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ABSTRACT

DIMENSION DEPENDENT OPTOELECTRONIC PROPERTIES OF
CESIUM LEAD HALIDE PEROVSKITES

All-inorganic cesium lead halide perovskites (ILHPs), are gaining wide variety of
role as strong contenders due to their extraordinary photovoltaic features in optoelectronic
research with tunable band-gap, large absorption cross-section, long carrier lifetime, and
high carrier mobility. Most of the initial studies focused on bulk-like perovskite mate-
rials, while the rapidly growing colloidal perovskite nanocrystals impress additional in-
terest because of their unique properties. In this thesis, colloidal lead halide perovskite
nanocrystals’ optoelectronic properties are investigated and associated with their size and
dimensionality.

The photoluminescence characteristics of colloidal lead halide perovskite nanocrys-
tals can be tuned by reducing their dimensionality. Thin layer fabrication of CsPbBrj3 films
which consist of 2D lead halide perovskite nanoplatelets, is achived by a novel coating
approach via electrospraying from precursor solution. Electrospraying method represents
not only a new and fast perovskite film fabrication but also dimensional tunability by
changing the amount of oleylamine which is intercalating agent. Moreover, thickness-
dependence of the structural, electronic and vibrational properties of orthorhombic CsPbl,
which is one of the most stable phase at room temperature, is investigated by means of
state-of-the-art first-principles calculations. It is also investigated that the electronic band
gap increases with decrease in perovskite thickness due to quantum size effect. Lastly, it
is investigated that water induced transition to form large bundles of CsPbBr; nanowires
show a a redshifted photoluminescence. Water molecule causes the detachment of ligands
from the perovskite surface which leads to form bundles.

In summary, this thesis provides an understanding of dimension dependent opto-

electronic properties of lead halide perovskite.
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OZET

SEZYUM KURSUN HALOJENUR PEROVSKITLERIN BOYUTA
BAGLI OPTOELEKTRONIK OZELLIKLERI

Tamamen inorganik sezyum kursun halojeniir perovskitleri (ILHP’ler), ayarlan-
abilir bant arali81, uzun yiik tasiyici dmrii gibi fotovoltaik ozellikleri nedeniyle optoelek-
tronik aragtirmalarda giiclii bir rakip olarak genis bir rol oynamaktadir. Daha 6nceki calig-
malarin ¢cogu biiyiik boyutlu perovskit malzemeler {izerine odaklanirken, hizla cesitlil-
181 artan kiiciik boyutlu kolloidal perovskit nanokristalleri benzersiz 6zellikleri nedeniyle
ilgi cekmeye baglamistir. Bu tezde kiigiik boyutlu kolloidal kursun halojeniir perovskit
nanokristallerin biiyiikliigiine ve boyutuna bagli olarak optoelektronik 6zellikleri arastirilmais.

Kolloidal kursun halojeniir perovskite nanokristallerin fotoliiminesans 6zellikleri,
boyutlarinin azaltilmasiyla ayarlanabilmektedir. Yeni ve kolay elektrosprey sistemi ile 2
boyutlu kursun halojeniir perovskit nano levhalardan olusan CsPbBrj3 ince tabaka filmler
elde edilmistir. Elektrospreyleme yontemi sadece yeni ve hizli bir perovskit film imalatini
degil ayn1 zamanda oleylamin miktarini degistirerek boyutsal kontrolii de saglamaktadir.
Ayrica, oda sicakligindaki en kararli fazlardan biri olan ortorombik CsPbl;’iin yapisal,
elektronik ve titresim 0zelliklerinin kalinliga bagimliligi, DFT hesaplamalar ile incelen-
mistir ve elektronik bant boslugunun, perovskite kalinliginda, kuantum biiyiikliigii etk-
isinden dolay1 azalma ile artti81 da goriilmiistiir. Son olarak, suyun neden oldugu CsPbBr;
nanotellerinin demetler halini almas1 ve PL spectrumda kirmiz1 yoniinde kayma goster-
digi incelenmistir. Bu kaymanin sebebinin, su molekiilii perovskit nanotellerin yiizeyine
tutunmus ligantlar1 kopararak, yiizeyleri bos kalan nanotellerin demetler olusturmasindan
kaynaklandi81 gozlenmistir.

Sonug olarak, bu tez, kursun halojeniir perovskitlerin boyuta bagli optoelektronik

ozelliklerinin anlagilmasini saglamaktadir.
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CHAPTER 1

INTRODUCTION

Modern life develops around the energy and technological advances and all new
inventions increase the energy demand. Our style of living relies on energy which even
essential services are impossible without a energy source. On the other hand, the conse-
quences of our energy misusage can no longer be tolerated by the planet, the accumula-
tion of indifferent energy usage over the last 200 years has caused a huge climate crisis
on Earth. Especially for some species, extinction seems unavoidable.

The way we produce energy is one of the strong causes of climate change. That is
why the best solution is renewable energy sources in order to overcome this issue for now
and the future. The implementation of renewable energy can be a starting point for acting
towards the heart of this issue. The key parameter for this revolution is that the solution
needs to be seemed cost reduction. Especially for renewable energy, low-cost material
research has high priority.

Perovskites are promising material for the future in this regard. The perovskite
research has just started, but despite marketing issues, the overall results are already at-
tracting energy players.

In 1839 Gustav Rose discovered CaTiO3 and the mineral was named after Rus-
sian mineralogist Lev Perovski.(Rose, 1839) Since then, perovskite is named as ABXs,
the identical crystal structure as CaTiOs. It was not known as a fascinating semiconductor
until scientists concentrated on a specific type of organic hybrid perovskite at the begin-
ning of the 1990s.(Mitzi et al., 1995; Liang et al., 1998; Hong et al., 1992b; Kagan et al.,
1999)

Perovskite material has an ABX3 general formula. A is organic such as CH;NH3
(MA), HC(NH,); (FA) or inorganic such as Cs™ cation, B is metal cation as Pb*", Sn?*,
Sb2*, and X is halide anion as Br—, Cl1~, I™ in the crystal structure. The first type and
second type are known as organic-inorganic perovskite and the all-inorganic perovskite,
respectively. The discovery of MAPDI; as a photosensitizer in solar cell (DSSC’s) in 2009

has led to more attention being paid to these materials.(Kojima et al., 2009)



Among those, all-inorganic cesium lead halide perovskites (ILHPs) have attracted
tremendous attention for recent years. Due to their extraordinary photovoltaic features,
ILHPs are gaining wide variety of role as strong contenders in optoelectronic research
with tunable band-gap, large absorption cross-section, long carrier lifetime, and high
carrier mobility.(Protesescu et al., 2015; Akkerman et al., 2015; Makarov et al., 2016;
Stranks et al., 2013) Therefore, the fabrication of ILHP nanostructures with controllable
composition, morphology, dimensionality, and orientation have become important as a
first step, in order to employ the superior properties in photovoltaics.

Since their applicability in photovoltaics including solar cellsand light-emitting
diodes (LEDs) the fabrication methods of perovskite thin films with desired shape and
size is crucial. For instance, the large crystal size or grain boundaries decrease the elec-
troluminescence (EL) performance of perovskite light-emitting diodes (PeLEDs) because
of trap states.(Cho et al., 2017; Wei et al., 2016; Pan et al., 2016) The probability for
non-radiative recombination in large-sized crystals mostly increases, which results in a
low EL efficiency for PeLEDs.(Kim et al., 2016; Cho et al., 2015) Similarly, PeLEDs
performance suffers from trap state-induced non-radiative energy transfer, leading to low
photoluminescence (PL) quantum yields (QY) and short PL lifetimes.(Chen et al., 2014)
Therefore, attaining ultralow defective and impurity-free materials is necessary to achieve
high performance for conventional semiconductor.(Brandt et al., 2015)

In order to reduce the non-radiative energy transfer and obtain perovskites with
high crystal quality, controllable (e.g. morphology and crystallinity) and low cost synthe-
sis techniques have been examined by scientific area. To date, a number of synthesis meth-
ods have been reported such as ligand-mediated crystallization, hot injection,(Protesescu
et al., 2015) and antisolvent crystallization.(Schmidt et al., 2014; Zhang et al., 2015) In
addition to their synthesis, the requirement of coating process to fabricate perovskite-
based devices poses an additional step. In this context, single step strategies such as
anti-solvent vapor treatment, polymer additive assisted film growth, precursor solution
composition optimization,(Zhang et al., 2017; Ban et al., 2018; Yuan et al., 2018; Wu
et al., 2017) hand spray coating,(Gamliel et al., 2015; Ramesh et al., 2015) and elec-
trospraying has been developed to simultaneously fabricate the crystal and its thin layer.
Among these methods, electrospraying offers an opportunity to achieve high purity, size

and shape control and to lower the excessive usage of volatile chemical compounds.



