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Abstract

Recently, lead halide perovskites are the most attractive semiconductor materials for
light-harvesting and light-emitting applications, which is attributed to their excellent
properties, such as high photoluminescence quantum yield, large absorption coefficient,
low formation energy, and tunable bandgap. However, there are still issues limiting its
large-scale applications, like instability and efficiency roll-off. In this thesis, I mainly
focus on the study of isotropic and high-quality perovskite microcrystal synthesis, light-
induced ion migration and its effect on electroluminescence blinking, and time-resolved
electroluminescence of MAPbBr; microcrystals. The thesis is summarized in five
chapters. In Chapter 1, I introduce the general information about halide perovskite. First,
I introduce the structure of one unit cell, chemical compositions and stability factors.
Following, I introduce different size halide perovskite synthesis methods, including
micro-sized single crystal, nanocrystals and quantum dots. Then I introduce the
characteristics of halide perovskite, including optical properties, bandgaps, charge carrier
dynamics and blinking. Finally, I introduce applications of halide perovskites, especially
to solar cells and light-emitting diodes. I also present my study motivation. In chapter 2,
I introduce the materials, sample preparation methods and instruments I used throughout
the studies. I show the synthesis the MAPbBr3 microcrystals by various methods, such as
room temperature crystallization (RTC), anti-solvent vapor-assisted crystallization
(AVC), inverse temperature crystallization (ITC), modified-ITC and blade-coating
methods. I investigate the properties of the microcrystals using optical microscopy and
fluorescence microscopy. [ study the photoluminescence and electroluminescence
blinking of perovskite microcrystals using single particle micro spectroscope, and the
photoluminescence and electroluminescence decays by time-resolved photoluminescence
and electroluminescence spectroscopy. In chapter 3, I demonstrated the synthesis of
isotropic high quality MAPbBr3 microcrystals. I investigate the role of an additive N-

Cyclohexyl-2-pyrrolidone and reaction temperature on the crystal size, shape, quality,



and density. I also discuss the crystal nucleation mechanism and crystal growth kinetics.
Finally, I expand the modified ITC method to various types of halide perovskites. In
chapter 4, I investigate the light-soaking effect on the photoluminescence lifetime and
electroluminescence blinking of MAPbBr3; microcrystals, the ON and OFF probability
distribution of electroluminescence blinking statistics has been studied. The mechanism
of light-induced halide ion migration and trap healing is correlated with the
electroluminescence intensities and photoluminescence lifetime. In chapter 5, I
investigate the time-resolved electroluminescence of MAPbBr; microcrystals. First, I
measure the optical spectra and electroluminescence decay of commercial blue, green and
red LEDs, and confirm the instrument reliability for time-resolved electroluminescence
measurements. Then, I study the photoluminescence spectra, electroluminescence, and
photoluminescence decays of MAPbBr3; microcrystals. Finally, I investigate the influence
of MABr treatment on electroluminescence and photoluminescence decays of MAPbBr3
microcrystals, where Br vacancies are filled. The mechanism of halide ion vacancy filling

enhanced electroluminescence and photoluminescence decays increase are discussed.
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Abbreviations and symbols

AVC Anti-solvent vapor-assisted crystallization
A Angstrom

Tav Average photoluminescence lifetime
BSSG Bottom-seeded solution growth

CHP N-Cyclohexyl-2-pyrrolidone

CBM Conduction band minimum

°C Degree Celsius

DCM Dichloromethane

DMSO Dimethyl sulfoxide

DMF N, N-Dimethylformamide

EL Electroluminescence

EMCCD Electron-multiplying charge-coupled device
EIL Electron injection layer

EQE External quantum efficiency

EBL Electron blocking layer

fs Femtosecond

GBL Gamma-butyrolactone

HI Hot injection

ITC Inverse temperature crystallization

ITO Indium tin oxide
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Ko Rate constant of nonradiative relaxation

k; Rate constant of radiative relaxation
LEDs Light-emitting diodes

LHP Lead halide perovskite

MABT Methylammonium bromide

MCs Microcrystals

MHP Metal halide perovskite

M Molar

NCs Nanocrystals

OPA Optical parametric amplifier

ODE 1-Octadecene

ps Picosecond

PL Photoluminescence

PCBM (6,6)-Phenyl-Ce1-butyric acid methyl ester
PEDOT:PSS Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
PeLEDs Perovskite light-emitting diodes

PMMA Polymethyl methacrylate

PCE Power conversion efficiency

RTC Room temperature crystallization

S Second

SOC Spin orbit coupling

T Temperature
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TCSPC

TRPL

TREL

TCO

VBM

TSSG

Vis

VBM

Time-correlated single photon counting
Time-resolved photoluminescence
Time-resolved electroluminescence
Transparent conductive oxides

Valence band maximum

Top-seeded solution growth

Visible

Valence band maximum
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Chapter 1

Introduction

Abstract

Halide perovskites have been the most likely material to replace traditional materials as
the next generation of photovoltaic and electronic devices. This is determined by its cost-
effective synthesis and excellent optoelectronic properties. There are many application
fields for halide perovskite material, but solar cells are the most investigated and
promising applications. Beyond that, due to the demand for high-efficiency and low-price
light-emitting diodes materials, researchers have been investigating halide perovskite-
based light-emitting diodes for almost ten years. In addition, researchers have expanded
its application to photodetectors, flexible optoelectronic devices, pressure-induced
emission devices and lasers. Halide perovskite can be synthesized by a simple solution
method in a few minutes into film, single crystal, nanocrystal, quantum dots. Halide
perovskite-based  devices have obtained great photoluminescence  and
electroluminescence efficiencies, however, due to the intrinsic and extrinsic properties,
the stability and performance efficiency issues still block its large-scale applications. In
this chapter, I introduce the fundamental information, chemical structure, synthesis

method, optoelectronic property, applications, and unsolved issues of halide perovskites.



1.1 General introduction

Perovskites are materials that have a formular ABX3. The BX¢ octahedra is shared by an
A-site cation, which occupies the space between the BXs octahedra (Figure 1.1). It was
discovered by Gustav Rose in 1839 as a CaTiO3; mineral material and named after the
Russian mineralogist Lev Perovski. When the A site is an inorganic ion, such as Cs™, it is
called inorganic perovskite. In the case of organic ions, such as methylammonium (MA™)
or formamidinium (FA™), these are called hybrid perovskites. The B site is a divalent
cation, such as Pb>" or Sn?*, and the X site is usually occupied by a halide ion (CI", Br,
or I). Owing to the cost-effective, simple synthesis, and distinctive optoelectronic

features, metal halide perovskites have become more popular in recent years.

Figure 1.1. A halide perovskite unit cell.



The stability of the perovskite structure can be calculated by Goldschmidt tolerance factor

(t) and octahedra factor:

V2(rg +1y)

In this equation, ra, rg and rx are the ionic radii of A, B cations and X halogen ions,

respectively.

m=-
The t factor is a proper value in the range of 0.76 to 1.13, and the p factor is 0.44 to 0.90

for the stable perovskite and octahedra structure, respectively.

1.2 Synthesis of halide perovskites

1.2.1 Crystallization mechanism

Crystallization is a fundamental process in forming crystals, which are solid materials
with a repeating, ordered atomic or molecular structure. It is the initial step in the
crystallization process, where small clusters of atoms, ions, or molecules come together
to form the nucleus of a crystal. Once the nucleus is formed, it can continue to grow as
more particles join it, ultimately resulting in the growth of a larger crystal. The
crystallization processes of materials typically include nucleation and growth.! In the case
of halide perovskites (HPs), through the computation of the energy disparity between the
fundamental constituents in their independent, unbound states and their aggregated form
within a solid crystal. Uniform nucleation is when the components come from the entire
parent phase to form a second phase, called uniform nucleation. It is unaffected by
contaminants or exterior surfaces. Non-uniform nucleation occurs at preferred locations,
such as surface, phase boundaries, or impurities.> Usually, the HPs crystallization takes

place in a molten,? vapor system,* and solution system.’



1.2.2 Synthesis of halide perovskite single crystals

The inverse temperature crystallization (ITC) method relies on an inverse solubility of
solute in particular solvents when the temperature arises while the solubility of solute
declines.®!13 Figure 1.2a describes an ITC method schematic diagram. Since inverse
solubility causes crystallization in some organic materials, ITC technique heavily relies
on temperature because of the inverse solubility of the solute in solvents. This method's
growth process balances precipitation and dissolution. The solvent must be properly
selected to generate a nice single crystal. For instance, Gamma-butyrolactone (GBL),
dimethyl sulfoxide (DMSO) and N, N-dimethylformamide (DMF) are shown to be the
most effective solvents for MAPbBr;, MAPbI;, and MAPbCI; correspondingly.'*
Utilizing this procedure, Saidaminov et al.'> could build single-crystal perovskites as
shown in Figure 1.2b. The inverse solubility phenomenon of perovskites is evaluated and
confirmed by measuring it in various solvents and temperatures. DMF and GBL are
identified as appropriate solvents to demonstrate the inverse solubility of bromide and

iodine-based perovskites.

FAPDBr, solubility in DMF/GBL (1/1)

a
Heating to a fixed temperature E
Fast cryslallization )
g
Oil bath 4
Aoom temperature 3
c Substrate < Zooling
Low
3 Temperature (°C)
2 Single
£ crystal
<9
E‘ Precursor
& solution d
High Antisolvent: DCM
Hot plate
]\":‘i":_gl Precursor Time >
solution PbX,/MAX (1/n by molar)
Temperature dissolved in solvent
Seed -
crystal lowering
X=Br:n=1, solvent = DMF MAPDX;

X=1":n=3, solvent = GBA single crystals
Figure 1.2. (a) (b). The scheme of ITC method and inverse solubility of FAPbBr3 in
DMF/GBL.'* (¢) The scheme of cooling method.!” (d) The scheme of anti-solvent

vapor assisted method.'®



The antisolvent vapor-assisted crystallization (AVC) method was initially described
by Shi and colleagues'®, who also successfully synthesized high-quality, millimeter-sized
MAPDBr; and MAPDbI; SCs. They employed dichloromethane (DCM), an antisolvent
fully insoluble for precursors. To the precursors, MABr and PbBr; are mixed in DMF at
a molar ratio of 1:1 and MAI and Pbl: at a 3:1 molar ratio in GBL. The beaker containing
the precursor is put in a bigger container containing the antisolvent. Subsequently, the
system is sealed, allowing the DCM vapor to gradually dissolve into the mixture due to
its effective miscibility with DMF or GBL. As illustrated in Figure 1.2d, adding DCM
causes crystallization since it uses up the solvent and raises the concentration of
precursors past the point at which they can no longer dissolve in solution. PbBr; separates
more quickly than MABr when the antisolvent ingests into DMF. This nonequilibrium
precipitation builds up, creating a nonstoichiometry single crystal surface that makes the
crystal opaque.

When a hot saturated precursor solution is gradually cooled down, the solubility of
solute is decreased and a single crystal forms. This process depends on temperature
reduction, which decreases solubility. Dang claims that when a solution's temperature is
lowered from around 100 °C to room temperature, MAPbX3 single crystals begin to
precipitate out in an equimolar ratio of MA, Pb?*, and aqueous HX. The bottom-seeded
solution growth (BSSG) usually utilizes the slow-cooling method to prepare bulk
crystals, and the top-seeded solution growth (TSSG) usually utilizes the slow-cooling
method. As shown in Figure 1.2¢, TSSG expedites the process of producing large single
crystals by positioning the seed crystal on the solution’s surface, in contrast to BSSG,

where the seed crystal is suspended in a saturated solution at the container's bottom.!”

1.2.3 Synthesis of halide perovskite nanocrystals

The hot-injection (HI) method includes the precursor injection within a short time into a

heated mixture containing the rest of the ligands, precursors, and solvents.!3! This



method is divided into nuclei formation and crystal growth. The HI technique usually

facilitates the fine size particles, like nanocrystal and quantumdots.?’ Immediately after
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Figure 1.3. Synthesis method scheme of (a) Hot-injection and (b) LARP methods.'®

injection, there is a swift burst of nucleation and simultaneous generation of tiny nuclei.
During the nucleation process, due to the rapid consumption of single nuclei, the formed
nuclei keep growing, preferably without forming new nuclei. This causes the gradual
improvement of the nanocrystal, which is studied in a unique size range. It occurs when
the reaction is halted while still within the size-focusing phase or when there is an ample
supply of nuclei.?! The essential characteristics that allow for size and size-distribution,
controlling of nanocrystals are, surfactants ratio to precursors, injection temperature,
reaction speed, and precursor concentration. To be able to produce the colloidal cesium
halide perovskite nanocrystals (CsPbX3, X = Cl, Br, and I), in 2015, Protesescu et al.
expanded the hot-injection method by introducing Cs-oleate to a heated solution
containing PbX, (X = CI, Br, I). These chemicals are functionalized as the origins of Pb**
and X, followed by the addition of acids, amines, and octadecene. This synthesis yielded
CsPbX3 nanocrystals (Figure 1.3a).

