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ABSTRACT

EXPERIMENTAL AND THEORETICAL INVESTIGATION OF FUNCTIONALIZED
PEROVSKITES

The last decade witnessed the rapid increase in the interest of the cesium lead
halide perovskites (Cs-LHPs) and their successful applications in optoelectronic devices
and photovoltaics. Increasing interest in perovskites arises from their extraordinary fea-
tures such as having a tunable bandgap, variety in the crystal structure and phases, high
photoluminescence quantum yield, ease of synthesis, and wide range absorption spec-
trum. Desiring to go beyond the emerging findings, subsequent studies have focused on
the functionalization of perovskite nanocrystals (PNCs) by dimensional modifications and
doping. This thesis study focuses on the modification of characteristics of Cs-LHPs by
doping scenarios and dimensional reduction.

Firstly, we reveal the modifications originated from intercalation of Cr*3 and Gd*3
dopants into the Cs-LHP crystal structures. Cr™> doping process is performed by using
room temperature anti-solvent crystallization method. It is observed that the doping pro-
cess leads to the emergence of distinctive signals in the PL spectrum. We clarify the origin
of the each additional PL peaks by experimental measurements and theoretical calcula-
tions. Additionally, white light emission is also achieved by the Cr** doping process.
On the other hand, by using hot-injection method, we synthesized neat and Gd doped
a-CsPblz NCs. The stability of a-CsPbls NCs is increased by the intercalation of Gd>*
ions into the host lattice. Also, enhancement of PLQY and lifetime is achieved by Gd**
doping. Besides, to understand the dopant-induced modifications in the electronic and op-
tical characteristics of perovskites, we also performed ab-initio density functional theory
(DFT) calculations.

In addition, we study how the characteristic properties of Cs-LHPs are modi-
fied upon dimensional reduction. By introducing the electrospraying method we re-
duced the synthesis and coating processes into a single step. Two-dimensional perovskite
nanoplatelets were synthesized by electrospraying. We tuned the emission wavelengths
of nanoplatelets in the range of 100 nm by thickness modifications. Lastly, by using
DFT, we investigated the effect of thickness-dependent modifications on the structural,
electronic, and vibrational properties of the orthorhombic CsPblj structure. Phonon cal-
culations show that two ultra-thin forms of bulk CsPbl; are dynamically stable. Also,
the increase in the bandgap energy of the CsPbl; structure by a decrease in thickness is

revealed by electronic band dispersion calculations.
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OZET

FONKSIYONELLESTIRILMIiS PEROVSKITLERIN DENEYSEL ve TEORIK
INCELENMESI

Son on yil, sezyum kursun halojeniir perovskitlere (Cs-LHP’ler) olan ilgideki
hizli artisa ve optoelektronik ve fotovoltaiklerdeki aygitlardaki basarili uygulamalarina
tanik oldu. Bu yapilara olan ilginin artmasinin nedeni sahip oldukar1 ayarlanabilir enerji
bant arali81, yapi ve faz ¢esitliligi, yiiksek fotoliiminesans kuantum verimliligi, sentez ko-
laylig1, yiiksek tasiyict devingenligi ve genis emilim araliklar1 gibi siradis1 ozelliklerdir.
Perovskitlerin 6zelliklerinde ortaya c¢ikan temel bulgularin 6tesine gegme arzusuyla, son-
raki ¢aligmalar, perovskitlerin fonksiyonellestirilmesine odaklanmistir. Bu tez caligmasi,
katkilama islemi ve boyutsal modifikasyonlar ile sezyum kursun halojeniir perovskitlerin

fonksiyonellestirilmesine odaklanmustir.

IIk olarak, Cr** ve Gd** atomlarinin Cs-ILHP’ler iizerindeki etkileri arastirimistr.

Katkilama islemi, fotoliimiinesans spektrumunda ekstra sinyallere neden olmaktadir. Bu
ekstra sinyallerin kokenini deneysel dl¢ciimler ve teorik hesaplamalar ile agiklanmistir. Bu
sinyallerin yogunluklarinda zaman icerisinde meydane gelen de8isimin sonucu olarak,
beyaz 151k emilimi elde edildi. Ote yandan, Gd** atomunun sisteme eklenmsi ile CsPbl;
yapisinin kararlili81 arttirllmistir. Katkilanmamis perovskitlerin 6zelliklerini ve katkilama
isleminin sonucunda ortaya ¢ikan degisiklikleri anlamak i¢in yogunluk fonksiyoneli teori-
sine dayal1 hesaplamalar gergeklestirildi.

Ayrica, Cs-LHP’lerin karakteristik 6zelliklerinde boyutsal indirgemye bagli olarak
meydana gelen degisimleri arastirdik. Elektrospreyleme yontemi ile, perovskit sentezi ve
kaplama iglemlerini tek asamaya indirgenmistir. Elektrospreyleme yontemi ile iki boyutlu
CsPbBr; perovskit nano levhalar sentezlenmistir. Kalinlik modifikasyonlariyla, nano lev-
halanrin emisyon dalgaboylar1 ayarlanabilir hale getirilmistir. Son olarak, boyutsal modi-
fikasyonlarin CsPbl; kristalinin yapisal, elektronik ve titresimsel 6zelliklerinde meydana
getirdigi degisiklikler, yogunluk fonksiyoneli teorisi bazli hesaplamalar ile incelenmistir.
Olas! iki ultra-ince yapinin dinamik olarak kararli oldugu fonon hesaplamalar: ile or-
taya konmustur. Boyutsal indirgemeye bagli olarak meydana gelen bant araligi enerji

degerindeki artig elektronik bant dagilimlar ile gosterilmistir.
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CHAPTER 1

INTRODUCTION

In this age, the rate of renewal of technology has increased considerably. To take
civilization to the next level, technology is progressing to an advanced level day by day.
However, with a rapid increase in the world population and the increasing use of technol-
ogy in every aspect of daily life, energy consumption has become one of the most impor-
tant problems of today. Due to the increase in the energy needs of humanity, this problem
has reached to an unignorable level. Considering the exhaustion of non-renewable energy
sources and the inability to meet humanity’s energy needs, it is clear that renewable en-
ergy is the exact solution. Additionally, the consequences of the use of non-renewable
energy sources in the past centuries have emerged as air pollution, global warming, cli-
mate crisis, and ecosystem imbalances today. Realizing the importance of solving these
problems led people to renewable and clean energy sources.

Although this awareness steer humanity to renewable energy sources, we are still
using renewable energy resources far below their potential. The tendency to renewable
energy sources pointed out problems such as high cost and low efficiency. Therefore, to
overcome these issues, scientists have begun to study on different device structures and
two-dimensional material variations. Within this search, perovskites have come to the fore
as promising materials in the recent past, for the future of energy. Although perovskites
bring with it problems related to durability and efficiency, a large area has been opened
for both researchers and companies.

Much earlier than these advancements, a calcium titanium oxide mineral was dis-
covered in the Ural Mountains by Gustav Rose in 1839.! This mineral is named as per-
ovskite after the Russian mineralogist Lev Perovski and Victor Goldschmidt proposed
crystal structure of perovskite for the first time in 1926.2

Mostly, the metal halide perovskites composed of a monovalent (A) cation, bi-
valent (B) cation, and halide (X) anion (typically, CI~, Br—, I~, or their mixtures) and
have the chemical formula ABX3. Three-dimensional organic-inorganic metal halide per-
ovskites (OIHPs) were first proposed by Weber? in 1978 by using organic molecules such
as CH3NH7 (MA™) and CH3(NHy); (FA™) to occupy A cation and Pb*? as B cation. Two



decades later, OIHPs achieved significant progress thanks to Kagan et al. in the last year
of the 20th century.* After Kojima et al. used MAPbX; perovskites in a solar cell as a
photosensitizer, the use of OIHPs in optoelectronic devices has gained steam.’ By the
increasing interest in using hybrid perovskites in optoelectronic devices, %24 power con-
version efficiency (PCE) and %20 external quantum efficiency (EQE) was exceeded in
solar cells and LEDs, respectively.®”® In addition, their unusual charge carrier transport
properties and high absorption coefficients led to the use of these structures in photode-
tectors,” ' whereas, also detection of gamma rays and X-rays become possible by the
presence of Pb atom.!"!? Despite their salient performances in optoelectronic devices,
OIHPs suffer from instability issue. The sensitivity of their organic groups to light, mois-
ture, and heat limits their applications in long-term devices.

Although studies on perovskites have focused on OIHPs, there is a material group
that has occurred far before them. In the last decade of the 19" century (1893), Wells
reported cesium lead halides and their derivatives by mixing the halides.'® The synthesis
of these now-familiar structures with the chemical formula of CsPbX3_4Y 4 (X, Y =Cl~,
Br~, I7) is first performed by Mgller in 1957. Also, he described their crystal structure,
phase transition, and photoconductivity.!*!> In three-dimensional halide perovskites, di-
valent B-site cations that bridged by halide anions named as metal halide octahedrals.
These octahedrals form B-X sublattice in the structure. The cuboctahedral cavities in
that sublattice are occupied by a small monovalent A cation that provides charge balance.
While Pb?" is mostly used ion as B site cation of IHPs perovskites due to their remark-
able optoelectronic properties, K*, Rb™, and Cs™ are frequently used small alkali metal
cations that are used to occupy the A site. The tilt or rotation of [PbXs]~* octahedra
results in different lattices that described by established nomenclature. ' !’

All-inorganic halide perovskites (IHPs) have attracted much more attention than
OIHPs owing to their superior stability and extraordinary optical and physical properties
compared to their hybrid relatives. The study reported by Protesescu et al. in 2015 lit a
fire by proposing a synthesis of CsPbX3 nanocrystals with high stability, homogeneous
crystal structure, and desired optical properties.'® Enormous and widespread development
of IHPs has encompassed by this resurgence. Attractive results have been obtained thanks
to numerous studies carried out to identify and tune the optical, electronic, and structural

properties of the all-inorganic perovskites. Their high photoluminescence quantum yield



(PLQY, 90%), narrow emission peak, and tunable bandgap enabled the use of CsPbXj5
perovskites in light-emitting diodes, photodetectors, lasing and solar cells.!8 1%-20:21.22.23

Interest in these materials with surprising optical and electronic properties have
been increased with each passing day. Their simple and pocket-friendly synthesis that can
be carried out with inexpensive systems contributed greatly to the developments in this
field. Initially, their phases, chemical compositions, and structural properties were tried
to be clarified, and then limits of researches have been expanded. Although they were
more stable and efficient compared to OIHPs, they were not suitable for industrial and
commercial use in optoelectronic devices yet. After a certain point, studies on IHPs have
focused on discovering their unreleased optical and electronic properties and increasing
their stability and efficiency. Different strategies such as various synthesis techniques,
ligand modification, and doping have been proposed to enhance the structural, optical,
and electronic properties of perovskites.

Inserting different atoms that don’t belong to the host crystal structure is a well-
known process named as doping. The doping process has been used to tune or com-
pletely change the optical, vibrational, electronic, and magnetic properties of semicon-
ductors used in device applications.2#23-26:27.27.28.29.30.31.32 Motivated by the results of the
outcomes of the doping strategy in various materials, it has been widely used to tune per-
ovskite’s properties and increase their thermal and moisture stability.33343%36:37 Elements
that are used as B-site dopant can be classified into two subgroups. Mn2t, Sn?T, Zn?T,
Sr?*, and Ge?* are the mostly used isovalent doping elements,33:3%-40:41.42.43.44 Begides,
the mainly used heterovalent doping elements are Eu®*, AI**, Ce3t, Er¥t, Bi®t, Sb3*,
Yb3+, Ho?t, Tb3", and Sm?3+ 3536.45.46.47,48,49.50,51,52, 53

The last decade has witnessed the impetuous progress of researches on doping
cesium lead halide perovskites. Studies have revealed that it is possible to tune the op-
tical and electronic properties of perovskite nanocrystals. As well as manipulating the

54,55,56,57

chemical composition by anion exchange or mixed cation,’®>? their optical and

electronic properties can be controlled by intercalation of additional atoms to the crystal

lattice 36,45,46,60,61

By using the additional ions, it is possible to provide structural perfection, a phase

transition, or tuning the bandgap of the material. Besides, additional emission signals

61,62

can be obtained from dopant induced additional states in the bandgap. Pan et al. per-



formed successful doping processes of CsPbCl; nanocrystals by using different lanthanide
ions and presented the emission spectra differences depending on the dopant ion.* Also,
Hu et al. observed a dual-color emission of CsPbBr; perovskites by using rare earth el-
ements as a B-site cation dopant.*® Dual-emission originated from the intercalation of
Mn?* ions into the crystal lattice is reported by Liu et al..%* A shift on the Fermi level in
the presence of Bi** ions is reported by Lozhinka et al.>® By using Bi** and Mn?* ions,
Shao et al. obtained white light emission from CsPbCl; NCs.%

Besides tuning the properties of perovskites, a considerable amount of research
has focused on increasing their stability against ambient conditions in terms of their use in
optoelectronic devices. Introducing additional atoms to the host lattice has been confessed
as an effective approach not only to tune optical properties but also to stabilize perovskite
nanocrystals.

