FIRST PRINCIPLE STUDY OF INORGANIC
METAL HALIDE PEROVSKITES FOR
SOLAR CELLS APPLICATION

A thesis submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
by
Prettier Morongoa Maleka
Supervisors: R.R. Maphanga and O.M. Ntwaeaborwa
Faculty of Science

University of Witwatersrand






Acknowledgments

I am thankful to my supervisors Professor R.R. Maphanga, and Professor O.M. Ntwae-
aborwa for their assistance, patience, and valuable guidance throughout the course of this
project. Their dedication, effort and knowledge were vital to the project’s success. I would
also love to convey special thanks to Council for Scientific and Industrial Research in pro-
viding the financial support, facilities and other resources throughout my PhD studies. A
Special thanks to the Centre for High Performance Computing for providing of high com-
puting resources which enabled me to carry out simulations and calculations for this study.

I am thankful to my family: my mother (Christina Maleka), brothers, and sister for
their support, as well as my spouse and son (Lucas Gailele and Resiamisitswe Gailele) for
their loving, support and encouragement during the writing of my thesis. Studying for a
PhD is a challenging experience, often accompanied by numerous failed attempts in the
pursuit of new, encouraging results. During periods of stress, exhaustion, and a sense of
hopelessness, having the support, encouragement, and understanding of others is crucial.

Fortunately, my family and friends generously provided me with these essential needs.

iii






Declaration

I, Prettier Morongoa Maleka, hereby declare that all the information provided is accurate

and truthful. If necessary, I will provide the supporting documentation.

VAT

Date: August 15, 2024 Author Name







Abbreviations

PV Photovoltaic
PSC Perovskite Solar Cell
PCE Power Conversion Efficiency
LED Light Emitting Diodes
FF Fill Factor
ETL Electron Transport Layer
HTL Hole Transport Layer
QD Quantum Dots
DFT Density Functional Theory
H-F Hatree-Fock
H-K Hohenburg and Kohn
H-S Kohn and Sham
VASP Vienna Ab initio Simulation
LDA Local Density Approximation
GGA Generalized Gradient Approximation
SCAN | Strongly Constrained and Appropriately Normed
BZ Brillouin Zone
CE Cluster Expansion
ECI Elective Cluster Interaction
UNCLE Universal Cluster Expansion
CVS Cross Validation Score
PBE Perdew, Burke and Ernzerhof
TDOS Total Density of States
PDOS Partial Density of States
CBM Conduction Band Minimum
VBM Valence Band Maximum
PAW Projector Augmented Wave
HEG Homogeneous Electron Gas

LUMO Lowest Unoccupied Molecular Orbital

vil



HOMO

Highest Occupied Molecular Orbital

MA Methylammonium
FA Formamidinium

™ Transition Metal

IPCE Incident-Photon-to-Current Efficiency
Pb Highest Occupied Molecular Orbital
Sn Tin

Ge Germanium

MC Monte-Carlo

CB Conduction Band

VB

Valence Band

viii




List of symbols

Electron density

Hamiltonian operator

Wavefunction

Electron mass

Efficiency

Boltzmann constant

Refractive index

Reduced Planck constant

Specific heat

Exchange-correlation energy

Energy bandgap

Laplace operator

Elementary charge

Boltzmann constant

Debye Temperature

Sound Velocity

S QT |~ [P TO s | =33 € Do

Fermi Level

Bulk Modulus

Shear Modulus

Young Modulus

Poisson Ratio

Q

Absorption Coefficient

Extinction Coefficient

Reflectivity

Conductivity

Real Part Dielectric Function

Imaginary Part Dielectric Function

Goldschmidt’s Tolerance Factor

Octahedral Factor

iX






Abstract

All-inorganic halide perovskites have received significant attention as semiconductor ma-
terials due to their outstanding opto-electronic properties, which have achieved power con-
version efficiency (PCE) of up to 25% in perovskite solar cells. Their exceptional char-
acteristics include long diffusion lengths for electrons and holes, tuneable band gap, high
absorption coefficients, small effective masses, high carrier mobility, and simple repro-
ducible process. Despite these excellent properties, metal halide perovskites have draw-
backs that negatively affect the PCE and stability of the perovskite solar cell devices. This
study investigated all-inorganic halide perovskite, CsPbls, by employing the first-principle
density functional theory (DFT) method. Firstly, the effect of mixing halides on X-site
was investigated to probe the structural stability and opto-electronic properties. The struc-
tural, electronic, optical, mechanical and thermodynamics properties of CsPbl;_,Br, were
investigated using three exchange correlation functionals, namely, LDA, GGA-PBE and
SCAN meta-GGA. The findings revealed that mixed halide perovskites have an ideal di-
rect energy band gap for suitable photovoltaic applications. For GGA-PBE and SCAN
meta GGA exchange correlation functionals, the determined energy band gap ranges from
1.33 eV and 1.877 eV, whereas the LDA band gap ranges between 0.960 eV and 1.137 eV.
The electronic band gaps predicted by GGA-PBE and SCAN meta GGA exchange corre-
lation, which offer better precision compared to LDA suggest that Br-doped CsPbls_,Bry
perovskite is suitable for photons absorption from near-infrared to visible regions of the
spectrum. The modification of the band gap is an essential feature of photovoltaics, as
it enables the optimization of solar cell performance. In addition, the systems CsPbls,
CsPbl;Br, CsPblBr,, and CsPbBr3 exhibited exceptional mechanical and thermodynamic
stability.

Secondly, perovskites that are considered for photovoltaic applications contain toxic
element lead (Pb) on the B-site, which limits application of these perovskites in photo-
voltaic devices. In this study, substitution of toxic Pb with a smaller percentage of selected
transition metals was investigated in order to alleviate the toxicity problems. Thus, CsPbls
doped with 12.5 % concentration of transition metal, Mn, Fe, Ni and Zn was investigated
using DFT. The results showed that transition metal doped-CsPblz perovskites enhanced

the absorption of this material, although they are all indirect band gaps semiconductors.
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All the materials were found to be mechanically stable.

Lastly, cluster expansion which is a method that is capable of describing the concentra-
tion dependent thermodynamic properties of materials while maintaining DFT accuracy,
was used to predict new (CsPbl/Br); structures. The cluster expansion method generated
42 new stable (CsPb),I,Br, (where x =1to 3 and y and z = 1 to 8) structures and these were
ranked the meta-stable structures based on their formation enthalpies. Monte Carlo calcu-
lations showed that CsPbl 5Brg s composition separates into different phases at 300K, but
changes to homogeneous phase at 700 K, suggesting that a different phase of CsPbl; may
exist at higher temperature. Among the 42 predicted structures, randomly selected struc-
tures around iodide rich, 50:50 and bromine rich sites were studied further by determining
their electronic, optical, mechanical and thermodynamic properties using DFT. The ma-
terials possess similar properties as cubic Br doped CsPbl3 perovskites. The mechanical
properties of these compounds revealed that they are ductile in nature and mechanically
stable. In summary, the thesis present a novel work on introduction of impurities into
CsPbl; perovskite material as well as compositional engineering to alter its electronic and

optical properties for solar cells application.
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Introduction

1.1 Background

The depletion of non-renewable resources and rapid advancement in technology have en-
couraged researchers to find alternative energy sources, particularly renewable energy sources
that show promise to supply power in homes and industries. Various options like solar
power, wind energy, nuclear power, and biomass can be utilized as alternative sources for
energy supply [1]. Among all these sources, solar energy is considered a more environ-
mentally friendly mode of alternative energy supply and most countries are investing in
solar energy research and development [1, 2]. Photovoltaic devices (commonly known as
solar panels) are mooted as promising candidates for a "green" source of electricity and

thus leaving a zero-carbon footprint while providing alternative ways to meeting the ever-
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increasing energy demand.

Photovoltaic (PV) devices that convert sunlight into energy are known as solar cells
[3]. Currently, there are three generations of solar cells, each distinguished by the mate-
rials used. First-generation solar cells are composed of poly or mono-crystalline silicon.
Materials including cadmium telluride (CdTe), copper indium gallium selenide (CIGS),
and amorphous silicon (a-Si) are used in the construction of second generation solar cells.
Lastly, third-generation solar cells incorporate organometallic and inorganic compounds,
specifically perovskites. For the purpose of this study, perovskite solar cell materials are
discussed.

Perovskites solar cells (PSCs) are solar cells that utilize materials with perovskite
crystal structure. The perovskite compounds are predominantly organic-inorganic hybrid
halide perovskites, with a specific chemical composition. These materials have ABX3
crystal structure, wherein A is monovalent cations such as methylammonium (MA) or for-
mamidinium (FA) for organic perovskites or cesium (Cs*), potassium (K*), and rubidium
(Rb*) for inorganic perovskites, B is the divalent metal cation lead (Pb>*) or tin (Sn>*),
and X is the halogen anion including iodine (I7), bromine (Br~), and chlorine (C1~). Per-
ovskite materials serve as photo-active layers in solar cells [4]. Furthermore, these ma-
terials can easily convert to thin films and suitable crystal forms such as nanocrystalline,
nanoparticles, and nanowire for device applications [5]. These halide perovskites possess
a great potential to be applied as high performing solar cells light harvesting materials due
to their exceptional opto-electronic characteristics, like optical absorption coefficient that
is significant for light harvesting, tuneable band gap, and their simple reproducible prepa-
ration process [6, 7]. In essence, the efficiency for PSCs has significantly been improved
from 3.8 % to 25.5 % in the recent years [8—10]. Despite their excellent properties, the
organic-inorganic halide perovskites have drawbacks that negatively impact the stability
and efficiency of the PV device. Additionally, the stability of these hybrid perovskites may
be compromised in real world application, especially when they are subjected to condi-
tions such as heat, moisture, defects on the surface, and light. The presence of organic

cations is the primary factor that contributes to this volatility in perovskites. However,
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all-inorganic halide perovskites have demonstrated improved stability compared to their
organic-inorganic counterparts. As a result, there has been increased research focus on
enhancing the opto-electronic properties and stability of all-inorganic metal halides per-
ovskites, which have attracted significant scrutiny in scientific community. Doping these
perovskite materials either by mixing cations (A and B) or X-halides, the perovskites offer
degree of compositional tunability, which leads to tunable band gap and improved materi-
als stability. In this work, various compositional engineering schemes were employed to
investigate the structural, electronic, mechanical, optical, and thermodynamic properties of

doped CsPbl3 using first principle methods.

1.2 Problem Statement

Organic and inorganic perovskite materials for solar cells have demonstrated potential as
replacements for currently used photovoltaic technologies, because of exponential growth
in their PCE. Despite significant advances in understanding the stability and degradation
of PSCs, there are, however, several challenges to circumvent before they can be commer-
cialized, and key challenges are highlighted below:

(1) Toxicity: The inclusion of the hazardous element lead (Pb) in high-performance
perovskite solar cells is indeed of an environmental and public health concern. Despite
the relatively small amount of Pb used in these cells, its toxic nature poses limitations on
the application spectrum and can potentially affect the competitive advantage of perovskite
solar cells. Replacing toxic Pb with eco-friendly and non-toxic materials that have the
same electronic configuration (for example germanuim (Ge) and tin (Sn)) for solar cells
applications has been considered to alleviate the problem of toxicity.

(i) Stability: Apart from improving the efficiency, stability is one major problem
for PSCs, especially when exposed to environmental conditions like elevated temperature,
moisture and under UV light, as well as with encapsulation. The presence of organic
cations, including FA* and MA*, makes them susceptible to decomposition at higher tem-

peratures, consequently affecting the overall device stability [11]. Inorganic perovskites
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generally demonstrate higher stability than organic counterparts. As a result, the incorpo-
ration of inorganic cations in place of the organic component (for example, Cs**, Rb>*,
etc.) in perovskites can drastically improve the thermal stability and ultimately the gen-
eral performance of the PCS devices [12, 13]. Incorporation of both organic FA* and
inorganic Cs* has demonstrated an enhanced moisture retention and thermal stability, and
also the materials have been found to be stable when operating in the presence of oxygen
[14]. All inorganic perovskite materials are considered to have the ability to contribute
to a long-term, economically viable solution for large-scale power generation by utilizing
ecologically acceptable materials [15].

(iii) Efficiency penalty: The PCE of 13.21 % has been reported when using CsPbl3
PSC with an energy band gap of 1.7 eV for solar cell application. However, the main
challenge with all inorganic perovskites especially, CsPbX3 (where X = F, Cl, Br, and
I) that have a narrow band gap is the thermodynamic instability of their phases, which
means that the preferred cubic, o phase (i.e., "black phase") of the material undergoes an
unwanted phase transition to the orthorhombic, & phase (i.e., "yellow phase"), which at
ambient temperature is thermodynamically stable. This spontaneous phase transition cur-
rently poses limitation on the development of high-performance all-inorganic CsPblz PSCs
[16]. Additionally, recent reports have brought attention to the issue of self-degradation of
iodine, which can potentially reduce the lifespan of iodine-containing perovskite materi-
als [17]. Therefore, this study uses halide substitution and doping mechanisms employing
first-principle calculations to probe properties of doped CsPblz perovskite in order to un-

derstand and circumvent both stability and toxicity issues.

1.3 Justification

Scientific efforts are being made for renewable energy sources with the intention of utiliz-
ing alternate sources of energy to avert a potential global energy catastrophe. All inorganic
mixed halide perovskites have the potential in improving the photovoltaic properties by

increasing the stability and efficiency of the solar cell devices. Also, addition of other met-
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als and Br to CsPbl3 is expected to modify the band gap, resulting in the enlargement of
the energy band gap. Replacing lead by different elements will possibly lead to properties
that suits the photovoltaic application such as Goldsmiths tolerance and some additional
opto-electrical properties. Essentially, inorganic halide perovskites have the potential to

revolutionize solar cell technology.

1.4 Aim and Objectives

141 Aim

This investigation aims to use first-principle calculations or simulations to study the proper-
ties such as structural, electronic, optical, mechanical and thermodynamic of doped CsPbl;

for potential photovoltaic applications.

1.4.2 Objectives

The specific objectives of this work were to:

(i) investigate the structural, electronic, optical, mechanical, and thermodynamic proper-
ties of CsPbls polymorphs using different exchange correlation functions LDA, GGA, and
SCAN meta-GGA in density functional theory to understand their chemical and thermal
stability.

(ii) carry out systematic investigation of mixed halide CsPblz_,Br, using the above men-
tioned exchange correlation functionals to engineer the band gap and other opto-electronic
properties.

(iii) investigate the effect of doping CsPbls perovskite with transition metal, Mn?*, Fe?*,
Ni?* and Zn?* and calculate their structural, electronic, optical, mechanical, and thermody-
namic properties employing GGA+U functional for strong Coulomb forces in transitional
metals.

(iv) apply cluster expansion method to investigate concentration dependent thermodynamic

properties of mixed halides CsPbls perovskite and predict new (CsPbl,Br;_y) structures.

(v) calculate structural, opto-electronic, elastic, and thermodynamic properties of selected
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new CsPb(I/Br)3 structures to determine their stability and opto-electronic characteristics.

1.5 Thesis Outline

The research reported in the thesis is organized into seven chapters, as outlined below:
Chapter 2 - presents a general overview of the research work, providing the background
theory and a comprehensive literature review related to the study. This review includes an
introduction to perovskite materials, their classifications, physical properties, and opera-
tional principles.

Chapter 3 - provides the theoretical methods utilized in this study. It focuses on computa-
tional techniques, particularly density functional theory and cluster expansion methods.
Chapter 4 - focuses on the structural, opto-electronic, elastic, and thermodynamic proper-
ties of CsPbls perovskite material doped with bromine. The GGA-PBE, SCAN, and LDA
functionals were used in the analysis.

Chapter 5 - focuses on the structural, electronic, optical, mechanical and thermodynamic
properties of CsPbl; perovskite material doped with transition metals. It explores the effect
of doping with transition metal (Mn?*, Fe?*, Ni** and Zn?"), including that of the Hubbard
parameter on the properties of the CsPbl; material.

