier multiplication under high-intensity excitation in nanocrystals and
microcrystals on energy-harvesting and light amplification are interesting to explore.
In this chapter, I discuss the extraction or harvesting of photogenerated charge carriers

from PNC films and ASE from the microcrystals of lead halide perovskites.

Ag
PEDOT:PSS (HTL)
Perovskite (donor)

Energy Level

Figure 5.1 Charge carrier harvesting from perovskite layer using Ceo.

High mobility and ambipolar and long-range diffusion of photogenerated charge
carriers in a perovskite light absorbing layer is essential for the efficient collection of
charges in solar cell.}*** The low exciton binding energy and the dominance of free
charges in perovskite films and large single crystals'>?° assist in efficient harvesting of
charge carriers. Apart from the bulk films and large crystals of perovskites, PNC films
are also employed for harvesting energy in solar cells.?*?> The high PLQY and the
generation of multiple charges under high-intensity excitation in PNCs are
advantageous for constructing high-efficiency solar cells. Perovskites act as electron
donors in solar cells. Although perovskite-based different heterojunctions are employed
in solar cells, perovskite with Cgo or its derivative is the most studied electron donor-
acceptor systems for energy harvesting.1*?3?" As shown in Figure 5.1a, Ceo and its

derivatives with their lowest unoccupied molecular orbital (LUMO) level laying lower
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or comparable to those of lead halide perovskites are efficient electron acceptors in
perovskite solar cells. A scheme of planar heterojunction solar cell using perovskite-Ceo
as donor-acceptor system is shown in Figure 5.1b. Importantly, the broad-band
absorption of Ceo in Vis to NIR region, photostability, and ability to accommodate
multiple charges are highly desirable for efficient harvesting of electrons from
perovskite layers. Under photoexcitation, the perovskite layer absorbs light to generate
electron-hole pairs. The separation of charges takes place at the perovskite-Ceo interface,
which are then transported to the external circuit resulting in the photovoltaic current.

Nair et al.?® have discussed the efficient transfer of excitons or charge carriers from

Gold mirror
Optical spacer y—
Perovskite thin film :5
Dielectric mirror _-='

Vertical cavity

Random cavity WGM cavity Fabry-Pérot
cavity

Figure 5.2 Different types of optical cavities formed by lead halide perovskites.

PNCs in a colloidal solution and films to Ceo under photoactivation. Similarly,
Privitera et al.?® have reported photoinduced electron transfer from MAPbBrs PNCs to
a Ceo derivative (PCBM), resulting in efficient PL quenching in the mixed solution and
the formation of PCBM anions. They demonstrated that the extent of electron transfer
depends upon the length of the ligand chain, where the shorter ligands show efficient
electron transfer. On the other hand, in perovskite thin films, the diffusion of charge
carriers under photoexcitation is complicated by the motion of ions or vacancies which
usually affects the photostability and open circuit voltage of a perovskite device.3*3! On
the other hand, Ceo-based electron transport layers inhibit ion migration by passivating

defects, binding iodide in a Ceo-iodide complex and/or blocking grain boundaries. 242

While the photogenerated charge carriers are efficiently collected in electron traps
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such as Ceo,'*?*% the radiative recombination of these charges can be utilized in ASE
and lasing by constructing high quality cavity resonators using lead halide perovskites.
Isolated and well-assembled perovskite micro/nano plates and spheres can act as Fabry-
Pérot,232 WGM,**3* vertical,*>*® and random cavities,*"*® which are shown
schematically in Figure 5.2. The ASE and lasing applications of lead halide perovskites
are discussed briefly in Chapter 1 and are reported elsewhere.”®32-% The light is
confined inside a cavity due to the difference in the refractive indices of the air and the
cavity material. The minimum size of a perovskite crystal to act as a cavity for lasing
or ASE is limited by L=mA/2, where L is the length of the cavity, A is the wavelength
of light inside the perovskite crystal, and m is an integer which is equal to the number
of half wavelengths inside the optical cavity.®? A is related to the wavelength of light in
vacuum (Ao) by A=Ao/n, where n is the refractive index of perovskite material. Therefore,
for m=1, L= A/2, which is the minimum length between the two facets of a perovskite

crystal to form a Fabry-Pérot cavity for single mode lasing.
5.2  Results and Discussion