Electrospraying is an all-purpose technique in which under an electric field be-
tween the tip and a grounded collector, fine liquid droplets are repelled from a sharp tip
onto a metal or metal-supported substrate for coating.(Kumar et al., 2014) Naphade et
al. reported an approach for the synthesis of low-dimensional MAPbX3-based perovskite
colloidal nanostructures in a single step by combining anti-solvent solvent extraction tech-
nique with the electrospraying process.(Naphade et al., 2015) The handicap of this pro-
cess is that the anti-solvent bath in a metal electrode container is used as collector instead
of a solid substrate. Therefore, one can require to perform some further steps such as
centrifugation, dispersing and spin-coating or drop-cast, etc in order to apply perovskites
on the desired substrate for device application. In another study, Hong et al. proposed
a technique that enables uniform perovskite coatings on hot substrates by electrospray
coating system.(Hong et al., 2017) However, heating the collector requires extra energy
and increases the cost of fabrication.

On the other hand, apart from studies in perovskite nanocrystals, it has been shown
that nanoscale materials may present unique characteristics due to the dimensional re-
duction. In the last two decades, discovery of graphene, has increased the interest in
atomically thin two-dimensional (2D) materials that are suitable candidates for ultrathin
flexible optoelectronic devices.(Novoselov et al., 2004) Soon after, the studies on 2D ma-
terials such as hexagonal boron nitride (h-BN),(Han et al., 2008) MoS,,(Radisavljevic
et al., 2011) transition metal dichalcogenides (TMDs),(Neto and Novoselov, 2011; Mak
et al., 2010; Splendiani et al., 2010; Wang et al., 2012) and alkaline-earth-metal hy-
droxides (AEMHs)(Aierken et al., 2015) indicated that reduction in number of layers
from bulk to monolayer leads to significant changes in vibrational, optical and electri-
cal properties. Following these advances, the interest in thickness dependent properties
of organic, hybrid and MAPbX3 perovskites which are suitable candidate for optoelec-
tronic applications has started to increase and recent studies proved that also cesium lead
halide perovskites’ optical, electronic and vibrational properties may vary with their thick-
ness.(Sichert et al., 2015; Tyagi et al., 2015; Dou et al., 2015; Hassan et al., 2016)

Among cesium lead halide perovskites, cubic phase («-CsPbls) show high thermal
stability and excellent photoluminescence properties with a bandgap of 1.73 eV which is
desirable for optoelectronic device applications.(Sutton et al., 2016; Kulbak et al., 2015)

Unfortunately, the phase transition is inevitable for a-CsPbl; perovskites which are stable



at high temperature (>320 °C)(Dastidar et al., 2017) and at ambient conditions, the a-
CsPbl; nanocrystals transform to the orthorhombic structure which is also called yellow-
phase.(Sutton et al., 2016; Eperon et al., 2015) Although researches have been conducted
the cubic CsPbl; to stabilize its structure, it has been found that the phase transition is
inevitable and the orthorhombic phase is more favorable than the cubic phase at room
temperature. Therefore, understanding this phase is a key point for dealing with cesium
lead halide perovskites. However, there are very few studies(lyikanat et al., 2017; Molina-
Sénchez, 2018) on how the characteristic properties of cesium perovskites are modified
going from their bulk to ultra-thin structures.

In this thesis, dimension dependent optoelectronic properties of cesium lead halide
perovksites are investigated with optic, XRD measurements, STEM images and by means
of state-of-the-art first-principles calculations. A novel and facile perovskite fabricating
and coating approach by electrospraying method is introduced. By this method, color
tunable inorganic perovskites films containing nanoplatelets is achieved. Their ligand
(OAm) induced degree of quantum confinement is discussed. Moreover, it is investi-
gated the dimensional reduction dependent structural, electrical, optical and vibrational
characteristics of orthorhombic CsPbl; perovskite crystals. A detailed analysis, based on
DFT simulations, for bulk and possible bilayer and single layer structures of CsPbl; are
presented in detail. Lastly, it is observed that the red shift in photoluminescence peak of
water interacted CsPbBrs; nanowires arise from detachment of surface ligand from surface

of nanowire by presense of water molecules.



CHAPTER 2

METHODOLOGY

2.1. Experimental Methodology

In this section, the experimental methodology is introduced as cesium lead halide

perovskite synthesis and characterization techniques which are mainly used in this thesis.

2.1.1. Cesium Lead Halide Perovskite Synthesis

In this subsection, a detailed information about perovskite synthesis methods is

given.

2.1.1.1. Hot-Injection Method

Cs-oleate Synthesis: In order to obtain Cs-oleate solution, OA (625uL), ODE
(7.5 mL) and Cs,CO3 (0.2 g) were mixed in 3 necked flask at 120°C, under vacuum (150
mbar) dried for 1h.(Amgar et al., 2017) Yellowish Cs-oleate solution was slowly cooled
off.

CsPbBr; Synthesis: In a few steps with minor alterations based on procedure,(Amgar
et al., 2017) CsPbBr; crystals were obtained. 1.25 ml ODE, 0.125 mL OLA and 0.125
mL OA mixture was filled to a vial. 0.1 mL of pre-heated Cs-oleate solution and 0.2
mL of PbBr; precursor solution were respectively added to this mixture. After 10 s, in
order to cause the CsPbBrj3 to crystallize 5 mL acetone was quickly added. After 30 min-
utes stirring and by centrifugation (6000 rpm, 10 m) crystallized green precipitates were

obtained and finally these crystallized precipitates were dispersed in hexane.



2.1.1.2. Electrospraying Method

Preparation of Precursor Solution: The precursor solution was prepared by fol-
lowing the method proposed by Li et al.(Li et al., 2016) CsBr (0.4 M), PbBr; (0.4 M) and
DMF (10 mL) are loaded into a 20 ml glass vial and mixed via magnetic stirrer. After full
dissolution of the salts, desired amount of OA and OAm are added to the solution under
vigorous stirring.

Fabrication of CsPbBr; Thin Films: An aliquot of the precursor solution (0.4
mL) was loaded into a plastic syringe with an inner diameter of 1.3 mm. For electrospray-
ing by electric field between stainless-steel needle (21Gx1 1/2, Interlab) and ITO coated
glass (Rs<10 €)/sq., Teknoma), the electric voltage was applied from 5 to 20 kV by DC
power supply (Gamma H. V. Research Ormand Beach, FL). The flow rate was controlled
between 0.25 and 1.5 mL/h by a programmable syringe pump (SyringePump, NE-1000).

The distance between the needle and ITO substrate was fixed to 16 cm.

2.1.2. Characterization Techniques

In this subsection, mainly used characterization techniques are discussed such as

UV-Vis Absorption Spectroscopy, Photoluminescence and Raman Spectroscopy.

2.1.2.1. UV-Vis Absorption Spectroscopy

It is extensively used to examine a semiconductor’s band structure with optical
transmission or absorption spectrum. A material’s band gap energy is the lowest amount
of energy the material needs to excite an electron from the valance band (VB) to the
conduction band (CB) by absorbing a photon. More energetical photons than band gap
energy of the material excite electrons. This process is called as absorption. However, low
energetical photons than the band gap are transmitted through the material, for semicon-
ductors. However, semiconductors are seperated into two type of material as direct band
gap or indirect band gap semiconductor. Materials exhibit various properties depending

on the type of band gap. The absorption coefficient was calculated using the relation:



a = In[(1 — RO\ /T(N)]/d 2.1)

where T is transmittance and R is reflectance. The « is the absorption coefficient and
d is the thickness of the sample. Absorption properties of a semiconductor have a large
impact on the materials functionality in light-sensors, solar cells etc. aplications. The
absorption coefficient helps to evaluate thin film optical band gap. By performing Tauc
plot of absorption coefficient, the optical band gap or Tauc gap of semiconductor may be
able to obtained from intersection of plot with x-axis. The equation of Tauc plot is given

as:

ahv = A(hv — E,)" (2.2)

where hv is incident photon energy, A is a constant, E, is band gap and r changes depend-

ing on the material type.

) 4

i . Conduction Band

|
l
) 4 Valance Band

Figure 2.1. Absorption and emission of photon schematic.



2.1.2.2. Photoluminescence

Luminescence is a spontaneous emission of light from a substance, not produced
by heat. Therefore, it is a sort of cold-body radiation. It is also a non-destructive char-
acterization which is crucial in order to determine the fundamental optical properties of
materials for optoelectronic device applications.