Chapter 6 - focuses on the analysis of a binary diagram to identify new stable configura-
tions using cluster expansion method. After identifying these stable configurations, cal-
culations of their structural, electronic, optical, and thermodynamics properties employing
DFT are presented. These calculations serve to verify the stability of the identified config-
urations by examining their response to mechanical stress, and their electronic behavior.
This comprehensive analysis helps ensure the reliability and stability of the newly gener-
ated configurations within the binary diagram.

Chapter 7 - provides a general conclusion of the thesis, summarizing the findings and their

implications in solar cell applications.



Literature Review

2.1 Perovskites

Perovskite was discovered for the first time by mineralogist Gustav Rose as a natural min-
eral called calcium titanium oxide (CaTiO3) and was named after the Russian mineral
scientist Perovski [18]. All perovskite materials adopt the structure depicted in Figure 2.1
and their general chemical formula is ABX3, where A represents a large cation (whether
atoms or molecules), B represents small cation, and X represents an anion and, normally
could be oxygen or halogen. They are broadly classified into two groups, namely; halide
perovskites (ABX3) and metal oxide perovskites (ABO3).

The halide perovskite crystal structure is a cubic unit cell, with a lattice parameter a

= b = c as illustrated in Figure 2.1 [19]. The unit cell contains eight corner atoms of X
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ions, which form a cube, and one A ion at the center. The B-ions are found at the centre
of each face of the cube. This arrangement of ions creates a three-dimensional network of
corner-sharing BXg octahedral, connected by shared faces to form a continuous framework

[12].
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Figure 2.1: Cubic crystal structure of perovskite ABX3 [19].

Perovskite materials are archetypal systems, and the cubic structure can tilt or distort to
form mono-clinic, tetragonal, and orthorhombic polymorphs based on the temperature or
pressure [20, 21]. The distortion and stability of perovskite materials are determined by X,
B, and A atomic radii. The Goldschmidt tolerance factor, also known as the Goldschmidt
constant, is a dimensionless parameter made used to predict the chemical stability of a per-
ovskite materials. It was initially proposed by a German mineralogist Viktor Goldschmidt
in the 1920s. It is calculated by dividing the geometric mean of cations (A and B) ionic
radii by the geometric mean of an anion (X and Y), ionic radii occupy the center of the
cubic unit cell. Goldschmidt’s tolerance factor denoted by ¢ is an important parameter to
determine perfect perovskite crystal structure and together with the octahedral factor (1)

[22, 23] and is described as:
ra+rx
=21 (2.1
V2(rg+rx)
where r4 and rp are the radii of cations A and B, respectively; and ry represents the radius
of anion X. There is a probability that the perovskite crystal structure will develop or form

when the # ranges between 0.71 and 1 [24]. Additionally, it is feasible to determine the

phase created by considering the values of t; Table 2.1 details this relationship [25].
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Table 2.1: Tolerance factor merit used to define the type of ABX3 structure [25].

Value of t Phase Notes
>1 Single chained, hexagonal or tetragonal A is very large or B is very small
0.8-1 Cubic Ideal size A and B radii
0.71-0.8 Rhombohedral or orthorhombic A is very small
<0.71 Non-perovskite radius of A or B are similar

2.2 Classification of Halide Perovskites

Halide perovskites can be grouped into two classes based on chemical composition, namely;
hybrid or organic perovskites and conventional or inorganic perovskites. The two types are

discussed briefly in the next subsections.

2.2.1 Hybrid Organic-Inorganic ABX3 Perovskites
2.2.1.1 Methylammonium Lead Halide Perovskites

The methylammonium lead iodide (MAPbI3) perovskite was first discovered by Weber
in 1978 [26] and has been extensively studied in solar cell technology because of its re-
markable photovoltaic characteristics. Weber created the first three dimensional organic-
inorganic hybrid perovskite by replacing Cs* with MA™.

MAPbDI3 as an absorber material for PV applications, has good properties including a
direct energy band gap values from 1.55 - 1.6 eV, a high absorption coefficient 10* — 10°
cm™! and a strong light absorption throughout the visible region of the spectrum [11]. In
addition, it has a low exciton binding energy of approximately 16 meV at ambient temper-
ature, which allows it to dissociate quickly into separate electrons and holes. It also has
moderate electron mobility, with a value of 10 cm?V—1s~! for MAPDI; [7], that is pro-
cessed through solution mixing and high carrier diffusion lengths, which can reach as far
as 175 um in mono-crystals under direct sunlight and between 100 nm - 1000 nm when is
used in thin films [27]. These characteristics suggest that MAPbI3 has long recombination

times, in the hundreds of nanoseconds range. However, MAPDIj3 stability has been found
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to significantly vary depending on temperature, crystal orientation or changing phase. The
instability is mainly attributed to the existence of the organic cation methylammonium that
is prone to decomposition and volatilization. Numerous ways have been proposed as a way
to improve the chemical stability of MAPbI3, whose stability has been demonstrated under

various environmental conditions.

2.2.1.2 Formamidinium Lead Halide ABX3 Perovskites

The formamidinium lead halide (HC(NH;),)PbX3 (X = I, Br, Cl or F) materials are re-
ferred to as FAPbI3 and these are perovskite materials that have also gained attention for
photovoltaic applications. These materials are a subclass of hybrid organic-inorganic per-
ovskites, meaning that they contain both organic and inorganic components. Both MAPbI3
and FAPbI; are direct band gap semiconductor. These perovskites have a unique crys-
tal structure with a distorted perovskite lattice, ascribed to comparatively large size of
the formamidinium cation [28]. FAPbX3 perovskites have emerged as promising alterna-
tives methylammonium (MA) perovskites because of its longer charge diffusion length,
improved photo-stability and lower band gap energy, which result in expanded light har-
vesting capabilities. This modification allows for the fine-tuning of the perovskite mate-
rial’s optical properties, making it more suitable for achieving desired energy conversion
efficiencies in solar cells. Formamidinium lead halide perovskites have a high thermal,
moisture and chemical stability compared to MAPbI3 as well as all-inorganic K, Rb or
Cs perovskites compounds [28-30]. These preferred properties make them favorable for
use in photovoltaic solar cells. However, compared to MA perovskites, the technology for
preparing thin films, microcrystalline powders or crystals are not well established because
of the following:

(i) FAPbI;3 crystals or thin films that normally crystallize in the so called “yellow” non-
perovskites phase [31, 32].

(ii) Ionic radius differences (MA* 2.17 A and FA* 2.53 fi) affecting the growth kinetics
[33]. Previous research has demonstrated that the energy band gap can be engineered from

1.55 and 2.30 eV in this material by varying the concentration of iodide to bromide, allow-
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ing for color variation and optimization for use in multi-junction solar cells [34].

2.2.2 All-Inorganic Perovskites

Inorganic perovskites have come out as prominent materials for photovoltaic applications
because of their stability, ability to achieve competitive power conversion efficiencies, and
low production costs, making them economically important for large-scale production and
incorporation in photovoltaic devices. Here are a few concepts that are being researched to
improve the overall performance of all-inorganic PSC materials:

Passivation: The use of surface treatment techniques to reduce charge carrier recom-
bination of the perovskite-electrode junction, which increases the power conversion effi-
ciency of photovoltaic devices.

Doping: Introducing impurities into the perovskite material to tailor its electronic prop-
erties and increase the conductivity of the material.

Stabilization: Improving the structural and chemical stability of these material for
degradation reduction over time and enhancing long-term performance of the solar cell
devices.

Interfacial engineering: Developing new materials and interfaces for efficiency im-
provement of charge transfer across the electrodes and perovskite material.

Morphology control: Using techniques such as solution processing to control the
shape, size, and orientation of ABX3 crystal structures to enhance the solar cell’s per-
formance.

Compositional engineering: Exploring new perovskite compositions to optimize opto-
electronic properties of the material for photovoltaic applications.

Temperature treatments: Exploring the use of post-synthesis thermal treatments to
enhance the crystallinity, morphology, and opto-electronic properties of the perovskite ma-
terials.

Hybrid perovskites: Combining inorganic perovskites with other materials to improve

their properties, including the energy band gap, efficiency and stability.
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2.2.2.1 Cesium Lead Halide Perovskites

CsPbX3 (X = Cl, Br, or I) perovskites were first discovered by Moller in 1958, 64 years
later after discovery of organometal trihallide perovskites. Cesium lead halide perovskites
are among mostly researched all-inorganic perovskite materials due to their prospective
photovoltaic applications. Their broad absorption spectrum which covers the visible region
and extends into the near-infrared wavelengths is one of their distinct characteristics. This
feature can be attributed to the presence of cesium ions, which can absorb light over a wide
range of wavelengths. Additionally, cesium lead halide perovskites have a high electron
mobility and long carrier lifetime that can improve performance of the solar cells.

Numerous researchers have also become interested in the carrier mobility of three-
dimensional structures. For example, Ying et al. detailed the hole and electron mobilities
of 2820 and 430 cm?V~!s!, respectively, for cubic CsPblz [35]. Jong et al. reported
that the charge mobilities of CsGelz, CsGeBr3 and CsGeClz were 1677, 1401 and 863
em?V~1s™! at 300 K temperature, respectively [36]. Another advantage of CsPbl; have
higher stability compared to MAPbI3 and FAPbI3 as cesium oxidation state can help to
reduce their degradation over time and stabilize ABX3 perovskite structure. This makes
cesium lead halide perovskites more suitable for use in long-term applications such as
solar energy conversion. The two main factors affecting the phase stability of CsPbX3 are
thought to be large crystal distortion and low tolerance factor.

Even though the underlying transition mechanism responsible for the acceleration of
the phase change from a to 6 CsPbls is not fully understood, moisture plays a pivotal
part in the phase change. This may be due to the intermediate states created by water
molecules and CsPbls [24, 37]. The phase change phenomenon is demonstrated in Figure
2.2. The phase change energy barrier from cubic to orthorhombic-CsPblz may be lowered
by intermediate states, and the water molecules released by the degradation products could
the accelerate conversion of additional - into §-CsPbl3 phase. Therefore, when exposed
to external conditions CsPbl3 has stability issues [38, 39] requiring quantum dot—induced
phase stabilization [40] and mixed halides are found to have improved stability. Accord-

ing to some experimental findings, CsPbBr3; [41], CsPbl,Br [38], and CsPblBr; [42, 43]
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all exhibited exceptional stability when exposed to light, high temperature till 300 °C and
moisture. Therefore, these all-inorganic mixed halides may offer the best chance of over-
coming their inherent instability. Hence, this study investigates mixed halides CsPbl3_,Bry

and transition metals doped CsPbls to further understand their stability.
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Figure 2.2: Schematic illustration of crystalline structure of CsPbl; and its polymorphic
phase transition [37].

2.2.2.2 Rubidium Lead Halide Perovskites

Another option for the A cation to be considered for all-inorganic perovskites of the form
ABX3 is rubidium (Rb), the neighboring alkali element of cesium. More importantly, the
RbPbBr3; perovskite may have novel optoelectronic properties and help in understanding
the relationship between the perovskite family’s structure and properties [44]. Cesium
(1.76 A) has a larger ionic radius compared to rubidium (1.52 A) with the tolerance factor
of 0.81 and 0.77 respectively, as shown in Figure 2.3 (a) [45]. However, these two materials
(RbPbI3 and CsPbls) draw the boundary between photo-inactive yellow non-perovskite
phase and photo-active black perovskite phase, demonstrating that even a small difference

can have a significant effect. Trots et al. reported that RbPbl; and CsPbl3 start melting
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irreversibly at 460°C as demonstrated in Figure 2.3 (b). The RbPbls phase does not show

a black phase at high temperatures [46].
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Figure 2.3: (a) The tolerance factor and different melting temperature of CsPblz ()and
RbPbI; perovskites [46].

2.2.2.3 Potassium Lead Halide Perovskites

Potassium is another element that has been explored as a potential candidate to replace
Cs, however, there has been not much work reported on KPbX3. Pitriana et al. reported
on alkali lead iodide APbl3 (where A=Cs,Li, K, Na or Rb), investigating their electronic
properties using the first-principles calculations [47]. Their findings demonstrated that the
presence of the alkali metal atoms (A) within the crystal structure has a minimal effect on
the semiconducting characteristics of these inorganic perovskites, which include a small
and direct band gap. Furthermore, potassium incorporation cations into the perovskite
improves the stability of the material while reducing the formation of lead halide defects.
Some researchers hypothesized that the improvement observed after the addition of K* was
due to the reduction of trapping defects at the material electrode interface as well as the
suppression of ion migration [48, 49].

Nam et al. studied compositional engineering strategy to change CsPbl; compounds by
adding potassium cations [50]. This approach was motivated by previous research on hy-
brid perovskites, which demonstrated that partially substituting the A-site cation in ABX3

perovskites with smaller cations can yield advantageous properties. The incorporation of K
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cation into CsPbl3 perovskites resulted in the reduction of the perovskite’s volume, which
is because cesium (1.76 A) has a bigger ionic radius than potassium (1.38 A). The ratio of
PbXg octahedra (where X represents iodine or bromine) to A-site cations determines phase
stability of these perovskites.

The shifts in binding energy peaks of the X-ray photoelectron spectroscopy spectra
confirm that increasing the cationic charge of Pb and the confinement of the halide lattice
is enhanced, resulting in a shrinkage of the PbX¢ octahedral volume. This is advantageous
because the A-site cations effectively anchor the corner-shared PbXg octahedra, thereby
improving the overall phase stability. These results highlighted the important role of com-
positional engineering and that of the A-site cations in modifying the structural and stability

of CsPbl3 perovskite.

2.3 Physical Properties of Perovskites

2.3.1 Absorption

Light absorption is the phenomenon in which a material absorbs light, resulting in the ex-
citation of electrons to higher energy levels. PSCs are known for their high absorption
coefficients, allowing them to efficiently absorb light across the spectrum range especially
having Pb?* and halide ions which may absorb light over a broad range of the spectrum
wavelengths [51]. As shown in Figure 2.4, perovskites have a greater absorption coeffi-
cient than gallium arsenide (GaAs) for the wavelength 400 - 800 nm [52]. By modifying
the perovskite structural composition, the absorption spectrum of PSC can also be modi-
fied. For example, by changing the halide ions, the absorption spectrum can be shifted to
different regions of the electromagnetic spectrum. This is useful for optimizing the solar

cell performance.
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Figure 2.4: Optical absorption coefficient comparison for CH3NH3Pblz, CsSnl3 and GaAs
solar cell materials [52].

To efficiently utilize solar energy through photocatalysis, understanding the solar spec-
trum is essential. Most solar radiation reaching the Earth’s surface falls within the 300-2500
nm wavelength range, which includes UV light (<380 nm), visible light (380—780 nm, also
known as sunlight), and near-infrared (NIR) light (>780 nm). As illustrated in Figure 2.5,
the solar spectrum consists of 3-5 % UV light, 42-43 % visible light, and 52-55 % NIR
light [38]. The irradiance at the Earth’s surface is lower than at the top of the atmosphere
due to scattering and absorption by gas molecules such as N>, O, HyO, and CO,. The
globally averaged solar irradiance is estimated to be approximately 1.365 kW per square

meter over a 24-hour day throughout the year.
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Figure 2.5: The solar radiation spectrum versus wavelength [38].

2.3.2 Band Gap Tuneability

In a material, the energy difference between the lowest unoccupied electron level (i.e., the
conduction band) and the highest occupied electron level (i.e., the valence band) is known
as the energy band gap. The energy band gap defines the optical and electronic properties
of semiconductor materials. Perovskite solar cells possess a tunable energy band gap,
implying that the band gap’s value may be modified by adjusting the perovskite materials
composition. For instance, the energy band gap can be tuned to different values from 1.5-
2.0 eV by varying the types of halogen atoms present in the perovskite compound [53-55].
The absorption edge of the perovskite materials may be adjusted by controlling the energy
band gap value, which allows for optimization of the device’s performance. In relation
to this specific property, in this study the energy band gap of CsPblz was tuned using
two different strategies, namely; doping the material with mixing halide anions iodine and
bromine as well as doping with small concentrations of transition metals.