Stabilization of perovskites through doping have been studied by many researchers
to raise the importance of perovskites in the industry. Zou et al. proposed a valid Mn*"
doping strategy that stabilizes the lattice structure of cesium lead halide perovskite crys-
tals suffering from poor air and thermal stability under ambient conditions.®> Akkerman
et al. achieved an increase in the stability of a-CsPbl; by intercalation of Mn** ions. Ad-
ditionally, they showed a shrinking effect of the dopant ion due to the smaller ionic radius
on the perovskite lattice that originated from the shortening of the metal-halide bonds by
computational works.*® On the other hand, the contribution of Bi** heterovalent dop-
ing to the stability of a-CsPbls is reported by Hu et al..** Also, reduced grain size and
cubic lattice distortion induced stability increase of Eu** doped a-CsPblj thin films are

reported by Jena et al..”!

Dastidar et al. presented the surface chloride doping method to
increase the moisture stability of CsPbls perovskites.5

Scientists have developed and studied on many different methods in the search
for functionalization of perovskites alongside doping. Within this scope, perovskites of
different sizes from quantum dots(QDs) to single crystals(SCs) were synthesized using
different synthesis methods. It has been demonstrated that using different methods in the
synthesis of perovskites and modifying their dimensions are quite beneficial both in terms
of increasing their stability and tuning their optical, electronic, and vibrational properties

in line with the area in which the material will be used.

Among IHPs, single crystals have received deserved attention due to their sta-



bility and many researchers have published studies on single crystal cesium lead halide
perovskite synthesis in the last decade. By using the Bridgman technique, Stoumpos et
al. proposed millimeter-scale CsPbBr; crystals that have the potential to use in X-ray and
gamma-ray detection.®’ In 2017, Song et al. succeed obtaining 25 cm® CsPbBr; single
crystals with high absorption coefficients via the modified Bridgman technique.® Apart
from the Bridgman method, Dirin ef al. and Saidaminov et al. synthesized CsPbBrs
single crystals using the inverse-temperature crystallization (ITC) method.%>7 In addi-
tion, Rekita et al. presented that it is possible to grow CsPbBrj3 single crystals by vapor
saturation of an antisolvent (VSA).”!

On the other hand, low-dimensional IHP crystals exhibit significant optical and
structural properties and come to fore as promising materials for optoelectronic applica-
tions, especially photodetection devices and hetero-structures. Various synthesis strate-
gies for the preparation of IHP NCs have emerged and developed rapidly to synthesize
quantum dots, NWs, nanoplatelets, nanocubes, nanosheets, and nanorods. Protesescu et
al. that the synthesis of CsPbX3 perovskite NCs are possible by hot injection (HI) method
where the reaction temperature changes depending on the halide.'® To produce nanosheets
at 150 °C, Shamsi et al. dissolved Cs-oleate in oleic acid (OA) and adjusted lateral size
control by using octanoic acid and octylamine as surfactants.”> Additionally, Bekenstein
et al. synthesized nanocubes at 150 °C, while Zhang et al. synthesized 1D nanowires at
the same temperature.”>’* A year after Protesescu’s report, through adjusting the surfac-
tants, reaction time, and reaction temperature Sun et al. synthesized CsPbBr; quantum
dots, nanocubes, nanorods, and nanoplatelets at room temperature (RT) by using the RT-
recrystallization technique.”

In addition to the doping process, the fact that the perovskite crystals synthesized
in different sizes exhibit different optical, electronic, and structural features increased the
interest in the dimension-related changes in the properties of the perovskites.”s””-787 In
this regard, in addition to experimental studies, density functional theory based studies
have been conducted to investigate and clarify the effects of dimensional modifications
in properties of the perovskites. While some scientists have focused on perovskite so-

lar cells,80-81.82

some scientists investigated structural, optical, electronic, and vibrational
properties of perovskites and perovskite-like structures in detail by using density func-

tional theory (DFT) based calculations and simulations. Kawai et al. analyzed hot-carrier



lifetimes from electron-phonon interaction by means of first-principles calculations.®?
Using (DFT) calculations, structural, electronic, and vibrational properties of CsPb,Brs

structure in different dimensions are investigated by lyikanat er al..%*

Authors have pre-
sented that although the Cs atom is essential for the formation of the crystal structure of
the CsPbyBrs, it has no contribution to its electronic structure. Also, it is mentioned that,
besides the bulk form of the structure, single layer CsPb,Brs structures are also dynami-
cally stable. In 2018, Molina-Sénchez et al. reported the correlation between the optical
properties of 2D Cs,PbBr, crystal and excitonic effects.®

This thesis comprises the results of the functionalization of CsPbX3 (X =Br—,17)
perovskite structures by heterovalent doping and dimensional modifications. The experi-
mental results of the studies carried out within the scope of this master’s thesis were exam-
ined using absorption and photoluminescence spectroscopy techniques, scanning electron
microscopy (SEM), scanning transmission electron microscopy (STEM), X-ray diffrac-
tion, photoluminescence quantum yield (PLQY), and lifetime measurements. In order to
support and to get a deeper insight into the physics behind the outcomes, originated from
modifications, DFT based atomic calculations, and simulations were performed.

Cr®" driven single-phase white light emission with quite high CRI obtained by
two-step room temperature synthesis. Further, multiple PL peak regions originated from
the anion-exchange and the presence of Cr®* were investigated. By using the hot injection
method, stability of a-phase CsPbl; at room temperature is increased by intercalation of
Gd3T ions to the host lattice in different molar ratios. In addition, due to the decrease
in defect density, PLQY and fluorescence lifetime of CsPbl; perovskite structure are in-
creased. Both doping scenarios and effects of dopant ions on the electronic structure of
perovskites are investigated by using DFT based calculations. Moreover, a facile and
novel synthesis method, electrospraying is presented. CsPbBr; perovskite nanoplatelets
with tunable optical properties are synthesized by this technique. Furthermore, structural,
optical, electronic, and vibrational properties of various CsPbl; structures in different
thicknesses were investigated on the basis of the DFT based calculations to understand

the modifications originated from the size effect.



CHAPTER 2

METHODOLOGY

2.1. Experimental Methodology

2.1.1. Cesium Lead Halide Perovskite Synthesis

Brief information about various perovskite synthesis methods that are used during

this thesis study is given in this subsection.

2.1.1.1. Chemicals and Equipment

Cesium bromide (CsBr, 99.9 %), lead(Il) bromide (PbBry, 98 %), lead(Il) io-
dide (Pbly, 99 %), chromium(III) chloride (CrCls, 99.9 %), cesium carbonate (Cs,COs,
99.9%), gadolinium acetate (Gd(CH3CO5)3xH50, 99.9 % trace metal basis), 1-octadecene
(ODE, 90%), oleylamine (OLAM, 70%), and oleic acid (OA, 90 %), Hexane (98 %) were
purchased from Sigma-Aldrich. Toluene (>99 %) and N,N-dimethylformamide (DMF,
99.9 %) were purchased from Merck and Tekkim respectively. All reagents were used as
received without any further purification.

1.3 mm inner diameter plastic syringe with stainless-steel needle (21Gx1 1/2,
Interlab), single-channel programmable syringe pump (SyringePump, NE-1000), power
supply (Gamma H. V. Research Ormond Beach, FL), 1 in?, ITO coated glasses obtained
by cutting 3 in? ITO coated glasses (Rs<10 €)/sq., Teknoma). ITO coated glasses are
cleaned first with sponge and dish soap without damaging the ITO layer. After that, 5
minutes of sonication in ethanol followed by washing with acetone and then with distilled

water. Finally, substrates are treated with Ny flow for one minute.



2.1.1.2. Room Temperature Synthesis Method

Preparation of Precursor Solution: The room temperature synthesis of cesium
lead bromide perovskite nanocrystals was performed by following the method proposed
by Li et al..3¢ 0.4 mmol of each CsBr and PbBr, salts were dissolved in 10 mL dimethyl-
formamide (DMF) under vigorous stirring in a glass vial. After complete dissolution of
salts, 1.0 mL OA and 0.5 mL OLAM were added as surfactants and stirred for 10 minutes.

Preparation of Dopant Source: 0.8 mmol of CrCl; was completely dissolved in
10 mL of DMF under vigorous stirring at room temperature.

Crystallization of Doped and Undoped Perovskite Nanocrystals: 5 mL toluene
loaded glass vial placed on the magnetic stirrer. 0.5 mL of precursor solution, was dropped
into toluene under vigorous stirring. To obtain doped perovskite NCs, the method pro-
posed by Zhu et al. was followed with slight modifications.®” 0.5 mL of precursor solution
and 0.5 mL of dopant solution were dropped into the toluene at the same time under vig-
orous stirring. After 3 minutes, the reaction was terminated by stopping the stirring. The
final solution was centrifuged at 6000 rpm for 10 minutes and precipitated crystals are

dispersed in hexane for further use.

2.1.1.3. Hot-Injection Method

Neat and Gd** doped CsPb,Gd; _,I3 nanocrystals were synthesized by following
the hot injection method described by Protesescu et al.'®

Synthesis of Cs-oleate Solution: Oleic acid (OA); 2.5 mL, octadecene (ODE); 40
ml, cesium carbonate (Cs;CO3); 0.814 g were loaded into 3-neck flask and heated to 120
°C under vacuum and vigorous stirring for degassing. After the 1 hour of degassing at
120 °C, the temperature increased to 150 °C under N, flow. Two hours later, a yellowish
Cs-oleate solution that is the cesium source for the second step is obtained. Since it
precipitates out of ODE at room-temperature, the Cs-oleate solution was pre-heated to
100 °C before use.

Synthesis of Doped and Undoped Perovskite Nanocrystals: A glass tube con-

taining 5 mL. ODE and 0.188 mmol Pbl, dried under vacuum and vigorous stirring for 1

hour at 120 °C. For doped nanocrystals, different amounts of Gd(Ac); were added. Af-



ter degassing, 0.5 mL oleylamine (OLAM) and 0.5 mL OA were injected under Ny. By
the complete dissolution of the salt, the temperature was raised to value in the range of
140 - 200° C for tuning the nanocrystal size. Then, 100 pL of Cs-oleate (pre-heated to
100°C) was injected into the 3-neck flask and the solution was quenched by an ice-water
bath 5 seconds after the injection. At last, the mixture was centrifuged and perovskite
nanocrystals redispersed in toluene for further use.

Degassing process described above for the Cs-oleate solution is repeated for a
glass tube containing 1.25 mL of ODE, 125 uL of OA, and 125 uLL of OLAM and then,
the temperature was increased to 150 °C under N5 flow. Subsequently, a 100 uL Cs-oleate
solution preheated to 100 °C is swiftly injected into the glass tube. After 10 seconds from
the injection, the glass tube removed from the setup and immediately quenched by using
a water-ice bath. After that, the nanocrystal solution is centrifuged at 6000 rpm for 15

minutes and precipitated nanocrystals were redispersed in toluene for further use.