Photoluminescence (PL) which is the most common non-destructive technique
among the luminescence spectroscopies, is used to specify the point defects or to mea-
sure the materials’ band gap. Photoluminescence is a term that covers fluorescence and
phosphorescence. Fluorescence is the emission of electromagnetic radiation (mostly vis-
ible light) caused by the immediate relaxation of the excited atoms in a material. It is
an almost instantaneous process that happens in about 10~® second. On the other hand,
phosphorescence is also emission of electromagnetic radiation originated from the ex-
cited atoms in a material. But unlike fluorescence, in this process, an intermediate level
of energy which is called as metastable state or electron trap state, is interposed between
ground state and excited state. After an excited electron falls into the metastable state so
it takes about 1073 second to hours or years, depending on the circumstances.

An electron is excited from valance band to conduction band and electron-hole
pair is created, when a photon is absorbed by a semiconductor. The excited electron
desires to relax to its ground state. Recombination process of electron-hole pairs occurs
in two possible ways, non-radiative or radiative transitions. Radiative transition means
that the material produces a photon of a specific energy that corresponds to its band gap
semiconductor like perovksites. The produced photon can be originated from defect sites
or crystals of the material. On the other hand, there are few non-radiative transition ways

such as phonon-induced and Auger processes.

Our Optical Measurement Setup
In this thesis, optical measurements were carried out by using home made Ocean

Optics setup.
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Figure 2.2. Optic Measurement setup in the Cent Lab.

2.1.2.3. Raman Spectroscopy

Raman spectroscopy is a light scattering spectroscopy technique which is used
in order to obtain information about the vibrational and rotational modes of materials.
Therefore, chemists, physicists and material scientists are traditionally using this tech-
nique in the laboratories as a means of determining the chemical structure of materials.
Generally speaking, the technique involves examining a spectrum of scattered light that
presents certain light intensity peaks attributed to the crystal structure of the material.
This technique uses the unique Raman spectra to define unknown samples or even further
analysis based on information from the spectrum as a spectral "fingerprint" for various
components.

When electromagnetic waves interact with samples (atom, molecules, etc.), light
redirection can be considered the light scattering. As a result of the interaction between
the electromagnetic waves and sample, electrons are periodically disturbed at the same
frequency (), thus generating a dipole electrical moment induced in the electrical field
and the scattered light propagates due to this electronic cloud disturbance. Furthermore,
scattered photons most likely will have the same energy as the incident photon. This
process is known as elastic scattering which is also called as ’Rayleigh scattering’. On

the other hand, some of the scattered photons will have a different frequency compared
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Figure 2.3. Quantum energy transitions for Rayleigh and Raman scattering.

to incident photon. This process is known as inelastic scattering or Raman scattering.
However, inelastic scattering is very a rare process which happens in every 10~7 scattering
process.

Inelastic scattering process is also divided into two processes as Stokes scatter-
ing in which scatterred photons have higher energy than that of incident photons, and
anti-Stokes scattering which refers that the scattered photons have lower energy than the
incident photons. Most of the scattering atoms of the substrate remain in their ground
states and they need to be in excited states in order to obtain anti-Stokes shift. So it
is observed that the number of Stokes shift processes much higher than the number of

anti-Stokes shift processes.

Our Raman Spectroscopy Setup

In this thesis, the Horiba Xplora Plus Raman system is used in order to conduct
Raman measurements. Synergicity grating spectrometer is included in the system with
choosable holographic and sensitive from the near IR to near UV region four gratings of
600 grooves(gr)/mm, 1200 gr/mm, 1800 gr/mm, and 2400 gr/mm. For sample excitation
532 nm and 785 nm lasers are used. Laser light is first filtered from the plasma lines,
then directed to a beam-splitter after a set of neutral (ND) filters is passed over. The beam
splitter (BS) transmits some part of the light from top to bottom through an Olympus

BXS51 optical microscope. The laser light is focused on the sample surface by passing
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Figure 2.4. Horiba Xplora Plus Raman system in the Cent Lab.

through an suitable objective (10x, 20x, 50x, or 100x). (The minimum spot size on a
smooth sample surface is approximately 1 micron with 100x objective)

In the back-scattering geometry, a scattered light is collected by the same mi-
croscope objective from the sample mounted on an XYZ stage, with full computer and
hand control in all directions. There is a set of three Rayleigh rejection notch filters
with wavelengths of 785 and 532 nm between BS and the monochromator entrance slit
which are chosen by the computer to block the particular wavelength of excitation. In the
monochromator, light is detected by the synergicity detector (CCD detector) and sent to

the controlling computer as data signal for analysis.

2.2. Computational Methodology

In this section, a brief information about the density functional theory (DFT) is
given. DFT were mostly used in order to obtain ground state energies, electronic and

vibrational band diagrams of the systems.
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2.2.1. Density Functional Theory

Density functional theory (DFT) is a computational quantum mechanical mod-

elling method. In this subsection, origins of the DFT are discussed.

2.2.1.1. Basics of Density Functional Theory

The properties of a system (many-electron) can be achieved through the solution
of the quantum mechanical wave equation that governs system dynamics. This is simply
Schrodinger’s equation for non-relativistic systems. However, for researchers some of
the most remarkable challenges in quantum mechanics are generated by many-electron
systems in order to understand such systems in many applications. Density functional
theory (DFT) is the most practical and popular method by using quantum mechanical
solutions in order to solve this complicated system.

DFT is the most popular quantum mechanical way of determining the structural,
electronic, magnetic, mechanical, vibrational and optical properties of materials. DFT
simply establishes that a functional of the ground state density which is a function of
position, can be written for interacting many-particle system. DFT becomes the most
widely used technique because all the physical ground state properties of materials can be
defined as functional of a ground state density.

All physical information is stored in the wave function. The time-dependent non-
relative Schrodinger equation can be the mathematical illustration of such a wave func-

tion;

HU = BV (2.3)

where the operator H is the energy operator known as the Hamiltonian and the E is the
corresponding eigenvalue for the Hamiltonian operator in Schrodinger equation. The
eigenfunctions of the Schrodinger equation which are the wave function W, are the so-
lutions of Eq. 2.3. It’s almost unsolvable the Eq 2.3 if an N-body system is assumed,
unless the quantum computer is used or without consideration of any approximations.

The non-relativistic many-body H has the general form as;
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for N-body systems which contains M nuclei and N electrons.

The system’s kinetic energy is included in the first two terms with electrons and
nuclei. The third term is the Coulomb repulsion term between electrons and fourth one
is the Coulomb repulsion term between nuclei. Lastly, the final term is the Coulombic

interaction between an electron and nuclei. The V? and V2 are Laplacian operators in

the coordinates of electron and nuclei, respectively.
2.2.1.2. Hohenberg-Kohn Theorems

Hohenberg and Kohn first introduced the approach which demonstrates that a
quantum many-body system’s ground state can be regarded as a remarkable density func-
tional that makes DFT relevant, in 1964. The approach represents two main theorems; (%)
The external potential is a unique density functional for any system of interacting parti-
cles in an external potential V,,(r), (7) The total energy (£[n]) can be described in terms
of the density for the energy. The functional which supplies the system’s ground-state
energy provides the minimum energy if the input density is the true ground-state density.
The density of electron n(r) of the ground state can be determined with a principle of
variation. Then the total energy functional for a particular V ezt becomes as,

(Wo [H| o)

b= (Wo|Wo)

(H) = (T) + / PV (t)no(r) + (Vi) + B (25)

2.2.1.3. Hellmann-Feynman Theorem

Hellmann-Feynman Theorem states that the expectation value of the derivative of
the Hamiltonian in terms of a parameter can be found by derivative of the total energy

with respect to the same parameter. By solving the Schrodinger equation if the spatial
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distribution of the electrons are obtained, all forces which are in terms of kinetic energy
and the charge density of the electron exchange and correlation, in this system can be

calculated. Therefore, it is crucial for structural optimizations in DFT calculations.

oE

“IR, (2.6)

I:

where the force depends only on the density of electrons, n, and the other nuclei. When

we consider the total energy expression in Eq. 2.5, the force can be written as

. OF _ 3 8‘/69%(1') - aE[[
F, = R, /d rn(r) R, R, (2.7)

2.2.1.4. The Kohn-Sham Equations

Kohn-Sham presented a Hohenberg-Kohn theorem-based method that allows one
to minimize the functional energy by differing the charge density over all densities con-

taining N electrons. The energy functional given in Eq. 2.8 now takes the form,

Eln] = / 0(r)WVeae(P)dr + Fyxcln] = / 1(r)WVeae(P)dr + Tln] + EXo7ee[n] 4+ B[]
(2.8)
where the universal functional, Fy i [n], is written as the sum of kinetic energy of
non-interacting electrons, 7'[n], Hartree energy, EHartree and exchange and correlation
energy, F,.. Here, the important step is defining an effective potential which is written

as,

Vs S{ [ n(r)Veg (r)dr + ERreen] + E,.[n]}

2.9
on(r) ’ 29
which results in the form,
n(r') .,
VAT =V (1) +/ i T/|dr + Vie(r), (2.10)

where V,.(r) is the exchange-correlation potential derived from the exchange-correlation
energy. Using this form of effective potential, the Schrodinger equation in Kohn-Sham