The X-site anions in perovskite materials directly affect the band edge states and de-
termine the opto-electronic properties of the materials [56]. The most common X anions
used in perovskites are halide anions F, Cl, Br, and I. These halides have seven valence
electrons, and their respective ionic radii are 2.20, 1.96, 1.81 and 1.33 A for I, Br,Cland F,
respectively. When the ionic radius of the halide anion decreases, it leads to a reduction in

the bond length between the Pb atom and X anion in the perovskite material. Consequently,
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the coupling of atomic orbitals between the Pb and the anion becomes stronger, resulting in
an increased overlap of the wavefunctions. This enhanced overlap has the effect of enlarg-
ing the energy band gap. In other words, increased interaction of electron wave functions,
more repulsion leading to large band gaps.

The thermal stability and the exciton binding energy of the materials are dependent on
the band gap. An exciton is an electron-hole pair that is produced when a photon with
energy greater than a semiconductor’s optical band-gap is absorbed [57]. The electrostatic
energy that binds the electron-hole pair together is known as the exciton binding energy
(EB). For effective dissociation of excitons and the generation of free electron-hole pairs in
a semiconductor, it is essential for the EB to be relatively low, approximately on the scale of
thermal energy. Perovskites, characterized by a smaller band gap, exhibit enhanced thermal
stability; however, this is accompanied by a reduction in exciton binding energy, potentially
resulting in decreased efficiency. For this reason, achieving a balance between the energy
band gap and the other properties of these perovskites is essential in order to maximize the
performance of the solar cells. Shumao et al. reported on the band gap engeineering of
CsPbls to over 1.7 eV by incorporation of a small fraction of ethylammonium (x<0.15); as

well as enhanced stability and improved transport properties [58].

2.3.3 Carrier Recombination

Carrier recombination is a process in which electrons and holes (positively charged carri-
ers) that are separated during the absorption of light, come back together and recombine,
releasing energy in the form of heat or light. It is an undesired process in solar cells because
of reduction of the cell’s efficiency by preventing the carriers from reaching the electrodes
and contributing to the current. Radiative recombination and non-radiative recombination
are two types of carrier recombination processes. Radiative recombination refers to di-
rect band-to-band transitions of an electron from the conduction band to the valence band
while emitting a photon. This process is known as luminescence and used mostly for light-
emitting diodes applications. Non-radiative recombination results in the release of heat

and is not useful for energy conversion. The rate of carrier recombination in PSC is influ-
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enced by different factors, including the perovskite-electrode interface, temperature, and
the amount of defects and impurities within the material. Current development and scien-
tific research include working on developing strategies to reduce the carrier recombination
in PSC, including passivating the surface defects, reducing the density of impurities and
defects, and engineering the electrodes and perovskite interfaces.

Yuang et al. reported on the contribution of deep trap states in carrier recombination
in CsPbls [59]. The study reported that deep trap states can significantly increase of non-
radiative recombination rate in the material, which reduces device efficiency. Also, the
findings proposed that reducing the density of deep trap states through careful control of
fabrication conditions could be an effective approach to improving device performance.
Furthermore, Huimin et al. proposed that controlling the grain size and orientation of the
material could be a useful approach for reducing the density of grain boundaries while

enhancing performance of the device [60].

2.3.4 Charge Transport

Charge transport refers to the movement of electrons and holes (collectively referred to as
charge carriers) through a material, and it is a key parameter that influences solar cell per-
formance. In PSC, charge transport occurs through the movement of electrons and holes
through the photoactive layer and the charge transport layers, which are in contact with
the electrodes [61]. The performance of charge transport in PSC is affected by numerous
factors, including the quality of the perovskite material, band level alignment between the
constituent layers, and the interface between the perovskite layer and the electrodes. These
variables collectively determine how effectively charges (electrons and holes) are trans-
ferred within the device, impacting its overall performance and efficiency. In general, the
charge transport layers should have high electron conductivity, and a low density of defects
and impurities to minimize the charge carriers recombination. It is crucial to note that while
the perovskite layer itself is involved in charge generation, the surrounding transport layers
are responsible for efficient electron and hole transport within the device. The perovskite

material quality is crucial for the solar cell performance, as impurities and defects in the
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material can function as recombination centers and reduce the efficiency of charge trans-
port. Additionally, the grain size of the perovskite material may also influence the charge
transport, as larger grain sizes can promote better charge transport by reducing the den-
sity of defects and impurities. Several strategies on improving the charge transport in PSC
have been proposed throughout the years, for example, modifying the ABX3 perovskite
material, optimizing the charge transport layers, and engineering the perovskite-electrodes
interface [62, 63]. Ling et al. used a facile surface passivation technique for CsPbl; quan-
tum dots film by adapting different cesium salts, namely cesium nitrate (CsNO3), cesium
carbonate (Cs;CO3), cesium acetate (CsAc),and cesium idodide (CsI) [64]. The quantum
dots (QDs) films treated with CsAc demonstrated enhanced free carrier mobility and de-
creased trap-assisted non-radiative recombination. These enhancements are attributed to
the improvement of surface passivation and electron coupling.

Depending on the arrangement of charge transport layers, perovskite solar cells (PSCs)
can be classified into two types: the regular negative-intrinsic-positive (n-i-p) structure
and the inverted positive-intrinsic-negative (p-i-n) structure demonstrated in Figure 2.6. In
these configurations, the light-absorbing perovskites are positioned between an electron
transport layer (ETL) and a hole transport layer (HTL) or vice versa. Below is the process
happening in Figure 2.6 (b) and (d):

1. Photon harvesting and charge generation

2. Electron (e™) transport and collection

3. Hole (h*) transport and collection

4. Charge recombination and p-type contact

5. Charge recombination and n-type contact

Efficient charge carrier generation (process 1 in Fig. 2.6), as well as extraction and trans-
port (processes 2 and 3 in Fig. 2.6), are essential for achieving high power conversion
efficiencies (PCEs). Suitable HTL and ETL can enhance charge carrier extraction and

minimize recombination (processes 4, and 5 in Fig. 2.6).
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Figure 2.6: Device architecture of (a) n-i-p and (b) the charge transport process type PSCs,
(c) p-i-n with (d) charge transport process in p-i-n type PSCs.

2.3.5 Power Conversion Efficiency

The halide perovskites are used mostly for solar cell applications and have shown a rapid
growth in terms of efficiency since they were discovered compared to other materials for
photovoltaic application based on the US National Renewable Energy Laboratory (NREL)
as demonstrated in Figure 2.7 [65].

The efficiency of a solar cell (also known as PCE, (1)) is defined as a ratio of input and
output power in a device or system designed to convert one form of energy into another.
This ratio is typically expressed as a percentage, and it represents how effectively the device
or system is able to convert energy from one form to another. The overall PCE () of the

photovoltaic cell can be calculated as:

Pmax — VOCISCFF
2 P

(2.2)

where I is the short-circuit photo-current density, V,. is the open-circuit voltage, FF is
the fill factor, and the incident light intensity (P,, = 1000 mW / c?). PCE is a widely used
parameter to quantify and compare different solar cells. Several factors such as the solar

emission spectrum, the band gap of the photo-active layer and the operational tempera-
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ture determine the power conversion efficiency of any solar cell device. Earth-based solar
cells are typically evaluated under standard testing conditions at 300 K temperature and
illumination equivalent to the AM 1.5 solar spectrum. The irradiance of AM 1.5 solar
spectrum corresponds to an input intensity. The AM 1.5 denotes the spectrum of sunlight
that has reached the surface of the Earth surface after passing through the air mass, AM, of
the Earth’s atmosphere on a journey that is 1.5 times the shortest (normal incidence) path

length.
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Figure 2.7: Efficiency graph for silicon, perovskite, and tandem silicon-perovskite devices
during the past ten years. Information extracted from the US NREL’s efficiency graph [65].

2.4 Operational Principle of Perovskite Solar Cells

The structure of a PSC device comprises five distinct layers, each playing a crucial role in
the device’s functionality. These layers include the absorber layer whose band gap deter-
mines the threshold photo absorption and exciton generation rate, the low work function

metal cathode to extract electrons, a high work function photoanode which is formed from a
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transparent conducting oxide such as ITO, hole and electron transport layers. A schematic
to illustrate the structure and arrangement of these layers is presented in Figure 2.8. In
addition, for the device to operate more effectively in PV technology, factors including
internal photon conversion efficiency (IPCE), open circuit voltage , fill factor, short circuit
current density, and solar cell’s response range must be taken into account. Photovoltaic
systems operate in three stages listed below:

* stage 1: photon absorption, followed by free charge carrier generation,

* stage 2: charge transport, and

* stage 3: charge extraction.

, by
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;
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Inorganic HTMs : NiO, Cul, CuSCN ete.,

Layer-5 «—s Metal Back Contact : Pt,Ag,Au etc.,

Figure 2.8: An illustration of perovskite solar cell layers [66].

Figure 2.8 illustrates that when the device is exposed to sunlight, excitons are generated
in the absorber layer, then these excitons are then separated into holes and electrons. These
charge carriers are transported by the respective electron and hole transport layers to their

designated electrodes, where they are collected to contribute to the electrical current gener-
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ated by the photovoltaic device [66]. The functions of the different layers are summarized

in the next subsections.

2.4.1 Hole Transport Layer

The materials used as HTL can either be organic or inorganic, made of materials including
CuO, NiO,, PTAA, MoOy, Cul, Spiro-OMeTAD, etc. [67-69]. The role of the HTL also
known as anode interfacial layer is to facilitate the extraction and transportation of holes
while preventing electrons from entering the anode. To ensure proper functioning, the
highest occupied molecular orbital (HOMO) of the hole transport material is required to
be somewhat higher than the perovskite absorber layer. This energy alignment aids in the

efficient collection and transport of charge carriers within the photovoltaic cell.

2.4.2 Electron Transport Layer

Electron transport material (ETM) is responsible for collecting and transporting electrons
from the perovskite absorber layer to the cathode, while it blocks (prevents) holes from
flowing into the cathode. It is required that the conduction band must be lower compared
to the ETM perovskite layer. The ETM must have a high UV-visible transmittance due
to allowing all photons to travel through and be maximally collected through the absorber
layer. The materials that are mostly used are metal oxides such as SiO,, SnO,, TiO, and
Zn0O [70-72], also are known to assist in enhancing the PCE of solar cells. Transport
layers must have high thermal stability and non-toxic elements. ETL materials are chosen
for their ability to efficiently transport electrons from the photoactive layer (where sunlight
is absorbed and generates electron-hole pairs) to the electrode. Efficient charge transport
is crucial to prevent recombination of electron-hole pairs before they can contribute to the

electrical current.
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2.4.3 Active Layer Materials

In a solar cell, the active layer (perovskite) material is the layer where light absorption
and electron-hole pair generation occur, leading to the generation of electric power. The
common active layer materials used in photovoltaics are crystalline silicon [73], thin-film
silicon [74], CIGS [75], CdTe [76], and recently perovskite materials [77-79].

The most commonly used active layer material in commercial photovoltaic cells is
crystalline silicon because of its high efficiency and stability. Thin-film silicon is also
commonly used because of its lower cost and easy to manufacture. In addition, CdTe and
CIGS are thin-film materials that have demonstrated promising commercial applications
due to low manufacturing costs and their high efficiency [75, 76]. Perovskite materials are
a newer class of active layer materials with promising high PCE, however their long-term
stability and scalability for commercial production still need to be addressed.

At 550 nm [80], this inorganic (CsPblz) metal halide perovskite material demonstrate
significant absorption with a wavelength of 1.5 x 10*cm™!. The structure of these metal
halides allows for the modification of their band gap. They possess a high dielectric con-
stant, absence of deep trap states in the energy band gap leading to long carrier lifetime,
and high mobility for charge carriers [81]. Moreover, they have an extended lifespan for
charge carriers, are composed of multiple crystals, and exhibit effective transfer of both

positive and negative charges.

2.4.4 Transparent Conducting Oxide

The TCOs are defined as a class of materials that have both electrical conductivity and
a high transmittance within the visible range. Transparent conducting oxides typically
include a non-metal component, denoted as B, which is mostly oxygen. When combined
with various metals or metal combinations, element A forms compound semiconductors,
denoted as A,B,, which exhibit distinct opto-electrical properties. TCOs can be made out
of several materials such as NiO, ZnO, In,O3, SnO,, etc. The material must be transparent

like glass but also conductive like metal [82, 83].



26 Chapter 2. Literature Review

2.4.5 Back Contact Materials

Metal contacts also known as electrodes are essential components in solar cells. Their
main function is to gather electron/hole charge carriers and transfer them to the load where
electricity is needed. To ascertain efficient collection and minimize recombination, the in-
terface between the metal and semiconductor contact should be well designed. In the case
of PSC, the nature of this interface can vary according to the architecture of the solar cell.
Thus, the contact between the metal and semiconductor can be either an inorganic or or-
ganic interface. The choice between the two options depends on the specific configuration
of the photovoltaic. In most high-performance PSC that utilize spiro-OMeTAD as the hole
transport material, the back electrode materials commonly employed are gold (Au) and

silver (Ag) [73].

2.5 Current Performances of the Devices

A remarkable progress has been made in PSC devices, and their performance has improved
considerably. Currently, PSC have achieved power conversion efficiencies higher than 25
% [84], almost comparable to that of traditional silicon photovoltaic devices. These high
efficiencies are achieved by carefully engineering the perovskite material, charge transport
layers, and perovskite-electrode interfaces. In addition to their high efficiencies, PSCs also
have added advantages over traditional silicon solar cells. For example, perovskites can
be easily synthesized at low temperatures and using low-cost solution processing methods,
which can reduce the cost of production. Furthermore, PSC may also be made flexible
and semi-transparent, opening new applications including flexible electronic devices and
building-integrated solar cells.

However, there are still challenges to be addressed before perovskite solar cells can
be widely commercialized. One of the major challenges is their stability, as perovskites
can degrade over time due to environmental factors including change in temperature and
humidity. Additionally, the toxicity of lead also needs to be addressed. Research is ongoing

to improve their stability and safety, and it is expected that the performance of these devices
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will continue to improve in the future. Incorporation of the defects into all-inorganic halide
ABX3 perovskites acts as an additional lever other than compositional engineering, for
altering the properties of perovskites materials. Illustrated in Figure 2.9 is the effect of
elemental doping on improving the performance of PSCs. Doping with different elements
improve the different aspects of performance of PSCs, for example doping with group I
and II elements improves the optoelectronic properties and structural stability as illustrated
in the picture [85]. Relevant to this study, the effect of elemental doping on the opto-

electronic properties of perovskite materials is further discussed in the next section.
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Figure 2.9: Different doping elements and their functions in tailoring lead halide per-
ovskites [85].

2.6 Doping and Halides Mixing as Mechanisms of Improv-
ing the Performance of Perovskites

Of interest to this study, the effect of different elemental doping classified as A-, B-, and
X-site doping are briefly discussed in this section. Doping involves introducing impuri-
ties into the target lattice to modify the properties of the material, which is important for
different technologies. According to reports, doping can affect the performance of CsPbls
perovskites in different ways based on the doping site [86]. On the other hand, elemental

mixing involves adding impurities with higher concentrations.
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2.6.1 A-site Doping

Adjusting the CsPbl3 perovskites with elemental doping modifies the tolerance factor (t)
and octahedral factor (u) values, in some instances stabilizing the structure. The ¢ value
can be adjusted to be in the range of 0.9 and 1, by substituting Cs* ions of larger ionic
radii, thus adjusting A-site to improve the stability of CsPblz materials. However, A-site
adjustment with other inorganic metals does not contribute much in stabilizing all inorganic
halide perovskites since Cs* is one of the largest cations in IA group elements. Section 2.3
discussed reports from several studies in which Cs* ion was replaced by Rb and K and
highlighted the challenges [48, 87]. It is beyond the scope of this study to replace Cs* ion

with other ions, hence A site doping is not discussed in detail.