2.1.1.4. Electrospraying Method

Preparation of Precursor Solution: For preparing the precursor solution of elec-
trospraying technique, slight modifications were applied on the recipe proposed by Li et
al..% 0.08 M DMF solution including equal amounts of CsBr and PbBr; salts were stirred
until the full dissolution of salts and different amount of ligands (OA and OLAM) were
added to tune the dimension of perovskite nanoplatelets that will be obtained in fabrica-
tion.

Fabrication of Perovskite Film on Substrate: 1.3 mm inner diameter plastic sy-
ringe was loaded with a 0.4 mL precursor solution and placed on to programmable syringe
pump (SyringePump, NE-1000). The distance between 1 in?, ITO coated glasses (Rs<10
QU/sq., Teknoma) and the tip of the stainless-steel needle (21Gx 1 1/2, Interlab) was set
to be 16 cm. For electrospraying, different amount of DC voltage (5, 10, 15, 20 kV) was
applied to the needle by a power supply (Gamma H. V. Research Ormond Beach, FL).
The optimal voltage applied to the needle and the flow rate of the precursor solution was

determined as 20 kV and 1.5 mL/s respectively.



2.1.2. Characterization Techniques

This subsection comprises detailed information about the characterization tech-

niques used during this thesis study.

2.1.2.1. UV-Vis Absorption Spectroscopy

In semiconductor physics, the bandgap is the forbidden region for electrons to
exist and the energy of the bandgap is defined by the energy difference between valance
band maximum (VBM) and the conduction band minimum (CBM) of the material. All
materials have a unique electronic band diagram. Instead of the position vector, VBM
and CBM of a material are defined by crystal momentum, represented as wave vector K,
in energy-momentum space. If the maximum energy state of the valance band and the
minimum energy state of the conduction band of a material possess at the same momen-
tum value, direct transition is allowed and the material is direct bandgap semiconductor.
However, VBM and CBM of an indirect bandgap semiconductor have different momen-
tum values and the AK is large. Thus, direct transition is not allowed. For a transition in a
semiconductor, an electron in the valance band must be excited by an external factor (e.g.
illumination, current etc.). When the amount of energy gained by electron through the
excitation is larger than the bandgap energy of the material, the excited electron occupies
an excited stated in the conduction band. This process is called absorption.

Considering photovoltaic or light-detecting devices, the absorption properties of
a material are crucial. The fundamental information about the material can be obtained
by absorption spectroscopy in terms of wavelength, frequency, or energy. Under the il-
lumination, as the material transmits a portion of the light with the energy lower than its
bandgap energy, it absorb photons with equal and higher energy than its bandgap energy.

Similar to bandgap energies and band alignments, semiconductors have different
absorption coefficients. This coefficient determines the penetration depth of light of a
particular wavelength into a material. Light is poorly absorbed by a material with a low
absorption coefficient. However, a higher amount of light would be absorbed by materials
with higher absorption coefficient. Therefore, before designing an optoelectronic device,

the absorption coefficient is crucial to determine the material to use as a light absorber.

10



To calculate the absorption coefficient, (o), of a material with the thickness ¢, the formula

below is used;

a = (2.303zAy)/t (2.1)

where A, is the absorption. By the absorption coefficient, one can evaluate the optical
bandgap of the thin film by using Tauc Plot technique. The equation of Tauc plot for the

incoming photon with the energy of hv is;

ahv = ag(hv — E,)" (2.2)

where «y is a constant, E, is the bandgap energy and n is a special parameter depending
on the type of the material such as 1/2, 2, 3/2 and 3 for allowed direct, allowed indirect
and forbidden direct and forbidden indirect transitions respectively. A linear line drawn
through the exponential part of the Tauc plot intersects the x-axis at the optical band edge
value and gives the optical bandgap or Tauc-gap value in terms of energy.

On the other hand, UV-Vis absorption spectroscopy can be used to obtain informa-
tion about the crystal structure. Structural disorder and imperfections result in localized
states in the bandgap. Therefore, a large exponential part appears along the absorption co-
efficient curve of low crystalline, disordered, and amorphous structures (near the optical
band edge). This curve is also called the Urbach tail.

Urbach energy has an inverse relation with crystal quality. By using this relation,
it is possible to investigate the effects of applied modifications on the crystal quality. For
example, if the Urbach energy is getting smaller related to the increasing dopant ratio, it
can be said that the doping increases the crystallinity and decreases the disorder of the
structure.

Urbah energy Ey; can be obtained by using the absorption coefficient o and photon
energy (hv);

a = apexp(hv/Ey) (2.3)
where oy is a constant. The logarithm of the two sides of the Eq. 2.3, gives a straight line
equation;

Ina = lnay + (hv/Ey) (2.4)

Therefore, Urbach energy (Ey/) can be obtained from the slope of the straight line

of plotting [na versus the incident photon energy (hv).
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2.1.2.2. Photoluminescence

Emission of light that is not originated from heat is called luminescence. There are
different luminescence types classified due to the source initiating the process such as pho-
toluminescence, electroluminescence, radioluminescence, chemiluminescence, cathodo-
luminescence, mechanoluminescence, and thermoluminescence. All of these lumines-
cence processes play an important role in scientific studies and industry. For exam-
ple, electroluminescence, in which applying an electric field across a material results
in electron-hole recombination triggered light emission is crucial for characterization of
light-emitting diodes; and for detection of poison in air chemiluminescence, light emis-

sion originated from a chemical reaction is used.
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Figure 2.1. (a) Energy diagram, (b) direct and indirect bandgap diagrams.

Among these techniques, photoluminescence (PL) spectroscopy is a non-destructive

and fundamental spectroscopy technique that is frequently used in both scientific studies
and industry. The term photoluminescence covers phosphorescence and fluorescence.
Phosphorescence is a delayed release of absorbed electromagnetic radiation. In fluores-
cence, when external radiations fall on to the material, it absorbs energy. Due to the
characteristic structure of the material, only radiation of specific energy can be absorbed.
This absorption triggers an electronic transition to higher states. Excited electron occu-
pies the excited state for a certain time like 10~® to 10~* seconds, but it is not stable at

excited states. So electron wants to turn back to its ground state and to recombine with
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a hole. This transition is called relaxation or electron-hole recombination and involves
less energy than absorption since the excited electrons lose a small amount of their en-
ergy as heat due to the atomic vibrations in molecules. This transition can be radiative or
non-radiative. In the non-radiative case, since the CBM and the VBM do not pose at the
same momentum value, AK is very large and an electron has to make an oblique transi-
tion. Since this is permitted by selection rule, the energy difference is given in terms of
phonon. If the CBM and the VBM pose at the same K value, a vertical transition occurs
and during this transition, the energy is released in terms of a photon, and this process is
called fluorescence. Emission of photons can be originated from the crystal itself or defect
states. Therefore, photoluminescence spectroscopy is of great importance in obtaining in-
formation about the optical properties of materials especially in the optoelectronic device

area.

2.1.2.3. Scanning Electron Microscopy

One of the most important parts of the characterization of perovskite structures
is optical screening. It is possible to see whether there are nanocubes, nanowires, or
nanoplatelets. In order to create an image, a scanning electron microscope (SEM) scans
the surface by using a focused electron beam. As a result of the interaction of the beam
and the surface, secondary electrons (elastically scattered electrons, SE) and backscat-
tering electrons (in-elastically scattered electrons, BSE) are collected by corresponding
detectors. The image created by collecting the scattered electrons provides important in-
formation about grains, crystal dimensions, crystallization direction, and crystallization
orientation. Besides, some samples were examined in STEM (Scanning Transmission
Electron Microscope) mode. In this mode, as in the SEM, a focused beam scans the
sample but, the image is generated by transmitted electrons. In addition, the electron
vacancies after the interaction of the beam and the sample are filled with electrons of a
higher state. To balance the energy difference between two states, atoms emit character-
istic x-ray that is used for elemental identification and mapping. Since the x-ray energy
of each element is unique, it is used for elemental analysis especially for doped samples
to identify the content of the material.

In this work, Philips XL 30S FEG, FEI QUANTA 250 FEG, and Zeiss Evo 10
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scanning electron microscopes in the Izmir Institute of Technology, Center for Materi-
als Research are used. Since the work includes semiconductor materials, there was no

necessity for any coating processes.

2.1.2.4. X-Ray Crystallography Diffraction Spectroscopy

X-ray diffraction is a technique based on the diffraction of incident X-rays by the
sample. When crystalline samples exposed to the X-rays, they act as diffraction gratings
depending on the spacing of planes in it and cause X-rays to diffract into many directions.
When the conditions specified by Bragg’s Law are satisfied, a constructive interface oc-
curs as a result of the interaction between the incident rays with a sample. The angle
between the incident and diffracted rays is the key parameter of X-ray diffraction. This
angle is related to the lattice spacing (d-spacing) in a crystal by Bragg’s Law. To identify
the sample’s chemical composition, the mean position of atoms, bonds, crystallographic
disorder, and recognition of crystalline phases, X-ray diffraction is a commonly used
characterization technique.

In this work, Philips X'Pert Pro X-Ray Diffractometer in the Izmir Institute of

Technology, Center for Materials Research is used.

2.2. Computational Methodology

2.2.1. Density Functional Theory

This section comprises fundamentals of, one of the most used methods, a compu-
tational quantum mechanical modeling method DFT, to understand the matter in the view

of ground-state electronic structure, electronic, magnetic and vibrational properties.

2.2.1.1. Fundamentals of Density Functional Theory

Information about the properties of any system is enclosed by its quantum me-

chanical wave function. Wave function can be obtained by solving the wave equation,
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which is Schrodinger equation for non-relativistic systems. For simple systems such as
hydrogen atom or 2D square potential, the Schrodinger equation can be solved easily.
The mathematical expression for the wave function of any system can be repre-

sented by the non-relativistic time-dependent Schrédinger equation

HU = BV (2.5)

where the operator H is the energy operator known as the Hamiltonian and the E is the
corresponding eigenvalue for the Hamiltonian operator. The wave function W, the solution
of the Eq. 2.5 are the eigenfunctions of the Schrodinger equation.

However, when more complex systems need to be understood, the Scrodinger
equation becomes more complex for many-body systems, and it is almost impossible to
solve this equation. For a many-body system with M nuclei and N electrons, the non-

relativistic many-body H has the general form of;
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The first and the second terms stand for the kinetic energy of the system in terms of the
electrons and nuclei. The Coulomb repulsion between electrons and nuclei is included by
third and fourth terms respectively. The last term of the equation represents the Coulombic
interaction between the electrons and nuclei.

Unless quantum computers are used, solving the Eq. 2.5 for such a large system
would be almost impossible. Therefore, the introduction of approaches to solve the prob-
lem and attain information about the system is necessary. Density Functional Theory is
one of the most common quantum mechanical methods to obtain an approximate solution
to the Shrodinger equation of a many-body system. DFT defines an interacting many-
body system as a functional of the ground state density that is a function of the position.
By this approach structural, electronic, optical, magnetic, and vibrational properties of

many-body systems can be investigated.

15



2.2.1.2. Hohenberg-Kohn Theorems

In 1964, Hohenberg and Kohn made DFT possible by proving the existence of
universal functional of density. In other words, for a quantum many-body system, its
ground state energy can be explained as a density functional. Their approach resulted in
adroitly proposed two fundamental theorems; () there is one-to-one matching between
densities and external potential for any system of interacting particles in an external po-
tential V_.(r), (i7) The total energy (E[n]) can be defined as a functional in terms of
density. This functional has its global minimum value at the exact ground state energy of
the system. The exact ground state density ng(r) is the density that minimizes the func-
tional. In terms of the ground state wave function, the ground state energy can be written

as the expectation value of the Hamiltonian and V,; becomes,

(Vo [H| W)

AR TTAT

=(H)=(T)+ /d3r1/;xt(r)no(r) + (Vine) + Err 2.7)

2.2.1.3. Hellmann-Feynman Theorem

Hellmann and Feynman evaluated this theorem to its last form and indicated that
forces acting on the nucleus in a system and electrostatic forces exerted on the nucleus
by the other nuclei and the charge density of the electron exchange and correlation are
relatable. For a Hamiltonian which is a function of parameter A with eigenfunction ®(\)
and eigenvalue E()\) derivative of the E with respect to ) is equal to the expectation value
of the derivative of the H with respect to the A and the minimum energy corresponds
to the zero force. In this regard, Hellmann - Feynman Theorem is essential for DFT
based calculations. Also, derivation can be generalized to any parameter, the force in the

Hamiltonian conjugates to any parameter.

oE

F, = —2—
! OR;

(2.8)

Since the force depends on the density of electrons, n, and the other nuclei, when one

considers Eq. 2.7 and Eq. 2.8 the force becomes,
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Fr= (2.9)
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2.2.1.4. The Kohn-Sham Equations

The Hohenberg-Kohn theorem based method minimizing the energy functional by
varying the charge density over all densities is proposed by Walter Kohn and Lu Jeu Sham
in 1965.