In the ligand-assisted reprecipitation (LARP) method for perovskite synthesis, the
necessary precursor chemicals were first be dissolved in a suitable polar solvent, like
DMSO, DMF, etc. (Figure 1.3b), before being mixed with a suitable solvent, such as
toluene or hexane. In the LARP technique, the chemicals MX> (M = Pb, Sn, etc.), CsX,

MAX, and FAX are frequently utilized, in which X denotes Cl, Br, and I. Combining the



two solvents leads to a supersaturation reaction, triggering the formation and proliferation
of perovskite nanocrystals. The advantage of the LARP synthesis method is it can be
performed in ambient air using a relatively simple procedure, in contrast to the hot-
injection approaches. This implies that LARP can be rapidly applied, facilitating the mass
production of metal halide perovskite nanocrystals.??>* In 2012, Papavassiliou et al.
dissolved MAPbX; (X = Br, Cl, or I) and other salts in DMF or other solvents.
Subsequently, they introduced the resulting solutions into toluene or toluene/polymethyl
methacrylate by dropping them.? They saw the emergence of luminescent nanocrystals
with diameters between 30 and 160 nm with PL intensities significantly higher than those
predicted for the bulk MAPbXj;. After decades, the LARP method was applied to
synthesis organic-inorganic MAPbX3 NCs, followed by expanding to ABX3 NCs (A =
MA, FA, or Cs; B =Pb, Sn, Bi, or Sb; X =Cl, Br, or I).

1.3 Characterization of halide perovskites

1.3.1 Optical properties

Halide perovskites display a tunable emission wavelength by varying halide compositions
and exhibit a singular peak within the UV—vis absorption and PL spectra (Figure 1.4a,b).
The single-halide FAPbX; (X = Cl, Br, I) nanocrystals demonstrate a blue shift in both
the optical absorption wavelength and emission bands compared to bulk materials. This
shift can be attributed to the quantum size effect, as illustrated in Figure 1.4b. While
FAPbCI3 shows a PL quantum yield (PLQY) of less than 1%, FAPblz; and FAPbBr3
nanocrystals after purification in toluene show higher PLQYSs. The efficiency of mixed
halide samples, such as FAPbCl, sBri.s or FAPbBri 5115 NCs also shows a high PLQYs.
Additionally, several factors influence the bandgap of LHPs, such as crystal phase,
octahedral tilt, temperature, pressure, and crystal size. While the Pb-X-Pb dihedral angle
rises, the A-site cation size also increases, and the octahedral tilt becomes apparent. For

instance, when FA™ replaces Cs”, the Pb-I-Pb angle rises from 153.2 to 179.9°.2 Due to
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Figure 1.4. Characteristics of FAPbX3 colloidal PNC solutions. (a) Photoexcited
luminescence image of halide perovskite solution. (b) The tunable wavelength with
bromide ratio variation in mixed halide perovskite. (c) Comparison between the
theoretical and experimental band gap of FAPbBr; nanoplatelet in relation with

thicknesses. (d) Absorption and PL spectra. (¢) Compositional PL tuning diagram.?®

decreased orbital overlapping and an increase in the bandgap, the octahedral tilt is also to
blame for reducing the weakness of the spin-orbit coupling (SOC). The crystal structure
is a four-direction square summation cube (or other aspects), and the change is the guiding
octahedron and the diagonal two factors. Most of the time, the cubic phase is stable for

LHPs, where the strong SOC minimizes the octahedral tilt.

1.3.2 Bandgaps

The band structures and the density of the state mainly control the optical characteristics
of halide perovskites. It is, therefore, vital to investigate their electronic structure
abnormalities, dimensionality, and material composition to enhance optoelectronic
applications.?’? By modifying the structural framework, it becomes feasible to alter the
predominant optoelectronic features of halide perovskites, including charge carrier

lifetime, mobility, recombination kinetics, and carrier concentration. For the bandgap



formation of halide perovskites, the CBM is created by bonding the 6p-orbitals of Pb and
the s- and p-orbitals of the halide. The VBM is created by the 6p- and 6s-orbitals of Pb
and the s- and p-orbitals of the halide. The bandgaps of these materials can be easily tuned
by varying the halide ratio. Figure 1.5a shows the energy level of the lead halide
perovskite band-edge.

Halide perovskites are known for their well-defined direct band-gap structure.
However, recent observations of a noncentrosymmetric lattice have suggested the
possibility of Rashba or Dresselhaus band splitting in these materials.’® In the case of

carrier inter exchange reaction is the leading reaction, halide perovskites don’t show
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Figure 1.5. (a) Band-edge states of lead halide perovskites. (b) partial density of

states and band structure of CsSnBr;3 perovskite.*?

obvious quantum confinement, and the attainment of exciton states with values such as 0
or 1 can be largely attributed to the Rashba effect, resulting from inversion symmetry
breaking. This spin-orbital coupling, which differentiates exciton states into singlet and
triplet levels, is induced by the strong momentum-dependent interaction between the lead
atom and the heavy nucleus.?! Figure 1.5b shows that lead-free perovskites resemble lead
halide perovskites of the band-edge structure. For example, the CBM is primarily

composed of Sp-orbitals of Sn. Still, the VBM antibonding state consists of 4p-orbitals of



Br and 5s orbitals of Sn in CsSnBr3; perovskite cubic crystal.?? In this scenario, the CBM
is initially triple degenerate, even without assistance from SOC, while the VBM remains
nondegenerate. When a significant SOC is introduced, the crystal field splitting in CBM
is disrupted, leading to the emergence of spin-orbit split doublet and quadruplet states.
Optical transitions from the VBM to these spin-orbit split states and quadruplet states

result in the favorable optical absorption characteristics of halide perovskites.

1.3.3 Charge carrier dynamics

When perovskite materials absorb light, the incident photons elevate charge carriers to
higher energy levels, leaving the ground state with a hole. The optoelectronic
characteristics of the perovskite depend on what happens to these charge carriers.
Depending on the composition of the material, the photogenerated charge carriers may
function as free carriers or excitons. Generating free carriers with extremely low binding
energies is preferred for solar cell applications. In contrast, excited-state species with
large exciton binding energies will increase the likelihood of radiative relaxation for light-
emitting devices.

Figure 1.6 shows different recombination ways of charge carriers. The following
represents the recombination rate equation with a charge carrier density of n (t). Here, it

is considered that free carriers are created following photo- or electro-excitation.

dn
dt

= —kyn®*—k,n?—kyn

where k; is the rate constant for excitonic recombination or trap-assisted
recombination, two types of monomolecular recombination. The concentration of any of
the two species is the only factor affecting this recombination. The rate constant for an
electron-hole pair-involving bimolecular recombination is k. The Auger recombination
rate constant is called ks. There are numerous species and phases in the Auger process.

The effectiveness of these processes in applications such as lasers, LEDs, or solar cells

depends on how much each contributes the others.

10



The three recombination processes combine to provide the total rate constant r(n),
which is known to have an impact on the diffusion length, Lp as follows:

ukgT

Lp(n) = y(n)e

where e is the electronic charge, T is the temperature, kg is the Boltzmann constant,

and p is the mobility of charge carriers.

“WWs
4+ phonon O Pphoton A X
SRH recombination Radiative recombination Auger recombination
(A) (B) (9)

Figure 1.6. Several schemes of recombination processes. (a) Shockley-Read-Hall

(SRH) recombination. (b) radiative recombination. (c¢) (d) Auger recombination.>?

1.4 Halide perovskite blinking

1.4.1 Electroluminescence blinking

EL blinking from MAPbBr3; single crystals is reported by Nguyen et al.** The single-
crystal is fabricated by a cast-capping method between two ITO glasses. Figure 1.7a
depicts the EL blinking images as determined from a MAPbBr3 single crystal with
increased bias from 2 to 4 V. Figure 1.7b shows the EL trajectories obtained from
MAPDBT3; single crystal. The intermittent emission behavior in EL has been suggested to
be possibly explained by the entrapment of charge carriers in sub-bandgap trap states.

These trap states may form at the surface or boundary of the crystal. The conflicting of

11



radiative and nonradiative processes produce EL blinking.

o
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Figure 1.7. (a) A vivid green luminescence is observed in the single-crystal
MAPDBr; under increasing bias voltage, ranging from 2 to 4 V. (b) A time profile
displaying EL blinking, measured at a wavelength of A = 549.4 nm.>*

Vacha and colleagues publish an other research from CsPbBr3; nanocrystal aggregates
on EL blinking.*® In this case, EL blinking behavior results from charge carriers funneling
to big nanocrystals and recombining with one another. Here, the carrier recombination's
particle-selective nature results in an EL blinking process. Figure 1.8a displays the EL
trajectories obtained from the nanocrystal aggregates, and Figurel.8b displays the

trajectories of aggregates at different excitation modes.
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Figure 1.8. (a) EL from CsPbBr3; nanocrystal aggregates at various voltages. (b)
Time-traces of emission intensity captured from two distinct single aggregates while

switching between excitation modes.*
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1.4.2 Photoluminescence blinking

Nirmal et al. investigate the initial observation of the PL blinking phenomenon while
studying isolated CdSe NCs under steady-state laser excitation circumstances.’® A
fluorescent image of a single 21-A-radius CdSe nanocrystal placed in a thin
polyvinylbutyral film at room temperature is shown in Figure 1.9a. The nanocrystal
emission lifetimes discretely flip on and off, and their poorer quantum yield compared to
neutral nanocrystals cause the streaks in the image that result from raster scanning the
sample over a diffraction-limited laser spot. They note that the ionization rate-dependent
average on period scales linearly with intensity. In Figure 1.9b, the trace of fluorescence
intensity plotted against the time of a "bare" particle and an overcoated particle (with
seven monolayers of ZnS) are contrasted at the same excitation intensity. Due to ZnS's
greater bandgap than CdSe (by about 2 eV), it should be able to effectively block

ionization and neutralization and passivate potential surface trap sites.
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Figure 1.9. (a) a) Photograph of CdSe nanocrystals. b) The trace of fluorescence
intensity over time. (b) a) Fluorescence intensity and time traces relationship. b) A

fluorescence intensity versus time trace for a 'bare' nanocrystal.>®
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The original report of PL blinking in MAPbI3 PNCs and microcrystals has reported
multi-state blinking with significant amplitudes (Figure 1.10).3” While LHPs, unlike QDs,
exhibit enhanced blinking at lower excitation intensities, chalcogenide QDs exhibit
enhanced blinking with increasing excitation intensity. A super-resolution microscopy
approach was employed to detect this PL behavior. It is discovered that multi-state
blinking results from variations in emission localization points, or quenching sites, in the

crystal.
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Figure 1.10. Two types of PL blinking of (a) MAPbIz PNC and (b) a MAPbI; film.*’

The 'Quenching site model' or 'Emitting site model' was considered as the
mechanism for such PL blinking. The crystal contains several charge carrier traps that are
linked to chemical flaws or structural flaws like ion vacancies. In this case, blinking is
caused by the activation and deactivation of such faults or trap states (Figure 1.11).%8

There have been many different kinds of studies to passivate PL blinking. The
surface modification by post-treatment for blinking suppression is one illustration. It is
discovered that NaSCN surface treatment of FAPbBr3; NCs suppressed PL flickering.®
The core-shell structure QDs (CsPbBr3-CdS) exhibits good stability and does not show
blinking.*® It can be compared with traditional core-shell QDs that offer fewer defects and

are more stable. At a low temperature of 6K, no blinking photoluminescence trajectories
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are produced in single halide nanocrystals based on Cs.*® Recent research has also shown

that adjusting perovskite by changing the halide content affects blinking behavior.*!