DFT takes the form of one-electron like equation as,
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{—%Vz + Veff} ¢i = Ei¢; (2.11)

where the eigenfunctions, ¢;, are known as the Khon-Sham one-electron orbitals which

result in the electron density,

N
n(r)=>_ |’ (2.12)
i=1

Due to the form of Eq. 2.12, the effective potential, Vel depends on the density,
n(r). Thus, the Kohn-Sham equation should be solved by the following way: (i) begin
with an initial guess of the electron density, (ii) construct the effective potential, V¢// by
the knowledge of electron density, (iii) calculate the corresponding Khon-Sham orbitals,
¢;, and (iv) calculate the new electron density corresponding to these orbitals and compare

with the inital one.
2.2.1.5. Functionals of Exchange and Correlation

The exchange-correlation functional is necessary in order to solve the Kohn-Sham
equation. But an exact expression is not available so an approximation must be estab-
lished. Two most common approximations which are widely used in DFT calculations,
such as LDA (Local Density Approximation) and GGA (Generalized Gradient Approxi-

mation) are explained.

Local Density Approximation (LDA)

According to local density approximation (LDA), the exchange correlation energy
can be considered the same as the energy exchange correlation functional of a locally
uniform electron gas where the charge density is slowly varying.

Despite the basic approximation, LDA provides very reliable results (especially
for bulk materials) and efforms the core of DFT codes. Even in systems where the charge
density varies rapidly, it works fairly well and LDA works particularly well for metallic
systems. However, atomic ground-state energies and ionization energies are undervalued

within this approximation, while binding energies are overestimated.
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Generalized Gradient Approximation (GGA)

In this approximation, the gradient of the electron density is introduced because
of the inadequacy of LDA for variety materials that have rapidly varying electron density.
Due to its dependence on the gradient of the electron density, GGA functionals are known

as semi-local functionals.

2.3. Vasp Input Set

This section introduces the general computation methodology which we used to
study systems considered and discussed in following chapters. The details for the particu-
lar system is given in the corresponding chapter. Our investigations on the structural, elec-
tronic, properties of the ultra-thin materials considered were carried out using the VASP
software. The VASP code solves the Kohn-Sham equations (Kohn and Sham, 1965) it-
eratively for a system with periodic boundary conditions using plane-wave basis set. In
order to describe the electron exchange and correlation, the local density approximation
(LDA) was adopted.(Perdew and Zunger, 1981) The spin-orbit interaction, which is es-
sential for some materials (especially for atoms having larger radius), was included in
the calculations. To obtain the charge distribution on the structures, Bader technique was
used.(Henkelman et al., 2006)

Structural optimizations were performed by using following parameters. The en-
ergy cutoff of the plane-wave basis set was taken to be 500 eV for all calculations. In
order to minimize the total energy, the energy difference between the sequential steps was
set to 107° eV. The convergence for the total Hellmann-Feynman forces in the unitcell
was taken to be 0.05 eV/A. In addition, for self-consistent calculations, width of the of
the Gaussian smearing of 0.05 eV was used. The pressures on the unit cell were reduced
to 1.0 kB in three directions. For the determination of accurate charge densities, Brillouin

Zone integration was performed using dense I'-centered k-point samplings.

16



CHAPTER 3

COLOR TUNABLE ALL-INORGANIC PEROVSKITES
SYNTHESIZED BY ELECTROSPRAYING

Herein, we demonstrate a novel coating approach to fabricate CsPbBr3 perovskite
nanoplatelet film with heat-free process via electrospraying from precursor solution. A
detailed study is carried out to determine the effect of various parameters such as ligand
concentration, electric field, flow rate etc. on the optical properties. By controlling the
volume ratios of the oleylamine (OAm) and oleic acid (OA), the coalescing and thickness
of the resulting nanoplatelets can be readily tuned that results in control over emission in
the range of 100 nm without any anti-solvent crystallization or heating processes. The
varying electrical field and flow rate was found as inefficient on the emission charac-
teristics of the films. In addition, the crystal films were obtained under ambient condi-
tions on the ITO coated glass surfaces as in the desired pattern. As a result, we demon-
strated a facile and reproducible way of synthesizing and coating of CsPbBr3 perovskite
nanoplatelets which is suitable for large-scale production. In this method, the ability of
tuning the degree of quantum confinement for perovskite nanoplatelets is promising to
fabricate wide variety of optoelectronic devices.

All-inorganic cesium lead halide perovskites (ILHPs) have attracted tremendous
attention in recent years. Due to their extraordinary optical peculiarities, ILHPs are gain-
ing wide variety of role as strong contenders in optoelectronic research with tunable
band-gap, large absorption cross-section, long carrier lifetime, and high carrier mobil-
ity.(Protesescu et al., 2015; Akkerman et al., 2015; Makarov et al., 2016; Stranks et al.,
2013) Therefore, the fabrication of ILHP nanostructures with controllable composition,
morphology, dimensionality, and orientation has become important as the main focus, to
employ the perovskites’ superior properties in photovoltaics.

Since their applicability in photovoltaics including solar cells and light-emitting
diodes (LEDs) the fabrication methods of perovskite thin films with desired shape and
size is crucial. For instance, the large crystal size or grain boundaries decrease the elec-

troluminescence (EL) performance of perovskite light-emitting diodes (PeLEDs) because
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of trap states.(Cho et al., 2017; Wei et al., 2016; Pan et al., 2016) The probability for
non-radiative recombination in large-sized crystals mostly increases, which results in a
low EL efficiency for PeLEDs.(Kim et al., 2016; Cho et al., 2015) Similarly, PeLEDs
performance suffers from trap state-induced non-radiative energy transfer, leading to low
photoluminescence (PL) quantum yields (QY) and short PL lifetimes.(Chen et al., 2014)
Therefore, attaining ultralow defective and impurity-free materials is necessary to achieve
high performance for conventional semiconductor.(Brandt et al., 2015)

In order to reduce the non-radiative energy transfer and obtain perovskites with
high crystal quality, controllable (e.g. morphology and crystallinity) and low cost synthe-
sis techniques have been examined by scientific area. To date, a number of synthesis meth-
ods have been reported such as ligand-mediated crystallization, hot injection,(Protesescu
et al., 2015) and antisolvent crystallization.(Schmidt et al., 2014; Zhang et al., 2015) In
addition to their synthesis, the requirement of coating process to fabricate perovskite-
based devices poses an additional step. In this context, single step strategies such as
anti-solvent vapor treatment, polymer additive assisted film growth, precursor solution
composition optimization,(Zhang et al., 2017; Ban et al., 2018; Yuan et al., 2018; Wu
et al., 2017) hand spray coating,(Gamliel et al., 2015; Ramesh et al., 2015) and elec-
trospraying has been developed to simultaneously fabricate the crystal and its thin layer.
Among these methods, electrospraying offers an opportunity to achieve high purity, size
and shape control and to lower the excessive usage of volatile chemical compounds.

Electrospraying is an all-purpose technique in which under an electric field be-
tween the tip and a grounded collector, fine liquid droplets are repelled from a sharp tip
onto a metal or metal-supported substrate for coating.(Kumar et al., 2014) Naphade et
al. reported an approach for the synthesis of low-dimensional MAPbX3-based perovskite
colloidal nanostructures in a single step by combining anti-solvent solvent extraction tech-
nique with the electrospraying process.(Naphade et al., 2015) The handicap of this pro-
cess is that the anti-solvent bath in a metal electrode container is used as collector instead
of a solid substrate. Therefore, one can require to perform some further steps such as
centrifugation, dispersing and spin-coating or drop-cast, etc in order to apply perovskites
on the desired substrate for device application. In another study, Hong ef al. proposed
a technique that enables uniform perovskite coatings on hot substrates by electrospray

coating system.(Hong et al., 2017)
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Figure 3.1. Photographic image of electrospraying setup.

Cesium Bromide (CsBr, 99.99%, Sigma-Aldrich), lead(II) bromide (PbBry, >98%,
Sigma-Aldrich), oleic acid (OA, 90%, Alfa Aesar), oleylamine (OAm, 90%, Sigma-
Aldrich), N,N-dimethylformamide (DMF, >99.9%, Tekkim) were purchased and used
as received without any further purification.