The sum of kinetic energy of non-interacting electrons, 7'[n], Hartree energy,
EHartree "and exchange and correlation energy, E,., is used to define the universal func-

tional Fyk[n], and the energy functional takes the form,

En| = /n(r)Vext(T)dr + Fykln] = /n(r)Vewt(r)dr + T'n] + EHortreein] + B,.[n]

(2.10)
It is crucial to define an effective potential which has the form,
Hartree
on(r)
and that equation shapes into the form,
n(r') .,
VI = Vi) + [ Vo) e.12)

where V,.(r) is the exchange-correlation potential derived from the exchange-correlation
energy.
The form of V¢// is implemented to the Schrodinger equation in Kohn-Sham DFT

and one electron Schrodinger like equation is obtained.

1
hv? s veff} b = Eidy @.13)
where the eigenfunctions, ¢;, are the Khon-Sham one-electron orbitals that result in the

electron density,

N
n(r)=>_lo (2.14)
=1
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Since the effective potential, yeff, depends on the density, n(r) due to the form
of Eq. 2.14, the Kohn-Sham equation should be solved by following a certain process.
Construction of effective potential, V¢//, requires an initial guess of the electron density.
Then Khon-Sham orbitals, ¢; corresponding to this V¢// is obtained. Lastly, present
electron density is compared to the previous one. When the convergence is achieved at
this loop, the total energy can be calculated in terms of the final electron density. Even if
the final electron density is obtained by this process, the exchange correlation energy is

still not included.
2.2.1.5. Functionals of Exchange and Correlation

The necessity of exchange-correlation functional to solve the Kohn-Sham equa-
tion and the absence of the exact expression for this functional give arise to introduction of
approximations. Two mostly used approximations, LDA (Local Density Approximation)

and GGA (Generalized Gradient Approximation) are mentioned in this chapter.

Local Density Approximation (LDA) : Local Density Approximation (LDA) is the
simplest approximation introduced by Kohn and Sham and holds for the systems with
slowly varying density. In this approximation, the exchange-correlation energy is approx-
imated by the exchange-correlation functional of homogeneous electron gas of the same
density. The exchange-correlation energy is described by the formula;

ELPAIR] = /n(r)e“mf[n]dr (2.15)

xc

with exchange-correlation energy per electron; €%/,

This basic approximation, which lies behind the most of the modern DFT codes,
provides quite accurate results. It works well for metallic systems however, binding en-
ergies are overestimated as the ionization and ground state energies are underestimated

within this approximation.

Generalized Gradient Approximation (GGA)
The LDA was insufficient for systems with rapidly changing electron densities

and therefore Vn(r); the gradient of the electron density is introduced. Since GGA func-
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tionals are dependent on the electron density gradient, they are known as semi-local func-
tionals. Exchange-correlation energy for the total energy functional in GGA is defined

as;

FGGA,) — / FEGA(n (1), Vn(r))dr (2.16)

2.3. Computational Details

This section includes the methods, input parameters and approaches used in com-
putational calculations and simulations. Theoretical investigation of structural and elec-
tronic properties of perovskites were performed by using Vienna ab-initio Simulation
Package (VASP).%:3 VASP uses the plane wave basis set to solve the Kohn-Sham equa-
tions®® and computes an approximate solution to the many-body Schrodinger equation
of the system with periodic boundary conditions. To simulate the interaction energy
between the core and valance electrons, and to treat electron exchange-correlation en-
ergy, plane-wave projector augmented wave (PAW)°!:*? pseudopotential datasets were
used as implemented in VASP. The exchange-correlation potentials are approximated by
using generalized gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof
(PBE)®* functional and local density approximation (LDA).** Inadequacy of GGA ap-
proximation in considering the van der Waals (vdW) forces were ameliorated by using
the DFT-D2 method of Grimme.” The charge donated and received by atoms was calcu-
lated by using Bader technique.”® The stability of the structures against temperature was
also examined using molecular dynamics (MD) simulations. Additionally, phonon band
dispersions were calculated by using the PHONOPY code to investigate the dynamical
stability.”

The input parameters used for optimization of the structures are as follows. For all
calculations, the kinetic energy cutoff for plane-wave expansion was set to 500 eV. Total
energy difference convergence criterion for self-consistent calculations was set to be 107°
eV to reach the exact ground state of the system. Also force acting on the unit cell is
reduced to a value less than |1| kB in all directions. For the determination of accurate
charge densities, Brillouin Zone integration was performed using various I'-centered k-

point meshes. Gaussian smearing of 0.1 eV was used for bulk structures and 0.05 eV for
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single and bilayer structures electronic density of states calculations.

We also calculated the cohesive energy (E.,;) per atom by using the formula;
ECoh = [Z Natom(i) Eatom(i) - Esystem} /ntotal (217)

where ground state energy of the system and single atom energies are Fy e and Eqyom i)
for the *" atom respectively. 1.4 represents the total number of atoms, and 7440m (i)
shows the numbers of same kind of atoms in the unit cell.

Parameters that vary according to structures are given in the relevant sections.
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CHAPTER 3

FUNCTIONALIZATION OF CESIUM LEAD HALIDE
PEROVSKITES BY DOPING

Cesium lead halide perovskites have attracted significant attention as a promising
class of semiconductors for new age optoelectronic devices. These strong contenders
of optoelectronic device applications exhibit outstanding properties such as tunability of
bandgap, narrow full width half maximum (FWHM) emission peak, high PLQY, large
absorption spectrum, high defect tolerance, long carrier lifetime, and high charge carrier
density.!® 19:20.21,22,55,98,99,100
After understanding the basic properties of perovskites and studying different syn-
thesis methods of various perovskite structures, investigative efforts have turned to the
functionalization of these promising materials. We can divide the different strategies used
to functionalize the cesium lead halide perovskites into four different groups; (i) ligand
modifications, (i1) anion exchange, (iii) doping, and (iv) dimensional modifications. By
ligand modifications, scientists have tuned the optical properties of perovskites by modi-
fying the thickness of the crystal structure, tuned the structure of the perovskite nanocrys-
tals, and increased stability of perovskite nanocrystals.”> 7190191 Op the other hand, with
a different approach, using anion exchange, CsPbBr,Cl, I, structures containing different
ratios of C1~ Br—, and I ions were synthesized and the tunability of optical and electronic
properties of perovskites was achieved.!8:1%-22:55.102

Among these strategies, the doping process has become the most studied strategy
that is used to tune or completely change the optical and electronic properties of per-
ovskite nanocrystals. Many researchers have used different types of atoms as a dopant to
tune the optical and electronic properties of perovskites. Studies have revealed that, emis-
sion color and Fermi level of the perovskite structures can be tuned, additional emission
peaks in the PL spectra and single-phase white light emission can be obtained by doping
strategy,30-45:50.63.64
On the other hand, for perovskites to be suitable for commercial use, how stable

they are against external conditions is a point to be considered. In the functionalization

of perovskites, increasing their stability is at least as important as tuning their optical and
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electronic properties.

Among cesium lead halide perovskites, CsPblz stands out for optoelectronic de-
vice applications. This structure possesses high thermal stability and ~1.7 eV bandgap
which is desirable for light detecting devices such as photodetectors and photovoltaic
cells.! 1% However, although a-CsPbl; (black phase) perovskites are stable at high
temperatures (> 320 °C),!% they are metastable at room-temperature and unable to main-
tain their structure. Unfortunately, the phase transition from a-CsPbl; to 6-CsPbl; non-
perovskite orthorhombic structure which is also called the yellow phase is inevitable.?% 193
To prevent the phase transition in order to use promising properties of a-CsPbl; in op-
toelectronic devices, researchers have focused on increasing the stability of a-CsPbl; per-

ovskite structure by ligand modifications and various doping scenarios,33-3738.39.41.66.102.106

3.1. Tuning the Optical Properties of CsPbBr; Perovskites by
Doping and Anion Exchange

In this section, procedures and results of heterovalent doping of cesium lead bro-
mide perovskite crystals are presented. Neat and Cr*>" doped CsPbBr3 perovskites were
synthesized at room temperature by following a facile route involving an antisolvent re-
crystallization method. In order to understand the effects of the doping process on the
nanocrystals, various amounts of CrCl; dopant solution were used. By the intercalation
of Cr** and Cl~ ions into the CsPbBrjy crystal lattices, distinctive peaks were observed
in the PL spectrum. Experimental measurements and the DFT based calculations reveal
that additional signals originated from CsPbBr,Cl;_, crystal domains, Cr-strained host
lattices, and dopant induced midgap states. Also, single-phase white light emission with
quite high CRI (88) is obtained in a 30-day time interval.

Details about the chemicals and the synthesis of neat and Cr*3 doped CsPbBr,Cl;_,
nanocrystals defined in subsections 2.1.1.1 and 2.1.1.2 respectively. In this work, deuterium-
tungsten light source (DH-2000-BAL), USB2000+ spectrometer (Flame-T-XR1-Es) and
fiber cables (Ocean Optics Inc., Dunedin, FL, USA) in the CENT Research Group Labo-
ratory are used for absorbance and photoluminescence measurements.

For the DFT based calculations of neat and Cr** doped CsPbBr,Cl;_, crystals,

exchange-correlation potentials are approximated by using LDA* and the kinetic en-
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ergy cutoff for plane-wave expansion was set to 500 eV. For the determination of accu-
rate charge densities, Brillouin Zone integration was performed using I'-centered k-point
meshes of 3x3x3. Gaussian smearing of 0.1 eV was used for all structures. Comprehen-

sive information about computational methodology is given in section 2.3.

3.1.1. CrCl;-Driven Modifications in the Atomic Structure

The differences in the optical, electronic, and vibrational properties of the mate-
rial arise as a result of modifications in the crystal symmetry. Therefore, understanding
the structural properties of the material is crucial. Our undoped, and 0.25mL, 0.50 mL,
and 0.75 mL dopant solution injected samples are labeled as Cr0, Cr25, Cr50, and Cr75,
respectively. Our neat sample has orange color under daylight. Following the inclusion
of CrCl; solution, the color of the doped samples under the daylight shift from orange to
yellowish and then to whitish color as the amount of CrCl; solution increases. Moreover,
under UV illumination (A = 254nm), the bright green emission of the neat sample shows
a significant shift toward violaceous color by the increase in the amount of dopant solu-
tion. However, even if the amount of CrCls solution increases, almost there is no visible
difference to the naked eye between the emission color of the doped samples.