2.6.2 B-site Doping

One of key issues in most Pb-based halide perovskites is that Pb can dissolve in HO,
posing a serious environmental and health risk when the panel breaks or becomes wet,
such as when it rains. Several studies reported that the most hazardous phase of the PSC
life cycle for the environment is the operational phase outdoors, with the possibility of
water ingress into a damaged panel and subsequent leaching out of Pb [88-90]. Bivalent
Ge and Sn are considered as potential candidates in substituting toxic Pb since they have
the same electronic configuration. B-site compositional engeneering is much less explored,
while the limited reported results show great potential to be further explored. The effect of
stability by partial substitution in CsPbl3 and mixed halide CsPbl;_,Br, of Pb2* with other
elements is not fully understood.

The first CsSnl3 as a solid electrolyte in DSSCs was studied by Chung et al. [91]. The
replacement of Pb with Sn in ABX3 perovskite crystal structures does not alter the origi-
nal cubic crystal structure. This is attributed to the smaller atomic radius of Sn (1.35 A)
compared to Pb (1.49 A) [86]. However, this substitution does have an impact on the en-
ergy band gap of the perovskite material. Sn-based perovskites tend to have narrower band
gaps than their Pb-based compounds, which suggests the potential for increased efficiency

in Sn-based PSCs [92]. The photovoltaic performance of inorganic tin halide perovskites,
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specifically CsSnX3 is strongly influenced by their chemical composition. The energy
band gap and crystal structure of CsSnX3 vary, on the compositional elements. For ex-
ample, variations in composition lead to CsSnIBr, that has a direct band gap of 1.65 eV
and 1.37 eV for CsSnl,Br [93]. CsSnl3 perovskite is considered as another alternative
for PSC owing to its narrow band gap and outstanding optoelectronic properties, with an
anticipated 23 % of power conversion efficiency [94, 95]. However, CsSnX3 perovskites
including CsSnl3, are susceptible to oxidation, where Sn* ions can be converted to Sn**.
This oxidation process significantly hampers their efficiency and can lead to rapid device
degradation or breakdown. This oxidative instability poses a major challenge for Sn-based
perovskite materials in PSCs. Furthermore, Sn-based ABX3 perovskites are commonly
characterized as a p-type metallic systems. This behavior arises from the combined effects
of tin oxidation and the low formation energy of Sn defects, which result in significant
"self-doping" within the material. This self-doping phenomenon further complicates the
optimization of device performance and limits the solar cells efficiency.

Germanium is one of the element with the potential of replacing Pb due to an elec-
tronic configuration similar to that of Sn and Pb, but the ionic radius is smaller (0.73 A).
Inorganic perovskite based on Ge was first synthesized in 2015 and has been found to have
energy band gap (1.6 eV) and higher ionic conductivity relative to those that are Pb or Sn
[25] based, which makes them suitable for solar cell devices. But, the PCE achieved by
CsGelz-based solar cells was relatively low, measuring only 0.11 % [96]. A higher PCE
of 4.94 % was reported in 2018 for CsGel3 material, indicating significant advancements
in optimizing the device architecture and fabrication processes [97]. This improved effi-
ciency value demonstrates the feasibility and potential of CsGels as an absorbing material
for PSCs, although further development and scientific research are still required to enhance
its performance.

B-site doping can change the intensity and distance of B-X bond length, thereby in-
creasing the phase stability and environmental tolerance. However, partial substitution
with other ions is more challenging because of larger formation energy of B-site. Zou et al.

conducted an analysis of the formation energy for CsPbX3 nanocrystals doped with man-
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ganese (Mn) using first-principle calculations [98]. Their findings showed that substituting
Pb%* with lower concentration of Mn?* in the lattice of CsPbX3 increased the formation
energy and resulted in lattice contractions. This contraction was because of bond length
variation among Mn-Br and Pb-Br bond lengths, which induced lattice distortions that
stabilized CsPbX3 crystal structure.

Akkerman et al. studied the effects of partial replacement of Pb?* with Mn?* in the
CsPbls system. The authors also examined the impact of this substitution on the elec-
tronic structure, but found that there were no significant photoluminescence changes with
Mn-doped systems [99]. This was supported by their comparison of densities of states
of undoped CsPblz and CsPbgggMny 1213 perovskites using the exchange correlation of
HSEO06 functional. Manganese ions (Mn”*) has emerged as the most widely used dopant
among transitional metals in perovskite materials. It has attracted significant attention for
over a decade in the area of doped metal perovskites due to its d electron energy levels,
which align favorably within the band gap of various semiconductors. This characteristic
has made (Mn?*) a highly sought-after dopant for introducing d electron energy levels into
perovskite structures. Manna et al. demonstrated the positive effects of incorporating Mn?*
ions into nano-crystal structures of CsPbl3 [99]. The inclusion of Mn2* led to a notable
increase in phase stability, both in films and in solution. Remarkably, this enhanced phase
stability was maintained for a duration exceeding one month [99]. These results showed
the potential of doping perovskite materials with Mn?*, specifically CsPbls, to enhance the
stability of the phases, which is necessary for the practical application and long-term per-
formance of perovskite-based devices. The research underscores the significance of Mn**
as a dopant for improving the stability and reliability of perovskite materials. To extend
the body of knowledge in B-site doping, in this study Mn, Fe, Ni, and Zn doped CsPbl;
is investigated. These are non-toxic transition metals, with smaller ionic radius than Pb%*.
Doping with transition metal could introduce new energy levels into CsPbls, ultimately

enhancing stability and opto-electronic properties.
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2.6.3 X-site Doping

Long term stability of halide perovskite compounds has been a challenge because of sen-
sitivity to environmental exposure to oxygen, heat, light and moisture. All-inorganic metal
halide perovskite, CsPbl3 exists in four polymorphs depending on temperature including
the black cubic phase (a-phase, 1.73 eV), orthogonal phase (y-phase, 1.75 eV), tetrago-
nal phase (f-phase, 1.68 e¢V), and yellow non-perovskite phase (d-phase, 2.82 eV). The
dynamic instability of the black phase in CsPbl; has a significant impact on the lattice
structure and polarization. This instability ultimately influences the opto-electronic prop-
erties and characteristics of the perovskite materials. X-site ions are crucial in adjusting ¢
and u value to make it optimal, despite the broadening of the band gap [100]. According to
the recent findings, self-degradation of iodide can reduce the lifespan of iodine-containing
PSCs [70].

It is essential to discover methods for stabilizing the cubic phase at the ambient tem-
perature. One possible method is to decrease the crystal size, which is known as size-
controlled stability. This approach involves the creation of CsPbl; quantum dots, and
reducing crystal size can promote the formation of a more symmetrical cubic structure
[40]. Several studies have been reported on CsPbls phases stability by modifying the per-
ovskite’s grain size (i.e., by producing quantum dots) due to the significant contribution of
surface energy [40]. CsPbX3 QDs have enhanced stability of cubic polymorph at ambient
temperature as well as desirable optical properties for different applications. [101].

Halogen doping is another solution to overcome stability issue of all-inorganic per-
ovskites. This perovskite material may be further stabilized at room temperature by par-
tially substituting I~ in CsPbls with Br~. Saliba et al. reported that Cs* and X =1~ or Br™
can improve the electronic coupling across QDs, which in turn increases carrier mobility
[100]. The stability of perovskites has been shown to improve by chemical intervention at
grain boundaries, this may make the process of water getting into the perovskite layer more
difficult. [102]. The mixed-halide CsPbl,Br showed an enhanced Goldschmidt tolerance
factor (0.84) as well as a better stability of the cubic phase, which paves the way for an

incredibly stable all-inorganic PSCs [103]. The combination of various halogen ions (I7,
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Br~, F~ and Cl7) can increase the carrier mobility while reducing non-radiative recombi-
nation that is assisted by bulk traps [65]. By introducing Br~ ions into CsPblsz perovskite
using mixed halide composition via a two-step approach, Snaith et al. reported experi-
mental results with greatly improved ambient thermodynamic stability, exceeding that of

hybrid perovskite [101]. In this study, CsPbl; is doped with different concentrations of Br.



Theoretical Method

3.1 Background

The non-relativistic Schrodinger equation for the many-electron wavefunction is defined
using the relation W¥(ry,r,...,r,), where r; represents the position of the i'" electron,
serves as the theoretical fundamental building blocks of the electronic structure of mat-
ter. The Schrodinger equation should be solved on a microscopic level, interacting elec-
trons in solids. The electronic density functional, p(r) that only depends on three spatial
coordinates and the spin plays an important part in DFT, a substitute approach to the de-
scription of matter in the electronic structure. DFT solves many-body problems depending
on the two theorems proposed by Hohenberg and Kohn (H-K) in 1964 [104] and Kohn

and Sham (K-S) in 1965 [105]. DFT in the H-K formulation is derived from the n-particle

33
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Schrodinger equation but represented in terms of the electron density p(r). Also, in the
K-S formulation can be represented by two functions, namely electron density p(r) and

single particle wavefunctions y(r).

3.2 Many-Body Problem and Schrodinger Equation

The basic difficulty in computational materials science, chemistry and condensed matter
physics, involves determining the properties of matter, particularly the dynamics of many-
electron systems and geometrical structures. These systems include everything from meso-
scopic systems to individual atoms, which are the fundamental building blocks of matter,
as well as all other forms of molecules [106]. The electronic structure of matter can be de-
termined by the basic Schrodinger’s equation being solved, which is expressed analytically
in a general form:

HY (Rpr;t) = ih%‘P(RI;I‘iJ) (3.1

with A describing the Hamiltonian and wavefunction ¥ of a many-body system in a the
quantum mechanical system, R; (I = 1,2,3,...,P) denotes the position vector of the I
nucleus, r; (i =1,2,3,...,N) denotes the position vector of the i'" electron and finally, N de-
notes the number of nuclei and P denotes the number of electrons. The many-body problem
may be deconvoluted to electron-electron, nuclei-nuclei and electron-nuclei Coulombic in-
teractions. Consequently, the A of the quantum mechanical system is defined analytically

as:

H=- . - \Y
2me; l +i,ZI|rI_Ri| 2;-‘1'1' I‘]‘ ;2M] I
p 5 (3.2)
_+_1 Z Z]ZJe
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The parameters #/ represent the reduced Planck constant, m is the electron mass and e

is the elementary charge, and lastly, M; and Z; are the masses and charges of the nuclei
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respectively. [107-109]. The Hamiltonian is then expressed as:

I:I: et Veet 1+ Van+ Ven. (33)

The different terms are the electronic kinetic energy:

ﬁZ
V? (3.4)
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The electronic Coulomb interaction is given by:
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The total kinetic energy of the N nuclei in the quantum mechanical system is given by:

=— Z 2M1 (3.6)

The nuclei-nuclei interaction is expressed as:

A 1 Z]Z J62
Vin==) T (3.7
) ,;; IR, —Ry|
And the Coulomb interaction of the electron-nuclei system is expressed as
A Ziez
Ven = 3.8

The time-independent form of the Schrédinger equation (3.1) can now be derived over time

as:

W ({Rpr;} 1) =W ({Ryri}) e (E/ME (3.9)

and it becomes:

Y({ri}, {Ri}) = E¥ ({ri} ,{R/}). (3.10)

In the Born-Oppenheimer approximation, the groundstate energy, denoted as Egs, corre-
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lates with the lowest eigenvalue in the energy spectrum of the Hamiltonian’s system. This
eigenvalue accounts for the electrons, nuclei and the total energy, (E;.) of the system. The
parameter, EGs ;. of the groundstate of the system’s motion or variation may be denoted

within this approximation as:
Egs = Egs tot = EGs + Van (3.11)

where Egg is the total groundstate of the electronic system and Vi denotes Coulomb en-
ergy of nuclei-nuclei interaction. It is worth noting that the Hamiltonian used to calculate
Egs still includes the electrons-nuclei Coulomb interaction, V,,. This is known as the ex-
ternal potential in DFT terms. The electronic wavefunctions must adhere Pauli’s exclusion
principle, i.e., be anti-symmetric in terms of electron exchange, and must also satisfy the
normalization condition. It is impossible to solve Schrodinger’s equation therefore approx-

imations are needed. One of such approximation is discussed in the following section.

3.3 Born-Oppenheimer Approximation

The Schrodinger equation (3.1) cannot be solved without approximation due to the fact
that any particle’s motion in an interacting system is defined as a function of motion of all
other particles. The initial approach to address this complexity and solving the Schrodinger
equation for systems involving multiple electrons is the Born-Oppenheimer approximation.
In the Born-Oppenheimer approximation, W(Ry;r;) in equation (3.1) is approximated as a
product to form [110]:

‘P(R[;l’,’) =¥, (Rl;ri)lpn (Rl> (3.12)

where W, (Ry;r;) represents the wavefunction of the electron and ¥, (R;) represents the
wavefunction of the nucleus. Born-Oppenheimer approximation assume the nuclei move

slower compared to the electrons in equation (3.12) and ignores their motion and treated
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them as static. Using these two equations (3.1) and (3.12), we obtain a pair of equations:

I:Ielpe (Rl; ri) - [Te + Vee + Ven} ‘Pe (Rla I’,')

(3.13)
== Ee‘Pe (RI; I‘,')
and the nucleus Hamiltonian is given by:
Flnlpn (Rl> = [’fn + vnn + Ee} lPn (Rl>
(3.14)
=EY,(R;)
Then the electronic Hamiltonian is reduced to:
I:Ie = T+ Aee + Aen- (3.15)

It is challenging to deal with the numerical and conceptual issues associated with V,, in
Equation (3.15) which is the electron-electron interaction. This complexity may be less-
ened though the solution of equation (3.15) always remains difficult [111]. Thus, in order
to address this problem, alternative approximations were derived. Hartree-Fock method is

based on such alternative approximations and is discussed next in section 3.4.

3.4 Hartree-Fock Method

Some approximations can significantly reduce the complexity. The Hartree-Fock (H-F)
method aims to approach the wavefunction by adjusting the electron-electron interaction
differently [112]. Thus, the product of the one-electron wave-functions must equal to the

electronic wave function of N uncorrelated electrons:

Y,y2on) =¥ 1) ¥(2).. . ¥w) (3.16)

This ansatz simplifies the Schrodinger equation for the entire system into a set of inde-

pendent single-particle equations, making the calculations more tractable. The problem
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with HF approach is that it does not comply with Pauli’s exclusion principle because anti-
symmetry requirement is not met [110]. This problem can be solved by two electrons with

wavefunctions such as this:

1

¥ (y1,¥2) :ﬁ[

W1 (y1) W2 (2) — [W1 (02) P2 ()] (3.17)

The wavefunction can be generalized by using determinants to consider any system size

with the relation:

Yi(yr) Pa(y1) -+ Py
1 | Pi(y2) Y2(y2) -+ ¥n(y2)

v= W : : : : (3-18)
Wi(yny) Palyn) -+ Pnlyw)

called the Slater determinant [113]. A simplified Hamiltonian can be derived by removing
the nuclear kinetic energy and repulsion terms. Following that, the Hamiltonian is then

reduced to a pair of a single-electron equation written as:

V 3.19
7 (3.19)

i1

&Mz
I\)I_‘

3Lt
#’ |

To solve the entire many-body Schrodinger equation is impossible. Instead, the variational

technique was applied:

V2 ;R /ll/ (1) /
|:_7+V +/d3 r/|:| Z/d3 k r/| \Pi (I‘) :SJ\PJ(I') (320)

The Slater determinant follows the Pauli Exclusion Principle. Exchanging any two rows
of a determinant alters the sign of ¥, resulting in the anti-symmetry principle and with
the variational theorem states that given a time-independent Hamiltonian with a discrete
spectrum of eigenvalues whose lowest eigenvalue is the energy which is €. The determinant
vanishes, if two rows are similar. Two identical electrons cannot occupy the same spin

orbitals at the same time. The H-F approach accurately describes electron exchange and
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can be derived using the Rayleigh-Ritz variational method.