(i) Quenching sites Model (i) Emitting Sites Model
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Figure 1.11. Illustration of PL blinking mechanism in PNCs. (a) The quenching-site

model and (b) the emitting-site model.™

1.5 Applications of halide perovskites

1.5.1 Principles of solar cells

Halide perovskites have become a focal point in solar cell research due to their
exceptional photovoltaic characteristics, including high luminescence efficiency, tunable
bandgaps, extensive carrier mobility, and large absorption cross-sections.*>*> Currently,
they stand as the most promising semiconductors for solar cells. Increased perovskite
solar cell technology advancement can be largely attributed to their unique bandgap
feature, high charge carrier diffusion rate, and low Urbach energy. Additionally, their
straightforward solution-processed fabrication of high-quality thin films contributes to
their popularity. In 2009, Miyasaka et al. conducted a pioneering study on halide

perovskite-based solar cells, creating a solar cell with mixed organic-inorganic perovskite
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as the absorbance material, and it obtained a high PCE at that time.*® Despite the initial
stability and power conversion efficiency challenges, this work laid the foundation for
exploring halide perovskites in solar cells. The field witnessed significant progress with
the introduction of mesostructured perovskite solar cells by Snaith et al. in 2012.” They
utilize TiO; and spiro-OMeTAD as the ETL and HTL materials, and these solar cells
achieved high-performance productivity. Notably, they further enhanced the performance
productivity by replacing TiO; to Al>O;. Halide perovskites have since emerged as a
leader among photovoltaic materials, showcasing the potential to achieve PCE exceeding
25%.

As depicted in Figure 1.12a, a standard perovskite solar cells (PSCs) configuration
comprises a perovskite layer functioning as the intrinsic semiconductor for light
absorption. This layer is stuck between an ETM and a HTM, all situated on either FTO
or ITO glass substrate. A typical n-type ETM is TiOz, also known as PCBM, and Spiro-
OMTAD or PEDOT:PSS. The electrons excited by light diffuse to the ETM's conduction
band and then to FTO/ITO after the perovskite layer absorbs light. The HTM's valence
band receives holes before the Au/Ag layer. One can create effective solar cells by
choosing perovskites, HTMs, and ETMs by using the energy states and bandgaps (Figure
1.12C).

As depicted in Figure 1.12b, the architecture of PSCs can generally be classified into
two kinds: direct and inverted. For the direct (n-i-p), the materials ordered from the
bottom are transparent anode (ITO or FTO), ETL, perovskite, HTM and the top electrode.
In the inverted (p-i-n) type, the materials order from the bottom are transparent cathode
(ITO or FTO), HTL, perovskite, ETM, and top electrode. For efficient electron transport,
it is crucial to align the conduction band of the ETL with the perovskite to absorb the
electron. In the inverted device architecture, the conduction band should match the top
electrode, while in the direct device architecture, it should be aligned with the TCO.*
These considerations highlight the significance of energy alignment in determining the

success of the device architecture.
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The light-harvesting layer of perovskite solar cells, which absorbs light and starts
carriers’ generation. The ETL and HTL are commonly necessary for the perovskite solar
cells, since the function of ETL is electron collecting and HTL is hole colleting. The
perovskite active layer is crucial for producing the recombination of the carries and
transportation to the appropriate materials, and for light harvesting.** In the
perovskite/HTL interface, HTL collects holes, and HTL candidates must fulfill certain
requirements to be chosen. As indicated in Figure 1.12c, the HTL should possess certain
characteristics for effective device performance, such as a highly mobile rate of hole and
electron, matched energy bands, and high stability to enhance the feasibility and
economic viability of the device. These characteristics collectively contribute to the

optimal functioning of the HTL in perovskite solar cells (PSCs).
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Figure 1.12. (a) perovskite solar cell structure composition.*! (b) The illustration
depicts the components of a perovskite solar cell. The diagram showcases both direct
and inverted architectures in the vertical orientation, as well as planar and
mesoscopic structures in the horizontal orientation. (c¢) The energy diagram of

various ETL, HTL, perovskite and electrode materials.*8
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1.5.2 Principles of LEDs

A conductive electrode without color, such as FTO or ITO, is placed on top of a glass
substrate to fabricate LED devices. A perovskite emissive layer is a middle of HIL and
EIL, which also function as blocking materials of charge carriers (Figure 1.13a, b). The
deposited metallic film is the rear contact to enclose the LEDs electrically. An external
bias is applied to introduce carriers to the working LEDs. The device architecture is
arranged to facilitate radiative interaction between electrons and holes in the perovskite
emissive layer, aiming to generate EL. Achieving high efficiency requires tuning the
perovskite emissive layer, and addressing factors like appropriate outcoupling designs,
band alignment and interfacial engineering, which are crucial for pushing the efficiency
limits of PeLEDs.

Perovskite light-emitting diodes have device architectures that include multi- and
mono-layer configurations. Usually, the multi-layer device is consisted of the transparent
electrode (FTO or ITO), HBL, EBL, a perovskite emitter, and an electrode. The HBL,
perovskite and EBL produce a heterojunction structure, which helps limit injected charges
and enhance light emission. Upon applying voltage, electrons and holes introduced to the
perovskite layer through the transporting layers. Multi-layer PeLEDs can have
conventional or inverted device structures. In contrast, a single-layer device is fabricated
with perovskite sandwiched within electrodes. While recent investigations have explored
mixed-cation PeLEDs, the most widely used perovskite emitters are based on the

MAPbHX; and CsPbX;3 (X = Cl, Br, 1, or a combination) family of halide perovskites.>?
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Figure 1.13. (a) (b) Schematic diagrams of the composition of conventional and
inverted perovskite light-emitting diodes, respectively. (c) The energy level of
different materials utilized as perovskites, ETL and HTL. (d) The optical
absorption, normalized electroluminescence and photoluminescence spectra of
MAPDBBr; perovskite. The red line is the normalized electroluminescence
spectrum of MAPbBr2I mixed halide perovskite. The inset image is a high EL

emission for the device. *°

The research history of lead halide perovskites is extensive, with the creation of lead
halide perovskite dating back to 1892 by Wells.’? However, it did not gain widespread
attention until 1994, when M. Era et al. explored the electrical characteristics of 2D
layered halide perovskite. The journey into the application of lead halide perovskites in

solar cells began in 2009 when Miyasaka et al. achieved a power conversion efficiency
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(PCE) of 3.8% using methyl ammonium lead iodide (MAPDI3) as the sensitizer in dye-
sensitized solar cells.*® This groundbreaking study led to numerous investigations on
perovskite solar cells (PSCs), which show a high efficiency 26.0%, encouraging efforts
toward commercialization.>*

The application of perovskites as electroluminescent materials for perovskite light-
emitting diodes (LEDs) predates their use in solar cells. However, significant progress in
perovskite LEDs began in 2014. Friend et al. developed MAPbX3 thin film to fabricate
perovskite LEDs. It displayed a small EQE. Over about 10 years of development,>>->¢ the
EQE of commercial LEDs has exceeded 20%; among them, green LEDs have the highest
28.9 % EQE. "’

Perovskite LED’s efficiency has been increased throughout time using solvent

38-61 perfect films with fewer flaws had

engineering and defect passivation techniques.
been formed by depositing of precursors in the solution or evaporated gas. The instability
and degradation under high humidity or oxygen environment, or Joule heating, are some
other problems impeding the commercialization of PeLEDs in addition to EQE.5?
Unconventionally, dampness is known to cure surface flaws and enhance their

performance at controlled levels.5

The efficiency of LEDs made from organic
semiconductors, various inorganic QD semiconductors, and perovskites are compared in
Figure 1.14. As can be observed, perovskite has improved in efficiency more quickly than

its rivals in a short amount of time.
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Figure 1.14. The evaluated performance efficiencies of organic and inorganic

quantum dot, perovskite and perovskite quantum dot LEDs.>’

1.6 Motivation and objectives

The halide perovskite subject is a hot domain due to exceptional attributes, such as
affordability, straightforward synthesis, strong light absorption, adjustable emission
wavelengths, and high photoluminescence quantum yield. Researchers have extensively
explored various aspects of these materials, including synthesis methods, luminescence
enhancement, and efficiency improvement. However, challenges persist in understanding
EL in halide perovskites, particularly regarding the EL blinking mechanism in perovskite
single crystals and techniques to enhance such blinking. This stands in contrast to the
progress made in understanding photoluminescence, where many key issues have been
addressed. My research motivation is to better understand the electroluminescence
blinking mechanism and enhancement methods in halide perovskite single crystals. I
focus on synthesizing uniform, well-shaped, and high-quality perovskite single crystals
and investigating the electroluminescence blinking mechanism and enhancement
techniques specific to these crystals. Additionally, I study the time-resolved
electroluminescence of commercial LEDs and perovskite MAPbBr3 microcrystals and the

effect of halide vacancy filling on the PL and EL decays of MAPbBr3 MCs.
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Chapter 2

Experiments

Abstract

This chapter introduces the experimental methods I used for synthesizing the perovskite
materials, including different conventional and modified methods. The characteristics of
perovskites is measured by spectroscopic methods and instrumentations. The different
crystallization procedures to prepare lead halide perovskite microcrystals. A modified
ITC method is utilized to prepare the uniform size, shape, and high-quality single crystal.
The crystal shape and photoluminescence images are measured using a microscope and
laser. The PL lifetime is measured using a time-correlated single photon counting-based
lifetime system. The EL blinking behavior of single crystal is recorded by the single
particle system with a 405 nm laser excitation. The LED device is fabricated between two
ITO glass sheets with MAPbBr; MCs in the middle. Time-resolved fluorescence
spectroscopy with a picosecond laser is used to study the carrier dynamics of
photoexcitation and electronic excitation. For time-resolved electroluminescence

measurements, a ps laser is replaced with a function generator as the power source.
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2.1 Materials

The chemicals and materials that I used for these studies are as follows. Lead bromide
(PbBr2, >98%, Aldrich), formamidinium bromide (FABr, >98%, Tokyo Chemical
Industry (TCI)), methylammonium bromide (MABr, >98%, (TCI)), lead iodide
(Pbl, >99%, Aldrich), N-Cyclohexyl-2-pyrrolidone (CHP) (98%, Aldrich), N,N-
dimethylformamide (DMF, FUJIFILM Wako Pure chemical Corporation (WAKO)), v-
butyrolactone (GBL, >99%, FUJIFILM Wako Pure chemical Corporation (WAKO)),
dichloromethane (DCM, WAKO), 1-hexanedence (HDC, TCL, >90%), isopropanol
(C3H30, 99.7%, WAKO), toluene (99.5%, WAKO), PAR (4-(2-pyridyl azo) resorcinol
(Sigma-Aldrich), ITO coated microscope glass (surface resistivity 14-16 Q/sq. Ossila).
ITO-coated microscope glass substrates are used after water and acetone cleaning and
finally dried. All the other chemicals were used as such or after drying it under an inert

atmosphere.

2.2 Methods
2.2.1 Synthesis of MAPDbBr; single crystals

Room temperature crystallization (RTC) method

The MAPbBr3 microcrystals are synthesized by mixing equal volumes of 1 M MABr and
1 M PbBr; precursors in DMF to produce a MAPbBr; precursor solution. Then, an equal
volume of 1 M MAPbBr3 solution with GBL is well mixed to form the MAPbBr3-GBL
precursor solution.!”? Subsequently, a small amount (20 pL) of this precursor is dropped
onto an ITO glass. Spontaneous crystallization occurs in a few minutes, and MAPbBr3
microcrystals of plate- cubic- and rod-shape are formed. The resultant crystals

continuously grow under the supersaturated condition (Figure 2.1a).
Antisolvent vapor-assisted crystallization (AVC) method

The procedure created by Schmidt et al. is used to prepare the microcrystals.> 5 mL DMF
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was used to dissolve PbBr; (690 mg) and MABr (210 mg) separately to create the
precursor solution, 1 mL from each solution was well mixed to obtain the precursor
solution. In a beaker, an ITO glass was dropped with 100 pL of this precursor solution
and put on a silicon stage in the beaker. An antisolvent (DCM) for perovskite was
prefilled into the beaker to a level below the stage. The nucleation occurs within a short
time, and the crystal grows until the following day. This technique produced perovskite
microcrystals with sizes ranging from 40 to 150 m. We can regulate the crystal size by
adjusting the precursor solution concentration or growth time.*> Figure 2.1b depicts the

synthesis scheme.

a
Room temperature crystallization (RTC)
MAPDBE;
precursor solution
Precursor droplet
)
@ Q”ﬁ
Substrate

. . C
Antisolvent vapor-assisted Inverse temperature

crystallization (AVC) crystallization (ITC)

<)
° ¢°¢°/
\ Hot plate

Figure 2.1. Single crystal crystallization method. (a) RTC (b) AVC and (c) ITC

methods.