Crystals have distinctive spacings between planes. Therefore, it is possible to
characterize the crystal’s structural properties by using X-ray diffraction. The XRD pat-
tern of the neat sample presents sharp signals compatible with the Cs,PbBrg structure.!’
Signals that matches with the Cs,PbBrg perovskite structure are labeled with "*". As the
CrCl; solution introduced, extra reflections that match well with the CsPbBr,Cl;_, has
appeared in the XRD pattern of doped samples. The reflection signals of CsPbBr,Cl;_,
structure are marked with dashed lines.'® As the CrCl; concentration increases, some of
the Cs,PbBrg signals remain, however, X-ray diffractogram is dominated by the signals of
CsPbBr,Cl;_, crystal. Moreover, the shift towards higher 6 values indicates the shrinkage
of the structure due to anion exchange and Cr™? incorporation.>

To visualize the crystal structure of the neat and doped perovskite crystals, sam-
ples were characterized by SEM imaging. The SEM images of samples Cr0 and Cr75
are given in Fig. 3.2. It is seen that the undoped sample consists of two different struc-

tures with cubic and rhombus shapes. Those shapes were highlighted with green and
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yellow lines, respectively. Compatible with the XRD measurements, the undoped sample
is composed of rhombus-shaped Cs,PbBrg crystals and the presence of CrCl; leads to the
formation of a significant amount of crystals in the cubic phase indicating the formation

of CsPbBr,Cl;_, nanocrystals.
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Figure 3.1. (a) Photographic images under daylight and UV-light and (b) X-ray diffrac-
tion patterns of Cr0, Cr25, Cr50, and Cr75 samples.'® Reprinted with per-
mission from Ozen et al. J. Appl. Phys. 125(22):225705 2019. Copyright
2019 AIP Publishing.

In the doping scenarios, it is crucial to clarify whether the structure is doped or not.
Besides, in cases involving both anion exchange and doping, origin of the modifications
should be identified. To identify the sample’s chemical composition, energy dispersive
X-ray (EDX) analysis is performed. The intensive amount of Cs* and Br~ atoms in
the undoped sample indicates the formation of Cs;PbBrg while Cr75 possesses relatively
close amounts of Cs* and Br~ atoms. Results also prove the presence of Pb>" atom in
both structures and Cr*" and C1~ atoms in the doped samples. All Cr-doped samples con-
tain various amounts of Cl~ because of the higher electronegativity of C1~ compared to
Br~. Based on the EDX results, the stoichiometric ratios for the samples Cr25, Cr50, and

Cr75 are CsPbBry 41 Cly 59:Cr, CsPbBrj 93Cls o7:Cr, and CsPbBr 9Cls 31:Cr respectively.
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Figure 3.2. SEM images and energy dispersive X-ray (EDX) analysis of (a, c) Cr0,
and (b, d) Cr75 samples.'® Reprinted with permission from Ozen et al. J.
Appl. Phys. 125(22):225705 2019. Copyright 2019 AIP Publishing.

To ensure the accuracy of the experimental findings and to see into the physics
behind the dopant induced modifications, we analyzed neat and Cr-doped CsPbBr3 and
CsPbCl; crystal structures by using density functional theory-based calculations. The
optimized lattice parameters are a=8.30 A, b=793 A, c=11.31 A and a=7.93 A, b=7.59
A, ¢=10.83 A for undoped orthorhombic (Pnma) CsPbBr; and CsPbClj crystals, respec-
tively. Besides, each Pb?>* atom bonds with six Br~ atoms with the 2.92 A bond length
in the CsPbBrj3 structure, while Pb-Cl bond length in the CsPbCl; is found to be 2.72 A.
Further, the Cr-doping scenarios are investigated by total energy calculations. Comparing
total energies of neat and doped structures reveals 0.34 eV and 0.62 eV energy gain in the
case of substitutional doping of Cr3* atom as B-site cation into CsPbBr; and CsPbCl; host

lattices, respectively. Very similar to the charge donation of the Pb?* atom in the undoped
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structure, Cr3* donates 1 and 1.2 e to the CsPbBr; and CsPbCls structures, respectively.
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Figure 3.3. Calculated XRD patterns of bare and doped (a) CsPbBr3, (b) CsPbCls
structures. Crystal structure of (c) undoped, (d) Cr-doped CsPbBr;.!%
Reprinted with permission from Ozen et al. J. Appl. Phys. 125(22):225705
2019. Copyright 2019 AIP Publishing.

DFT calculations reveal that Pb-Cr substitution causes 6.77 % shrinkage in the
host lattices of CsPbBr3 structure and Cr-Br bond is 1.2 % shorter than the Pb-Br bond.
Moreover, the characteristic XRD signals, marked with dashed lines, of bare CsPbBrs
structure overlaps when theoretical and experimental X-ray diffractograms are compared.
In the case of Cr-doping, a shift towards higher 26 values in both experimental and the-
oretical X-ray diffractograms reveals the shrinkage originated from Cr-Pb substitutional

doping.



3.1.2. CrCls-Driven Modifications in Electronic and Optical

Properties

The Cr-doping process leads to modifications in the optical and electronic prop-
erties of perovskite crystal as well as structural changes. This subsection includes the
results of optical measurements and electronic band dispersion calculations performed to
understand these modifications.

PL spectra of Cr0, Cr25, Cr50, and Cr75 samples are presented in Fig. 3.4. Under
254 nm UV-light illumination, CrO sample exhibits sharp and single emission peak at
525 nm. However, unlike the undoped structure, Cr-doped samples exhibit additional
distinctive PL peaks in the range of 400 - 775 nm. As shown in Fig. 3.4-(a), peaks in the
different regions behave differently depending on the dopant ratio and are localized in the
red, green, and blue region of the visible spectrum. Therefore, the PL spectrum is divided

into three sections regarding these regions and clarified separately.
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Figure 3.4. Normalized (a) PL, (b) absorption spectra of the Cr0, Cr25, Cr50, and
Cr75 samples.'® Reprinted with permission from Ozen et al. J. Appl.
Phys. 125(22):225705 2019. Copyright 2019 AIP Publishing.

The first group in the blue region consists of three separately localized peaks be-
tween 476 and 427 nm. Although the blue shift in this region is proportional to the
increase in the amount of the dopant solution, the origin of this shift is independent of
the Cr3* ratio. Peaks and such shifts in this region are originated from anion exchange.>*
Since increasing the amount of Cr by adding more CrCl; dopant solution also increases

the amount of CI™ ions in the solution before crystallization. This increase enables more
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anion (Br~-Cl7) exchange and the number of Cl~ ions in the host lattice increases.

In the second group, peaks have emerged around 515 nm and behave differently
than the first group. This group is completely independent of the amount of Cl™ ions.
The XRD measurements and theoretical XRD calculations verify the shrinkage of the
structure in the case of Cr-Pb substitution, while DFT based structural optimization cal-
culations show that this substitution is energetically favorable. Besides, Pb-Cr substitution
originated shrinkage of CsPbBrj structure have shown by DFT simulations. Due to this
Cr-induced shrinkage in the structure, the bandgap of the host lattice increases and the
emission peak shifts from 525 to 515 nm. The fact that this shift is independent of the
amount of C1™ indicating a barrier for anion exchange caused by the presence of Cr atoms
in the CsPbBr; lattices.

The third group including broad emission peaks covers the large region between
675 and 775 nm. Similar to the second group, this region behaves independently from
the amount of CI~ ions and intensity of peaks increases related to the Cr3" ratio. Elec-
tronic band dispersion calculations of undoped and doped CsPbBr3; and CsPbCl; reveal
the dopant-induced narrow and broad midgap states along the whole Brillouin Zone. Both
experimental and theoretical results prove that, emission in this region originates from Cr-
induced midgap states. These findings are the evidences of successful doping process as
well as they explain the origin of the modifications.

Besides the PL spectrum, the absorption spectrum provides information about the
optical and electronic properties of the materials. The normalized UV-Vis absorption
spectra of the doped samples and undoped sample are presented in Fig. 3.4-(b). The effect
of anion exchange is also seen in the absorption spectrum by the shift of the absorption
edge from 530 through 460 nm.

On the other hand, the absorption spectrum of the neat sample exhibits two ab-
sorption peaks located at 235 and 525 nm, respectively. Intesities of these peaks are
related with the formation of the different phases of cesium lead halide perovskite struc-
tures.!%”-1% Absorption spectrum of Cr0 sample indicates the formation of Cs,;PbBrg with
a trace amount of CsPbBrj crystals.

It is seen that the difference between the intensities of these peaks decreases by the
increase in the dopant ratio. Compatible with the EDX, XRD, and SEM result, this change

of the intensities indicates the dopant induced increase in the formation of CsPbBrj crys-
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tals that are crystallized in a cubic shape. After the doping process, the form of absorption

spectra begins to resemble the CsPbBr3; NC absorption spectrum. '
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Figure 3.5. Electronic band dispersion of bare and doped (a) CsPbBr3 and (b) CsPbCr3
structures.'® Reprinted with permission from Ozen et al. J. Appl. Phys.
125(22):225705 2019. Copyright 2019 AIP Publishing.

3.1.3. Single-Phase White Light Generation

The interaction of perovskites with air and moisture causes changes in the elec-
tronic structure and optical properties of perovskites. Although the Cr** doped perovskite
nanocrystals initially emit violaceous light due to the high CI™ ratio, the white light emis-
sion was observed after 30 days. This time-dependent shift was tracked by PL measure-
ments and presented in Fig. 3.6. Comparing two measurements made at 30-day intervals,
it was clearly seen that, intensity of PL peaks originated from anion exchange and strained
CsPbBr; crystals decrease significantly and become comparable to the intensity of the PL

peak originated from midgap states. Similar intensities of PL peaks at three region corre-
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sponding to the RGB scale resulted in white light emission.
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Figure 3.6. Photoluminescence spectrum of the Cr75 sample (a) at t = 0 and t = 30
days. Inset: the photographic image of the sample under 254 nm UV-light
and (b) plotted on the CIE diagram at t = 30 days.'®® Reprinted with per-
mission from Ozen et al. J. Appl. Phys. 125(22):225705 2019. Copyright
2019 AIP Publishing.

To understand the change in the intensities of the PL peaks, we performed DFT
simulations to observe the effect of a water molecule on doped and neat CsPbBr3 and
neat CsPbCl; crystal structures. 150, 190, and 420 meV of adsorption energies per HoO
molecule were calculated for CsPbBrs, CsPbCl;, and Cr-doped CsPbBrj, respectively.
Obviously, the CsPbCl; crystals interact more strongly with the water while Cr-doped
perovskite crystals interact weaker. This difference clarifies that moisture leads to more
disruption of Cl-containing structures and a decrease in PL densities faster.

Commission Internationale de I'Eclairage (CIE) chromaticity diagram is used to
characterize the colors. The red circle located at the color coordinates x = 0.3161 and y
= 0.3938 confirms the generation of white light. These coordinates are quite close to the
coordinates of pure white light (x = y = 0.3333). Furthermore, this sample shows high
Color Rendering Index (CRI) of 88 and Correlated Color Temperature (CCT) of 6000 °K

indicating that it is commercially viable.
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3.2. Increasing the Stability of CsPbl; Perovskites by Doping

In this section, procedures and results of heterovalent doping of cesium lead iodide
perovskite crystals are presented. The neat and Gd** doped CsPbl; perovskite nanocrys-
tals are synthesized at 150 °C using the hot injection method. Various amounts of dopants
are used to understand the effects of the doping process on the nanocrystals. 0, 5, 10, and
15 % mole Gd** samples are labeled as neat, Gd5, Gd10, and Gd15, respectively. With
the addition of Gd?* ions to the host lattice, the stability of the a-CsPbls perovskites
in the ambient conditions is doubled compared to the undoped «a-CsPbI3 perovskites.
Moreover, by the intercalation of Gd** ions, photoluminescence quantum yield and flu-
orescence lifetime of a-CsPbl; perovskites increased 10 % and 35 % respectively. In
addition, cohesive energies of neat and doped crystals are calculated by DFT based ge-
ometric optimization calculations. Lastly, the effects of dopants in the electronic band
structure of the perovskite crystal are investigated and experimental findings are verified
by using density functional theory.

Details about the chemicals and the synthesis of neat and doped CsPb,Gd;_,I3
nanocrystals defined in subsections 2.1.1.1 and 2.1.1.3 respectively. Absorption, photolu-
minescence, photoluminescence quantum yield, and time-resolved lifetime measurements
are carried out on a FSS5 spectrofluorometer (Edinburg Instruments, U.K.)

For the DFT based calculations of neat and Gd doped CsPbl3 crystals, exchange-
correlation potentials are approximated by using GGA®® and the kinetic energy cutoff
for plane-wave expansion was set to 250 eV. For the determination of accurate charge
densities, Brillouin Zone integration was performed using ['-centered k-point meshes of
3x3x3. Gaussian smearing of 0.1 eV was used for all structures. Comprehensive infor-

mation about computational methodology is given in section 2.3.