3.5 Density Functional Theory

DFT is a widely useful method within computational material sciences, chemistry and
physics for determining the electronic structures of condensed matter and molecules. Any
groundstate property for an interacting system may be derived using its electron-density of
a non-interacting system, according to the basic principle of DFT. The H-F theorem does
not address many-body impacts caused by electron exchange and correlation, which are
considered as an electron-density. DFT can predict material properties such as E;,,, elec-
tron density, equilibrium structure, vibrational frequencies and parameters linked to total
energy differences, such as defect surface and formation energies. Walter Kohn and Pierre
Hohenberg’s research in 1964 laid the groundwork for DFT’s theoretical foundation [104].
The K-S DFT is the product of further research and development that was conducted by
Kohn and Sham [105]. However, in the recent decades the exchange-correlation functional

were developed, allowing the usage of density functional theory in practice.

3.5.1 Hohenberg-Kohn Theorems

About six decades ago, Hohenberg and Kohn [104] proposed two theories that formed the
foundation of today’s DFT, which is a solution to the many-body Schrodinger equation
(3.1). Theorem 1 says that V,(r) is (up to an arbitrary constant) a distinct functional of
p(r); given that, V. (r) solves H we observe that the full many particles groundstate is a
unique functional of p(r).

The proof follows the contradiction method by assuming that the potentials, V. (r) and
Vext!(r) are various external potential, however it yields the identical groundstate density

po(r). According to the variational principles, the groundstate energy is given by:

Ey < <‘P,|I:]\"P/> = E(l) + <"P, ’Vext - Ve/xt‘ lP/>
(3.21)
=E)+ /no(l‘) [Vext — Vex dr,
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and
Ej < (P|H|¥) = Eo+ (| Vext — Vi | ')

(3.22)
— o+ / Po(X) [Vext — V] dr
Combining equation (3.21) and (3.22) creates a contradiction:
Eo+E) < E)+Ej (3.23)

This implies that there are not two distinct external potentials V, (r) that produce a similar
groundstate electron density. Thus, the groundstate electron density precisely determines
the V,y; (r). This theorem indicates that the groundstate of a system that contains numerous
electrons is solely defined by a density of electrons that relies on three spatial coordinates.
It lays the basis to minimize the many-body problem of N electrons with 3N spatial co-
ordinates to 3 spatial coordinates by employing the electron density functional. This H-K
theorem may be expanded to time-independent fields in order to create a time-dependent
DFT which may be employed to define excited states. It shows that the energy of the basic

state is a unique electron density function expressed as:
E=E[p(r)] (3.24)

where E denotes the groundstate energy and p denotes groundstate density of the system.
Theorem 2 states that the groundstate energy of the system, produces the least energy if
and only if the given input p corresponds to the actual ground density E[p]. By employing

the electronic Hamiltonian equation, one can define the H-K energy functional as:

Elp] = (¥[p]|H|¥[p]) = (P[p]|T + Vee [¥[p]) + Vex [P] (3.25)

And from the variational principle:

E[P] < (F[P] + Vext [p]) = F[P] + /p(r)vext (I‘)dl‘ =Ep [p()(l‘>] (3.26)
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Since the electron-electron interaction and kinetic energy terms depend only on the density.

The universal H-K functional is defined as:

Flpl =T [p(r) + Emp(r)] (3.27)

Fyk|p] included the kinetic energy 7T[p (r)] and the interaction energy of the particles
Ein[n(r)].
The second H-K theory describes the system’s energy function and verifies that the correct

electron density in the groundstate minimizes the system’s energy function:

Elp(r)] > Eo [po(r)] (3.28)

Based on the second theorem, the p(r) provides a complete explanation of Schrodinger’s
equation and minimizes the entire energy functional, E[p(r)]. K-S presented an advanta-
geous approach to calculate the minimum energy result of the total energy functional [114].
The method solves Schrodinger’s equation in a simple system per electron. The K-S single

electron system can therefore be defined as:

A
—%VZ A+ Vot (F) + Vi (r) 4+ Vie (F) | W = &1y (3.29)

If universal functional within H-K theorems F[p(r)] is unknown, it is practically difficult
to determine any properties of the system. The properties of the system are resolved using

the Kohn-Sham method which is presented in detail in the next subsection.

3.5.2 Kohn-Sham Equations

Hohenburg and Kohn published their discoveries on the representability of the external po-
tential by the particle density, followed by K-S [104] by proposing the following assump-
tions: First, a system of interacting electrons is placed into a system of non-interacting
electrons with a similar p(r) as an interacting system. Second, the auxiliary Hamiltonian

with an effective potential (r) and the kinetic operator are selected. The system’s Hamilto-
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nian [115] is described as:

H=T;+V; (3.30)

The energy of this system according to H-K theory may be expressed analytically as:

Elp(n] =Tlp(r)]+ [Vi(rp(r)dr (3.31)

An electron density of a non-interacting electron system may be computed by summing

over all occupied single-particle orbitals:

p()= [ wiF (3.32)

1

The true system’s energy functional, when the kinetic term is included in the equation is

written as follows:

Elp()] = T[p(n] + Eclp (] + [Vi(rp(r)dr

, (3.33)
prp()
+//—|r—r’\ drdr

having E,.[np(r)] as an energy of the exchange-correlation. The variational principle can

be determined using the K-S formulations:

2
{— ;; V2 4 Vi (F) + Vs () + ch(r)] vi(r) =&gy; (3.34)

at which the potential exchange-correlation is represented as:

Vie = M (335)

ap(r)

The exchange-correlation energy functional is the only thing that remains unknown. K-S
proposed a LDA and an enhancement using a gradient extension in their work since there

was no exact form of it.
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3.6 Exchange and Correlation Approximation

An E,. must be approximated to use K-S DFT, where there is an expanding list of func-
tionals with varying degrees of complexity. The "Jacob’s ladder" rungs represent different
density functional approximations which increase in complexity as one ascends it, accord-
ing to Perdew [116]. We have chosen approximations relevant to this study and will be

unpacked in the following subsections.

3.6.1 Local Density Approximation

The local density approximation (LDA) was widely used method for solids. The LDA is a
straightforward functional and determines the E,. as a function of the electron density p(r)

using this expression below:

e p] = [ p(retES (rar (3.36)

Assuming E,. is similar to a homogeneous electron gas (HEG) with the same electron

density, which p can be expressed as:

203\
%) =3 (3000 637

T

LDA normally overestimates correlation energy while underestimating exchange energy
and to a certain extent, neglects these errors. LDA can determine the structural geometries
and vibration frequencies very well; but considerably overestimate the binding energy. The
drawback of this approximation is that it performs poorly in inhomogeneous systems due
to the fact that it "washes out" the finer details of the charge density, such as those of the
core electrons. This method demonstrates effective performance in practice for metallic,
covalent and ionic compounds where it predicts firmer chemical bonds. However, when
dealing with materials that are negatively charged, hydrogen bonds, and Van der Waals

interactions, the LDA approximation is insufficient.
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3.6.2 Generalized Gradient Approximation

The LDA is an approximation used in DFT to describe the exchange-correlation energy in
terms of the local electron density. However, this approximation fails to provide accurate
results when the density becomes significantly increasing, such as in molecules. To over-
come the limitations of the LDA, an improvement is made by incorporating two variables:
the electron density and the gradient of the electron density. These variables determines
the E,., which is a crucial component in accurately describing the behavior of electrons in
a system. By considering not only the density but also its spatial variations, this approach
offers a more refined approximation that can better account for the complex interactions
within the system. Generalized gradient approximation enhances LDA by incorporating

terms based on the electron density gradient [117] expressed in equation (3.38).

ES(p] = [ e(nlp(r), Vp(r))d*r (338)

There are two main approaches employed in GGA, namely 1) by numerous parameters
to improve accuracy; and 2) also by fitting few parameters as possible while maintaining
accurate physical constraints specifically in the case of Perdew method. GGA preserves
the properties of local density approximation because the previous terms remain in the
formalism, but in general it improves the calculation of binding energy however performs
poor in chemical accuracy and the underestimation of energy band gap. This is suitable
for non-homogeneous systems such as molecules and surfaces with rapid electron density
changes. There are number of generalized gradient approximation functionals including
PBE, PBEsol, BLYP and PWO9I1 [115, 117], which can be generated using the approxima-

tion.

3.6.3 Meta-Generalized Gradient Approximation

Meta-GGA often outperforms GGA in terms of accuracy since it takes into consideration
the local kinetic energy density. As a result, compared to LDA and GGA, meta-GGA can

handle different chemical bonds namely ionic, covalent, and metallic more accurately. By
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adding the 2"¢ or more derivative of the electron density or more, meta-GGA is one step

further than GGA functionals and the kinetic energy density 7 is written as [118]:

o) = L5 1Voi0) (3.39)

1

and the E,. is denoted by:

B0 [p] — [ e0() [p (), Vo (), 2(r))d*r (3.40)

Meta-GGA are non-local functionals of the density, but also serves as a local density func-
tional of orbitals. The construction of &, is a complicated process that involves the orbitals,
which is a key in constructing the 2"¢ derivates of the density. The process is much more
complicated for meta-GGA, unlike a straight forward process for GGA and LDA. The

functionals include TPSS, M061 and the modified Berke Johnson potential [119—-121].

3.6.4 Hybrid Functionals

The hybrid functional is an exchange correlation functional constructed by mixing DFT’s
LDA and GGA exchange correlation functionals with a portion of the hybrid exchange
correlation functional. The hybrid functional is derived from the H-F’s exact exchange

functional [112, 122] and is given by:
Exc = aEfF + (1 — o) EPPE 4 EPBE (3.41)

in which o denotes the H-F mixing parameter (it controls the exact EZ/f" included in the hy-
brid functional). In several studies, the proportional of exact exchange is tuned accurately
to reproduce different properties correctly. The parameters that determines how much of
the exact exchange is mixed in are typically specified by fitting to experiments, but in some
instances, an “adiabatic connection functionals” can be set by taking an inter-electronic

strength parameter into account [123, 124].
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3.6.5 DFT+U

Density functional theory with Hubbard U correction (DFT+U) is an extension of standard
DFT that includes a correction term to account for the strong on-site Coulomb interactions
among electrons in localized orbitals [125, 126]. Standard DFT calculations often struggle
to accurately describe strongly correlated electron systems, where localized electrons may
be subject to significant on-site interactions. In DFT+U, the Hubbard U term is added to
the standard exchange-correlation functional to better capture the influences of electron-
electron interactions [127]. The Hubbard U correction is particularly useful for systems
with partially filled f or d orbitals, including transition metal oxides, rare-earth compounds,
and other strongly correlated electron.

The Hubbard U term modifies the effective potential in the following way:

Eprryu=Eprr+U Y, nmpny (3.42)

occ. orbitals

where Eppr is the standard DFT total energy, U is the Hubbard parameter representing
the strength of on-site Coulomb interactions, n;1n; are the spin-up and spin-down electron
occupation numbers of the localized orbital at site i. The Hubbard U correction helps to
enhance the description of electronic correlation effects and may result in more accurate
predictions of electronic structure properties including the band gaps, magnetic moments,
and charge densities in materials where strong electron correlations play a significant role
[128]. The Hubbard U parameter is a key input in DFT+U calculations, and choosing an
appropriate value for U can be challenging. The value of U is often determined through
comparison with experimental data or other more advanced theoretical methods. Addition-
ally, care should be taken to apply DFT+U judiciously, as it is not universally applicable

and might not be suitable for all materials or situations.
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3.7 Plane Wave Pseudopotential Method

Within the frameworks of DFT, the pseudopotential plane-wave technique for determining
the groundstate properties of an extended systems. The K-S equations may be resolved
through extremely effective numerical algorithms because of the simplicity of planewaves,
and the use of pseudopotentials enables the expansion of the wavefunctions in a limited

number of planewaves.

3.7.1 Plane Wave Basis Sets

The system’s electronic wavefunctions must extend the infinite sets of plane wave basis.
The planewave pseudopotential (PWP) method is an effective technique for determining
material properties. This technique is commonly employed for periodic solids and solving
atomic and surface problems simulated using supercells. Bloch’s theory, which forms the
foundation of this technique, crucially involves expanding electronic wavefunctions using

a discrete set of plane waves as in the expression below:
vi(r) = e*F(r) (3.43)
The wavefunction has periodic cell, F;(r) and wave-like components:
Fi(r) =Y. C; gel (3.44)
G

where G denotes the reciprocal lattice vectors in the periodic unit cell. Therefore, each

electronic wavefunction may be represented analytically by:

wki(r) = Y CikygelFe)] (3.45)
G

in which C; and K + G are the coefficients of PW, which are fully dependent on the partic-

ular kinetic energy, Ej:

K2 5
(2 ) K + G| (3.46)

m
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The convergence of the expansion process is governed by equation (3.44), which deter-
mines the kinetic energy cutoff. The PW basis set is limited within a sphere in reciprocal
space, as demonstrated in relation to E,,;. For all G values, the E; remain < to a specific
E.,:, denoted as:

ﬁZ
(%) K+ Gel? < Eu (3.47)

The E.,; can be determined by increasing its magnitude up to the total energy converges,
ensuring accuracy in calculations [129]. As the number of PWs increases, it becomes
possible to describe various characteristics more efficiently and approach an infinitely large
basis set. However, when introducing a finite E,,; to the discrete PW basis set, it becomes
finite, potentially leading to some errors in total energy calculations. To minimize these
errors and achieve good convergence, it is essential to employ a denser set of k-points. The
required number of k-points relies on the system of interest, with metals typically requiring

more k-points compared to semiconductors and insulators.

3.7.2 Pseudopotentials

The pseudopotential is a method employed to simplify the effects of the core electrons
in an atom, which includes both the non-valence electrons and the atomic nucleus. It in-
volves replacing the complex interactions of the core with an effective potential, known
as the pseudopotential. The modification aims to incorporate an altered effective potential
term into the Schrodinger equation, replacing the Coulombic potential term that typically
accounts for the core electrons. The construction of pseudopotentials and pseudo wave-
functions ensures that crucial characteristics of real potentials and wavefunctions are pre-
served. This allows for accurate representation of important properties. As a result, the
system then is separated into two regions: that is, the core region, where pseudo-waves and
pseudo-potentials occupy, and the interstitial region, which represents delocalized states
using a PW basis set. This division is demonstrated in Figure 3.1 [130]. In the pseu-
dopotential generation, a cut-off radius (r.) or core radius is defined. Then, the resulting

pseudo-wavefunction and pseudo-potential should then reproduce the actual potential and
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wavefunction outside the radius. The pseudopotential is denoted by:

Vis = Vioe + Y (Vi = Vioe) Pim (3.48)

I,m

where V), represents the arbitrary local potential and V; is angular potential [131]. When

7

Figure 3.1: Pseudopotentials and pseudo wavefunctions [131].

Vi = Ve, then the pseudo-potential is said to be local, and non-local pseudo-potential
when they differ. For an isolated atom, pseudopotential is generated using all-electron
DFT method. In the core region, true wavefunctions are first determined and adjusted to
substitute the nodes with a pseudo wavefunction that is norm-conservation constrained.
The pseudopotential is determined with a specific r. using Schrodinger equation. Thus, in
any chemical system, the resulting pseudopotentials can be applied to the specific atom.
There are different types of pseudopotentials that can be used, namely, norm-conserving
and ultrasoft. The requirements for norm-conserving pseudopotentials include achieving
a precise correspondence between the real and pseudopotentials, charge densities, wave-
functions, and squared amplitudes of pseudo-wavefunctions throughout the entire region
of interest [132]. Norm-conserving pseudo-potentials are usually harder than ultra-soft

pseudo-potentials. Ultra-soft schemes reduce pseudopotential hardness using some Fourier
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coefficients and relax standard-conserving criteria in the core region [133]. Because of the
soft nature of ultra-soft pseudopotentials, the E,,; is typically set to a lower value compared
to what is specified in the norm-conserving pseudopotential case. The softness of a pseu-
dopotential implies its capacity to facilitate the expansion of valence pseudo-wavefunctions
using as few planewaves as possible [134]. Hard pseudopotentials are considered "hard"
because they effectively shield the valence electrons from the nuclear charge in a relatively

short distance.