Inverse temperature crystallization (ITC) method

To create a 0.01 M solution, PbBr; and MABr were dissolved in DMF. An ITO glass on

a hot plate that has been preheated to 200 °C. 2 uL of this solution was dropped on it.
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MAPbBBr; microcrystals nucleated and grew to 10 um size crystals in seconds. This
method allows for the production of large irregular microcrystals. The scheme of this

process is depicted in Figure 2.1¢.°
Modified inverse temperature crystallization (ITC) method

To produce a 0.01 M solution, PbBr; and MAB- are dissolved in DMF. N-cyclohexyl-2-
pyrrolidone (CHP) was added to the mixture at different concentrations (2, 5, 10, 20%
volume ratio) to regulate crystal development and size. On an ITO glass on a hot plate
preheated to different temperatures (80, 100, 120, 140, 160, 180 and 200 °C), 2 puL of as-
prepared precursor solutions were dropped. MAPbBr3 microcrystals nucleated and grew
in seconds or minutes. This method allows for producing microcrystals of various sizes
by controlling the CHP ratio and reaction temperature. The polar ring, low vapor pressure,
and high boiling point of the additive are all helpful in regulating the kinetics of crystal
formation and size. The process for creating perovskite microcrystals using the ITC

approach is depicted in Figure 2.2.7

MAPDBTr; precursor |
solution with CHP ‘

Precursor droplet

Sub

\ Hot plate

Figure 2.2. The scheme of modified-ITC method.

Doctor-blading method

The doctor-blading method is a cost-effective and fast crystallization procedure for
synthesizing perovskite crystals. By varying the temperature, the film with different grain
sizes can be obtained. As shown in Figure 2.3, a substrate (ITO) is heated at 100-160 °C,
and then, a precursor solution is dropped on the substrate and bladed by a glass sheet

quickly. After that, a thin soliton film is formed on the substrate, and as a result of the
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heating-induced solvent evaporation, the perovskite polycrystalline film is obtained a few

minutes later.®
a

Evaporation
Grain growth

Substrate: 1007160 °C

Figure 2.3. The scheme of doctor-blading method.

The precursor is prepared by mixing the equal volume of 1 M MABr and PbBr»
solutions, respectively. Then, an equal volume of as-prepared precursor was mixed with
GBL and sonicated for several seconds to dissolve completely. It is labeled as MAPbBr3-
GBL precursor solution. Drop 20 uL. MAPbBr3-GBL precursor on the ITO glass, blade
by another fresh ITO glass several times to form a s smooth solution film with no bubble
inside. After waiting for 30 minutes, the crystallization was completed, and MAPbBr3
single crystals were obtained (Figure 2.4).

®

Figure 2.4. Doctor-blading method to synthesize perovskite microcrystal.

2.2.2 LED device fabrication

The LED device is prepared by capping one fresh ITO on another ITO with the as-
synthesized MAPDbBr; single crystal, stabilizing these two ITOs with small clips, and then
electrically connected with the power supply to carry out the following experiments at

various voltages (3 V to 10 V) (Figure 2.5). The conductive copper tape is used to connect
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the metal clips with two ITO glasses to enhance the stability and conductivity.

Figure 2.5. MAPbBr; MCs LED device set up with power supply.

2.2.3 Instruments

Beer-Lambert law and UV-vis spectrophotometry

The Beer-Lambert law, an empirical law in physics, establishes a connection between the
characteristics of the material through which light passes and its extinction or attenuation.
Initially applied to astronomical extinction, the Beer-Lambert law now has broader
applications. In physical optics, the extinction law is also employed to understand
attenuation for photons, neutrons, or rarefied gases. Chemical analysis measurements
typically determine the concentration of a chemical species that absorbs light following
the Beer-Lambert law. Lambert’s law states the amount of light absorbed by a sample is
directly proportional to the thickness of the sample. Beer’s law states the absorbance of a
sample is proportional to the concentration of the sample.

A spectrophotometer helps measure the intensity of light passing through a sample
against a reference for each wavelength, following the Beer-Lambert Law: A= elc, the
constant ¢ is called molar absorptivity or molar extinction coefficient and is a measure of
the probability of the electronic transition.

The overall light intensity change due to absorption by a sample is given by (eq.1)

for a small intensity change dI for light passing a small sample thickness dx.

"dl £ o
—= —/."?cf d«  —————= (1)
I 0

10
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where C is the sample concentration and /5 is a constant. For the light intensity

change from 10 to I for a path length change from 0 to I, eq. 1 modifies into eq. 2.

Idl £ ¢ -
_f — =/3cf dx =/3cf x0%dx — — —— —— (2)
! 0 0

N+1
From the integral power law ([ x"dx = tTl + () and the fundamental theorem of

caleulus [ [ f(x)dx = £(£) — £(0)]. Therefore,
/_"vcjt.x'"dx = fex] = fct, and — | —=lIn—
0 1

Or, In2 = fcb,or A=ecl; A= In® and £ = 5/2.30258

I investigated the optical excitation characteristics of the PNCs or PQDs using
absorption spectroscopy. Thermo Fischer Scientific's Evolution 220 UV-vis
spectrophotometer was used to record the absorption spectra of a suspension of PNCs (or
PQDs) contained in toluene. Also, it was used to estimate the concentration changes of
MC precursor solutions while evaluating the crystal nucleation-growth kinetics. Figure
2.6 depicts the detection method for samples' optical absorption. Typically, an excitation
source (wavelength 190-900 nm) is employed to measure absorbance. A monochromator

was used to select the excitation coming from the source.

Light source  Collimator Prism  Wavelength selector (Slit)  Cuvette Detector

—_—h uf ,
“ —| /A \< . — Display

Monochromator

Figure 2.6. Single-beam UV-vis absorption spectrophotometer scheme.
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Steady-state fluorescence spectroscopy

Steady-state PL spectroscopy was used to study the photoluminescence from a perovskite
solution, corresponding to the radiative relaxation of excited-state charge carriers. For
this, I utilized a Hitachi FL.-4500 fluorescence spectrophotometer. Below is a diagram
(Figure 2.7) of the spectrophotometer's optical configuration: A xenon lamp serving as
the excitation source offers a variety of wavelengths. A diffraction grating or a
monochromator can be used to choose the ideal wavelength for excitation. The detector
only captures the fluorescence light. This is achieved by collecting the emitted light at the
right angle, using a photomultiplier tube as the detector. The detector collects the emitted
light, and the signal was plotted as intensity vs wavelength.

EXCI tation monochromator EITI ission monochromator

Excitation slits
Emission slits

\

Xe ]amp

Photomultiplier
detector

Cuvette

Figure 2.7. A scheme of a steady-state fluorescence spectrometer.

Time-resolved fluorescence spectroscopy
Time-resolved fluorescence spectroscopy is a powerful technique to study the dynamics
of fluorescence emission. Unlike steady-state fluorescence measurements, which provide
information about the overall fluorescence intensity and spectral characteristics, time-
resolved fluorescence spectroscopy allows researchers to investigate the temporal aspects
of fluorescence phenomena.

In this method, a pulsed light source, often a laser, is used to excite the sample,

leading to the generation of fluorescence. The fluorescence emission is then monitored
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over time using a detector. By precisely controlling the timing of the excitation pulses
and recording the fluorescence signal at various time delays, researchers can obtain
detailed information about the lifetimes of fluorescent species, their decay kinetics, and
interactions within a system. Time-resolved fluorescence spectroscopy is particularly
precious in many research areas, such as chemistry, physics, biology, and materials
science. It enables the characterization of molecular processes, such as energy transfer,
molecular dynamics, and reactions, on timescales ranging from picoseconds to
milliseconds. This technique has applications in studying the behavior of fluorophores,
probing structural changes, and understanding the underlying mechanisms of complex
systems.” 12

Here are some key concepts and components of time-resolved fluorescence
spectroscopy: Pulsed light source: time-resolved fluorescence spectroscopy typically
involves using a picosecond laser. Fluorescence Emission: the excited
molecules/materials relax to their ground state by radiative or nonradiative pathways.
This emission is typically at a longer wavelength than the excitation light due to internal
conversion in the excited state and as an effect of Kasha’s rule. Detector: A detector used
to measure the fluorescence emission may be a photomultiplier tube (PMT), a photodiode,
or other microchannel plates/modules capable of detecting weak light signals.!°

The key feature of time-resolved fluorescence spectroscopy is the ability to measure
the emitted fluorescence at various time delays after the excitation pulse. This is achieved
using a time-delay unit between excitation and emission. The resulting data or a
fluorescence decay curve represents the intensity of the emitted fluorescence as a function
of time. The fluorescence lifetime is the average value of a molecule that remains excited
before relaxing to the ground state. Different fluorescent species within the sample may
have distinct fluorescence lifetimes. Time-resolved fluorescence spectroscopy setups can
vary, but they often include components such as monochromators or filters to isolate
specific wavelengths, detectors for measuring fluorescence, and electronics for

controlling the timing and data acquisition.!!-!2
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The main characteristics of fluorescence or photoluminescence are the quantum

efficiency @;.

The number of emitted photons

F=

The number of absorbed photons
k,
k.+k,,

Where k: is the rate of radiative relaxation and ke is the rate of nonradiative

relaxation.

Also, the fluorescence or photoluminescence lifetime 7 is given by

1
Tk +k,
When k>> Kk,

T = i or P,

k

r

The excited species relaxes to the ground state, following a first-order process

obtained as follows.

The rate at the excited state population (N) decreases is proportional to the

population.

dN -
— (K —
dt

For the population decrease from Ny to N during the time t,
N g t
N
—=—-(k,+k,) | dt
[ S =- Ge+r) !
NO
N

=

N
N =N, e~ &Fkit

Or N =N, 0et"
I fitted the PL decay plots using the third exponential equation as below:

}’(t) = (1'.0 + alg'.,—r,-'r;‘. + a:e[—r,-'r:; + aBe"_’-""a«'
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Here, ao is a constant, and a1, 02, and a3 are the amplitudes, while 11, 12, and T3
represent different lifetime components. Typically, the initial component is associated
with radiative recombination, while the other two components originate from non-

radiative recombination.
Time-correlated single-photon counting (TCSPC) system

Time-correlated single-photon counting (TCSPC) stands as a foundational technique in
fluorescence spectroscopy, offering unparalleled precision in measuring fluorescence
lifetimes. As a fundamental tool in various scientific disciplines, TCSPC enables

researchers to delve into the dynamics of excitonic processes in molecules and

materials.!3-14
r———-—----- Controller —-—--- ]
Photon counter ! '
| I Laser diode
' R B
| |
Stage
L :_ Delay generator ¢
: X Laser head
| 1 Objective lens
| e ~ M
ND filter
A\ []
M Y I M
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camera M

Beam splitter
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Figure 2.8. The optical setup of TCSPC.

I utilize a TCSPC system with a 465 nm picosecond laser system (Advanced Laser
Diode, 1 MHz, 45 ps) to analyze the photoluminescence lifetimes of microcrystals. Figure
2.8 illustrates the optical setup. The sample was placed on the stage of an Olympus IX71
confocal microscope. The excitation light source was a 465 nm picosecond laser with a 1
MHz repetition rate. Just before the sample on the laser direction, a dichroic mirror with
90% transmission in the 460 nm—700 nm range was inserted to filter the laser off. The
emitted light was collected using an objective lens (40x, 0.75 NA, UPLanFLN). An
avalanche photodiode (APD, PerkinElmer AQR 15) with a single-photon counting
module (SPC-830, Becker & Hickl GmBH) was used for photon counting.
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Single-particle micro spectroscopy

I examined the PL and EL from single crystals using single-particle microspectroscopy
in a wide-field illumination optical arrangement. Contrary to confocal fluorescence
spectroscopy, wide-field fluorescence spectroscopy produces a wider focal spot, allowing
for the acquisition of collective fluorescence from an entire microcrystal in the field of
view. For single particle imaging, a cw laser (450 nm) was used to photoexcite the sample
placed on an XY stage attached to an inverted optical microscope (IX71, Olympus). The
microscope was equipped with an electron-multiplying charge-coupled device (EMCCD,

iXON, Andor Technology) and an objective lens (40x, 0.60 NA, Olympus) (Figure 2.9).