3.2.1. Structural Analysis and Stability Increase

To confirm the doping process and to understand the structural modifications orig-
inated from the intercalation of various amounts of Gd** atoms into the host lattice of the
CsPbl; structure, XRD measurements were performed and presented in Fig. 3.7. XRD

reflections confirmed that all samples were synthesized in the pure cubic perovskite struc-
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ture without any secondary phases. Also, the XRD reflections indicate the successful
doping of Gd** atom to the structure. First, as the dopant ratio increases, the slight shift
of the reflection signals to the higher 26 values is observed. This shift is attributed to the
Gd3* - Pb2t substitution. Since the ionic radius of the Gd*t (rggs+ = 0.93 A) is smaller
than the ionic radius of Pb?*t (rpp+ = 1.19 A), shrinkage in the structure and thus, shift

in the XRD reflections are observed.
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Figure 3.7. XRD patterns of neat, GdS, Gd10, and Gd15 samples. Peaks shift at the
(100) plane and peak splitting at the (200) plane.!!! Reprinted with permis-
sion from Guvenc et al. J. Phys. Chem. C 123(40):24865 2019. Copyright
2019 American Chemical Society.

Further, the dopant induced splitting in the XRD signal representing (200) plane
shows that the dopant ions successfully takes place in the perovskite structure. This split-
ting is probably caused by reduced symmetry of the cubic phase by the intercalation of
dopant ions. This kind of structural distortions can lead to an increase in the stability
of the a-CsPbls. The peak splitting in (200) plane of Eu*" doped CsPbl; structure is
reported by Jane et al.’' The authors also mentioned that the distortion of the cubic
structure increase the stability.

The stability and the distortion of the crystal structure can be indicated by using

Goldschmidt’s tolerance factor;
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Rx 4+ Ra
t= 3.1
\/ﬁ(RB -+ Rx> G-1)

where Ry is the radius of the anion in the structure and R4 and R represent the radius

of the A-site and B-site cations, respectively.>!'%113 The effective radius of B-site cation

(R'p) is calculated by using;

R/B = (1 — $)pr2+ + l’RGdBJr (32)

and the effective tolerance factor ¢’ is calculated by using;

po fix+ Ra (3.3)
V2(R; + Ryx)

Since the ionic radius of Gd®* is smaller than that of Pb%*, Goldschmidt’s toler-

ance factor increases in the case of Gd** incorporation into the host lattice. The tolerance
factors for the neat, GdS5, Gd10, and Gd15 samples are calculated to be 0.807, 0.810,
0.813, and 0.817, respectively. This increase in the factor value indicates the dopant in-
duced enhancement of stability.

Moreover, to understand the structural degradation and phase transitions we per-
formed time-dependent XRD measurements for neat and Gd10 samples (Fig. 3.8). Char-
acteristic reflection signals of the a-CsPbls crystals observed in the neat sample have
begun to disappear in 2 days and the complete phase transition to the d-phase is observed
in 5 days. Besides, for the Gd10 sample, the reflection signals indicating the presence of
d-phase were first observed on the 5 day and the complete transition to the 6-phase took
12 days after synthesis.

The structural analysis is completed by STEM imaging and comparison of particle
size distributions of neat and Gd10 samples presented in Fig. 3.9. The neat sample has 15
=+ 4 nm, while Gd10 exhibits 15 £ 2 nm of particle size distributions. It is observed that
the length of the particles remains unchanged where the size distribution gets narrower

after the doping process.
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Figure 3.8. Time dependent XRD patterns and time-dependent images of (a, ¢) neat
and (b, d) Gd10 samples.'!! Reprinted with permission from Guvenc et
al. J. Phys. Chem. C 123(40):24865 2019. Copyright 2019 American
Chemical Society.
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Figure 3.9. STEM images and particle distributions of (a, ¢) neat and (b, d) Gd10
samples.'!! Reprinted with permission from Guvenc et al. J. Phys. Chem.
C 123(40):24865 2019. Copyright 2019 American Chemical Society.



3.2.2. Optical Analysis

To understand the Gd** induced modifications in the optical properties PL, ab-
sorption, PLQY, and lifetime measurements are carried out. (Fig. 3.10) The PL signal
of the neat sample at 683 nm with 39.0 nm FWHM shows that our results are consistent
with the literature.!® All samples containing different amounts of Gd** exhibit nearly 1.8
eV direct bandgap. The corresponding PL peak positions of neat, Gd5, Gd10, and Gd15
samples are 683, 686, 688, and 683 nm, respectively. The red shift of GdS and Gd10
samples indicates the formation of dopant originated new states just below the conduc-
tion band.!!'* On the other hand, contrary to this trend, although the increase in the dopant
ratio, the blue shift was observed in the PL peak of the Gd15 sample. This shift can be
attributed to the Moss-Burstein effect.!!>!!® When excess n-type doping is applied on the
host lattices of a semiconductor, the interaction between the dopants causes to partially
filled impurity sub-bands occur within the conduction band. The possibility of this in-
teraction is related to the amount of doping. When the extra electrons are introduced to
the structure, Fermi level lies within the conduction band and higher levels of impurity
sub-bands get occupied. This results in emission from higher states.

Moreover, PL FWHM values for neat, Gd5, Gd10, and Gd15 samples are 39.0,
34.5, 34.0, and 37.0 nm, respectively. The Gd10 sample has the narrowest FWHM among
all samples. A trend similar to that of PL signals is observed in the view of FWHM values
of the peaks. Since the more uniformly sized crystals obtained by doing up to the critical
doping amount (10 % mole Gd*"), the peaks get narrower. However, FWHM of Gd15
sample increases. This result is consistent with particle size distribution data obtained
from STEM images.

The same trend continues in the PLQY measurement results consistent with pre-
vious measurements. 70, 74, 80, and 72% PLQY values recorded for neat, Gd5, Gd10,
and Gd15, respectively. Obviously, Gd*>" doping increases the PLQY of the CsPbl; per-
ovskite structure. This enhancement indicates the increased radiative transition amount
induced by the defect reduction effect of Gd** ions. The reduction of defects attributed

to the extra incorporation of I~ ions in the case of heterovalent doping.*®
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Figure 3.10.
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Absorption and PL spectra of neat and doped CsPbl3 nanocrystals. Images
of samples under 254 nm UV-illumination.'!" Reprinted with permission
from Guvenc et al. J. Phys. Chem. C 123(40):24865 2019. Copyright
2019 American Chemical Society.
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Figure 3.11. (a) PLQYs of all samples excited with 460 nm wavelength light. (b) Time-

resolved fluorescence lifetimes of all samples excited by 560 nm laser and
collected lifetime decays fitted with the biexponential function. Inset: ob-
tained data from fitted curves.!!! Reprinted with permission from Guvenc
et al. J. Phys. Chem. C 123(40):24865 2019. Copyright 2019 American
Chemical Society.
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For further investigation, time-resolved fluorescence lifetime measurements were
performed. Fluorescence lifetime curves were fitted with the biexponential function to
calculate slow (radiative recombination) and fast (non-radiative recombination) compo-
nents. Fluorescence lifetime curves and data set obtained from fluorescence lifetime
curves are shown in inset of Fig. 3.11-(b). The average lifetime was calculated using

the following equation;

A1’7'12 + A27'22

34
A17'1 + A2T2 ( )

Zfavg -

where A; and A, are the constants and 7; and 75 are the fast and slow recombination
times, respectively.

For the Gd10 sample, the radiative component value increases from 48.8 to 66.3
ns while the calculated average lifetime increases from 47.4 ns to 64.4 ns. As expected
both the radiative component and the calculated average lifetime decreases for the Gd15
sample. It is clear that Gd** doping up to a certain point increases the contribution of
the radiative component and prolongs the average lifetime. Similarly, an increase in the
radiative component of the lifetime and its contribution to the average lifetime by doping
is reported. This enhancement may be originated from reduced defects that are generated

again in the case of high doping levels.
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Figure 3.12. (a) Absorption coefficients on log scale and (b) Urbach energies of neat
and doped samples.'!! Reprinted with permission from Guvenc et al. J.
Phys. Chem. C 123(40):24865 2019. Copyright 2019 American Chemical
Society.

In the absorption spectra of undoped and doped samples, a sharp excitonic signal
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indicating the presence of nanowires or nanoplatelets is not observed.!'”!!® Consistent
with STEM images, absorption edges indicating the formation of nanocubes were ob-
served. Further investigation on structural properties and stability is performed by calcu-
lating the Urbach energies. Structural disorder and imperfections result in localized states
near the optical band edge. Therefore, a large exponential part appears along the absorp-
tion coefficient curve of low crystalline, disordered, and amorphous structures. This curve
is also called the Urbach tail.'’ To examine and compare the Urbach tails of samples,
their absorption coefficient versus photon energy graphs were plotted. The logarithmic

part of the absorption coefficient is fitted using Urbach’s rule;

E= ) EO)} (3.5)

a(E) = agexp [U(T)( T

where a(E) is the absorption coefficient; F, Ey, and o are the characteristic parameters
of the material; o(7) is the steepness factor; kg is the Boltzman constant; 7 is the absolute
temperature.

Urbach tails and Urbach energies that are calculated by using the slope of fit given
in Eq. 3.5 are presented in Fig. 3.12. Urbach energy and structural disorder are inversely
proportional. The Urbach energy of the neat sample is calculated to be 14.1 meV. By
incorporation of the Gd** ion to the system, Urbach energy of Gd5 sample decreases
to 12.19 meV. With the increase in the dopant ratio, the Urbach energy, decreases to
11.4 meV for the Gd10 sample. However, in the case of excessive doping, the Urbach
energy of the Gd15 sample increased to 11.7 meV. This trend obviously shows that Gd**
doping decreases the defect density. Besides, the increased the Urbach energy of the
Gd15 sample indicates the over-doping promoted trap defects. A similar trend in the
Sb3* doped CsPbBr; perovskite has been reported by Zhang et al..>> Authors showed
that heterovalent doping causes a decrease in the defects up to a certain point, and when
this point has exceeded the increase in the number of defects is inevitable. Also the trend
observed in Urbach energies is consistent with the results of photoluminescence, lifetime,

and PLQY measurement.
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3.2.3. Theoretical Analysis

The energy optimization calculations and the electronic band dispersions of neat
and Gd** doped structures are performed by using DFT calculations. The cohesive ener-
gies per atom for neat and doped structures are found to be 3.32 and 3.22 eV, respectively.
The formation of Gd** doped CsPbl; perovskite is 0.1 eV more favorable when the Gd**
ions included before the crystallization.

Each Gd** ion donates 0.12 eV more charge than Pb atoms in the case of Gd*-
Pb?" substitution. Donated charge amounts per atom are found to be 0.76 and 0.64 eV
for Gd** and Pb?" ions, respectively. Therefore, the extra charge around the Gd** ion,
7.52% shortens the lengths of Gd - I bonds (3.19 A) that form the [Gdlz]~* octahedra
compared to the Pb-I bonds (2.95 A) forming [Pblg]~* octahedra. This shrinkage is con-
sistent with the slight shift on the theoretical XRD calculations and experimental XRD
measurements. Finally, electronic band dispersions reveal that Gd-Pb substitutional dop-

ing is n-type doping that changes the electronic properties of the CsPbl; structure.
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Figure 3.13. (a) Structures, (b) calculated XRD patterns, and (c) electronic band dis-
persion diagrams of neat and Gd** doped CsPbl; structures.!'! Reprinted
with permission from Guvenc ef al. J. Phys. Chem. C 123(40):24865
2019. Copyright 2019 American Chemical Society.
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CHAPTER 4

FUNCTIONALIZATION OF CESIUM LEAD HALIDE
PEROVSKITES BY DIMENSIONAL MODIFICATIONS

In the last decade, their outstanding properties such as tunability, narrow full width
half maximum (FWHM) emission peak, high PLQY, large absorption spectrum, high de-
fect tolerance, long carrier lifetime, and high charge carrier density make perovskites a
promising class of semiconductors.!8 1%-20:21:22.55.98.99.100 Qyer time, investigative efforts
have turned to the use of perovskites in optoelectronic devices such as LEDs, photodetec-
tors, lasers, solar cells.80- 120,121, 122,123,124

Scientists have developed many different synthesis methods in the search of func-
tionalization of perovskites to use them in optoelectronic devices. For this purpose, many
different sizes of perovskites, from quantum dots to single-crystal structures, were syn-
thesized and used in device fabrication,!25-126:127.128.129.130. 131

However, certain problems have arisen with the use of different sizes of per-
ovskites in optoelectronic devices. In large structures containing many grain boundaries,
electroluminescence (EL) efficiency of perovskite LEDs (PeLEDs) decreases due to the
increase in the non-radiative transitions originated from trap states.'3 133134135136 A]go,
this trap state-induced nonradiative transitions decrease the quantum yield and the life-

time.'?’