The precursor solution was prepared by following the method proposed by Li et
al.(Li et al., 2016) CsBr (0.4 M), PbBr; (0.4 M) and DMF (10 mL) are loaded into a 20
ml glass vial and mixed via magnetic stirrer. After full dissolution of the salts, desired
amount of OA and OAm are added to the solution under vigorous stirring.

An aliquot of the precursor solution (0.4 mL) was loaded into a plastic syringe
with an inner diameter of 1.3 mm. For electrospraying by electric field between stainless-
steel needle (21Gx1 1/2, Interlab) and ITO coated glass (Rs<10 2/sq., Teknoma), the
electric voltage was applied from 5 to 20 kV by DC power supply (Gamma H. V. Re-
search Ormand Beach, FL). The flow rate was controlled between 0.25 and 1.5 mL/h by a
programmable syringe pump (SyringePump, NE-1000). The distance between the needle
and ITO substrate was fixed to 16 cm (Fig. 3.1).

Optical characterizations including photoluminescence and absorption were ob-

tained by USB2000+ Spectrometer (Ocean Optics Inc., Dunedin, FL, USA) via a pre-
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mium fiber cable. The diffraction profile of the CsPbBrj structures was recorded with an
X-ray diffractometer (XRD, XPert Pro, Philips, Eindhoven, The Netherlands). Scanning
transmission electron microscopy (STEM; Quanta 250, FEI, Hillsboro, OR, USA) was
used to determine the morphology of crystals via STEM detectors. In the case of STEM
characterization, the samples are dispersed in the hexane and the colloidal dispersion in
hexane was drop-casted on Formvar reinforced copper grids and dried in a vacuum.

The solidified nanocrystals were grown on an ITO substrate by the electrospray-
ing method. Spraying of the solution can be achieved only above particular electrical bias
since the applied potential is required to overcome the surface tension of the precursor
droplets. Eventually, the solution reaches to the needle head and directly wells out as a
jet to grounded substrate, namely ITO. The accelerated droplets through the electric field
transforms from liquid state into solid state forming crystals due to evaporation. Conse-
quently, the crystals were deposit onto ITO when they reach the substrate. In this wise,
the crystallization can be readily controlled by changing ligand fraction or electrospraying
experimental parameters such as solvent ratio, applied voltage and flow rate. In order to
achieve full control over crystal geometry, in various amount of OAm was employed all
of the electrospraying processes due to its ability of intercalation between the thin layers
of PbBr; octahedra. Therefore, OAm intercalation can lead to isolation of 2D perovskite

nanoplatelets. The effect of OAm was investigated in the presence of OA.

3.1. Thickness Tunable Nanoplatelet Growth

In order to observe the effect of OAm, various amount of OAm was mixed to the
precursor solution having 500 L of OA. The precursor solution was electrosprayed onto
the ITO substrate under electric potential (20 kV). As a result of the processes, the per-
ovskite films were obtained with a various optical properties. Appearance of the films
under both daylight and UV light (254 nm) is presented in Fig. 3.2 (a). A long-range
control on emission characteristics from green to dark blue is achieved as a function of
OAm in the precursor solution. The images reveal that the lack of OAm leads to form
non-emissive larger crystals showing intense orange color (first images from right). As
the perovskite crystal grows, it becomes more defect tolerant.(Kang and Wang, 2017)

Due to formation of highly defective crystals, emission lifetime increases which results
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Figure 3.2. (a) Photographic image under daylight and under 254 nm UV light, (b)
photoluminescence and (c) absorption spectra of perovskite films accord-

ing to the amount of OAm in the presence of oleic acid (500uL).

in non-emissive behaviour. Therefore, it is observed that the opacity of the films gradu-
ally decreases as OAm fraction increases. On the other hand, excessive amount of OAm
causes lack of emission due to passivation of crystal growth. The optical properties (PL,
absorption) of corresponding films are presented in Fig. 3.2 (b) and (c). By decreas-
ing the amount of OAm, sharp absorption peak at 430 nm that is attributed to the thin
nanoplatelets, gradually fades away (Fig. 3.2 (b)).(Nasilowski et al., 2016; Hong et al.,
1992a) Moreover, it is also observed that according to the amount of intercalation agent
(amount of OAm), the photoluminescence characteristics of the films distinctly varies.
The use of OAm with 375 uL leads to sharp signals at 436 and 464 nm and broad ones
at 482, 493, and 525 nm nm in PL spectrum. As the amount of OAm decreases, the
weak signals start to emerge towards 525 nm and intensity of high energetical peaks de-
crease. The behavior of relative intensities of PL peaks and absorption spectra hint about
the thickening of the nanoplatelets by coalescing of nearby counterparts.(Weidman et al.,
2016; Shamsi et al., 2016; Tong et al., 2016; Yuan et al., 2016) PL spectra suggest that
the majority of PL intensities switch between high energetical (blue) and low energetical

(green) regions by changing the OAm volume in the precursor solution.
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The OAm molecules act as intercalation agent that binds to desired surface and
creates a barrier against the coalescing of nanoplatelets. Hence, it results in 2D nanoplatelets
and preservation of quantum confinement.(Sichert et al., 2015; Yang et al., 2018) The ex-
perimental results point out that the effect of OAm on emission characteristics, therefore

crystal growth is passivated.
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Figure 3.3. XRD diffractograms of (a) bare ITO substrate, (b) non-emissive, (c) green

emitting, (d) cyan emitting, and (e) blue emitting perovskite films on ITO.

Further structural investigation was performed via X-ray diffraction (XRD) mea-
surements, as shown in Fig. 3.3. Since the crystal films are collected on ITO substrate,
its diffraction pattern is barely recorded and presented in Fig. 3.3 (a). The 26 reflections
at 15° and 30° refer to (001) and (002) planes, respectively (JPDCS no. 01-075-0412)
as seen in Fig. 3.3 (b, c). The diffraction patterns of green-emitting and non-emissive
films correspond to the cubic phase of CsPbBrj crystal structure. On the other hand, it
is observed that these characteristic reflections are disappeared and the new 26 reflec-
tions gradually emerge at 11.5°, 12.6°, and 25°, as the fraction of OAm increases (Fig.
3.3 (d, e)). These new peaks at small angles may hint about the presence of perovskite

nanoplatelet.(Bekenstein et al., 2015; Yang et al., 2018)
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Figure 3.4. STEM images of (a) green emitting and (b) blue emitting perovskite films.

3.2. PL Evolution of Perovskite Nanoplatelet

For further structural examination, layered morphology of the crystals was investi-
gated using STEM for dominantly blue and green emitting perovskite film as seen in Fig.
3.4 (a) and (b), respectively. STEM images were compared depending on the changing
OAm fraction. Regional contrast differences are observed in the images, which indicate
that the vertically stacked nanoplatelets vary in terms of thickness. Therefore, the stacking
can influence the confinement, particularly. Note that the resulting perovskite films ex-
hibit discrete emission peaks depending on the OAm fraction. In Fig. 3.2 (c), the energy
difference between discrete PL. maxima decreases as the layer thickness increases since
the perovskite layer thickening causes a reduction in the degree of quantum confinement.
As aresult, these agreements also support the peak assignment of the resulting perovskite
films. In general, nanoplatelets tend to form bulk crystals that can be prevented by using
intercalation agent, namely OAm. Nevertheless, the use of a moderate amount of OAm
cannot completely stabilize the crystals so that the nanoplatelets thicken, however, they
cannot align on each other, perfectly. Hence, it results in non-homogeneous confinement,
which leads to a number of discrete PL energy levels.

Furthermore, photoluminescence evolution was monitored in time for blue emit-
ting perovskite film and given as a function of time (Fig. 3.5). It is observed that intense
PL peak at 436 nm decreases in time and the relative intensities of 462, 480 and 515 nm
PL peaks increase, respectively, in 24 hours. This result indicates that the nanoplatelets

are slowly getting thicker. On the other hand, it also proves that the presence of perovskite
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Figure 3.5. Time dependent PL evolution of blue emitting perovskite film under UV
light.

nanoplatelets which are isolated from each other.

3.3. Effect of Electrospray Conditions

Furthermore, optoelectronic properties of the perovskite films were studied by
changing electrospraying parameters such as voltage, flow rate, and solvent (DMF) frac-
tion in precursor. In Fig. 3.6, the evolution of PL characteristics of 2D nanoplatelets is
presented upon different parameters of electrospraying system with the 400 pL control
precursor solution (OA-500 pL, OAm-250 pL).