%M
Lens / A

Laser

Stage

Objective lens l i |
. Long pass filter ND filter

(480 nm)
Eye piece —/ﬂ Flip mirror

| |
|
R EMCCD M% %

Figure 2.9. The optical setup of a single particle fluorescence microscope.
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Chapter 3

Thermodynamically and Kinetically
controlled crystallization of MAPbBr;
microcrystals

Abstract

Photovoltaics and next-generation optical devices are emerging applications for halide
perovskites. While perovskite single crystals exhibit consistent optoelectronic
characteristics, sample characteristics, and device performances are impacted by notable
crystal size and density fluctuations, anisotropy, photoluminescence, defects, and carrier
lifetime. With the use of the ideal concentration of N-cyclohexyl-2-pyrrolidone (CHP),
the crystal nucleation-growth processes are thermodynamically separated and kinetically
controlled to yield uniform size and shape FA/MAPbBr3 single microcrystals (MCs), the
size of the crystals, size distributions, and the PL lifetime are all determined. The crystal
growth rate is evaluated by detecting lead concentration in the precursor solution. By
carefully adding the pyrrolidone derivative, homogeneous size distribution MCs with
high-density cubic shape, high PL intensities, and long PL lifetimes are prepared at high
temperatures in minutes. In contrast, the crystal size increases nonlinearly with time at
low temperatures. The maximum PL intensity and longest PL lifetime is obtained from
the crystals synthesized at 190 °C and 20 % CHP. This technique provides a way to
synthesize highly isotropic and high-quality MAPbBr3; perovskite microcrystals.
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3.1 Introduction

The distinct bandgap and excitonic characteristics of organic-inorganic halide perovskites
(HPs) make them a viable substitute for traditional semiconductors.!"® Scaling from
micrometer to millimeter, outstanding and consistent characteristics such as low trap
densities and long carrier lifetimes are shown by HP single crystals. HP single crystals
have been produced in large quantities for use in various devices.””!° High-grade HP
single crystals with regulated size and shape are essential for photodetectors,!! wearable
devices!'?, lasers,'> LEDs,'*!> and solar cells'®!7. The quality and reproducibility of
fabricated devices are affected by the disparities in defect densities, carrier lifetimes, and
inhomogeneous crystal sizes and shapes found in HPs synthesized using traditional
methods.

Typical techniques used to prepare perovskite single crystals include antisolvent
vapor-assisted crystallization (AVC), room temperature crystallization (RTC) and inverse
temperature crystallization (ITC) methods. Using silicon oil and a room-temperature
liquid diffusion-separation-induced crystallization technique, Yao et al. produced a
massive MAPDbBr; single crystal. The solvent in the precursor reduces and leads to an
increase in precursor concentration. The synthesized single crystals exhibit a 92 %
photoluminescence quantum yield, a low reap density, and an extended
photoluminescence lifetime (1 ps).!® Saidaminov et al. utilized the ITC method to prepare
millimeter-size MAPbBr; and MAPDI; single crystals; high-quality crystals were
obtained by this method. The AVC method is used to fabricate 100 mm? crack-free
MAPDbBTr; single crystals, as reported by Shi et al.!” For the AVC method, precursor
solubility was reduced by antisolvent vapor diffusion in a precursor solution, which
allowed perovskite crystallization to proceed. The synthesized large single crystals show
a long carrier diffusion length and low trap density. Even though a variety of perovskite
crystallization techniques based on the techniques mentioned above have been published,

the microcrystal (MC) samples produced by these techniques vary greatly in terms of size,
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shape, particle density, PL intensities, defects, and PL lifetimes. These characteristics
adversely affect perovskite device performance and reproducibility.

N-cyclohexyl-2-pyrrolidone (CHP), an additive that controls the HP crystal shape,
has been used in perovskite crystallization, according to reports from several groups.?’-2?
Jeon et al. used CHP as an agent to adjust the crystal shape and create a homogenous
perovskite film.?? Garcia-Aboal et al. used the spin-coating method and the addition of
CHP to show how to synthesize MAPbBr3 crystals with uniform size and shape.?’
According to these reports, CHP is a great additive for managing the shape of perovskite
crystals, because of its unique physical properties. CHP slows the rate at which solvent
evaporation induces crystallization, which affects crystal growth. The precise mechanism
by which CHP regulates the form of perovskite microcapsules is still unknown.
Furthermore, the correlation between the CHP ratio, temperature, crystal size, crystal
defect density, PL intensity, and PL lifetime is still unknown.

This chapter introduces the ITC method with CHP to synthesize FA/MAPbBr; MCs
with uniform sizes, cubic shapes, low defect densities and long PL lifetimes. I looked into
how the crystal growth temperature and CHP concentration affect the crystal density, size,
shape, and PL quality. Additionally, I present a comparative analysis of the dimensions
and morphology of MAPbBr; MCs with other halide perovskite bulk crystallization
techniques. I expanded this method to other halide perovskites like MAPbI3;, FAPbBr3,
and FAPDI;. I described how the CHP ratio and the reaction temperature affect the
nucleation and growth rates of crystals, resulting in precisely controlled halide perovskite

microcrystals concerning size, shape, and optical properties.

3.2 Results and discussion

3.2.1 MAPbBr; microcrystal preparation by conventional methods

Various conventional methods such as ITC, AVC, and RTC help synthesize large
MAPDBT3; single crystals. The synthesis details are given in chapter 2. The morphologies

of as-synthesized crystals were measured using the optical microscope. The PL images
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were collected by exciting the crystals using a picosecond laser (1 MHz, 45 ps, 460 nm).
The PL decay and PL spectra were collected by a time-correlated single-photon counting
(TCSPC) system and a fiber spectrometer (Ocean Optics-QE65 Pro).

The optical microscope and PL images reveal the crystal morphologies of

conventional synthesis methods are irregular and inhomogeneous. As shown in Figure
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Figure 3.1. MAPbBr3 crystals synthesized without CHP. (a, d, g) Optical and
microscope images. (b, e, h) PL spectra and (c, f, i) PL decays of MAPbBr; MCs

prepared by the ITC, AVC and RTC methods, respectively.
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3.1a, the crystal shapes are irregular for those prepared by the ITC method; among all the
irregular crystals, I selected two crystals for the optical and PL decay measurement; both
crystals show green emission at 540 and 538 nm, respectively (Figure 3.1b). Figure 3.1c
shows the PL lifetimes of both crystals (1 and 2); the longer PL lifetime (2.0 ns) for crystal
2 corresponds with its intense PL, and crystal 1 shows a shorter PL lifetime (0.9 ns) and
weaker PL intensity. Figure 3.1d shows two microplates obtained from the AVC method,
the sizes of the plates ranged from 5 to 30 um. The PL spectra and lifetimes of plates 1
and 2 are shown in Figure 3.1e, f; the longer PL lifetime (5.7 ns) for plate 2 corresponds
to its intense PL emission. The shorter lifetime (2.8 ns) for plate 1 is consistent with its
weak PL intensity; both plates show the PL maxima at 533 nm. The RTC methods
provided MCs with rod, cube and plate shapes, and they exhibited the PL spectral
maximum at around 538 nm (Figure 3.1h). The microcrystals prepared by this method
show variations in the PL intensities and lifetimes (Figure 3.1h, 1); the longest PL lifetime
was from a microplate (15 ns), the shortest from a microcube (3 ns), and 12.5 ns was for

a microrod.

3.2.2 Correlation between CHP concentration with the crystal size and density

To investigate the correlation between the additive’s (CHP) concentration with the crystal
size and density, I synthesized MAPbBr3 single crystals by a modified ITC method at
various CHP concentrations (0, 2, 5, 10, 20). The crystal size increased with the increase
in CHP concentration (Figure 3.2), and the crystal density decreased with the rise in CHP
concentration. This is because the high boiling point and low vapor pressure of CHP
induce the slow crystallization speed; the slower crystallization speed helps form fewer

nuclei and crystals and a lower crystal density.
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Figure 3.2. MAPDBr; crystals synthesized by different CHP concentrations. (a—d) PL
and optical images of MAPbBr; MCs.

The average crystal size (dmean) is increased from 5.8 to 17.9 um with the CHP
concentration increase from 2 to 20 %, and a broad size distribution CV=25.4% was
calculated from 2 % CHP condition. In contrast, a narrow size distribution (CV=14.1%)
was obtained with 20% CHP. Due to the increase in crystal size, the crystal density
decreased from 6 x 10° m2 to 4.3 x 108 m~2 (Figure 3.3).
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Figure 3.3. MAPbBr3 crystals synthesized by adding different CHP concentrations.
(a—d) Size distribution of MCs obtained by the ITC method with 2%, 5%, 10%, and
20% CHP (in DMF).
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3.2.3 The influence of CHP concentration on the PL intensity and lifetime

I studied the influence of CHP concentration on the PL intensity and PL lifetime of MCs.
Figure 3.4a shows the PL intensity vibration with different CHP concentrations; the
crystals prepared with 20% CHP 20 showed the highest PL intensity and most extended
lifetime compared with other crystals. Figure 3.4b, ¢ shows the average PL lifetimes
collected from three different crystals for each condition. The 7.y of crystals obtained from
0% CHP condition is 1.7 ns (Figure 3.4b, d). The crystal shape and size were completely
different in the 0-10% range CHP concentration, but the PL lifetimes were in the range
1.6-1.8 ns (Figure 3.4c, d). The PL properties, such as quantum efficiency, charge carrier
lifetime, and diffusion lengths of perovskite MCs, is significantly reduced by nonradiative

recombination in defects, like vacancies, line defects, anti-sites, interstitials, impurities,

or grain boundaries.?-3
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Figure 3.4. (a) PL spectra and (b, ¢) decays of MAPbBr3; MCs. (d) The correlation

between average particle size and PL lifetimes.
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3.2.4 The crystallization model and Kkinetics

The crystallization process is divided into three stages: before nucleation, nucleation-
growth, and crystal growth, according to LaMer's crystal nucleation and growth theory.3!"
34 Modified LaMer diagrams for MAPbBr; MC formation are displayed in Figure 3.5a.
Throughout the MAPbBr3 crystallization process, the reaction temperature remained
constant. Larger (<4 mL) sample volumes were used to reduce solvent evaporation by
heating, which is the primary cause of the precursor concentration increase. When the
concentration of the precursor reaches the critical concentration, Cg,, nucleation begins.
Following a decrease in the concentration due to nucleation below the critical
concentration, the main process in crystal growth. Precursor diffusion allowed crystal
growth to continue after nucleation ceased as the precursor concentration fell below the
nucleation threshold C,. The growth-dissolution (Cs) processes eventually came to an
equilibrium.

The correlation between the k, and AG. is displayed in eq. (1) and (2),

k, = Aexp (_’\_3(7;'[) (1)
A Ge = G (2)

In equation (1), A is a constant, T is the reaction temperature, kg is the Boltzmann
constant, and ki is the nucleation speed. In equation (2), Vwm refers to the crystal nucleus’
molar volume, A, represents the discrepancies of precursor solutes and nucleus on the
chemical potential. y is the specific surface energy of the solid-liquid interface. knand T
have a positive relationship. These equations suggest that high-speed nucleation occurs
at higher temperatures.

The AG; and k; are calculated using eq. (3) and (4),

(—£Gs
kg = Be_xp( P ) (3)
AGs=E;—E; (4)

In equation (3), kg is the crystal growth speed, B is a constant, T is the temperature.
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In equation (4), AGs is the free energy barrier height, Ex and Es are the surface energies
of crystal growth in different directions.

The surface energy at Es; and Eg correspond to crystal growth along the normal and
lateral sides, as shown in Figure 3.5b. So that AGs2 —AGs = Es> — Esi. The crystal growth

rate ratio (kgso/kgsi) is given by eq. (5),

k 2 E')_E )
gsz __ ex 52 51 5
kgs‘l p kgT ( )
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Figure 3.5. (a) Modified LaMer diagrams for MAPbBr; MC crystallization under
different temperatures. (b) The relationship between the reaction temperature with
crystal size and density. Inset is a scheme of the crystal growth on normal and lateral

sides.

In the case of surface energy showing a huge difference and a low temperature [(Es:
— Es1)>>kgT], the crystal growth speed is very large [kesa/kesi>>1]. As a result, the
crystallization process at low temperatures produces anisotropic crystals like rods and
plates. Conversely, at high temperatures and less difference between the two surface
energy components [(Es2 — Esi)<<kgT], the crystal growth speed becomes equal
[kgso/kesi = €°]. Adding CHP creates a higher reaction temperature (>80 °C); therefore,
cubic MAPbBr3; MCs form. The microcrystal size and density are correlated with the CHP

ratio and temperature.
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I used the commercial Pb?" sensor PAR (4-(2-pyridylazo) resorcinol) to measure the
correlation between the reaction time and crystal formation rate at various temperatures.
The relationship of the Pb?* reaction product with the PAR (4-(2-pyridylazo) resorcinol)

sensor is displayed in Figures 3.6a, b. As the Pb*" concentration rises, the product's

absorbance increases linearly.