Therefore, to use them in optoelectronics, synthesis and fabrication of low di-
mensional, defect tolerant inorganic lead halide perovskites with controllable size, mor-
phology, and composition is inevitable.!

Another obstacle before achieving desired properties is the coating process that
may cause inhomogeneity and decrease in the efficiency. To overcome this issue and re-
duce to required steps for perovskite synthesis and device fabrication, single-step strate-
gies such as chemical vapor deposition, antisolvent vapor treatment, spray coating, and
electrospraying have been developed.!3%- 140 141,142,143, 144

On the other hand, the emission peak in the red zone and the low band energy
range of 1.7 eV made the CsPbl; perovskite structure stand out among other cesium lead

halide perovskites. Motivated by its desirable bandgap energy, many scientists worked

on the basic properties of this material to completely understand its crystal structure,
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possible phases, optical, and electronic properties. Its optical properties make this mate-
rial remarkable for many device technologies, such as photovoltaic cells, light-emitting
diodes, and photodetectors. However, although the emissive black phase is stable at high
temperatures, its transition into a non-radiative and non-perovskite yellow phase at room
temperature is a major obstacle for the advances in this area. No matter how much the
efficiency of CsPbl; perovskite crystals goes, it seems impossible to make them suitable
for commercial use without obviating the instability issue.

Therefore, a great deal of work on CsPbl; perovskite structures is focused on
solving the stability issue. Different strategies such as doping, ligand modifications, and
thickness modifications are used to increase the stability of CsPbl; perovskites, prevent
or retard the phase transition enough to use in devices. On the other hand, there is an or-
thorhombic phase between CsPbl; perovskites, which is more stable than cubic a-CsPbl;
at room temperature.'* %6 Understanding this phase may be one of the main steps to
make CsPbl; perovskites suitable for use in optoelectronic devices. However, there are
very few studies examining the changes in the properties of CsPbl; depending on their

thickness.

4.1. Tuning the Optical Properties of CsPbBr; Perovskites by

Dimensional Modifications

In this chapter, the dimensional dependency of structural, optical, electronic, and
vibrational properties of cesium lead bromide perovskite structure and facile synthesis
method are investigated. The CsPbBr3 perovskite nanoplatelets are synthesized by using
the electrospraying technique with the innovative use of the known experimental setup.
The single-step process is reported for the CsPbBr; nanoplatelet synthesis and surface
coating. Additionally, to understand the effects of experimental parameters on optical
properties and crystal structure of CsPbBr3 perovskite nanoplatelets, a comprehensive ex-
perimental study is performed on the characterization of the molar ratio of surfactants
(OA, OLAM), the magnitude of the electric field, syringe-sample distance, and the flow
rate. Moreover, we tuned the optical properties of CsPbBr3 nanoplatelets by the ligand

ratio mediated dimensional modifications.
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4.1.1. Experimental Setup and Characterization

Figure 4.1. Photographic image of electrospraying setup.'*’ Reprinted with permis-
sion from Ozcan et al. ACS Appl. Nano Mater C 2(8):5149 2019. Copy-
right 2019 American Chemical Society.

The electrospraying setup includes, syringe pump, power supply, syringe, and ITO
coated glass as a substrate. The electrospraying method is mainly based on antisolvent
evaporation. Plastic syringe is loaded with a 0.4 mL precursor solution and placed on
to programmable syringe pump. DC voltage in the magnitude of kV is applied to the
needle tip while the substrate is grounded to create potential. Under the electric field
created between the needle and the substrate, the pump pushes the precursor solution out
of the syringe and the electric field directs the precursor droplets containing dissolved
salts and surfactants to the grounded substrate. As the accelerated DMF evaporates, the
droplet’s solubility decreases and salts and ligands come together to form perovskite on
the substrate. During this process, there are different parameters that can affect the crys-
tallization, such as flow rate, needle tip-substrate distance, and magnitude of the magnetic
field.

To understand the effect of physical parameters on crystallization, several charac-
terization attempts are made using the precursor solution recipe reported by Li ef al..3¢ At
the first set electrospraying is performed with flow rates of 0.25, 1.00, and 1.50 mL/hr and
the time to spray 0.4 mL of the precursor solution was recorded as 96, 24 and 16 minutes,

respectively. In the case of 0.25 mL/hr flow rate, the low PL intensity at higher energies
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is originated from exposure of crystals to ambient conditions for a longer time and less
evaporation of antisolvent. In the second set, applied voltage is set to the 10, 15, and 20
kV by using 1.5 mL/hr flow rate. Since the potential difference controls the speed of the
droplets, it is obvious that the 10 and 15 kV potential difference is not sufficient for the
evaporation. The desired amount of evaporation for the crystallization is obtained by 20
kV potential difference. Lastly, the distance between the needle tip and the substrate was
characterized by trials of 10, 16, and 23 cm distances. While it was seen that 16 cm was
not sufficient for evaporation of the precursor solution, it was understood that the distance
of 30 cm was too far for the spraying process. After the characterization trials, flow rate,

applied voltage, and distance are specified as 1,5 mL/hr, 20 kV, and 16 cm, respectively.
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Figure 4.2. PL spectra of control sample under various (a) flow rates, (b) applied volt-
ages, and (c) distances.'*’ Reprinted with permission from Ozcan et al.
ACS Appl. Nano Mater C 2(8):5149 2019. Copyright 2019 American
Chemical Society.

4.1.2. Ligand Ratio Mediated Thickness Control

In order to identify the thickness dependent optical properties of electrosprayed
perovskites, the characterized synthesis method was performed by using 500 L of OA
and various amounts of OLAM. Since the OLAM molecules cover to the surface of the

perovskite crystals, they act as an intercalating agent and creates a barrier against inte-
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gration. Their appearance and emission color under UV illumination is presented in Fig.

4.3.
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Figure 4.3. (a) Photographic images, (b) photoluminescence, and (c) absorption spec-
tra of perovskite films with varying amount of OAm and 500 pL oleic
acid.'*” Reprinted with permission from Ozcan et al. ACS Appl. Nano
Mater C 2(8):5149 2019. Copyright 2019 American Chemical Society.

By the increase in the OLAM, emission color of perovskite crystals is tuned from
green towards dark blue. The decrease in the amount of OLAM causes larger and more
defect-containing crystals to form.!*® Besides, the excessive use of OLAM passivates the
crystallization and changes the phase of the formed crystals. Therefore, in the absence
of OLAM and in the case of its excessive use, no emission is observed. On the other
hand, significant changes are observed in PL spectrum of perovskites depending on the
amount of OLAM. The sample with 375 ;L. OLAM exhibits one sharp (440 nm) and less
intense broad peaks in the region between 460 - 560 nm. OLAM acts as intercalating
agent and plays an important role in the formation of ultru-thin nanoplatelets. As the

amount of OLAM decreases to the 250 pL, intensity of broad peaks increase. This change
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in the PL spectrum of the samples indicates that by the decrease in the surfactant ratio,
nanoplatelets coalesce with nearby counterparts. This coalesce results in formation of
thicker nanoplatelets. By decreasing the OLAM ratio to 125 and then 62.5 pL, green
emitting nanoplatelets with a single PL peak around 525 nm is obtained. This quantum
confinement effect is clearly shown in Fig. 4.3.76:14°

STEM images of blue, cyan, and green emitting samples are taken to understand
the structural modifications arise from the differences in the OLAM ratio. To perform
STEM characterization, the samples are dispersed in the hexane and the colloidal disper-
sion in hexane was drop-casted on Formvar reinforced copper grids and dried under a
vacuum. Regional contrast differences indicate the vertically stacked nanoplatelets.

Further structural analysis of the nanoplatelets were performed by XRD measure-
ments. The 26 reflections at 15 © and 30 ° refer to (001) and (002) planes, respectively
(JPDCS no. 01-075-0412). The reflection signals of green emitting and non-emissive
samples match well with the cubic phase of CsPbBr;. However, as the OLAM increases,
these signals disappeared and the new signals that hint about the presence of perovskite

nanoplatelet have emerged.!*"3
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Figure 4.4. STEM images of (a) blue-, (b) cyan-, (c) green emitting perovskite films
on ITO coated glass, and (d) particle size distributions.!*” Reprinted with
permission from Ozcan et al. ACS Appl. Nano Mater C 2(8):5149 2019.
Copyright 2019 American Chemical Society.
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Figure 4.5. XRD reflection patterns of (a) ITO coated glass substrate, (b) non-
emissive, (c) green emitting, (d) cyan emitting, and (e) blue emitting per-
ovskite films on ITO coated glass.'*” Reprinted with permission from Oz-

can et al. ACS Appl. Nano Mater C 2(8):5149 2019. Copyright 2019
American Chemical Society.
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Figure 4.6. (a) Surface, (b) cross-section SEM images, and (c) thickness distribution
of perovskite films on ITO coated glass substrate.!*” Reprinted with per-
mission from Ozcan et al. ACS Appl. Nano Mater C 2(8):5149 2019.
Copyright 2019 American Chemical Society.

The investigation of morphology and thickness are performed by surface and
cross-section SEM images presented in Fig. 4.6. When the cross-section SEM image
and the thickness of the film are considered, 2.5 pm thickness distribution proves the abil-

ity of electrospraying technique to be used in optoelectronic device fabrication processes.
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4.1.3. Coating

One of the most important points in optoelectronic device fabrication is to cover
the desired material on the surface in the desired pattern without any change in the mate-
rial’s properties. With a proper coating method, it is possible to make heterostructure or
circuit designs. Here we used polyethylene terephthalate (PET) made mask to cover the
ITO substrate with a IZTECH logo consists of perovskite. That logo proves that electro-
spraying is an efficient way of not only synthesis but also the coating process which is

crucial for optoelectronic devices.

Figure 4.7. Electrosprayed perovskite IZTECH logo under daylight and UV-light.'#’
Reprinted with permission from Ozcan et al. ACS Appl. Nano Mater C
2(8):5149 2019. Copyright 2019 American Chemical Society.

4.2. Tuning the Properties of CsPbl; Perovskites by Dimensional

Modifications

In this section, the dimensional dependency of structural, optical, electronic, and
vibrational properties of synthesized orthorhombic cesium lead iodide perovskite struc-
tures are presented.'*>!4¢ The possible bilayer and monolayer structures of bulk CsPbls
crystal structure are constructed and investigated on the basis of density functional theory
in detail. It is shown that bilayer and monolayer forms with Cs-I terminated surfaces and
bulk structure are dynamically stable among predicted two bilayer and three monolayer
forms of orthorhombic CsPbls perovskite crystal. In addition, the electronic properties

of dynamically stable structures are investigated by electronic band dispersion calcula-
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tions (LDA+PBEO0+SOC), while the thermal stability of the encapsulated monolayer is
investigated by molecular dynamics simulations.