In Fig. 3.6 (a) the PL spectra of the crystals that are obtained using different flow
rates are presented. Varying the flow rate results in no change for PL peak positions.
However, in the case of 0.25 ml/hr flow, the change in PL peak intensity is observed. The
relative PL shifts toward low energetic region. Note that the process time increases as the
flow rate decreases. Therefore, the coating process takes 96, 24 and 16 min, respectively,

by using the same amount of precursor solution. Hence, the origin of the red shift in the
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relative PL of 0.25 ml/hr is the exposure of crystals to ambient conditions for a longer
time. It can be concluded that the optical properties of the films are unchanged as a

function of flow rate.

Figure 3.6. PL spectra of control sample with different (a) flow rate, (b) applied poten-
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tial, and (c) reagent concentration.

On the other hand, in Fig. 3.6 (b), PL spectra of the resulting crystals are given for
various potential differences. The potential difference controls the speed of electrosprayed
droplets, therefore, evaporation rate of DMF. It is observed that the most of droplets are
unable to lose their liquid phase to form nanocrystals, in the case of 10 and 15 kV. The
evaporation of the droplets is finished on ITO, which leads to formation of relatively
larger crystals. Therefore, the peak at 493 nm appears more intensive. As the potential

difference increases to 20 kV, the free-fly crystallization is achieved that results in more

quantum confined perovskite film on the ITO.

Furthermore, as seen in Fig. 3.6 (c), relative PL behaviour is examined depending

on the reagent concentration of precursor for normal (0.4 M CsBr + PbBry) and %33 lower
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one. Resulting films show no any significant PL peak shifts or change due to number of
ions per droplet.

Therefore, it is observed that electrospraying parameters and reagent concentra-
tion have no any effect on optoelectronic properties of perovskite nanoplatelets. However,

it is achieved by only varying ligand ratios.

3.4. Lithography Performance of Electrospraying Method

Figure 3.7. Patterned perovskite film on ITO, under daylight and UV light (254 nm).

For the manufacturing of integrated optoelectronic devices without losing func-
tionality of the material, large area patterning is a crucial process. Due to their unique
properties, a numerous techniques are used to fabricate optoelectronic devices using per-
ovskites have been given a great deal of attention. Patterning is a big challenge for mass-
production applications with perovskites which are solution-based soft materials. To fab-
ricate the film in exact shape and pattern, polyethylene terephthalate (PET) made logo
mask which is obtained by laser cut, was used. The mask was placed on ITO coated
glass and patterned perovskite film was coated onto substrate via electrospraying. As
seen in Fig. 3.7, it is confirmed that electrospraying method enables the direct patterning
and synthesising of perovskite films with tunable optoelectronic properties in minutes.

Additionally, it minimizes the fabrication-induced loss of the device.
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CHAPTER 4

ORTHORHOMBIC CsPbl; PEROVSKITES:
THICKNESS-DEPENDENT STRUCTURAL, OPTICAL
AND VIBRATIONAL PROPERTIES

Cesium lead halide perovskites have been subject to intense investigation, mostly
because of their potential to be used in optoelectronic device applications. However, re-
garding the need for nanoscale materials in forthcoming nanotechnology applications,
understanding of how the characteristic properties of these perovskite crystals are modi-
fied through dimensional crossover is essential. In this study, thickness-dependence of the
structural, electronic and vibrational properties orthorhombic CsPbls, which is one of the
most stable phase at room temperature, is investigated by means of state-of-the-art first-
principles calculations. The results show that (i) bilayers and monolayers of CsPblscan
be stabilized in orthorhombic crystal symmetry, (ii) among the possible ultra-thin per-
ovskites only structures with Csl-terminated surface are dynamically stable (ii1) electronic
band gap increases with decrease in perovskite thickness due to quantum size effect and
(iv) reflectivity and transmissivity of the orthorhombic CsPbl; can be drastically modified
by tuning the thickness that modifies the electron confinement.

Among cesium lead halide perovskites, cubic phase (a-CsPbls) show high thermal
stability and excellent photoluminescence properties with a bandgap of 1.73 eV which is
desirable for optoelectronic device applications.(Sutton et al., 2016; Kulbak et al., 2015)
Unfortunately, the phase transition is inevitable for a-CsPbls perovskites which are stable
at high temperature (>320 °C)(Dastidar et al., 2017) and at ambient conditions, the a-
CsPbl; nanocrystals transform to the orthorhombic structure which is also called yellow-
phase.(Sutton et al., 2016; Eperon et al., 2015) Although researches have been conducted
the cubic CsPbls to stabilize its structure, it has been found that the phase transition is
inevitable and the orthorhombic phase is more favorable than the cubic phase at room
temperature. Therefore, understanding this phase is a key point for dealing with cesium

lead halide perovskites. However, there are very few studies(Iyikanat etal.,2017; Molina-
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Sénchez, 2018) on how the characteristic properties of cesium perovskites are modified
going from their bulk to ultra-thin structures.

Density functional theory-based calculations were performed using the projector
augmented wave (PAW)(Kresse and Joubert, 1999; Blochl, 1994) potentials as imple-
mented in the Vienna ab initio Simulation Package (VASP).(Kresse and Hafner, 1993,
1996) The exchange-correlation potentials are approximated by local density approxima-
tion (LDA).(Ceperley and Alder, 1980) In order to obtain the charge exchange between
the ions,Bader technique was applied.(Henkelman et al., 2006)

The frequency dependent dielectric function, e(w) = €;(w) + iea(w), of the ma-
terials was calculated by using the PBEO functional on top of SOC. Using the dielectric
function, other optical spectral quantities such as the absorption coefficient (), reflectiv-

ity (R), and transmissivity (T) were calculated with the following formulas;

1/2 1/2
alw) = \/Ew{ [el(w)2 + @(10)2] - el(w)} 4.1)
Ve(w) —1 ’
R(w) = | Y—»ot— 4.2
T(w) = (1 — R(w))?e @)\ (4.3)

where 1 is the thickness of the material.

4.1. Possible Structures of Ultra-thin Orthorhombic CsPbl;

This section is devoted to investigation of the possible ultra-thin crystal structures
of orthorhombic CsPbl; structure which is the frequently obtained product at room tem-
perature.(Sutton et al., 2018; Marronnier et al., 2018) Crystal structures of the bulk and
possible forms of bilayer and monolayer CsPbl; are shown in Fig.4.1.

Total energy optimization calculations reveal that optimized lattice parameters of
bulk orthorhombic CsPbl; crystal are a = 7.93 A, b=894 A, and c = 12.21 A. As seen in
the figure, CsPblj; crystal consists of Pblg octahedrals, which are tilted with respect to the
cubic phase. Bader charge analysis shows that while Cs and Pb atoms donate 0.8 and 0.9

e, respectively while I atom receives 0.5 e.
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In order to figure out the thickness dependent characteristics, we first examine
bilayer structures derived from truncated bulk orthorhombic CsPbl;. Therefore, two dif-
ferent bilayer configurations were derived from bulk material according to atom types
forming the surface of the material. Obtained bilayer structures of Cs-I and Pb-1, shown
in Fig. 4.1 (b), can be given by the chemical formula Cs3Pb,yI; and CsyPbsls, respectively.
The optimized lattice parameters of bilayer CssPbyl; are a = 7.62 Aand b =9.16 A are
obtained by structural analysis. The thickness of the bilayer Cs3Pbsl; is calculated to
be 12.46 A. While surface and inner I atoms receive 0.6 and 0.5 e charge, respectively,
each Pb and Cs atoms donate 0.8 e charge. Furthermore, the cohesive energy per atom of
bilayer Cs3Pbsl7 is found to be 3.13 eV is slightly smaller than that of the bulk structure
(3.40 eV).

We complete the thickness-dependent structural analysis via scrutinizing the char-
acteristics of the single layer form of the cesium lead iodide perovskite. As shown in Fig.
4.2 (c), there exist three possible structures when the material is thinned down to mono-
layer form. Depending on the atomic compositions, these monolayers can be presented
by chemical formulas; CsyPbl;, CsPbly, and CsyPbly. It is calculated that the optimized
monolayer Cs,Pbly lattice parameters are a = 7.38 Aand b =928 A, Apparently, re-
duction of the thickness of the material leads to decrease in the a lattice parameter and
increase in the b lattice parameter. However, the thickness of the monolayer CsyPbly is
found to be 6.30 A. Bader charge analysis reveals that each Cs and I atom donates 0.8 e
charges to surface and inner I atoms receive 0.6 and 0.5 e charges, respectively. Follow-
ing the trend that surface energy is increased by decreasing thickness, cohesive energy per
atom of the monolayer Cs,Pbly is reduced to 3.08 eV.