0.055,
a — 176 W b
1.0+ 440 M
B79WM o 06 0.050 e 100°C
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Figure 3.6. (a) The correlation of PAR sensor absorbance with an increasing Pb**
concentration; inset: the calibration curve for detecting Pb?" concentration in standard
Pb(NO3), solutions using the PAR sensor. (b) The relationship of reaction time with

Pb%" concentrations.

I employed standard Pb?" solutions to standardize the ion sensing by PAR, and the
resulting linear absorption-Pb** concentration relation is displayed in the inset of
Figure3.6a. Pb** concentration decreases as reaction time increases, as seen in Figure 3.6b.
For a 4 mL precursor solution, the crystallization process takes 40 hours at a low
temperature of 100 °C; however, at 190 °C, the crystallization process takes 80 minutes
to complete. Due to Pb** consumption by the nuclei and crystal formation, the Pb**
concentration in the reaction solution decreases as the reaction time increases.
Additionally, as the reaction time increased, the Pb>" concentration dropped, indicating

that CHP has a thermodynamic and kinetic impact on the crystallization process.
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3.2.5 The universality of the modified ITC method

To investigate the other types of perovskites, I measured the crystal morphology and PL
spectra of FAPbBr3, FAPbIz, and MAPbI; MCs, all with or without CHP. In the presence
of 10% to 20% CHP, iodide (FAblz and MAPbI3) perovskite MCs did not form cubic
microcrystals, but FAPbBr3; formed cuboid crystals (Figure 3.7a). On the other hand, the
PL intensity was enhanced by CHP in all the samples (Figure 3.7b—d).
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Figure 3.7. (a) Optical microscope images of FAPbBr3;, FAbls;, and MAPbI; MCs
prepared without and with CHP in DMF. (b)-(d) PL spectra of FAPbBr3;, FAbI3, and

MAPDI; MCs prepared without and with 20% CHP.
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3.3 Conclusions

I demonstrate the effective use of a finite amount of CHP to regulate the thermodynamics
of crystal nucleation and kinetics of crystal growth, influencing the size, shape, density,
and defects of MAPbBr; MCs. The conventional methods, like AVC produce perovskite
microplates; the RTC method yields mixed shape crystals (cuboid, plate, and rod), and
ITC without CHP results in irregular microcrystals. By incorporating CHP into the ITC
method, uniform perovskite MCs with extended PL lifetimes are synthesized. The
nucleation and growth of perovskite crystals are systematically controlled by adjusting
temperature and CHP ratio. Crystallization at low temperatures or with a low CHP ratio
leads to anisotropic samples due to slow nucleation and fast crystal growth kinetics.
Conversely, fast nucleation followed by slow crystal growth, achieved through high-
temperature crystallization with 20% CHP, produces high-density, homogeneous, cubic
crystals with fewer defects. This approach enables the fabrication of high-quality
perovskite crystals for devices using isotropic single crystals that are kinetically and

thermodynamically controlled.
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Chapter 4
Light-soaking-induced halide ion migration
and trap healing

Abstract

Halide perovskite microcrystals are expected to be the candidate for fabricating brilliantly
luminescent, cost-effective, and stable perovskite light-emitting diodes because of low
defects and tunable bandgaps. MAPbBr; microcrystals are directly synthesized on
indium-coated tin oxide glass plates at room temperature using a doctor-blading method.
The synthesized samples show micron-sized cubic single crystals. The crystals emit
bright green photoluminescence under a 465 nm laser irradiation and green
electroluminescence with continuous blinking at 3 V. Considering a relation between
halogen vacancies and luminescence blinking, I investigate the optical activation of
MAPbBr3; microcrystals to increase the anion diffusion rate, vacancy redistribution, and
blinking suppression. The light-soaking effect on electroluminescence blinking is studied
by photoactivating the crystals with a light intensity below the threshold for
photoluminescence while biased with 3 V or larger potentials. Electroluminescence
intensity trajectories are collected for more than 100 single crystals before, during, and
after real-time light-soaking. The electroluminescence ON and OFF probabilities are
separately analyzed for the same single crystals during the three stages. In addition, the
thermal effect on the EL blinking is also studied by heating the crystals with an optically
transparent hot plate set at 50 °C to understand the role of the photothermal effect on
halogen migration, vacancy redistribution, and electroluminescence blinking.
Furthermore, the light-soaking effect on the PL lifetime is investigated. An increase in
the ON time, a decrease in the OFF time, and an increased electroluminescence intensity
are observed under light-soaking, suggesting light-induced halide ion migration

redistributes halogen vacancies and increases the probability of radiative carrier
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recombination. Also, an increase in the photoluminescence lifetime is detected for the
light-soaked crystals during lifetime measurement. Finally, the mechanism of the light-
soaking effect on electroluminescence blinking and the photoluminescence lifetime is
discussed from the viewpoint of light-induced halide ion migration and transient trap

healing.
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4.1 Introduction

1-14

Halide perovskites, with narrow and adjustable emission wavelengths'~'* are a new breed

1 15-18 ) 19-22
b 3

of solar cel which can also be applied to light-emitting diodes (PeLEDs

photodetectors,?3-2° lasers,?’-3°

and other devices. Significant advancements in the
performance of PeLEDs have been achieved in recent years. For example, the blue, red,
and green colored LEDs external quantum efficiencies (EQEs) have been increased to
20%, 20%, and 10%, respectively.’! After only a few years of development, the certified
PCE of perovskite solar cells has reached >26%, matching the PCE record of single-
crystal silicon solar cells. Nonetheless, perovskites’ optoelectronic performance and

3235 and efficiency roll-off.>¢-3® For solar

practical applications still suffer from instability
cells and PeLEDs, numerous factors, such as ion migration,>**’ Joule heating,*!
moisture,*? and imbalanced carrier injection** have been connected to these drawbacks.
The ionic species in halide perovskites may migrate under some specific conditions,
such as light irradiation, bias, or heating, and the activation energy determines the
migration of the species (Figure 4.1).44¢ The activation energy of different species has
been experimentally measured. Generally, A-site cations and halide ions have a lower
activation energy than B-site cations.*” The ion migration can play positive and negative
roles in the performance of halide perovskites. The ion migration-induced degradation of
halide perovskite under light-soaking has been reported. Bastos et al. reported the
degradation is correlated with the addition of 4-t-butyl pyridine, which is important to the
hole transport layer of perovskite solar cells.*® Zhao et al. revealed that the structure
change under light illumination causes halide perovskite solar cells to be degraded.®’
Domanski et al. reported the reversible performance losses of perovskite solar cells
induced by the cations’ migration.>® In contrast, Wu et al. suggested that light-soaking can
passivate the interfacial traps to improve carrier transport efficiency.>! Chen et al. found
that continuous light illumination on MAPbBr3 perovskite solar cells causes

photoluminescence (PL) improvement and PL quenching at higher-intensity
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illumination.>® The reduction of trap density of perovskites during light illumination
improves these efficiencies. In addition, thermal heating caused ion migration, PL, and
electroluminescence (EL) quenching, and the improvement strategy has been investigated
and reported. Liu et al. claimed that a post-synthesis fluoride treatment improves thermal
stability and efficient charge injection of CsPbBr; perovskite nanocrystals. Compared

with pristine nanocrystals, the treated nanocrystals show a low turn-on voltage and high

external quantum efficiency (EQE).>?

U1 100 SO0 (Y S

Migrating halide ions

Figure 4.1. Halide ion migration by vacancy and grain boundary.**

However, the influence of light-soaking and thermal heating-induced ion migration
on the EL and PL of perovskites has not yet been explored. In this chapter, I investigate
the PL and EL enhancement induced by light-soaking and thermal heating, which are
investigated in terms of EL blinking suppression under light irradiation with different
power densities, with or without heating. Finally, I discuss the relationship among halogen

vacancies, halide migration, and EL blinking.

4.2 Results and discussion

4.2.1 The structure-composition and energy diagram of devices

The bandgap of perovskite MAPDbBr3 is regarded as 2.36 eV. The minimum excitation
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wavelength is calculated using Eg = 1240/Ag (eV), resulting in 525 nm. Therefore, |
utilized a 470-490 nm bandpass filter to extract the light for light-soaking, just above the
bandgap energy. The EL device structure and the energy levels of individual components

are shown in Figure 4.2.
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Figure 4.2. (a) Structure of the EL device. (b) Energy diagram of the device with the

band positions of its components relative to the vacuum level.

4.2.2 MAPbBr; microcrystals preparation and characterization

The synthesis of perovskite MAPbBr3 microcrystals is performed by a doctor-blading
method at room temperature. In detail, equal volumes of 1 M MABr and 1 M PbBr3
solutions in GBL are mixed to prepare a MAPbBr3-GBL precursor solution. Then I
dropped 20 pL MAPbBr3-GBL precursor solution on an ITO glass, immediately blade-

coated by another ITO to make a thin solution film on two ITO glass plates, repeated the

Figure 4.3. (a) PL and (b) microscope optical images of MAPbBr; MCs.
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blading process to make sure there were no air bubbles within the two ITO plates, and
waited for 30 minutes to complete crystallization.

The as-synthesized MAPbBr; crystals showed micron-sized single crystals (Figure
4.3); the crystal size ranged from 5 to 30 um. When excited with a 465 nm picosecond
laser, the crystals showed intense green emission. Figure 4.4a shows the PL and EL
spectra collected from the as-synthesized MAPbBr3 single crystals; it showed a PL
maximum at 534 nm and an EL maximum at 538 nm. The slight peak shift is attributed
to reabsorption-emission, depending on the EL center. Here, the PL was collected by
exciting the crystal from the bottom and the emitted photons were collected through the
same excitation objective lens, ruling out the possibility of reabsorption emission on the
spectral shape or maximum. Conversely, the EL center can be anywhere within the crystal
an emitting center vertically displaced from the objective lens causes reabsorption-
emission-induced spectral redshift, which is reflected in the EL spectrum (Figure 4.4a).
Figure 4.4b shows the green EL of the device operated at 5 V; the enlarged image shows

individual EL crystals.

a

Norm. PL and EL
intensity (a.u.)

450 500 550 600 650

Wavelength (nm)

Figure 4.4. (a) PL and EL spectra collected from as-synthesized MAPbBr3 MCs. The
PL spectrum was collected by exciting crystals with a 465 nm picosecond laser, and
the EL spectrum was collected by applying 5 V. (b) An EL image of the entire LED

device and an enlarged EL image showing MCs in the device under 5 V.
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Then, I investigated the light-soaking effect on the PL lifetime, which was recorded
without or with light-soaking (405 nm LED) from two crystals. The results are shown in
Figure 4.5. With light-soaking, the PL lifetime was increased from 1.8 to 3.3 ns for crystal
1 (Figure 4.5a) and from 2.2 to 5.1 ns for crystal 2 (Figure 4.5b). PL lifetime increase by
photoactivation is reported for perovskites, which was attributed to increased ion mobility

and halide vacancy filling.>*

a b
04 . 04

10 & @ without light soaking 10 § o without lieht soakin
n : with LED (405 nm) soaking %) : . & g .
g g : with LED (405 nm) soaking
8 107" \ 7, =1.8ns 8
Q Q
N N
Q Q
= =
~ 10721 ~
E E
z 2

107 - -

0 50 100 150 200

Time (ns)

Figure 4.5. PL decays with and without light-soaking (405 nm cw LED) collected
from two MAPDbBr3; MCs by exciting with 460 nm ps laser pulses (1 MHz, 45 ps).

I used a 405 nm LED as the light source, which is sufficient to excite the crystals
from the ground state to the excited state. The light-induced halide ion migration and
vacancy filling might have occurred under this condition, redistributing halide ions and
vacancies, and increasing the PL lifetime.

Next, I investigated the light-soaking effect on EL blinking. Figure 4.6 shows three
typical EL blinking trajectories with and without light soaking. The total recording time
scale is 180 s, and the EL blinking trajectory is divided into three equal periods: 0-60 s
and 120-180s are without light-soaking, and 60-120 s is with light-soaking. The long OFF
time and low ON probability without light-soaking periods can be seen in all three time-
windows. In contrast, the higher ON probability can be seen in the time window with

light-soaking for all three trajectories in Figure 4.6. The increased intensity and ON
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occurrences during the light-soaking period of the EL trajectory suggest that light-induced

ion migration and vacancy filling can reduce the trap-assisted nonradiative recombination.

EL intensity (a.u.)