3.7.3 K-point Sampling

The range of k-points where electronic states are permitted in the solid system is deter-
mined by the boundary constraints. The parameter, p of allowed k-points directly depends
on the volume of the solid bulk system. The infinite numbers of electrons within the solid
are accounted through an infinite number of k-points and only a finite number of electronic
states are being filled at each k-point. The calculation of electronic wavefunctions for an
infinite solid is simplified by the Bloch theorem, which states that electronic wavefunc-
tions in a periodic crystal lattice can be expressed as the product of a periodic function
and a plane wave. In the bulk system, an infinite amount of computations are theoretically
required due to the contribution of occupied states at each k-point, in order to calculate the
electronic potential. Regardless of the similarities of the electronic wavefunctions at very
nearby k-points. This allows us to constitute wavefunctions over a range of k-space using
wavefunctions from a single k-point. Consequently, computing the potential and determin-
ing the E;,; only requires considering electronic states at a finite amount of k-points.

By performing wavefunction calculations at specific sets of k-points, researchers have
developed techniques to derive accurate exchange-correlation potentials from filled elec-
tronic bands. These methods, often involving Brillouin zone sampling schemes like Monkhorst
and Pack, contribute to the accurate description of electronic interactions in materials. The
two commonly used methods in DFT are those of Cohen and Chadi [135], and Monkhorst
and Pack [136]. Calculating the electronic states at a relatively few k-points, these tech-

niques allow one to determine the system’s potential and E;,. For example, to correctly
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express the Fermi surface of a metallic system, the E;,; and electronic potential must be
calculated employing a denser collection of k-points. However, when the k-points are in-
creased to a denser k-space sampling in the BZ, the computational costs of executing the
calculations increase. DFT codes employ a finite sampling of k-points to approximate these
k-space integrals. By employing the least amount of k-points for a certain accuracy and

lower the computing cost, special k-points schemes have been devised.

3.8 Cluster Expansion

Standard DFT methods may be used to handle systems with cells making up a few hundred
atoms to determine total energies, forces, and other quantities with typical DFT precision.
Furthermore, when describing the concentration-dependent thermodynamic properties of
a multi component system one must sample the configuration space, which scales by 2V
for a binary system with N lattice sites. Even for relatively smaller unit cells or supercells,
this is not possible in DFT. The CE is a method used for overcoming this configuration
limitation and size while maintaining the accuracy of DFT. CE fits a set of elective cluster
interaction energies (ECI) employing a set of DFT input structures. Cluster expansion
is considered a valuable and commonly used method to explore structures that display
substitutional disorder, specifically the crystalline materials in which some sites can be

inhabited by more than one kind of element [123-124].

3.8.1 Theoretical Background

The Hamiltonian of a material with atomic configuration or atomic distribution on a partic-
ular lattice is generated using an Ising like ansatz on a fictious fixed lattice. For example,
in an Aj_,B, system, if i represents type A atom, then the spin value, S; = —1, and if
i represents type B atom, then the spin value, S; = +1. The term ’spin’ is employed as
an analogy for the occupation variable in the Ising-like ansatz for the cluster expansion.
The binary formalism can be expanded to ternary, quaternary, and larger multi-component

system using Chebychev polynomials as orthogonal basis [137]. The energy, E (o) associ-
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ated with o that can be explained using an Ising-expansion of cluster interaction and their

corresponding interaction energies:

E(c) =Jo+ Y JiSi(0)+ Y. JijSi(c)Si(c)+ Y. JiiSi(0)S;(0)Sk(0)+...  (3.49)
i Jj<i k< j<i
where J represents ECI’s and Jj is an independent contribution of configuration. The term
sum over J;jS;(o), which is site independent system’s energy depending on the concentra-
tion of an atom. All possible pair-figures in the system are included in the summation over
JiSi(0)S;j(o), while higher order terms such as triplets, quadruplets, reflect many-body
interaction with an atomic configuration or atomic distributed on a particular lattice is gen-
erated. In order to find a more compact form of equation 3.49, one can introduce a fIG(G),
which is a correlation function for each and every type of symmetrical corresponds figure
G:
_ 1

HG(G) = m Sil(G)Siz(G)---Sim(G) (350)
8

where D¢ denotes the number of class G figures per site. The letter m represents the
number of sites related to figure g and the index g runs over the NDg figures in class G.

Therefore, equation (3.50) can be expressed as:
E(c) =) D¢llg(0)Js (3.51)
G

with Ji as the ECI for figure class G. It is important to keep in mind that the ECI’s are
fitting parameters generated by fitting Ecg (o) to values derived using a technique like DFT
and have no direct physical significance. The property that the CE is applied to, such as an

elastic property, will determine the physical nature of the EClISs.

3.8.2 UNiversal CLuster Expansion

Universal Cluster Expansion (UNCLE) is a computer program-package designed to reduce
the cluster expansion’s sensitivity to individual inputs and enable the CE applicable beyond

simple alloys, particularly bulk binary systems [138]. UNCLE employs a CVS to describe
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the average error of the CE prediction compared to actual DFT. The CVS is determined as:

i
CVS = \/ Y Y [AHprr(o) — AHcp(0)), (3.52)
NiNpred N,

red

However, it is useless to have a set of N, figures and associated EClIs that can only precisely
replicate the energies of the input systems. Instead, the target is to acquire a set of N, figures
with corresponding EClIs that can precisely forecast the energies of structures that were not
included in the fit. To anticipate the energy of N4 the excluded, UNCLE fits the ECIs
for each set independently. The CVS evaluates a collection of ECIs’ prediction ability as a
result. A pre-defined training set of genetic algorithm (GA) approach is used to search the

best ECIs and is summarized in the next section.

3.8.2.1 Genetic Algorithm

The genetic algorithm can be used to choose clusters from a set of training structures
{01,...,0,} and their corresponding energy values E = (Ey, ..., E,)". Its basic principle
is illustrated in Figure 3.2. This process is stochastic, meaning that repeating the algorithm
on similar training set can yield slightly different outcomes. Even though the fluctuations is
not significant after the convergence of the CE has occurred. To evaluate the fitness of the
selected clusters, one needs to use the CVS leave-one-out. Leave-one-out cross-validation
provides a robust assessment of the model’s predictive power because it evaluates the model
on every data point in the dataset. This involves removing one structure at a time from the
training set and use the N — 1 structures remaining in a least-squares fit for the evaluation
of ECI energies, J. These J are then employed to make a prediction about the energy of the
structures that were removed and comparing the actual J value. This process is repeated
for all N structures in the training set. Then the standard deviation (SD) of the predicted

ECI energies is evaluated against the actual energies.
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Figure 3.2: Illustration of genetic algorithm approach [139].

3.8.2.2 [Iterative Optimization of the Training Set

The method used to select structures for the training set differs depending on whether
the model has miscible constituents or miscibility gap. To differentiate between these
two types of models, heats of formation, AH (o) are calculated for every structure in the

training set and expressed as:

Eprr(0) — Y ni(0)Ehpy
Y.ni(0)

AHy(o) = (3.53)

where Eppr (o) defines DFT E;,, of the system o, n;(0) represents the number of atomic
species i in the o, and EEFT represents the pure phase density functional theory E;,; of
atomic species i. The summation includes all sorts of atoms comprised in the system ©.
For systems with miscible constituents, the selected materials have negative AH (o), in-
dicating that the systems are ordered and thermodynamically stable. On the other hand,
the ordered structures with a positive heat of formation have a miscibility gap and they are
thermodynamically unstable. Structures with a miscibility gap undergoes a phase separa-

tion when exposed to external conditions such as temperature and pressure.

Miscible Constituents
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Miscible constituents refer to a type of model where the different atomic species or com-
pounds can mix together homogeneously to form a single phase. When constructing a CE
for a system with miscible constituents as illustrated in Figure 3.3, the selection of struc-
tures for the training set is performed differently than for models with a miscibility gap.
The cluster expansion prioritizes the most important structures, which are those with ener-
gies that are not far from the groundstate energy, meaning structures with the least heats of
formation at a particular concentration. The cluster expansion predicts the most preferred
structures that are not already included in the training set, and these are iteratively included
in the training set. The process is repeated until there are no new predicted structures that
are more preferred than all those that are already in the set. This process continues un-
til the cluster expansion converges, and all the thermodynamically stable structures from

those considered are identified.

29 CE predictions  +
ol 14 DFT inputs = -
10 | DFT ground-state line |
§ O — : m
< o + .
= 10 : -
E -20 ¢t : : $ |
= 0 S S
.
40 | : m _
-50 ¢ |
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0 0.25 0.5 \0.75 |

New predicted structures
Figure 3.3: Binary groundstate diagram illustrating miscible constituent [139].
Miscibility Gap

If the model displays a miscibility gap, it means that there are no stable ordered structural

configurations other than the two pure phases, however all structures are equally important
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for the cluster expansion. The objective is to enhance the quality of the CE for all consid-
ered materials irrespective of their energy of formation by selecting appropriate structures
to add to the training set. Evaluating the accuracy of the CE in predicting structure ener-
gies involves utilizing the stochastic nature of the GA approach. Numerous CE calculations
are determined using the same training set, and the predicted energies of all compounds are
compared across the cluster expansions. The SD of the predicted energies is calculated, and
structures with higher SD indicate poor performance of the cluster expansion in modeling
those structures. These structures are then progressively incorporated into the training set,
iteratively improving the accuracy of the CE. Similarly, an example of predicting structures

that are ordered but not thermodynamically stable is illustrated in Figure 3.4
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Figure 3.4: Binary groundstate diagram illustrating miscibility gap [139].

3.8.2.3 Monte Carlo

A thermodynamical description of the system can be provided by statistically sampling the
configuration space using the ECIs from the CE and a Monte Carlo (MC) technique. In

principle, MC is based on a biased random walk of a stationary Markov chain, where the
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next state og of the system is only dependent on the previous state 6. The probability for

a state o is given by:

o= %e(—E&’?)) (3.54)

where E(0y) denotes the energy of state 04, kg denotes the Boltzmann constant as always,
T denotes the temperature and Z denotes the grand partition function. Given that the sta-
tionary Markov chain process is reversible and adheres to the detailed balance principle
[105], it follows that the probability of changing from state oy, to a different state o is the

same for the reverse process. Therefore,

PaPap = PBPBa> (3.55)

where po and pg for the probabilities of the respective states. The probability of transition

from one phase to the other is given by pyg and pgq.

3.9 Calculated Properties

3.9.1 Electronic Properties

To gain insights on the electronic properties and characteristics of atomic bonds of doped
CsPbls perovskite materials, we calculated their band structure, total density of states
(TDOS) and partial density of states (PDOS). The descriptions of these properties are sum-

marized in the next subsections 3.9.1.1 - 3.9.1.3.

3.9.1.1 Band Structure

The eigenvalues connected to the valence band (VB) and conduction band (CB) along
certain directions in the BZ of a given crystal structure are revealed by the electronic band
structure of a solid. Finding the energy band gap, (Ej) (also referred to as band gap),
defined as the difference between the energies of the upper VB and the lower CB, is one
of the most crucial steps in computing the electronic band structure because it can provide

insight into potential applications for optical devices. The K-S equations can be resolved
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to produce energy band structure diagrams and DOS using the energy gap determined
from the Kohn-Sham eigenvalues [139]. DFT accurately predicts lattice parameters and
equilibrium atomic positions depending on the exchange correlation functional employed,
but it is unable to predict band gaps and excitation energies. It is either underestimated or

overestimated.

3.9.1.2 Density of States

The electronic DOS is an essential concept in quantum mechanics and solid-state physics
that gives details about the distribution of energy states for a material [110]. Essentially,
DOS denoted by g(€), represents the amount of electronic states within a volume per unit
energy range. By combining the energies of all states in that range, g(€) in the energy

range (&, € + de) may be computed and expressed as [140]:

g(e) = % )y / dkd (& — & k) (3.56)

where i represents the band index. Usually, the integral is calculated over all k-points
within the BZ, the contributions represented by spin up and spin down are favored by in-
clusion of the number 2, and (€ — €; k) represents a Dirac delta function. It is important to
illustrate the individual atom’s proportionate impact on the TDOS, which can be achieved
by calculating the PDOS for individual atoms. DOS plots are used to depict the contri-
butions of s, p, d or f states from various elements that result in the peaks within the CB
and VB at distinct energy levels. Spectral peaks in the TDOS plots illustrate the cumu-
lative contributions from all participating atoms, while peaks in the PDOS plots highlight
the specific contributions of individual atomic orbitals. Additionally, DOS plots serve the
purpose of observing the change in the electronic structure when impurities are introduced
into crystals, allowing for a comparison between crystals with impurities and those in their

pure form.
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3.9.1.3 Bond Population Analysis

The electronic distribution in an atomic or molecular system can be described using the
Mulliken populations. Sanchez-Portail ef al.[141] described a method that is used in the
CASTEP code to determine the analysis of Mulliken population employing PW states pro-
jection on a localized basis. The estimated partial atomic charge for molecular or atomic

orbitals to a particular atom, A, is calculated using the equation:

Q(A) =Y wi Y Y 2P (k)28 (k) (3.57)
k u v

having:

Swu(k) = (9" (k) | ¢"(k)) : represents the overlap matrix (3.58)
P, (k) = (9" (k)|p(k)|¢¥(k)) : is the matrix element of the density matrix (3.59)

Wou (k) = (w* (k) | 9“(k)) (9% (k) | w*(k)) : is the band weight & on the orbital u.
(3.60)
Bond population analysis is a valuable tool for understanding chemical bonding, but its
application should be approached with an awareness of its limitations and potential sources
of error. Some methods used in bond population analysis may neglect electron correlation

effects, leading to inaccuracies in predicting bond properties.

3.9.2 Optical Properties

In solids state physics, optical properties is a phenomena related to the interaction of ma-
terials with electromagnetic radiation in the optical frequency range. The study of defects,
band structures, impurity levels, excitations, lattice vibration, and magnetic excitation, are
determined using optical properties analysis [142]. Some of the key optical properties in-
clude optical absorption, conductivity, dielectric function, refractive index, loss function,

etc. The frequency dependent dielectric function is used to determine the optical and infer
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the electronic properties of materials. As a complex quantity it is defined as:
g(w)=¢(0)+ie(w) (3.61)

where €] (w) denotes the real part and & (w) denotes the imaginary part of the dielectric

function, €(®). The imaginary part of dielectric function, & (®) is given by:

. 8 2 dSl
20 = 5 X [ 1B OF oo (.62

P,u/(1) are the elements of the dipolar matrix within the first state |nk) with eigen energy

E,(l) and the final state, n'l with eigen energy E,/(I):

wnn’<l) = En<l) - En’(l) (3.63)

s; denotes an energy-efficient surface expressed by :

s ={l,0,,(]) = 0} (3.64)

Using the Kramers-Kronig transformation equation related to the dielectric function, the
parameter €] can be determined via & (®). The Kramers-Kronig transformation is based on
the principle of causality, ensuring that the real and imaginary parts of the dielectric func-
tion are consistent with physical reality. This makes the results physically interpretable and
ensures that the material response is causal. However, there are situations where applying
the Kramers-Kronig transformation can be challenging or may lead to inaccurate results:
The Kramers-Kronig transformation assumes linearity in the response of the material. In
cases where the material exhibits strong non-linear behavior, the transformation may not
provide accurate results.