For understanding the vibrational properties and examination of the dynamical
stability of CsPbl; phonon band dispersions of CsPbls, Cs3Pbsl;, CsoPbslg, CsoPbls,
CsPbly, and Cs,Pbl, are calculated (see in Fig. 4.2). Here small displacement method-
ology implemented in the PHONOPY code is used for the determination of elements of
dynamical matrix and corresponding phonon spectrum.(Togo et al., 2008) The phonon
spectra of the bulk CsPbl; crystal exhibits real eigenvalues through all the symmetry
points, confirming the dynamical stability of the structure and the reliability of the com-
putational methodology.

It is seen from Fig. 4.2 that among the possible bilayers of orthorhombic CsPblj,

30



while the phonon spectrum of Cs3Pbsl; exhibits real eigenvalues through all the symmetry
points, that of CsoPbslg possesses imaginary eigenvalues in the large portion between the
I' and S high symmetry points. Therefore, it can be deduced that when the material is
thinned down to its bilayers, only Cs3PbsI; form is expected to be a stable.

Moreover, according to the phonon calculations, among the thinnest possible struc-
tures of orthorhombic CsPbls, although single layer Cs,Pbl; and CsPbl, have a structure
that is obtained by total energy optimization calculations, they cannot form dynamically
stable crystal structures.

On the other hand Cs-rich form given by the formula Cs,Pbl, appears as the
thinnest stable orthorhombic Cs perovskite. When going from bulk to single layers, co-

hesive energy decreases while the workfunction increases to 4.68 eV.

4.2. Electronic and Optical Properties of Ultra-thin CsPbl;

To reveal the effect of dimensional reduction on the electronic properties of CsPbls
perovskite nanocrystals, electronic band dispersion calculations (by using LDA + PBEO
+ SOC) are performed.

As shown in Fig. 4.3 (a), bulk CsPblj; is a semiconductor with a direct band gap
of 1.9 eV. Both the conduction band minimum (CBM) and the valence band maximum
(VBM) of the crystal reside at the I" point. As seen in the previous work,(lyikanat et al.,
2017) contribution of the Cs atom in the material is negligible around the band edges.
However, the VBM and CBM of the material are dominated by I-p and Pb-p orbitals.
Fig. 4.3 (b) shows the electronic band dispersion for stable bilayer structure, CssPbsl;.
Despite the thinning of the material and the presence of unbonded atoms on the surface,
it is seen that the material still exhibits a direct bandgap at the I" point. It is obtained that
the thickness of the crystal decreases to bilayer form, the bandgap of the structure (2.6
eV) is almost 1.5 times of the bulk form (1.9 eV). It is also seen from Fig. 4.3 (c) that
further decrease in dimension leads the significant increase in electronic energy band gap.
Single layer CsoPbl, has a direct bandgap of 2.9 eV at the ' point. Apparently, while
the electronic dispersion characteristics remain unchanged with reduced thickness, the
width of the bandgap is significantly enlarged. Therefore, one can also expect dramatical

modifications in the optical properties of CsPbl; upon dimensional reduction. As repre-
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tures of orthorhombic CsPblj; crystal. The layer dependent optical proper-
ties of CsPbls. (a) Imaginary part of dielectric function, (b) absorption co-
efficient, (c) reflectivity, and (d) transmissivity of bulk, bilayer, and mono-

layer CsPbl;.
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sented in Fig. 4.3 (d-g) frequency dependent imaginary dielectric function, absorption
coefficient, reflectivity and transmissivity of of bulk, bilayer, and monolayer structures
are calculated. The imaginary part of dielectric functions reveals that bulk, bilayer and
monolayer CsPbl; display onset around 1.86, 2.53, and 2.85 eV, respectively. In addi-
tion, absorption spectrum shows that first prominent absorption peaks of bulk, bilayer
and monolayer orthorhombic CsPbls locate around 657, 486, and 431 nm, respectively,
indicating a significant blue shift driven by dimensional reduction. As seen in Fig. 4.3
(f), the reflectivity increases gradually once the layer number increases, reaching a max-
imum of 30% for bulk. Regardless of the thickness of the material, the most significant
peak of reflectivity around the visible range located in between 400-450 nm. Moreover,
as illustrated in Fig. 4.3 (g), as the number of the layer increases the transmissivity of
the material decreases. It is seen that while the transmissivity of monolayer and bilayer
CsPblj; is very high in the 600-1000 nm, that of bulk and bilayer is almost zero near the
400 nm.

4.3. Enhanced Stability via Encapsulation

One of the most important issue of perovskite materials are their instability. To
the best of our knowledge, the most stable solar cell based on the perovskite has a one-
year of lifetime.(Grancini et al., 2017) In addition, as a method to enhance the stability,
encapsulation is reported earlier as providing both light and water resistance.(Raja et al.,
2016) In addition, it was reported that the encapsulation of CH;NH3Pbl; perovskite by
monolayer graphene dramatically enhance the stability of the material and maintain the
optical properties upon exposure to moisture and high temperature.(Wang et al., 2018)
Regarding the possible encapsulating materials for the thinnest orthorhombic structure,
recently synthesized SnS,(Su ef al., 2014) has quite matching lattice parameters.

In order to examine the stability of the SnSs-encapsulated monolayers we per-
formed three different sets of molecular dynamic (MD) calculations. In order to construct
the heterostructure, we put 1x2x 1 supercell of monolayer CsPbl; in between two layers
of 2x3x 1 rectangular supercells of 1T SnS,.

In the first set the temperature of the system is kept at 300 K for 5 ps with a time

step of 1 fs. In the second and third sets the temperature is increased from 0 to 500 K up
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to 2 ps and 5 ps with a time step of 1 fs, respectively. The side view geometric structures
of all the three cases at the beginning and end of the MD simulations are shown in the
Fig. 4.4. It is clear that, as the material is heated, the perovskite exhibits small distortions,
while the SnS, layers remain quite robust. No geometric reconstructions or broken bonds
occur in SnS, with increasing temperature. However, the Cs atoms of the perovskite
are highly mobile. Fortunately, the SnS, layers interact strongly with perovskite and
prevent the perovskite from breaking down up to 500K. Moreover, the SnS, layer not only
prevents the material from being disassembled up with increasing temperature increases,
but also protects the material against environmental factors such as moisture, oxidation

and impurities.
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Figure 4.4. Moleculare dynamics simulations of Cs;Pbl; monolayer (a) at 300 K for 5

ps, (b) from 0 to 500 K for 2 ps, (c¢) from 0 to 500 K for 5 ps.
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CHAPTER 5

WATER-INDUCED DIMENSIONAL TRANSITION FROM
CsPbBr; NANOWIRE TO BUNDLES

Recent progress in colloidal synthesis has given rise to a growing concentration on
halide perovskites. Because of the highly ionic characteristics of perovskites, the matter
of stability particularly arises when they exposed to polar solvents like water. In this study,
it is examined water-induced structural evolution of CsPbBr; by conducting state-of-the-
art calculations of first principles and experiments. Although optic images show the slow
degradation of the CsPbBrj yellowish structure in light of daytime, images under ultravio-
let light indicate that crystals are degraded in two steps ; the evolution from blue-emitting
to green-emitting and then to full degradating phase. It is observed that the CsPbBr;
NWs which are as-synthesized, exhibit blue emission under UV and first CsPbBrs NWs
undergo a water-conducted structural evolution to form bundles. The formation of these
bundles is also seen as showing long-term environmental stability.

Even if the intrinsic stability of the all-inorganic perovskites is better than the
organometallic halides, instability is always a struggle, especially when exposed to mois-
ture and polar solvents, e.g. acetone, ethanol, water, etc.(Kovalenko et al., 2017; Iso and
Isobe, 2018; Huang et al., 2017; Li et al., 2017) Yuan et al. found that CsPbl3 quantum
dats can be damaged by light and humidity.(Yuan et al., 2017)

Recent researches on perovskite solar cells (PSCs) illustrates the material defect
sensitivity and instability.(Huang et al., 2017) Lejitas ef al. reported strategies to ad-
dress the problems of CsPbX3 nanocrystals’ structural, thermal and atmospheric degrada-
tion.(Leijtens et al., 2017) Apart from experimental studies, enormous attempts were also
made on PSCs by performing density functional density theory (DFT).(Iyikanat et al.,
2017; Yin et al., 2015; Geng et al., 2014; Kawai et al., 2015; Haruyama et al., 2015)
The CsPbBr3 phase which is alternative to other perovskite phases, recently has ex-
hibited the best optoelectronic properties of organic-inorganic hybrid lead halides per-
ovskites.(Bekenstein et al., 2015; Protesescu et al., 2015)

CsPbBrj crystals were captured at various times under daylight as well as UV
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Figure 5.1. Images of CsPbBrs; (a) at first after drop-casting, (b) 24 hours and (c) 144
hours after water treatment, respectively under daylight and UV light. The
focused area in (d) shows an optic microscope images under daylight and

UV light.

light (254 nm) and shown in Fig. 5.1 in both structural and electronic water interaction
developments. Hexane solution is dropped on the substrate. Then the sample was found
to be yellowish, greenish like color explicit blue under UV, under daylight. As seen in
Fig. 5.1 (b), CsPbBr3 becomes expressly green under UV light, but small blue emitting
regions still exist. More water interactions results in developing of relatively large, white
crystals which do not demonstrate any emission under UV light because of degradation
(Fig. 5.1 (c) and (d)). According to monitoring the water induced crystal evolution and
degradation results indicate that there is two steps such as evolution to a phase which

emits green colour and complete degradation of CsPbBrj crystals.