5.2.1 Extraction of Photogenerated Electrons from the Films of Perovskite

Nanocrystals

The photogenerated charge carriers in perovskite films, which are diffusing over larger

area, can be extracted using Ceo and its derivatives. Here, | study the harvesting of
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Figure 5.3 Harvesting of photogenerated charge carriers from the PNC films by Ceo.
(a,b) PL decay profiles of (a) FAPbBr3 and (b) MAPbBr3 PNC films with and without
Ceo. FAPbBr3 PNC films were excited by using a 400 nm femtosecond laser at 0.044
mJ cm2, whereas MAPbBrs PNC films were excited by using a 365 nm pulsed LED.
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photogenerated charge carriers from the PNC films by doping with Ceo, Which is by
utilizing the long-range diffusion of charge carriers in such films at low-intensity
excitation. PL decay profiles of FAPbBrsz and MAPbBrs PNC films without and with
Ceo doping at low-intensity excitations are shown in Figure 5.3a,b, respectively. To
harvest the charge carriers activated at low-intensity excitation, 1 doped the film

samples with Ceo. The PL lifetimes of an undoped and Cso-doped films are given by,
11=1/(Kr+knr ) (5.1) and
TZ:l/(kr+knr+kET ) (5-2)1

respectively. Here k; and knr are the rates of radiative and nonradiative relaxations,
respectively and ker is the rate of electron transfer from PNCs to Ceo. In the case of
pristine PNC films at low-intensity excitation, | estimated the z; value at 4.2 us for
FAPDbBr3, which was 1.06 ps for MAPbBr3. These values are larger than in the samples
| discussed in Chapter 4, which is attributed to the sample-to-sample variation in
different preparation lots. When these PNCs were doped with Ceo, the PL lifetime (z2)
decreased to 0.28 ps for FAPbBrs-Ceo and 0.5 ps for MAPDBr3-Ceo films. By solving
egns. 5.1 and 5.2, | estimated the rate of electron transfer to Ceo at 3.3x10° s for a
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Figure 5.4 PL spectra of a pristine and Ceo-doped MAPbBrs PNC films.

FAPbBr3-Ceo film and 1.1x10°8 s for a MAPbBrs-Ceo film. Although the estimated
rates of electron transfer from PNC films to Ceo are not so high, an enormous quenching
(>90%) of PL in a Ceo-doped film when compared with pristine film, as shown in Figure

5.4, suggests an efficient transfer of photogenerated electron from the PNC film to Ceo.
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In other words, Ceo acts as efficient trap for the photogenerated electrons in a PNC film

under low-intensity excitation.

In order to compare the efficiency of charge carrier harvesting by Ceo at different
intensities of photoactivation, | analyzed the rate of electron transfer from a PNC film
to Ceo at high-intensity excitation. Figure 5.5 shows the PL decay profiles of pristine
and Ceo-doped FAPbBrs PNC film at high-intensity excitation. | estimated the
respective 71 and 72 values of pristine FAPbBr3 and FAPbBr3-Ceo films at 120 ns and 65
ns, respectively under high-intensity excitation. Again, by solving eqns. 5.1 and 5.2, |
calculate the rate of electron transfer from FAPbBrs PNCs to Cgo in the film at 7x10° s°

! Here, the rate of electron transfer at high-intensity excitation is comparable to that at
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Figure 5.5 PL decay profiles of FAPbBrs PNC films with and without Cep at high-

intensity excitation (88 mJ cm) by using a 400 nm femtosecond laser.

low-intensity excitation despite the fact that the overall rate of relaxation under high-
intensity excitation [8.3 x 10° s (undoped) and 1.5 x 107 s (doped)] is an order of
magnitude higher than that at low-intensity [ca. 2.3 x 10° s (undoped) and ca. 3.6 x
108 s (doped)]. The amplification of PL under high-intensity excitations in PNC films
and isolated single particles discussed in Chapter 4 suggest an increase in the rate of
radiative relaxation. These results indicate that the rate of radiative relaxation, but not
the rate of electron transfer, is increased at higher excitation intensities. In short, Ceo
can efficiently harvest the freely diffusing photogenerated electrons from a PNC film

at low-intensity excitation.
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5.2.2 Transient Absorption Studies