For complex materials with multiple electronic transitions or intricate structures, applying
the Kramers-Kronig transformation can be challenging, and simplified models may not
capture the full complexity of the dielectric function. These real and imaginary parts of

the dielectric function, can be used to derive other optical properties i.e., refractive index,
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absorption, extinction coefficient, conductivity and reflectivity using the following expres-

sions:

(\/812((1))+822(w)+81(a))> (3.65)

a(w) = \/%(\/812((1))—1—822(0))—81(0))) (3.66)

K(®) = — <\/£12(a)) + () — el(m)) ’ (3.67)

o(@) = —%e(w) (3.68)
2

(3.69)

R(©) = VeE(w)—1
Ve(@)+1
3.9.3 Elastic Properties

The elastic constants, the modulus (bulk (B), shear (G) and Young (Y)), the ratios (Pugh
(B/G) and Poisson v), elastic anisotropy provide a comprehensive understanding of a ma-
terial’s mechanical behavior. In DFT calculations, elastic constants can be computed using
two different methods, namely; the energy-strain and stress-strain approaches. The elastic
constants matrix, often denoted as C, is a mathematical representation of the linear rela-
tionship between strain and stress in the compound under the assumption of small deforma-
tions. This matrix is a fundamental concept in the study of elastic behavior. The elastic con-
stants matrix relates the six independent components of stress (Oxy, Oyy, Oz, Oxy Oy, and O)
to the six independent components of strain (&, &y, £, Exy, &, and &) for an isotropic

material. For anisotropic materials, the number of independent constants may be higher.
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The relationship is given by Hooke’s Law:

Oxx Cii Cr2 Ci3 Cis Cis Cie Exx

Oyy G G Gz Cu G5 Cpe Eyy

Oz | _ Gi1 G Gz G G35 G €2 (3.70)
Oy Cy1 Cp Cyz Cyq Cys Cye 2&y,

Oy, Cs1 Csp Csz3 Css Css Csg 2¢gy;

| O | | Gt Co2 Ces Coa Cos Coo | | 26 |

Here, C;; are the elastic constants representing the stiffness of the material in different
directions. The matrix C is symmetric (i.e., C;; = C};) for isotropic materials. In this study,
the elastic constants are computed based on Hooke’s law from the linear relationship of the
computed stress-strain functions. The elastic strain energy density plays a significant role
in these calculations. For a cubic phase of CsPbl3, these are independent constants that are
used, namely Cy1,Cy2, and Cy44. Using two types of strains (€] and &) may generate stresses
related to the constants Cy1,Cj2, and Cyg4, resulting in an effective approach for determining
cubic elastic constants [143]. The criteria below determines the cubic mechanical stability

[144] and expressed as:

Cys >0,C11 > |C12| and C;14+2C12 >0 (3.71)

The elastic moduli of polycrystalline materials were computed by Hill using the averaging
procedures of Reuss (lower bound) and Voigt (upper bound) based on Ci1,Ci2, and Cyy

constants [145]. The mechanical parameters for Voigt’s modulus and Reuss’s modulus are

given as:
C 2C
By — Bp = 11t +3 12 (3.72)
Ch—C 3C.
Gy — 11 152 +3C44 (3.73)
5Cy44 (C11 —C
44 (C11 — C12) (3.74)

KT 4Cu +3(Cri —Cn)
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For tetragonal structures, there are six independent constants, namely; Cyy, Cy2, C13, C33,

Cy4, and Cgg. The corresponding mechanical stability criteria is expressed as:

2

2C
C44>O,C66>0,,C11 >‘C12‘ andC11+C12—C—13>O (3.75)
33

These three approximation models which are Reuss, Hill, and Voigt may all be used to
determine the elasticity of the materials. The maximum and minimum values of the tetrag-
onal CsPblj elastic modulus are derived from both of these calculations, Reuss and Hill
approximations. In this study, the correction value of the above mentioned values were

determined using the Hill approximation model for the Voigt approximation [146] and is

given by:
1
By =3 [(2C11 +4C13+C33))] (3.76)
1 1 1
Gy = 15 (C11 +Can+C33) — 15 (Cr2+C13+Cx3) + 5 (Ca4+Cs5+Cep) 3.77)

As well as Reuss approximation:

Ci1+Ca) Csz —4C?
Be— [(C114C2)C33 %] (3.78)
(C11+Ci2+2C33+4C3)

5C44Ce6 [(C11 +C12) C33 — 2C35]

Gr =
2 [3C44Co6+ {(C11 4 Ci12) C33 — 2C35 } (Cas + Cos)

(3.79)

The are nine elastic constants,namely; Cy1, Cy2, C13, C22, C23, C33, Cy4, Cs5, and Cgg used
to determine the mechanical stability of an orthorhombic system. For Born mechanical

stability criteria [147] these elastic constants used are calculated as follows:

Ci>0i=1-6
Cii+Cj;—2C;j > 0:i,j = 1,2,3 (3.80)

Ci1+Cn+C353+2(C1a+Ci3+C) >0
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To calculate the elastic properties of a compound that has an orthorhombic phase, the Voigt

B and G moduli are given by the relation:
1 2
BV:§[Cll+C22+C33]+§[C12+C13+C23] (3.81)

3
Gy Cii +C22+C33—C12—C13—C23]+§[C44 + Cs5 + Cgs | (3.82)

:E[

The bulk (Bg) and shear (Gg) Reuss modulus can be written as:

1

Bgr = (3.83)
R (€l +Cn+C33) +2(Ca+C13+Caa)
Gr = 15 (3.84)
K 4(Cl +C0+C33) —4(Cra+C13+Cp3) + 3 (Cag + Css + Ces) '
Similarly, for the Hill approximation:
B B
By, By +Br) (3385)
2
Gy +G
G, (G +Gr) (3.86)
2
From the calculated B and G moduli, v and Y are determined using the relations:
9BG
Y= —— 3.87
3(B+G) (3.87)
3B—2G)
= — 3.88
" T 2(BB+G) (3.88)

The modulus Y, determines the material’s stiffness and can be expressed as stress-strain
ratio. The greater the value of Young modulus indicates a stiffer material. The parameter,
v is the quotient of transverse contraction strain to longitudinal expansion strain during
elongation, which indicates the material’s resistance to shear forces. A greater Poisson’s
ratio indicates more ductility at low temperatures in crystalline materials. In contrast, B
evaluates a material’s resistance to pressure-induced volume changes. The shear modulus

represents the isotropic behavior under shearing forces. Understanding and quantifying
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these properties allow for the assessment of a material’s behavior under different mechan-
ical conditions. They provide crucial information for designing materials with desired
characteristics, predicting their mechanical response, and ensuring their suitability for spe-
cific applications in technology and engineering. In this study, first principle quantum me-
chanical method was used to predict mechanical properties of doped CsPbls perovskites.
The three anisotropy ratios, Ay, A> and A3 for an isotropic monoclinic structures must be
equal to unity [148]. Crystals with low symmetry exhibit significant elastic anisotropy
[149, 150]. The shear anisotropic factors along various planes quantify the degree of elas-
tic anisotropy of atomic bonding in various directions. For non-cubic phases, the shear

anisotropic factors are calculated as follows:

4Cy4
100): A| = 3.89
(100) 4 Ci1+C33 —2C13 -5
4Css
010) : Ay = 3.90
(010): 42 Cop +C33 —2Ca3 G20
4
(001) : As Ceo (3.91)

~ Cii+Cn— 20
A represent the elastic anisotropy, and is importance in the field of engineering as it cor-
relates strongly with the potential occurrence of microcracks in materials [151]. When
a material exhibits complete isotropy, the value of A is equal to 1. However, values
lower or higher than 1 indicate varying degrees of elastic anisotropy. Understanding elastic

anisotropy is crucial for assessing the susceptibility of materials to microcrack formation.

3.9.4 Thermodynamic Properties

The Debye temperature holds significant importance as a thermodynamic parameter, closely
tied to various thermophysical properties of solids. These properties encompass thermal
expansion, vibrational entropy, specific heat, hardness, sound velocities, and melting tem-

perature [152]. The Debye temperature, denoted as 8p can be determined through the
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average sound velocity (v,) using the analytical expression [153]:

hof 3n \'/3
0p = o < e ) Vg (3.92)
a

where A denotes the Planck’s constant, n is the number of atoms in the molecule, v, rep-
resents the atomic volume and kp represents the Boltzmann’s constant. In polycrystalline

systems, vy is evaluated using the analytical expression [154]:

1 2+1
vw= |5+
: 3\ v vl3

where v; denotes the mean longitudinal and v; denotes the transverse sound velocities. The

~1/3
(3.93)

sound velocities can be related to B and G modulus from Navier’s equations and p is the

density, using the relation:

3B+4G\ /? G\ 2
v,_( 3 ) andvt—<5) (3.94)

3.10 Computer Codes

3.10.1 VASP Code

The Vienna Ab initio Simulation (VASP) is a computational tool designed for studying
electronic structures in solids, interfaces, and surfaces. The code performs ab initio quan-
tum mechanical calculations using a planewave basis set. The underlying methodology
implimented in the code is capable of performing post DFT exchange correlations as well
as density functional theory [155]. Pseudopotentials play a key role in representing the

electron-ion interactions in these simulations.

3.10.2 UNCLE Code

UNiversal CLuster Expansion is a new program-package designed to reduce the cluster

expansion’s sensitivity to individual inputs and enable the cluster expansion applicable to
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systems other than basic bulk binary ones [138]. The theory behind this code has been

discussed in section (3.8.2).






Mixed Halide CsPbl;_,Br,

4.1 Introduction

Mixed-halide perovskites ABX3_,Y, (X and Y =F, Cl, Br, I) have been found to enhance
the fundamental properties (i.e. stability, carrier mobility, and band gap tunability) of in-
organic perovskites solar cells [24]. Several studies reported the partial substitution of the
I™ ion with the smaller percentage of Br™ ion increases the Goldschmidt tolerance factor
and subsequently enhance the stability of the cubic structure even at an ambient tempera-
ture [97, 98]. Thus, partial substitution is considered a feasible solution to enhance CsPbls
phase stability. Noh et al. reported on the tuned energy band gap of ABI3_,Br, perovskites
by substitution the composition of I~ and Br~ ions [32]. The band gap energy and lattice

parameters of MAPb(I;Br,)3 exhibit linear relationships with Br content (x). The optical

69
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absorption resulting from band gap engineering can be precisely adjusted to cover almost
the entire visible spectrum. Starting with CsPbBr3, Rajeswarapanichamy et al. reported
the narrow band gap of CsPbBr3_,I, ( x =0, 1, 2, 3) mixed Br/I halide systems by us-
ing GGA approximation [99]. There are limited reports in the literature on the effects of
the mixed halogen on properties of inorganic perovskites. In this chapter, a comparative
study of structural, opto-electronic, elastic, and thermodynamic properties mixed halide
perovskites, CsPblz, CsPbl;Br, CsPblBr,, and CsPbBr3. The studied was investigated us-
ing three functionals; GGA-PBE, SCAN meta-GGA, and LDA within the first-principles
density functional theory. The cubic phase of CsPbl3 used in this study is more symmetric
and generally more stable at high temperatures compared to the orthorhombic or tetragonal
phases. This high-temperature stability can lead to better performance in practical operat-
ing conditions. There are no literature reports on investigation of the properties of using

complex exchange correlation functionals incorporated in SCAN meta-GGA.

4.2 Computational Details

The calculations were performed using DFT within the pseudopotential projector-augmented
wave [100] technique as implemented in the Vienna Ab initio Simulation Package [101-
104]. Three different exchange-correlation functionals, namely, GGA proposed by Perdew,
Burke, and Ernzerhof [105], SCAN [106], and LDA [107] were used in the calculations
of all the properties. Unlike GGA and LDA, the SCAN meta-GGA introduces the ki-
netic energy density dependence. SCAN is the first functional to satisfy every known
constraints on the exchange correlation functional at the semi local level. It effectively
constructs the kinetic energy density in the form of a dimensionless variable that recog-
nizes all types of orbital overlap in its design. The cut-off energy used was 500 eV. The
Brillouin-zone integrations for geometry optimization calculations was performed using
Monkhorst-Pack 6 x 6 x 6 k-mesh and for density of states and optical properties 11 x 11 x
11 k-mesh was used for all the systems. The total energy convergence threshold was set at

1076 eV/atom. The crystal lattices and atomic coordinates were considered fully optimised
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when the Hellmann-Feynman forces were smaller than 10~* eV/ A through the conjugate-
gradient algorithm. The cubic structure was used to determine the lattice parameters and
the physical properties of CsPblz, CsPbl;Br, CsPblBr,, and CsPbBr;. The compounds
were relaxed with respect to both atomic positions and lattice parameters. Both the crys-
tal lattices and atomic positions were fully optimized. Thus, both the crystal lattices and
atomic positions were fully optimized while applying topotactic approach to keep the cell

shape unchanged.

4.3 Structural Properties

The cubic polyhedron crystal structure of CsPbls is illustrated in Figure 4.1, visualized
using VESTA software [34]. The mixed halides CsPbl;_,Br, (x = 1, 2, 3) perovskites

were derived from the CsPbls parent structure by replacing the I~ ion with the Br~ ion.

Figure 4.1: The constructed cubic polyhedron crystal structure of CsPblz. The perovskites
CsPbl;Br, CsPbIBr,, and CsPbBr; were constructed by replacing the I~ ion with the Br~
ion.

The structural parameters were calculated using GGA-PBE, SCAN meta-GGA, and
LDA functionals. Table 4.1 summarizes the calculated structural parameters and energy
band gaps for CsPblz_,Br, (x = 1, 2, 3) with the previously reported experimental and

theoretical results. The calculated lattice parameters agree with the theoretical and experi-
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mental reported values from the literature. For CsPbls, the lattice constant obtained using
SCAN is 6.290 A, which is exactly the same as the experimental value of 6.29 A, while
GGA-PBE overestimated the lattice constant of 6.380 A and LDA underestimated the lat-
tice constant of 6.135 A [35]. This demonstrates the accuracy of the DFT calculations with
other previously reported theoretical values [14, 34]. For doped systems, the calculated
results show that the cell volume and lattice constant, decreased when the I~ ion in CsPblj
was substituted by the Br ion (CsPbBr3), as illustrated in Table 4.1. This is due to the
change in the ionic radius of the halide ions from I~ to Br~, as well as the change in ionic
charges. Thus, when I~ ion with a relatively larger ionic radius (2.20) is replaced by Br~
ion with a smaller ionic radius (1.96), the volume of the unit cell decreases and this asso-
ciated contraction is attributed to the size of the Pb-X bond, where X is either =, Br~. For
CsPbBr3, the lattice constant obtained using SCAN is 5.900 A which differs marginally

from the experimental value of 5.874 A [36] and the theoretical value of 5.99 A [25].

Table 4.1: Calculated lattice constant, unit cell volume and energy band gap for CsPbls,
CsPbl,Br, CsPblBr;, and CsPbBrs compounds obtained using three functionals compared
with experimental and other calculated theoretical values.

CsPbl3 CsPbI,Br CsPbIBr, CsPbBr3
Functional | GGA SCAN LDA GGA SCAN | LDA GGA SCAN | LDA GGA SCAN | LDA
Lattice
constant | 6.398 6.290 6.140 | 6.272 6.271 | 6.176 | 6.148 6.050 | 6.158 | 5.996 5.900 | 5.771
)
Exp 6.29 [46] 5.874[29]
Cal 6.38 [156] 6.2628 [157] 6.132 [157] 5.99 [158] 5.77 [159]
Volume
o 261.86 249.85 231.51 | 246.78 234.77 | 235.58 | 232.42 221.47 | 206.82 | 215.59 206.10 | 192.39
Cal. 250.12 [46] 216.80 [160] 192.33 [160]
Band gap 1.33 1.449 0.960 | 1.396 1.47 0.974 | 1.533 1.588 | 0.993 | 1.776 1.876 | 1.137
(eV)
Exp. 1.73 [58] 2.30 [28]
Cal. 1.307 [157] 1.365 [157] 1.471 [157] 1.75 [161] 1.59 [160]




4.4. Electronic Properties 73

4.4 Electronic Properties

4.4.1 Band Structure

The electronic band structures are measured along the high-symmetry directions R — X —
I'=M — R —T for both CsPblz, CsPbl;Br, CsPbIBr;, and CsPbBr; using GGA-PBE,
SCAN, and LDA functionals as depicted in Figure 4.2. The VBM and CBM are situated at
the same Brillouin zone’s point R for CsPbl3,, and CsPbBr3 and X point for CsPbl;Br, and
CsPbIBr; implying that all these perovskites are direct-band semiconductors. The horizon-
tal red dotted line at zero energy shows the Fermi level (Er). From the values in Table 4.1
and band structure plots in Figure 4.2, it is evident that the energy band gap increased when
the I~ ion was substituted with the Br~ ion as also reported by Rajeswarapalanichamy et
al [157]. For example, in the case of SCAN meta-GGA exchange correlation functional,
energy band gap increased in this order: 1.449 eV> 1.470 eV> 1.588 eV> 1.876 eV for
CsPbls, CsPbl,Br, CsPbBr;I, and CsPbBr3, respectively. The differences in the ionic radii
of Br and I in the mixed halide perovskites, as well as the hybridization propensity of the
Pb 6s and halide (Br and I) 5p states, might explain this behaviour. All the functionals
underesmated the bandgap compared to the experimental values illustrated in Table 4.1.
GGA results are comparable with the previous theoretical reports. The band gap energy
of these metal-halide perovskites may be adjusted by altering the halogen content, making

them excellent materials for solar cell applications.
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Figure 4.2: Band structures of (a) CsPbls, (b) CsPbl,Br, (¢) CsPblBr, and (d) CsPbBr3
perovskites obtained using three functionals.