5.1. Water-induced Evolution from Blue to Green Light Emitting

Structure

While CsPbBr; maintains a yellowish color due to water interaction, it can be

witnessed that the water induced evolution from blue emitting phase to green emitting
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phase under ultraviolate light. As seen in Fig. 5.2 (a), emission characteristics demon-

strate evolution from 450 nm single PL peak to a transition PL peak which consisting of

two peaks. One of these peaks (peak at 450 nm) is assigned to individual NWs, the other

(@)
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Figure 5.2. (a) Time-dependent photoluminescence of NWs interacting with water, (b)
SEM image after 24 hours of interaction with the resulting NW structure,
and (c)-(d) are both as-synthesized and water-interacted samples’ XRD

measurement and Raman spectra. Scale bars are 2 ym.

one is assigned to bundles which are formed by water interacted nanowires in the first 24
hours. And nanowires originated PL peak reduces in time while the bundles originated
one increases after 70 hours.

According to SEM image, the evolution of larger crystals (rods) which are in sizes
of >5 pm from single NWs is demonstrated in Fig. 5.2 (b). Moreover, the inset of Fig.
5.2 (b) also reveals that these rods are consisting of many nanowires. The formation
of bundles is affirmed by these results. It is clear that the red-shift is originated from,
nanowire to bundle evolution induced quantum confinement effect.

From Raman measurements and x-ray diffraction measurements, evolution of

crystal structure of CsPbBr3 perovksites is determinted due to water interaction, as shown
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in Fig. 5.2 (c) and (d). It is observed that the blue and green emitting phases have the
identical crystal structure from x-ray diffractogram. Both cases show the same Xrd pat-
tern as 15°, 22°, 30°, and 31° 26 reflections. Moreover, formed least amount of Cs,PbBrg
is observed from extra 26 reflections at 12° and 25°.(Zhang et al., 2017) When the vibra-
tional characteristics of the blue and green emitting structures are compared, unchaged

perovskite crystal structure can be investigated, as seen in Fig. 5.2 (d).

(a)

Oc O 08B @0 @C @N oH

Figure 5.3. (a) Cs-terminated and (b) Pb-terminated surfaces of CsPbBrj.

DFT calculations are also used for better understanding of water-induced evolu-
tion from nanowire to bundle. The bulk from of orthorhombic CsPbBrj3 is cutted as Cs-
terminated and Pb-terminated surfaces as investigated in Fig. 5.3 (a) and (b), respectively.
In order to investigate the interaction between perovskite surfaces and water molecule
(H50), binding energy (E;) calculation results are compared. It is investigated that bind-
ing energies (E;) of water molecule on Cs-terminated surface and on Pb-terminated sur-
face are found 649 meV and 808 meV, respectively. Additionally, binding energies (E;)

of oleic acid (OA), oleylamine (OAm) on different surfaces are compared with water
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molecule binding energies. For Cs-terminated surface, E; of OA and OAm are calculated
as 698 meV which is comparable with binding energy of H,O, and 463 meV, respectively.
On the other hand, for Pb-terminated surface, E; of OA and OAm are investigated as 221
meV and 874 meV which is comparable with binding energy of H,O on the same surface,
respectively. To be able to completely discuss the ligands, water molecule and perovskite
surface interactions, binding energies of H,O with OAm and OA are found to be 550 meV
and 898 meV, respectively. This results indicate that for OA it is more favorable to bind
with H,O molecule. Therefore, the presence of water molecule causes the detachment of
OA ligand from the surfaces which results in evolution from nanowire to bundle. Last
but not least, the absence of OA may leads to slight phase transition from CsPbBr; to
Cs4PbBrg.(Udayabhaskararao et al., 2017)
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CHAPTER 6

CONCLUSIONS

Modern life develops around the energy and technological advances and all new
inventions increase the energy demand. The way we produce energy is one of the strong
causes of climate change. That is why the best solution is renewable energy sources in
order to overcome this issue for now and the future. The implementation of renewable
energy can be a starting point for acting towards the heart of this issue. The key parameter
for this revolution is that the solution needs to be seemed cost reduction. Especially for
renewable energy, low-cost material research has high priority. Perovskites are promising
materials in this regard. Perovskite materials have an ABXj3 general formula. A is organic
such as CH3NHS (MA), HC(NH,); (FA) or inorganic such as Cs' cation, B is metal
cation as Pb?*, Sn?*, Sb?*, and X is halide anion as Br—, Cl1~, I~ in the crystal structure.
The first type and second type are known as organic-inorganic perovskite and the all-
inorganic perovskite, respectively. The discovery of MAPbI; as a photosensitizer in solar
cell (DSSC’s) in 2009 has led to more attention being paid to these materials. Among
those, all-inorganic cesium lead halide perovskites (ILHPs) have attracted tremendous
attention for recent years. Due to their extraordinary photovoltaic features, ILHPs are
gaining wide variety of role as strong contenders in optoelectronic research with tunable
band-gap, large absorption cross-section, long carrier lifetime, and high carrier mobility.
The fabrication of ILHP nanostructures with controllable size and dimensionality have
become very important. The photoluminescence characteristics of colloidal lead halide
perovskite nanocrystals can be tuned by reducing their dimensionality. Therefore, in this
thesis, experimentally tunable degree of quantum confinement of luminescent CsPbBr;
nanoplatelets were achieved by means of a novel coating approach via electrospraying.
Furthermore, DFT-based calculations were performed in order to investigate the thickness
dependent properties of CsPbl; perovskite and water induced CsPbBrs NWs to bundles
formation is investigated.

Firstly, one pot synthesis and coating of CsPbBr3 nanoplatelets by electrospraying

from precursor solution was investigated as facile and low cost process. Without using
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anti-solvent or heating for crystallization, simply prepared precursor solution was sprayed
under electric field onto the ITO. It was found that the proposed method leads to formation
of CsPbBrs nanoplatelets. By increasing the OAm fraction in precursor solution, the
degree of quantum confinement of nanoplatelets goes up as OAm acts as intercalation
agent between nanoplatelets. In addition, the great potential of electrospraying method
for various applications was introduced by millimeter sized patterning.

Secondly, thickness dependency of characteristic properties of the orthorhombic
phase of CsPbl; perovskite was investigated via state-of-the-art first-principles calcula-
tions. Total energy and phonon calculations revealed that only bilayers and monolayers
with Cs-I terminated surfaces may form stable thin structures. It was showed that en-
ergy bandgap significantly increases, as the thickness of the perovskite decreases from
bulk to bilayer and then monolayer due to size effect. Moreover, the calculations on the
optical response of the structures (dielectric function, absorption coefficient, reflectivity,
and transmissivity) showed that reduction in thickness also leads to the blue shift of the
absorption edge of the optical spectra.

Thirdly, water induced transformation from CsPbBr; nanowires to bundles were
investigated via experimental results and state-of-the-art computational techniques.(Akbali
et al., 2018) It was observed that water molecule interacts with surfactants (oleylamine,
oleic acid) and causes the detachment of them from surface of perovskite NWs. With-
out surfactants, NWs tend to get together and form bundles. This transformation leads
to a red shift in PL spectrum from blue region to green region due to losing of quantum
confinement.

To summarize, experimental and theoretical studies on dimension dependent op-
toelectronic properties of cesium lead halide have been presented in this thesis. Control of
dimensionality helps understanding connections between size and optic, electronic prop-
erties of the perovskite crystals from a fundamental point of view. Thickness tunable
CsPbBr3 nanoplatelets, transformation from NWs to bundles with study of their opti-
cal properties experimentally were achieved. Furtheremore, thickness depedent optic
and electronic properties of CsPbl; perovskites were obtained via state-of-the-art first-
principles calculations. We believe that the results of this thesis succesfully will enlighten
the characteristic properties of low-dimensional perovskites for optoelectronic applica-

tions.
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