To obtain further insight into the electron transfer dynamics in PNCs-Cego film, I used
the femtosecond transient absorption spectroscopy to study a MAPbBr3; PNC film with
and without Ceo by exciting the samples at 400 nm. Figures 5.6a,b and c,d show the
transient absorption spectra of films of pristine MAPbBr3 PNCs and Ceo-doped
MAPbBrs PNCs, respectively at different pump-probe delays. The charge-separated
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Figure 5.6 Transient absorption spectra of a MAPbBr3 PNC film (a,b) without and (c,d)
with Ceo, showing (a,c) ground-state bleaching and (b,d) recovery at different pump-

probe delay time. Samples are excited at 400 nm by using a femtosecond laser.

state involving Ceo as the electron acceptor is marked with the appearance of a positive
signal ca. 1070 nm, indicating the formation of a Ceo radical anion.® However, | could
not detect any Ceo radical anion signal in this wavelength region of the transient
absorption spectrum of Ceg doped MAPDBr3 film. I also compared the ground-state
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bleaching and bleach-recovery kinetics in the transient absorption spectra of PNC film
samples with and without Ceo. A negative signal is observed at ca. 530 nm immediately
after the excitation at 400 nm, indicating the ground-state bleaching. In both the cases,
complete bleaching of ground state is observed within 1 ps pump-probe delay (Figure
5.6a,c). After 1 ps, ground-state bleach recovery is observed (Figure 5.6b,d), but
without any significant difference between the bleach or bleach-recovery kinetics for a
PNC film with and without Ceo. However, the significant decrease in PL lifetime and
the quenching of PL intensity in the case of Ceo-doped PNC film indicates electron
transfer to Ceo. In the study, a maximum pump-probe delay of 5 ns was employed,
whereas the transient absorption results indicate that the electron transfer from PNCs
in the film to Ceo is occurring outside the time window of the measurement. The
efficient harvesting of photogenerated charge carriers using perovskites as the donor of
electrons and Ceo as the acceptor of electron can be promising for the development of

perovskite-based high efficiency solar cells.
5.2.3 Amplified Spontaneous Emission in Perovskite Microcrystals

Beside the harvesting of freely diffusing charge carriers from the closely-packed PNC
assembly at low-intensity excitation, it is interesting to utilize the carrier confinement
at high-intensity excitation for the amplification of PL. As discussed in Chapter 4, with
the increase in the intensity of excitation, an increase in the rate of radiative
recombination was observed in the case of PNC films. However, such amplification of
PL in PNC films was not accompanied by the narrowing of PL bands. In other words,
| could not observe any signature of ASE or lasing in PNC films at high-intensity
excitation. Although random cavity lasing is observed in the films of perovskites,”3"*8
my results indicate that the ensemble averaging of PL from closely-packed PNCs in the
film did not allow for the observation of any lasing or ASE feature. For ASE or lasing,
either the PNCs must be arranged to form a well-defined cavity, such as those discussed
by Yakunin et al.,® or the individual nanocrystals should act as a cavity.®*234 Liu et
al.® have discussed Fabry-Pérot cavity lasing in CsPbBrs; nanocuboids with 400 nm
edge. Similarly, Wang et al.3* have demonstrated WGM lasing in MAPbBr;
microplates. In my study, | observed ASE from the isolated MAPbBrz microrods of
average length 15 um and microplates with average edge-length of 10 um, which are

shown in Figure 5.7. These microcrystals show normal PL at low-intensity excitations
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(Figure 5.7a,c). However, when certain threshold excitation intensity is reached or
crossed, ASE occurs from the microcrystals. As observed in Figure 5.7b,d, the
photoexcitation of these samples beyond the ASE threshold results in the escape of
high-intensity evanescent waves from the two facets of the microrods and corners of
the microplates, which is obvious from the saturation of the camera images (indicated

by the dotted red circles in the figure).