ML

I M LUl Jl 1

0 60

J. ol ul.. "
120 180

Time (s)

Figure 4.6. Three EL trajectories collected in 180 s under 5 V. The 0-60 and 120-180
s windows are without light-soaking, and the 60-120 s window is with light-soaking

with 470-490 nm bandpass filtered light (5 mW cm2).

As light activation and electrical bias can induce healing the crystals, 1 also
investigated the thermal effect on the EL blinking trajectory. I recorded EL blinking
trajectories of the same single crystals at room temperature and 50 °C. As shown in Figure
4.7, the 0-60 s and 120-180 s are the two blinking periods at room temperature, and 60-
120 s is the blinking period at 50 °C. From the result, the ON probability is increased
during the thermal heating (50 °C) compared with room temperature. Further, the thermal
stability of the PL intensity and lifetime are studied, and it is found that the PL lifetime
and intensity increase with the increase in temperature from 25 to 50 °C, which is
consistent with the literature.>®

Further, I analyzed the ON and OFF times distribution for >100 single MCs to

understand the statistics of the light-soaking effect. I set threshold intensities in each
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a EL trace with and without thermal heating (50 °C)
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Figure 4.7. (b) An EL intensity trajectory of an MC at 5 V and at (0-60 s) room
temperature, (60-120 s) 50 °C, and (120-180 s) room temperature. (a) The enlarged
part of the trajectory in b during 60-120 s.

trajectory to determine the ON and OFF levels. If the intensity value is larger than the
threshold value, it is determined as an ON event. In contrast, if the intensity value is
smaller than the threshold, it is determined as an OFF event. The ON and OFF times are
calculated by combining the continuously occurring events. The ON and OFF probability

distribution is calculated using the following equation.

N(ton/oFF) 1
tot
Nonjorr STonjoFF

P(TON/OFF) =

The ON and OFF probability distribution is plotted with a truncated power law:
P(1) = Ayt % 7c (D)

In this equation, Ao stands for a constant, o refers to the power law coefficient, and

T. stands for the truncation time.
2N; .
P(T) =—"— (Ti + Ti—l.) (2)

Tit1

Equation (2) is for the probability distribution calculation. In this equation, N; refers

71



to i™ time’s occurrence, and T stands for the time.

To understand the effect of light-soaking on the EL blinking of MAPbBr3 MCs, 1

plotted the statistic ON and OFF probability distribution from 110 EL blinking trajectories

of single crystals with a truncated power law. Figure 4.8 shows the ON time truncation t.

value is increased from 0.13 to 0.23, corresponding to the time without and with light-

soaking, and the ON probability value Pton is also increased. In contrast, the OFF-

truncation time 7. value is decreased from 2.91 to 2.13, corresponding to the time without

and with light-soaking. The third part is that after the light-soaking period, both ON and

OFF truncation times recovered to values close to the initial ones. The result suggests that

the nonradiative recombination rate is decreased during the light-soaking and radiative

recombination is increased. The light-induced halide ion migration and the trap healing

by the migrated halide ions can be the dominant reasons for these changes to the ON and

OFF times.>®
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Figure 4.8. (a,b,c) ON and (d,e,f) OFF probability distributions for EL blinking (b,e)

with and (a,c,d,f) without light-soaking.
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4.2.3 The mechanism of charge carrier recombination
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Figure 4.9. (a) The scheme of light-induced halide ion migration with and without
light-soaking. (b) The scheme of charge carrier recombination and trapping-de-
trapping-assisted nonradiative recombination under an electrical bias, without light-
soaking. (c) The scheme of charge carrier recombination and trapping-de-trapping

nonradiative recombination suppression under light illumination.

Without light illumination, the injected electrons and holes recombine radiatively or
nonradiatively. Localized and mobile trap states assist the nonradiative recombination.
The trap-assisted nonradiative recombination contributed to EL blinking. However, under
light-soaking, the migration of bromide ions from the interstitial position to the vacancies
(Figure 4.9) increases ion mobility, decreasing the probability of continuous nonradiative
recombination in localized traps. In other words, under light illumination, the trap-
assisted nonradiative recombination is suppressed,’*>® decreasing the OFF time and

increasing the ON time.
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4.3 Conclusions

This chapter demonstrates the light-soaking effect on PL decay and EL blinking of
MAPDB; single microcrystals. I prepared micron-sized MAPbBr3 single crystals at room
temperature using a doctor-blading method, which are used for fabricating an LED device.
The PL lifetime is increased by irradiating the crystal with a low-intensity 405 nm LED,
which increases ion mobility in the crystals. The EL device shows continuous green
emission with blinking at different applied voltages. The EL blinking ON and OFF
probability distribution plots were analyzed from more than 100 single crystals before,
during, and after light-soaking. The results show that the ON probability and ON time are
increased, and the OFF probability and OFF time are decreased by light-soaking. When
the weak excitation light above the bandgap energy for ion mobility increasing was turned
off, the crystals showed increased blinking or an increase in the OFF probability and a
decrease in the ON probability. Overall, the light-soaking experiments and results showed

increased PL lifetime and suppressed EL blinking.
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Chapter 5
Time-resolved electroluminescence of
MAPDBr; microcrystals

Abstract

Perovskite LEDs have been widely investigated due to their cost-effective and
straightforward fabrication in multiple colors. In this chapter, I introduce the time-
resolved photoluminescence and electroluminescence of MAPbBr3 perovskite single-
crystal LEDs under the effect of halide vacancy filling. First, I show the
electroluminescence spectra and lifetimes of commercial LEDs (blue, green, red) under
3-5.7 V. Next, I show the photoluminescence and electroluminescence spectra and decays
of MAPbBr3 microcrystals with or without halide vacancy filling using MABr. Increases
in the photoluminescence and electroluminescence intensities and lifetimes of crystals
treated with MABr suggest halide vacancy filling-induced suppression of nonradiative
recombination. Although there have been several studies using steady-state and time-
resolved fluorescence spectroscopy and steady-state electroluminescence spectroscopy
on halide vacancy filling, the work in this chapter introduces time-resolved
electroluminescence studies of halide vacancy filling in perovskites for the first time.
Increases in the photoluminescence intensity, electroluminescence intensity,
photoluminescence lifetime, and electroluminescence lifetime are all consistent with
halide vacancy filling, which is expected to have important implications in the progress

of perovskite LEDs and lasers.
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5.1 Introduction

Halide perovskites have been regarded as the most promising next-generation
optoelectronic materials owing to their excellent optoelectronic properties.!"'® The
comprehension of charge carrier recombination dynamic in halide perovskites is crucial
for improving the optoelectronic properties and stability of halide perovskites devices.
The photoexcited charge carrier recombination dynamic in halide perovskites has been
widely investigated in the past decade. Mondal et al. utilized a combined femtosecond
transient absorption (TA) spectroscopy and photoluminescence (PL) spectroscopy to
study the transient states during charge carrier recombination in perovskite
nanocrsytals.!” Song et al. investigated the role of humidity on the charge carrier
recombination dynamic of photoexcited perovskites and related it to the degradation of
MAPbBr; and MAPbI; films under high humidity.!® Meng et al. doped CsPbCl;
perovskite QDs with manganese and found that the PL quantum yield (QY) can be
increased by increasing the manganese concentration to a certain level, beyond which the
PLQY decreased due to the formation of interstitial deep traps.!® Dane et al. revealed that
intergrain connectivity leads to charge carrier diffusion randomly in different directions
in perovskite film.?° Shajahan at al.,?! Ghimre et al.,?? and Okamoto et al.>* demonstrated
halide vacancy filling-induced increases in the PL lifetimes and PLQY of perovskite
microcrystals and nanocrystals. The above studies studies and other reports suggested
various doping methods to suppress nonradiative carrier losses in photoexcited or
electrically biased halide perovskite solar cells or LEDs, one of which is halide vacancy
filling. Although many steady-state and time-resolved PL studies have been conducted to
understand the effects of dopants such as halide precursors on nonradiative losses, the
time-resolved electroluminescence (EL) method has yet to be established.

Since 2014 Friend at al. first fabricated a perovskite LED thin film,?* the halide
perovskites based on EL devices have attracted much attention and are widely studied.

With the attribution of perovskite LEDs’ color purity,>>? tunable band,**** and cost-
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effectiveness,* halide perovskite LEDs emerge into a stage to replace the conventional
LEDs. Chen et al. synthesized a low trap density perovskite single crystal by mixing
cations, extra ammonium halides, and polyvidone additives. The as-synthesized single
crystals showed a high PLQY (28.3%). Additionally, this report showed a long device
lifetime.?> Sun et al. obtained a near-infrared emitting perovskite LED, which also
showed a high external QY.3® Ren et at. prepared a stable and high efficiency red color
emitting perovskite LED by doping the nanocrystal with KBr. The halide segregation in
common mixed halide perovskites can be suppressed by doping.?” Still perovskite LEDs
(PeLEDs) are far from the commercial level due to limited performance efficiency and
stability.

Time-resolved spectroscopy is a powerful method to study the ultrafast charge
carrier behavior.*®-4! In perovskite, the charge carrier recombination processes are in the
sub-microsecond scale.*?*3 Therefore, the time-resolved PL (TRPL) on perovskites has
been widely investigated in recent years. Zhan et al., utilized the TRPL technique to
indicate the interaction between DHA (1,3-dihydroxypropan-2-one) and perovskite. The
addition of DHA improved the device's efficiency and stability.* Qiu et al. studied the
correlation between carrier recombination dynamics and the structure of printable
mesoscopic perovskite solar cells.*> Bhagyalakshmi et al. applied MABr to MAPbBTr3; and
studied the effect of halide vacancy filling on the steady-state EL of PeLEDs,
demonstrating halide vacancy filling increases the EL intensity and suppresses EL
blinking.*® However, understanding the time-resolved carrier recombination processes by
time-resolved EL (TREL) studies is essential for rationalizing nonradiative losses in
PeLEDs.

In this chapter, I measured the EL spectra and decay of commercial LEDs (blue,
green, red) as standard LED devices as reference samples. MAPbBr3 single crystals were
directly grown on ITO glasses using the doctor-blading method. Then, I sandwiched the
crystals between two ITO glasses. The device structure is similar to those in Chapter 4.

After that, I studied the TRPL and TREL of the single-crystal LEDs. In detail, I measured
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the PL and EL spectra of MAPbBr3; MCs to understand the optical properties, followed
by recording the PL and EL decays. I used a picosecond laser combined with an optical
microscope, a TCSPC module, a photon counter, a delay generator, an avalanche
photodiode, a CCD camera, and a fiber-optical spectrometer in the TRPL studies. I
replaced the picosecond laser in the TRPL studies with a function generator and an
electrical pulse amplifier in the TREL studies. In TRPL studies, evaluation of the real-
time effect of MABr on MAPbBr; has been possible,>* ¢ whereas due to the closed
structure of PeLEDs, I followed the post-synthesis MABr treatment on MAPbBr3 in
TREL studies. I found increases in the EL lifetimes for MABr-treated samples, consistent
with the PL and EL intensity and PL lifetime increases. Finally, the mechanism of the

halide vacancy filling-induced EL lifetime increase is discussed.

5.2 Results and discussion

5.2.1 The scheme of instrument setting for TRPL and TREL measurements

The TRPL and TREL measurement instrument scheme is displayed in Figure 5.1. For the
TRPL measurement, a 465 nm picosecond laser with 1 MHz power and 45 ps pulse width
was used as the excitation source. For TREL measurements, the laser was replaced by a
function generator (FG) with 40 ns pulse width and 200 kHz to 1 MHz repletion rate
(green line part). The maximum voltage reached 5.7 V without the amplifier. Therefore,

the FG alone (without the pulse amplifier) was used in the final measurements.
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Figure 5.1. The scheme of the instrument setting for TRPL and TREL measurements.

5.2.2 Time-resolved electroluminescence of commercial LEDs

LEDs have been widely employed in many aspects of daily life, including room lighting,
display screens, LCD panels, and indication lights. The three most prevalent hues of
LEDs are blue, green, and red. GaN and AlInGaP are the primary materials used to make
them. Figure 5.2 displays the EL spectra of three different commercial LEDs of different
colors. The maximum peak positions of the blue, green, and red LEDs are at 483, 514,
and 654 nm, respectively.