The DFT based calculations of bulk CsPbl; structure and its bilayer and mono-
layer forms, exchange-correlation potentials are approximated by using LDA* and the
kinetic energy cutoff for plane-wave expansion is set to 500 eV. For the determination
of accurate charge densities, Brillouin Zone integration was performed using ['-centered
k-point meshes of 4x4x3, 4x4x1, and 4x4x1 for bulk, bilayer, and monolayer struc-
tures respectively. For bulk structure 0.1 eV, for bilayer and monolayer structures 0.05 eV
Gaussian smearing is used. The charge donated and received by atoms is calculated by
using Bader technique.”® The stability of the structures against temperature is examined
ab-initio molecular dynamics (MD) simulations. Additionally, phonon band dispersions
are calculated by using the PHONOPY code to investigate the dynamical stability.”” Com-

prehensive information about computational methodology is given in section 2.3.

4.2.1. Bulk Orthorhombic CsPbl;

First, to fully characterize the bulk orthorhombic CsPbl; energy optimization cal-
culations are performed. Fig. 4.8 shows the side and top view of the crystal structure with
tilted [Pblg]~* octahedrals compared to the cubic phase. The a, b, and c lattice parame-
ters are found to be 7.93 A, 8.94 A, and 12.21 A, respectively. According to Bader charge
analysis, the charges donated by Cs and Pb atoms are 0.78 and 0.81 e, respectively. The
charge received by each I atom is 0.53 e.

To investigate the dynamical stability of bulk orthorhombic CsPbl; structure, the
small-displacement methodology is used to obtain elements of the dynamical matrix and
corresponding phonon spectrum. The phonon spectrum 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 computational methodology.

Electronic band dispersion of the bulk structure presents a 1.9 eV direct bandgap.
It is known that around the band edges, the contribution of the Cs atom is negligible.*
The VBM and CBM of the bulk structure possesses at I' point and dominated by I-p and
Pb-p orbitals.
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Figure 4.8. Bulk CsPbls: (a) side view, (b) top view, (c) phonon band diagram, and (d)
electronic band dispersion.'>® Reprinted with permission from Ozen et al.
Comput. Condens. Mater. 23:e00453 2020. Copyright 2020 Elsevier B.
V.

4.2.2. Possible Bilayers of Orthorhombic CsPbl;

To figure out the thickness-dependent properties, two bilayer structures are derived
from the bulk CsPbl; regard to the atoms on their surfaces. The structure that has the Cs
and I atoms at the surface is given by the chemical formula Cs3Pb,l;, while CsyPbslg is
used for the structure with a surface composed of Pb and I atoms.

Among possible bilayer structures, CsyPbsls is dynamically unstable as can be
seen from the imaginary eigenvalues possessing from I' to S in Fig. 4.9. Besides, dy-
namically stable Cs3Pbsl7 exhibits real eigenvalues through all the symmetry points. The

optimized lattice parameters are found to be a = 7.62 A and b = 9.16 A for Cs3Pb,l,
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bilayer with a thickness of 12.46 A. The cohesive energy per atom of the stable mono-
layer is found to be 3.13 eV. The fact that the Cs3Pb,l; structure has formation energy
close to that of the bulk structure (3.40 eV) and exhibits real eigenvalues in the phonon
dispersion band diagram indicating the possibility of the stable ultra-thin structure of the
orthorhombic CsPbls;.

Due to the Bader charge analysis, Pb and Cs atoms donate 0.75 and 0.78 e charge.
In response to this, 0.6 e and 0.5 e charge are received by surface and inner I atoms,
respectively. Although thinning the structure causes the origin of unbonded atoms on the
surface, Cs3Pbsl; exhibits a direct bandgap of 2.6 eV. Similar to the bulk structure, the
VBM and CBM possess at I', but the dimensional modification increases the bandgap of

the monolayer structure about 0.7 eV.

(a) CSSPbZI7

Pbl-Terminated

-9 =9 20
Csl-Terminated

(b) 150
§ 100 3
5 z
=1 5]
s &
© 50
S5

0

Figure 4.9. Possible bilayers of CsPbls: (a) side views, (b) phonon band dispersions of
Cs3Pb,lI; and Cs,oPbslg, and (c¢) electronic band dispersion of Cs3Pbyl;.!%
Reprinted with permission from Ozen et al. Comput. Condens. Mater.
23:e00453 2020. Copyright 2020 Elsevier B. V.
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4.2.3. Possible Monolayers of Orthorhombic CsPbl;

To complete the analysis of thickness-dependent modifications on the CsPblg
structure, we constructed three possible monolayer forms of the bulk structure. Regard-
ing atomic compositions, these monolayers are named as CsPbsl5, CsPbly, and Cs,Pbly.
Phonon calculations reveal that the Cs-rich Cs,Pbl, form is the thinnest, dynamically sta-
ble monolayer form of CsPbl;. The cohesive energy per atom for CsyPbl, is found to
be 3.08 eV. The dimensional reduction leads to a decrease in the a and increase in the
b lattice parameters, respectively. The lattice parameters of dynamically stable thinnest
form are found to be a = 7.38 A and b = 9.28 A with the thickness of 6.30 A.
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Figure 4.10. Possible monolayers of CsPbls: (a) side views, (b) phonon band disper-
sions, and (c) electronic band dispersion of Cs,Pbl,.!>" Reprinted with
permission from Ozen et al. Comput. Condens. Mater. 23:¢00453 2020.
Copyright 2020 Elsevier B. V.

Electronic band dispersion shows that similar to thicker forms, CBM and VBM of
CsqPbl,.possess at I point. The thinnest form of orthorhombic CsPbl; is a direct bandgap
semiconductor with a 2.9 eV bandgap. Bader charge analysis reveals that each Cs and Pb
atom donates 0.79 and 0.75 e charge to surface and inner I atoms that receive 0.64 and

0.52 e charge, respectively.
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4.2.4. Encapsulation and Thermal Stability

To increase the stability of perovskites against light and moisture, one of the com-
monly used methods is the encapsulation. On the other hand, maintaining optical proper-
ties and enhancing stability without decreasing the efficiency of the material may be the

key to use perovskites on optoelectronic devices.!>!+!52

In this regard, recently synthesized
SnS, !> may be proper material for encapsulation of thinnest orthorhombic structure due

to its quite matching lattice parameters.
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Figure 4.11. Molecular dynamics simulation of Cs,Pbl, structure: (a) Initial, (b) 300 K

for 5 ps.!>? Reprinted with permission from Ozen et al. Comput. Condens.
Mater. 23:e00453 2020. Copyright 2020 Elsevier B. V.

Therefore, we constructed a heterostructure and investigated its thermal stability
by molecular dynamics (MD) simulations. The heterostructure was constructed by plac-
ing 2x2x1 supercell of CsyPbl, between two 2x3x1 rectangular 1T-SnS, supercells.
In order to examine the thermal stability of the SnS,-encapsulated monolayer we set the
temperature of the system is kept at 300 K for 5 ps with a time step of 1 fs.

Fig. 4.11 presents the initial and final geometric structures from the side view.
Thanks to the SnS, layers, highly mobile Cs atoms localize at small areas and structure
remains stable up to 300 K. Obviously, small distortions on [Pblg]~* octahedrals can
be seen, but SnS, layers remain robust even the temperature is increased and retain the
structure from breaking down. In addition, the SnS, layer not only prevents degradation

but also protects the surfaces of the material against oxidation, moisture, and impurities.
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CHAPTER 5

CONCLUSION

An increase in the energy requirement of humanity has steered scientists to discov-
ering new two-dimensional semiconductor materials besides renewable energy sources.
In this search, Cs-LHPs have come to the fore as a promising class of semiconductor
materials. Since the working principle of solar cells and photodetectors are based on de-
tection of the light, their low bandgap energies and wide absorption ranges are desired
properties for light detecting applications. On the other hand, tunability of their emission
color enables the production of LEDs in a wide color range. In order to use Cs-LHPs
in optoelectronic device applications, increasing their stability and tuning their optical
properties are crucial. Therefore, within this thesis study, we tune the optical proper-
ties of Cs-LHPs and increase their stability by using doping and thickness modification
strategies.

First, Cr3* doped CsPbBr; perovskites have been obtained by using a room-
temperature synthesis method. SEM images, XRD measurements and simulations con-
firm the Cr®* induced phase transition from Cs;PbBrg to the CsPbBr,Cl;_,.' On the
other hand, incorporation of the Cr3* ions into the lattice causes multiple emission peaks
to emerge. The origin of additional PL peaks are identified as midgap states and strained
host lattice. The DFT based electronic band dispersion calculations verify the presence of
Cr** induced midgap states. Moreover, due to the strong interaction of the C1~ including
domains with the moisture, the PL intensity corresponding to CsPbBr,Cl;_, crystals is
reduced dramatically in time and Cr doped samples start to exhibit clear white light emis-
sion with a high CRI. These findings reveal that the heterovalent doping by Cr®* ion is a
promising way to generate single-phase white light emission.

Second, to increase the stability of metastable a-CsPbl; structure and retard its
phase transition to the room temperature stable non-perovskite yellow phase (9-CsPbly),
doping strategy is introduced by using various amounts of Gd** ions.!!! The peak shift to
the higher 26 values and the peak splitting in the XRD reflections confirmed the substitu-
tion of Gd®* ions into the host lattices. Performed XRD simulations were also consistent

with the experimental results. Total energy calculations reveal that the formation of the
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Gd**-doped structure is more favorable than that of the bare structure. Also, a Gd** orig-
inated shrinkage of the host lattices, is verified by geometric optimization calculations.
Time dependent XRD measurements and the images of the neat and Gd10 sample show
that the Gd10 sample remains its a-CsPbl; phase up to 5 days. Also, dopant induced
modifications are investigated by photoluminescence, PLQY, lifetime measurements, and
Urbach energy analyses. It is shown that the Gd®>" doping decreases the defect den-
sity, provides enhancement on optical properties, and increases the stability of a-CsPbls
nanocubes.

Third, we used the single-step electrospraying method to synthesize CsPbBr; per-
ovskites.!*” The synthesis and coating process is performed by spraying the precursor
solution through ITO coated glass substrates under the electric field. STEM images
and the absorption spectrum confirms the formation of CsPbBr; nanoplatelets. Since
the OLAM acts as intercalating agent between nanoplatelets, we tuned the thickness of
CsPbBr3 perovskite nanoplatelets by altering the OLAM ratio of the precursor solution.
as a result of the quantum size effect we obtained blue, cyan, and green emitting per-
ovkite nanoplatelets. On the other hand, we performed a millimeter-sized coating process
that unveils the potential of this technique to be used in patterned optoelectronic device
fabrications.

Lastly, based on first-principles calculations, we investigated thickness depen-
dency of characteristic properties of the orthorhombic CsPblj structure.'*® Phonon calcu-
lations reveal that bilayer and monolayer forms with Cs-I terminated surfaces may form
dynamically stable ultra-thin structures. Electronic band dispersion analyses revealed that
regardless of the thickness, VBM and CBM of all structures possess at the I' symmetry
point. However, the bandgap energy increases with the decrease in the thickness of the
perovskite. Finally, to obtain heat protection, we encapsulated the CsPbl; monolayer be-
tween SnS, layers. Molecular dynamics simulations reveal that the well-protection of
the encapsulated monolayer structure is obtained at 500 °K. It is clearly shown that or-
thorhombic CsPblj is a suitable candidate for future light detection applications due to its
thickness-dependent properties and high thermal stability.

In conclusion, experimental and theoretical results of the functionalization of ce-
sium lead halide perovskites by doping and dimensional modifications are presented in

this thesis study. Additional emission peaks and single-phase white light emission from
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CsPbBr,Cls_, is achieved by Cr3* doping. The stability of a-CsPbl; increases by inter-
calation Gd®* ions to the host lattice. Also, Gd3* doping increases the PLQY and life-
time of the CsPbl; nanocubes. Furthermore, CsPbBr; nanoplatelets are synthesized by
electrospraying and tunability of the emission color of nanoplatelets provided by thick-
ness modification. Lastly, thickness-dependent optical and structural properties of bulk
CsPbl; structure are investigated by using density functional theory-based calculations.
Possible ultra-thin direct-bandgap forms of orthorhombic CsPblj structure are presented.
I believe that the results presented in this thesis will contribute to the functionalization of

perovskites in order to make them more suitable for optoelectronic devices.
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