Figure 5.7 ASE from MAPDbBTr3 perovskite microcrystals. (a,b) A MAPbBrs microrod
(@) below and (b) above ASE threshold. (c,d) A MAPbBrz microplate (c) below and (d)
above ASE threshold. Samples were excited at 400 nm and the scale bars correspond

to 20 um.

| analyzed ASE from the MAPDbBr3 perovskite microcrystals by recording the
time-resolved PL from one of the microrods under increasing pump fluence. As shown
in Figure 5.8a, the broad PL band (FWHM=24 nm) at low pump fluence (24 pnJ cm?)
gradually red-shifts and collapses into sharp PL band (FWHM = 10 nm) beyond certain
excitation threshold, which is a clear signature of ASE in these microcrystals. From
Figure 5.8b, | estimate the ASE threshold at 68 uJ cm™. The evolution of sharp ASE
peaks in the PL spectra of an isolated MAPbBr3 microcrystal is also obvious from the
temporally- and spectrally-resolved photocount maps of the nanocrystal below and
above the ASE threshold, as shown in Figure 5.8c. The ASE or lasing from perovskite

microcrystals and nanocrystals are largely dependent upon the quality of the crystals,
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Figure 5.8 Excitation laser intensity-dependent, time-resolved PL properties of a
perovskite microrod. (a) PL spectra of a MAPbBrs microrod under increasing pump
fluence (22.6 to 158.5 pJ cm2), showing an increase in PL intensity along with spectral
narrowing. (b) A plot of photocounts and FWHM as the function of pump fluence. ASE
threshold is estimated at 68 pJ cm?. (c,d) Temporally- and spectrally-resolved
photocount maps of a MAPbBr3 microrod (c) below (22.6 uJ cm) and (d) above (158.5
nJ cm?) ASE threshold (68 1 cm). Samples were excited with 400 nm femtosecond

laser pulses.

which are often challenged by the crystallinity, phase purity, defect density, and thermal
and environmental stability. In fact, such tiny crystals require higher optical gain to
overcome the cavity losses. Therefore, high-quality perovskite crystals with excellent
PLQY, higher optical gain and photostability are desirable for observing low-threshold

ASE and lasing from them.”%32-38
5.3 Conclusions

Lead halide perovskites are emerging into a class of cutting-edge materials for high-
efficiency solar cells and lighting devices. In this chapter, | studied the implications of
long-range carrier diffusion in nanocrystal films and the rate of carrier recombination
in the isolated microcrystals of lead halide perovskites. While the freely diffusing
charge carriers generated in PNC films at low-intensity photoexcitation are efficiently
harvested using Ceo as electron acceptors, the rate of radiative recombination among
these charge carriers increases under high-intensity excitation. However, the rate of
electron transfer from PNCs to Ceo remains apparently unchanged, indicating even the
low-intensity photoactivation of PNCs in the film is sufficient to collect the
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photogenerated charge carriers by Ceo. Further, the increased rate of radiative
recombination at high-intensity excitation in PNC films does not offer any ASE or
lasing in these assemblies, suggesting the ensemble averaging of PL from random
cavities of self-assembled PNCs in the film. This highlights the importance of well-
defined perovskite cavity for optical gain. Such cavities are formed in high-quality
perovskite microcrystals. | observe ASE from perovskite microcrystals with clear
signature of temporal and spectral narrowing of PL at high-intensity excitation. The
extraction of photogenerated charge carriers from PNC films using Ceo sShows, on the
one hand, the confirmation of carrier migration among close-packed PNCs and, on the
other hand, the potential utilization of these materials to solar energy-harvesting. ASE

from perovskite microcrystals highlights their applications to lasing.
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Summary and Perspectives

In this work, | studied the PL and charge carrier dynamics in closely-packed perovskite
(nano or micro) crystallites. The study highlights the charge carrier properties in
closely-packed assemblies of lead halide perovskites as the function of band-gap
distribution and excitation laser intensity modulation. The study also investigates the
extraction of photogenerated electrons from the closely-packed assemblies and the ASE
in the isolated microcrystals of lead halide perovskites.