In TREL measurements, first, I measured the EL decays of the commercial LEDs as
the references to test the instrument's reliability. Figure 5.3 shows the EL decay curves
and lifetimes of blue, green, and red LEDs. The green LED has the longest EL lifetime,
which is 15 ns. The blue LED showed the shortest EL lifetime (4 ns). The red LED (6 ns)
showed an intermediate lifetime value. These values are the intrinsic properties of the

devices, which are unknown due to the commercia nature of the devices.
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Figure 5.2. The EL spectra of commercial red, green, and blue LEDs under 5.7 V

pulsed exciation.
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Figure 5.3. EL decays of commercial (a) blue, (b) green, and (c) red LEDs under 5.7

V pulsed excitation.

5.2.3 Preparation of MAPbBr; halide perovskite microcrystals

The MAPbBr3 MCs were prepared by the doctor-blading method at room temperature. In
detail, the 0.5 M MAPbBr; precursor solution was prepared by mixing equal volumes of
IM MABr and 1 MPbBr: solutions. Then, the equal volume of the as-synthesized
MAPDBT; precursor solution was mixed with an equal volume of GBL. This solution was

labeled as MAPbBr3-GBL precursor solution. After that, I cleaned an ITO glass with
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deoxidized water and acetone. 20 pL MAPbBr3-GBL precursor solution was dropped on
the ITO-coated side of the glass plate. Another clean ITO glass plate was used to blade
the precursor to ensure the precursor fully covered the ITO surface, and there was no
bubble in the precursor. The two ITOs with a thin solution film were placed at room
temperature for crystallization. A duration of 30 minutes was needed for the
crystallization process. The EL device was finished by clipping the two ITO plates using
metal clips with MAPbBr3 crystals sandwiched between the ITO plates and attaching

copper wires to the ITO-coated sides.

5.2.4 Characterization of MAPbBr3; microcrystals

After synthesizing MAPbBr; MCs, I studied the morphology and optical properties of the
as-synthesized MAPbBr3 crystals in the device. An optical transmission image of the
crystals in a device is shown in Figure 5.4a. The crystals were cuboids with 5-30 pm edge
lengths. Figure 5.4b shows the EL image of the crystals under a 5 V power supply. The
crystals showed bright green emission. The PL and EL spectra of MAPbBr; MCs are
displayed in Figure 5.4c. The PL spectra was collected by exciting crystals with a 465 nm
laser, and EL spectra were collected by applying 5 V. The spectra with the PL. maximum
at 549 nm and the EL maximum at 555 nm are selected here. The slightly redshifted (6
nm) EL peak is attributed to the reabsorption-emission for the emitting center vertically
displaced away from the bottom surface of the crystal. In the case of the PL spectrum, the
laser excited the sample from the bottom, and spectra was also collected from the bottom,

minimizing reabsorption-mission-induced spectral redshift.
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Figure 5.4. (a) An optical transmission image and (b) an EL image of MAPbBr; MCs
in an LED under 5 V. (c) The PL and EL spectra of a MAPbBr; MC.

5.2.5 Real-time and post-synthesis treatments on MAPbBr3; microcrystals

Halide perovskites have a low formation energy. During the solution processing for halide
perovskite crystallization, defects are usually formed as intrinsic and extrinsic defects,
such as vacancies and interstitials. Also, impurities and noncoordinated ions can be
present at crystal surfaces and grain boundaries.*” #3! There have been various methods
to heal these defects. The pre-synthesis method is an effective way to obtain high-quality
crystals, like the controlled crystallization speed, closed synthesis environment, and
proper precursor concentrations can help with this. Real-time ion passivation is another
good way to reduce defects, which helps focus on the defects of the same crystal and
observe how the defect density changes within a short time. Real-time treatment method
applies to only open samples. Another method is the post-synthesis treatment, which is
usually done after crystallization. In this chapter, I performed the real-time and post-
synthesis bromide ion treatment methods to reduce the defects in MAPbBr3 MCs, and I
recorded how the PL and EL spectra and decays change with Br vacancy filling.

The MABTr solution for the real-time and post-treatment of MAPbBr; MCs was

prepared in two ways. For the post-synthsis treatment, I prepare a saturated MABr
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solution in isopropanol. It was then mixed (100 pL) with 250 mL toluene. For the real-
time treatment, I prepared a saturated MABTr solution in isopropanol, then mixed 100 pL.
this solution with 900 uL 1-hexadecene. The resulting solution was used as the MABr
solution for the real-time treatment of MAPbBr; MCs.

The PL spectra of MAPbBr3; MCs showed a narrow emission peak. To study how the
MABET solution affects the PL spectra, I performed the real-time treatment on MAPbBr3
MCs. The as-synthesized MAPbBr; MCs were placed in the microscope stage, and the
PL spectra were recorded from a single isolated crystal by controlling the iris. After that,
I dropped 10 L. MAPbBr3 solution on the same single crystal. Then, the PL spectrum
was recorded from the same crystal. The result is shown in Figure 5.5a; the PL intensities
of treated crystals increased compared with untreated ones. This is because the bromide

ions from the MABT solution fill the bromide vacancies. The trap filling enhanced the PL

intensity.
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Figure 5.5. (a) The PL spectra of two MAPbBr; MCs irradiated by a 460 nm laser.
(D and (3) are the PL spectra from two untreated crystals, and (2) and (4) are the
real-time treated PL spectra from the same two crystals. (b) The EL spectra of two
MAPbBr; MCs under 5.7 V. (1) and (2) are the EL spectra from two untreated

crystals, and (3) and (4) are the EL spectra from two different post-treated crystals.
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The MABT solution treatment effect on the EL spectra was performed by the post-
treatment method because the EL spectra were collected from the LED device under 5.7
V, which is a closed system. In other words, it wasn't easy to introduce an MABTr solution
to an LED device and perform real-time spectral measurements. Therefore, EL spectra
were recorded from different crystals, without or with MABr treatment. I measured the
EL spectra from several crystals and confirmed the EL intensity increase for post-

synthesis MABr-treated crystals. Figure 5.5b shows four EL spectra for as-synthesized
(D) and (2)) and MABr ((3) and (3)) crystals.

The PL decay profiles were recorded by exciting MAPbBr; MCs with a 465 nm
picosecond laser to understand the PL lifetime changes under MABr treatment and
vacancy filling. The PL decay shows multiexponential kinetics, and the average PL
lifetime was calculated by fitting the decays to the third exponential equation. The above
real-time MABr-treatment method was carried out to study the effect of MABr solution
on PL decays. In the beginning, PL decays were recorded from single crystals, and a 10

pL MAB- solution was added to the same crystals and recorded the decays again. Figure
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Figure 5.6. The PL decays of two MAPbBr; MCs untreated (a) and real-time treated
(b) with an MABTr solution.

5.6 shows the PL decays and lifetimes of untreated and real-time treated from two crystals.

The PL lifetimes are increased from 8.5 to 10.8 ns, and 14.6 to 27.5 ns for the two crystals.
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This is due to trap-assisted nonradiative recombination suppression by the bromide
vacancy filling with MABT.

Next, I studied the EL lifetime change for MAPbBr; MCs under post-synthesis
treatment, as discussed in the EL spectral measurement method above. Typical EL decays
of untreated and MABr-treated crystals at 5.7 V are shown in Figure 5.7. The EL lifetime
is 52.7 ns for an untreated crystals, which is 135.6 ns for an MABr-treated one. Several
such EL decays were collected from single crystals of untreated and MABr-treated
samples to obtain a trend in the EL lifetime values. EL lifetimes are always longer than
PL lifetimes, which is attributed to the differences in the carrier injection-recombination
processes in EL and band-to-band photoexcitation relaxation in PL. The average EL and
PL lifetimes with standard derivations are plotted in Figure 5.8. The average PL lifetime
increased from 6.3 to 12.0 ns, whereas the average EL lifetime increased from 32.1 to

67.3 ns. The overall increases in the EL and PL lifetimes and intensities suggest Br

vacancy filling and increased radiative recombination in MAPbBr, crystals.>*?
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Figure 5.7. The EL decays of two MAPbBr, MCs (a) untreated and (b) post-treated

by MABT solution.
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Figure 5.8. The average EL and PL calculated from 10 crystals. The vertical lines

show stand deviation.

5.2.6 The mechanism of MABr induced Br vacancy filling in microcrystals

The bromide vacancies in MAPbBr; MCs formed during the crystallization process
act as the shallow traps in the band gap. The trap-assisted nonradiative carrier
recombination via the trapping-detrapping cycle lowers the PL and EL QYs. The bromide
vacancies were filled in both cases of real-time and post-synthesis treatment by MABr
solution for both photo-excited and electronic-excited charge carrier recombination
process as shown in Figure 5.9. As a result, nonradiative carrier recombination is

suppressed. Therefore, the PL and EL intensity and lifetime were increased.
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Figure 5.9. (a) The scheme of bromide vacancy filling by bromide ions from
MABTr solution. (b) (¢) The trap-assisted nonradiative recombination is
suppressed by the bromide ions for the PL lifetime measurement. (d) (e) The
trap-assisted nonradiative recombination is suppressed by the bromide ions

for the EL lifetime measurement.
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5.3 Conclusions

In this chapter, I studied the photoluminescence and electroluminescence properties of
three commercial LEDs (blue, green, blue). The electroluminescence spectra and decays
recorded for the different colored LEDs helped to standardize certain experimental
conditions. After that, 1 studied the morphology, photoluminescence, and
electroluminescence properties of the as-synthesized MAPbBr3; microcrystal, which were
synthesized by the blade-coating method at room temperature. The samples showed
micron-size cubic crystals with intense green PL and EL. Then, I studied the MABr
treatment effect on the PL and EL spectra and lifetimes of MAPbBr3; MCs by real-time
and post-synthesis treatment methods. The photoluminescence and electroluminescence
intensities were increased after the treatment. For the PL and EL decay studies, real-time
and post-synthesis MABr treatments were performed. The PL and EL lifetimes increased
after the MABTr treatments, confirming vacancies in untreated or as-synthesized crystals
and Br vacancy filling-induced nonradiative carrier recombination suppression in treated

crystals.
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General conclusions

In this thesis, I studied the size-, shape- and quality-controlled synthesis of MAPbBr3
microcrystals using additives. First, I synthesized crystals at various CHP concentrations
to understand the role of additive ratio effects on the crystal size, density, shape, and
quality. Also, the temperature-dependent crystal size, shape, and density were studied by
synthesizing crystals at various temperatures with a constant CHP concentration. The
results showed a high CHP concentration and reaction temperature, which helped to
obtain isotropic and high-quality crystals. This is due to the high CHP concentration and
temperature, creating a slow crystallization condition, which leads to a slow nucleation
speed and forms less defective uniformly sized and shaped crystals.

To study the light-soaking effect on the electroluminescence blinking and
photoluminescence decay. I prepared the perovskite MAPbBr3 microcrystals directly on
ITO using the blade-coating method at room temperature. For the study of light-soaking
on electroluminescence blinking and photoluminescence lifetime, the crystals were
irradiated by 470-490 nm light and 405 nm LED, respectively. The photoluminescence
decay profile is obtained, and the lifetime is calculated. The results show that PL lifetime
is increased under light-soaking. The electroluminescence blinking ON and OFF
probability distribution plot is prepared from three periods: before light-soaking, during
light-soaking, and after light-soaking, and analyzed for over 100 blinking single crystals.
The results show that the ON probability and ON time are increased, and the OFF
probability and OFF time are decreased at the light-soaking period compared with the
initial non-light-soaking period. The second non-light-soaking period shows a recovery
effect after light-soaking. The ON probability and ON time, OFF probability, and OFF
time recover to the values before light soaking. These effects are attributed to the light-
induced halide ion migration from the interstitial position to halide vacancies and the

trap healing by the migrated halide ions.
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For the time-resolved electroluminescence of MAPbBr; microcrystals study, I
prepared the MAPbBr3; microcrystals directly on ITO at room temperature. To confirm
the instrument's reliability, first, [ measured the electroluminescence spectra and decay of
commercial blue-, green-, and red-colored LEDs. To obtain the time-resolved
electroluminescence decay of MAPbBr; MCs, I used the function generator as the
electrical excitation power source to replace the picosecond laser. To study the role of
halide ion vacancies on the electroluminescence spectra and decay, photoluminescence
spectra and decay for MAPbBr3 MCs, I performed the real-time and post-synthesis
treatment of MAPbBr; MCs with MABT. The results showed both photoluminescence and
electroluminescence lifetime enhancement and an increase in photoluminescence and
electroluminescence intensity by the MABT solution treatment. The main reason for such
decay elongation and luminescence enhancement is attributed to the halide ion vacancy
filling by MABr. As a result, the halogen-vacancy-assisted carrier trapping and de-

trapping processes could be suppressed, and I improved the quality of MAPbBr3 MCs.
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