For studying the PL and charge carrier dynamics of lead halide perovskites, I
synthesized pellets, nanocrystals, microcrystals and films of different types of organic-
inorganic and all-inorganic perovskites employing various methods. | introduced
piezochemical synthesis for the preparation of MAPbX3 (X=ClI, Br, I) and mixed halide
MAPbBrsxIx perovskite pellets, which is by applying a hydraulic pressure to the
mixture of precursor salts. In such perovskite pellets with closely-packed crystallites,
nonradiative energy transfer through the distributed band-gap was detected. Further,
the role of nonradiative energy transfer on photon recycling was analyzed.

To study the charge carrier migration in closely-packed PNC assemblies, |
synthesized MAPbBrs, FAPbBr; and CsPbBrz PNCs and prepared their films and
clusters. These nanocrystals formed closely-packed self-assembly in the film and
cluster which is facilitated by the interaction among hydrophobic ligands. The films
and clusters of MAPDbBr3 and FAPbBrs; showed unusually long zay values (>1 ps) at
low-intensity excitation which was attributed to the long-range diffusion of low-density
charge carriers. However, at higher intensity excitations, the zay was decreased, and the
rate of radiative recombination was increased in the films and clusters of PNCs. This
was attributed to the spatial confinement of high-density charges which were generated
at higher excitations.

To confirm long-range carrier migration in PNC films and clusters at low-
intensity excitation, | extracted the photogenerated electrons from the films of FAPbBr3
and MAPbBr3 PNCs by using Ceo as electron acceptors or traps. Although the PNC
clusters and films showed amplified PL under higher intensity excitations, | could not
detect any spectral narrowing, which is attributed to the ensemble averaging of PL

among large number of random cavities formed by self-assembled PNCs in the film.
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Nevertheless, spectral narrowing with ASE is observed when such perovskites form
well-defined cavities under high-intensity excitation. Here, | detected ASE in isolated
microrods and plates of lead halide perovskites. The ASE and extraction of charge
carriers from the perovskite microcrystals and nanocrystal film, respectively indicate

their potential applications in high-efficiency solar cells and low-threshold lasers.

111






List of Papers Presented in Conferences

Photon-recycling by Nonradiative Energy Transfer in Piezochemically
Synthesized Organic-Inorganic Hybrid Lead Halide Perovskites

Sushant Ghimire, Yuta Takano, Vasudevanpillai Biju

2019 International Symposium of Research Institute for Electronic Science
(RIES) Hokkaido University & Center for Emergent Functional Matter Science
(CEFMS) National Chiao Tung University, Sapporo, Japan, December 3-4, 2019

Piezochemical Synthesis and Close-packing of Lead Halide Perovskites for

Photon-recycling by Energy Transfer

Sushant Ghimire, Vasudevanpillai Biju

The 20th RIES-Hokudai International Symposium, Sapporo, Japan, December 2-
3,2019

Efficient Non-radiative Energy Transfer in Close-packed Lead Halide

Perovskites Synthesized by a Pressure-induced Solid-state Method

Sushant Ghimire, Vasudevanpillai Biju

Final International Symposium on Photosynergetics, Osaka, Japan, October 23-
26, 2019

Photon Recycling via Efficient Non-Radiative Energy Transfer in Close-
packed Lead Halide Perovskites Synthesized by a Pressure-induced Solid-
state Method

Sushant Ghimire, Yuta Takano, Vasudevanpillai Biju

Annual Meeting on Photochemistry 2019, Nagoya, Japan, September 10-12,
2019

The Dynamics of Photogenerated Charge Carriers in Perovskite

Nanocrystal Films

112



Sushant Ghimire, Lata Chouhan, Vasudevanpillai Biju

10th Asian Photochemistry Conference, Taipei, Taiwan, December 16-20, 2018
Extended Diffusion of Charge Carriers in Perovskite Nanocrystal Assembly

Sushant Ghimire, Lata Chouhan, Ken-ichi Yuyama, Yuta Takano,

Vasudevanpillai Biju

The 98th Annual Meeting of the Chemical Society of Japan, Funabashi, Japan,
March 20-23, 2018

Fate of Charge Carrier Dynamics in Perovskite Nanocrystal Thin Films

Sushant Ghimire, Lata Chouhan, Ken-ichi Yuyama, Yuta Takano,

Vasudevanpillai Biju:

Symposium on Nanomaterials for Environmental Purification and Energy

Conversion, Sapporo, Japan, February 20-21, 2018

The Dynamics of Photogenerated Charge Carriers in Self-Assembled

Semiconductor Nanocrystal Structures

Sushant Ghimire, Vijaykumar C Nair, Ken-ichi Yuyama, Vasudevanpillai Biju

The 18th RIES-Hokudai International Symposium, Sapporo, Japan, November
30-December 1, 2017

113



List of Papers Published in Peer-reviewed Journals

and Patents

Dissertation Related Papers

Photon Recycling by Energy Transfer in Piezochemically Synthesized and
Close-packed Methylammonium Lead Halide Perovskites

Sushant Ghimire, Kiyonori Takahashi, Takayoshi Nakamura, Yuta Takano, and

Vasudevanpillai Biju
Journal of Physical Chemistry C 2019, 123, 27752-27758

Photoinduced Photoluminescence Enhancement in Self-assembled Clusters

of Formamidinium Lead Bromide Perovskite Nanocrystals

Sushant Ghimire, Vijayakumar C. Nair, Chinnadurai Muthu, Ken-ichi Yuyama,

Martin Vacha, and Vasudevanpillai Biju
Nanoscale 2019, 11, 9335-9340

Amplified and Multicolor Emission from Films and Interfacial Layers of
Lead Halide Perovskite Nanocrystals

Sushant Ghimire, Lata Chouhan, Yuta Takano, Kiyonori Takahashi, Takayoshi

Nakamura, Ken-ichi Yuyama, and VVasudevanpillai Biju
ACS Energy Letters 2019, 4, 133—141

Other Papers

Nonradiative Energy Transfer through Distributed Bands

Piezochemically-synthesized Cesium and Formamidinium Lead Halide

Perovskites

Sankaramangalam Balachandran Bhagyalakshmi, Sushant Ghimire, Kiyonari

Takahashi, Ken-ichi Yuyama, Yuta Takano, Takayoshi Nakamura, and
Vasudevan Biju
Chemistry A European Journal 2019, DOI 10.1002/chem.201904300

114



2 Blinking Beats Bleaching: The Control of Superoxide Generation by Photo-

lonized Perovskite Nanocrystals Lata Chouhan, Sushant Ghimire, and

Vasudevanpillai Biju
Angewandte Chemie International Edition 2019, 58, 4875—4879

3  Phase Transfer Reaction for the Preparation of Stable Polymer-Quantum
Dot Conjugates
Geethy P Gopalan, Ajith Nair Anil, Sushant Ghimire, Nidhin Joy, Ken-ichi

Yuyama, Vasudevanpillai Biju, Raju Francis
Journal of Photochemistry and Photobiology A 2019, 371, 91-97

4  Blinking Suppression in Highly Excited CdSe/ZnS Quantum Dots by
Electron Transfer under Large Positive Gibbs (Free) Energy Change
Elizabeth Mariam Thomas*, Sushant Ghimire*, Reiko Kohara, Ajith Nair Anil,

Ken-ichi Yuyama, Yuta Takano, K George Thomas, Vasudevanpillai Biju
ACS Nano 2018, 12, 9060-9069

5  Quantum Dot-Polymer Conjugates for Stable Luminescent Displays
Sushant Ghimire, Anjaly Sivadas, Ken-ichi Yuyama, Yuta Takano, Raju Francis,

Vasudevanpillai Biju
Nanoscale 2018, 10, 13368—13374

6  Relations of Exciton Dynamics in Quantum Dots to Photoluminescence,
Lasing, and Energy Harvesting

Sushant Ghimire, Vasudevanpillai Biju

Journal of Photochemistry and Photobiology C: Photochemistry Reviews 2018,
34, 137-151

Patent

RO T AAA PR, e T2 A4 fEEEEoBES R, R
KH Fo HELEHRT. FoRERS L OR TS

Vasudevanpillai Biju, Sushant Ghimire, Lata Chouhan

Application No. PCT/JP2019/040788, Japanese Patent No. 629742

*Shared first authorship

115