4.4.2 Density of States

Figure 4.3 demostrates the TDOS and PDOS for CsPbls, CsPbl,;Br, CsPbIBr;, and CsPbBr3
perovskite compounds obtained using SCAN meta-GGA. Similarly, the vertical broken line

in the DOS graphs represents the Fermi level. The DOS of these perovskite materials is
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essential for understanding the contribution of each atom to bonding, opto-electronic prop-
erties, conductivity, and magnetic order. For CsPblz, PDOS in the VBM near the EF (-3.5-0
eV) results from [-5p, while in the CBM (2.5-5 eV) the contribution is from hybridization
of I-5p and Pb-6s orbitals, as seen in Figure 4.3 (a). For both CsPbI;Br and CsPbIBr; in
Figure 4.3 (b) and (c), respectively, the contributions near the band edges result from the
mixed halide orbitals (Br-4p and I-5p) and Pb-6p states. The same behaviour as CsPbl3 is
observed in Figure 4.3(d) for CsPbBr3, but in this case, the VBM (-3.5-0 eV) is contributed
by the Br 4p orbital. The Cs states (s and p) are distant from the Fermi level, although they
play a key role in keeping charge balance and stabilizing the Pb-I and Pb-Br octahedra
lattice for all perovskite compounds, as seen in Figure 4.3 (a) - (d). These findings are
consistent with previously reported theoretical studies [16]. A similar observation on the
density of states is seen for the perovskite compounds CsPblz, CsPbl;Br, CsPbIBr,, and

CsPbBr3; computed using GGA-PBE and LDA and are presented in Appendix, A.

4.5 Optical Properties

4.5.1 Dielectric Function

Figure 4.4 and 4.5 illustrate the calculated real (¢;(w)) and imaginary (& (w)) dielectric
functions of these cubic perovskites CsPblz_,Bry (x =1, 2, 3). The spectra were plotted
from the data computed using the three functionals. The group velocity of the incident
electromagnetic wave in the material is related to €; (@) while & (@) is the energy absorp-
tion within the material associated with the dipole motion. There are several peaks that
are observed in the €] (w). These peaks are due to electron transition from I-5p, Br-4p and
Pb-6s in the VB to the Pb-6p orbital in the CB. The other observed peaks are the electron
transition from Pb-6s and Cs-6s in the VB to Cs-5d and Cs-4f in the CB as reported by

Roknuzzaman et al. [86].
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Figure 4.3: Total and partial density of states for (a) CsPbls, (b) CsPbl;Br, (c) CsPbIBr;
and (d) CsPbBrj3 perovskites obtained using SCAN meta-GGA.

The essential parameter in the € (@) spectra is the static dielectric function (&(0))
which gives information on electronic polarizability of materials. The calculated € (0) and
the maximum peak, €;(max) values for CsPbls using GGA-PBE, SCAN and LDA func-
tionals were 5.2, 5.06, and 5.78, with energy values of 2.75, 2.50, and 2.72 eV, respectively,
are shown in Figure 4.4 (a). The static dielectric of CsPbl3 using SCAN is comparable with
the previously calculated value which is 5.0 eV [159]. The €, (max) is provides informa-
tion about maximum energy storage capability of a material. For CsPbl;Br, as shown in

Figure 4.4 (b), the calculated € (0) and & (max) were recorded at 6.21, 4.44 and 7.53 with
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energy values of 1.99, 2.49 and 1.09 eV using GGA-PBE, SCAN and LDA functionals,
respectively. For CsPbIBr; (Figure 4.4 (c)), the €(0) and € (max) were recorded at 5.04,
4.41, and 7.53 with energy values of 2.47, 2.55 and 1.08 eV using the three functionals,
respectively. Lastly, the calculated € (0) and &) (max) of CsPbBr3 are recorded at 5.2, 5.06
and 5.78 with energy values of 2.73, 2.94 and 2.44 eV using these exchange correlation
functionals, GGA-PBE, SCAN and LDA, respectively, as illustrated in Figure 4.4 (d). The
real part, € (@) falls below zero around 3-14 eV in all systems, implying that either the
wave energy does not propagate within the materials, or the wave energy is attenuated but

not visible on the surfaces.
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Figure 4.4: Calculated real part € (w) of (a) CsPbl3, (b) CsPbI,Br, (c) CsPbIBr; and (d)
CsPbBr3 compounds obtained using LDA, GGA-PBE and SCAN meta-GGA.

The values of the (&,(w)) for CsPbls, CsPbl,Br, CsPbIBr,, and CsPbBr3 spectra are
located at 2.32, 2.0, and 1.91 eV, at 1.45, 1.97, and 0.93 eV, 1.56, 1.96, and 0.99 eV
and 2.15, 2.38 and 1.74 were determined using GGA-PBE, SCAN and LDA functionals,

respectively as demonstrated in Figure 4.5 (a) - (d). These threshold values are closely
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related to the fundamental energy band gap of the perovskite materials.
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Figure 4.5: Calculated imaginary dielectric function & (w) of (a) CsPbl3, (b) CsPbI,Br,
(c) CsPbIBr, and (d) CsPbBr3z compounds obtained using LDA, GGA-PBE and SCAN
meta-GGA.

4.5.2 Refractive Index

The refractive index, n(®) is an essential feature of semiconductor compounds that deter-

mines how many photons propagate through the materials [19]. Figure 4.6 and Table 4.2

illustrate the dispersion n(®) of CsPbl3, CsPbl,Br, CsPbIBr, and CsPbBr3 perovskites and

their calculated static refractive indices and the maximum values.
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Figure 4.6: Calculated refractive index n(w) of (a) CsPbls, (b) CsPbI;Br, (c) CsPbIBr,

and (d) CsPbBr3 compounds obtained using LDA, GGA-PBE and SCAN meta-GGA.

Table 4.2: The calculated static refractive index n(0), and n(max) of CsPblz, CsPbl,Br,
CsPbIBr; and CsPbBrs compounds obtained using three functionals.

Compound Functional n (0) n (max)
GGA 5.57 345
CsPbl; SCAN 2.25 3.10
LDA 2.40 3.54
GGA 2.50 3.1
CsPbl,Br SCAN 2.20 2.70
LDA 2.75 3.1
GGA 2.49 3.00
CsPbIBr, SCAN 2.19 2.60
LDA 2.74 3.10
GGA 2.13 2.74
CsPbBr3 SCAN 2.02 2.65
LDA 2.33 2.97
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4.5.3 Extinction Coefficient

The extinction coefficient k(®) is used to measure the absorption of electromagnetic radia-
tion. If there is absorption, k(@) will be positive, and if k(@) = 0, it then implies that light
is transmitted through the material. Figure 4.5 and 4.7, which depict the (&;(w)) and k(®),
respectively, exhibit the same kind of behaviour. The maximum values of the extinction
coefficients for CsPblz and CsPbBr3 calculated using GGA, SCAN, and LDA were located
around 3.5 - 4.5 eV. For CsPbl,Br, and CsPbIBr; the maximum extinction is located at 7.5

eV for SCAN compared to GGA and LDA.
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Figure 4.7: Calculated extinction coefficient K(w) of (a) CsPbls, (b) CsPbl,Br, (c)
CsPbIBr; and (d) CsPbBr3 compounds obtained using LDA, GGA-PBE and SCAN meta-
GGA.

4.5.4 Reflectivity

Reflectivity energies of CsPblz, CsPbl,Br, CsPbIBr;, and CsPbBr3 were all less than 16 eV

as shown in Figure 4.8, indicating that these perovskites can serve as excellent coating ma-
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terials. For the different functionals (GGA, SCAN and LDA), zero-frequency reflectivity,
R(0) values were found to be 0.152, 0.148 and 0.17 for CsPbls; 0.16, 0.127 and 0.217
for CsPbl,;Br; 0.14,0.131 and 0.223 for CsPbIBr;; and 0.14,0.114 and 0.16 for CsPbBr3,
while the frequency dependent reflectivity R(®) values were 3.78, 3.57 and 3.52 eV, 2.98,
3.86 and 14.46 eV, 14.32,15.59 and 14.4 eV, and 14.82, 15.62 and 14.74 eV for CsPbls,
CsPbl,Br, CsPbIBr,, and CsPbBr3, respectively. The reflectivity values of all the struc-
tures were located in the low-energy region, and furthermore, as reflectivity decreases, the
photon energy increases.
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Figure 4.8: Calculated reflectivity R(®) of (a) CsPbls, (b) CsPbI,Br, (c) CsPbIBr; and (d)
CsPbBr3 compounds obtained using LDA, GGA-PBE and SCAN meta-GGA.

4.5.5 Absorption

The absorption coefficient provides crucial information about a material’s capability to
harvest light, influencing the efficiency of solar energy conversion. Figure 4.9 shows that

these materials have several sharp optical absorption peaks located between 0.5 eV to 5 eV,



82 Chapter 4. Mixed Halide CsPbl3_,Br,

implying that these materials are capable of absorbing from in the ultraviolet, visible and
infrared regions. The primary absorption peak is due to charge-transfer excitation from the
VB to the CB. Peak transitions in these compounds start from electrons of the empty orbital
valence band, Cs 6s and Pb 6p, to I 5p and Br 4p that dominate the deep conduction band.
The substitution of the I~ ion with the Br~ ion increased absorption in the infrared and vis-
ible regions but lowers it in the ultraviolet region (4.2-5 eV). Figure 4.9 shows that higher
absorptions obtained using SCAN functional, were recorded in the visible region for all the
compounds when compared to absorption recorded using GGA and LDA functionals. The
replacement of I with Br in CsPbl; showed maximum absorption in the infrared-visible

regions than CsPblz, making these compounds suitable for applications in solar cells.
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Figure 4.9: Calculated absorption coefficient o/(®) of (a) CsPbls, (b) CsPbI,Br, (c)

CsPbIBr; and (d) CsPbBrs compounds obtained using LDA, GGA-PBE and SCAN meta-
GGA.
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4.5.6 Conductivity

The optical conductivity (which is defined as the conductivity of free charge carriers) is
shown in Figure 4.10 for CsPbl;. The optical conductivity values obtained using GGA,
SCAN and LDA functionals starts from 2.29, 2.07 and 2.18 eV while for the other three
systems the conductivity starts from 1.56,1.99 and 1.51 eV for CsPbl,Br, 1.54, 2.01 and
1.03 eV for CsPbIBrp, and 2.12, 2.40 and 1.71 eV for CsPbBr3. The maximum values were
located between 3.46 eV and 14.85 eV. Lastly, the magnitudes were found to be 2.80, 2.37
and 3.08 (1/fs), 2.58,2.57 and 2.68 (1/fs), 3.49, 2.19 and 3.20 (1/fs), and 3.29, 3.02 and
3.33 (1/fs) for CsPbls, CsPbl,Br, CsPbBr,land CsPbBr3, respectively. The relationship
between absorption and conductivity in a material is primarily governed by the interac-
tion of photons with the material’s electrons. When a material absorbs photons, the energy
from the photons excites electrons from the valence band to the conduction band, creating
electron-hole pairs. This process increases the number of charge carriers in the material,
which in turn enhances its electrical conductivity. Therefore, greater absorption of pho-
tons generally leads to an increase in the material’s photoconductivity. From the figure, it
is clear that an increase in photon absorption leads to a higher rate of photo-conductivity.
As a result, the higher absorption and photo-conductivity seen in the I-based perovskite
compound could be attributed to a reduced band gap compared to the Br-based perovskite
compounds. These materials show good optical properties including high absorption coef-
ficient in the visible - infrared regions, low reflectivity, and photo-conductivity are suitable

for solar cell applications.
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Figure 4.10: Calculated optical conductivity o(®) of (a) CsPbl3, (b) CsPbl,Br, (c)
CsPbIBr; and (d) CsPbBr3 compounds obtained using LDA, GGA-PBE and SCAN meta-
GGA.

4.6 Elastic Properties

The elastic properties determine how a material deforms under extreme conditions such as
external pressure and temperature. It is important to understand the mechanical behavior of
these perovskite materials before being applied in the production of photovoltaic devices.
To determine the mechanical stability of CsPbl;_,Br, (x =0, 1, 2, 3) perovskites, the elastic
constants (Cy1, Cyz, and Cy4) listed in Table 4.3 were calculated using GGA-PBE, SCAN
and LDA functionals as implemented in VASP. The (C;1, C2, and Cy4) are shown in Table
4.3 satisfy the Born stability conditions indicating that these materials are mechanically
stable. The difference between Cy> and C44 (Cj2 — Ca4) determines the Cauchy pressure
are used to distinguish between the brittleness (fragility) and ductility (malleability) of the

compounds [114]. If the Cauchy pressure is negative, the material is brittle; otherwise, it
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is ductile. It is also useful for explaining the nature of atomic bonding in compounds.

Table 4.3: Calculated elastic constants and energy Cauchy pressure for CsPblz, CsPbl;Br,
CsPbIBr;, and CsPbBr; compounds obtained using three functionals compared with ex-
perimental and other calculated theoretical values.

CsPbl; CsPbl,Br CsPbIBr» CsPbBr3
Functional | GGA SCAN | LDA | GGA SCAN | LDA | GGA | SCAN | LDA | GGA SCAN | LDA
Cy; (GPa) | 35.31 3395 | 51.71 | 37.0 36.71 | 56.90 | 38.71 | 37.50 | 59.15 | 43.23 5234 | 63.02
Cal. 34.41[162] 35.74 [77] 42.32 [86]
Ci2 (GPa) | 4.98 5.22 5.03 | 5091 5.02 6.19 | 566 |541 5.49 | 6.66 7.08 7.04
Cal. 4.71[162] 4.93 [77] 6.51 [86]
C44 (GPa) | 3.58 4.12 340 |4.10 4.63 294 |523 |5.10 297 1435 4.74 3.67
Cal. 3.85[162] 4.09 [77] 4.24 [86]
Cia-Cys | 140 1.10 1.63 | 1.81 0.39 325 | 043 | 03] 252 | 231 2.34 3.37

The material is isotropic when the shear anisotropy factor, A, equals one; otherwise, it
is anisotropic when A is less than one or greater than one [115]. The calculated anisotropic
values for CsPbl; were found to be A =0.233, 0.277 and 0.153 obtained using GGA-PBE,
SCAN and LDA functionals, respectively. The calculated values are comparable to the
available theoretical value of 0.259 [95]. For CsPbl,Br, A =0.264, 0.292 and 0.116, which
were obtained using GGA-PBE, SCAN and LDA functionals, respectively. For CsPbBr;1
A =0.316 and 0.111 obtained using GGA-PBE and LDA functionals, respectively. Lastly,
the values for CsPbBr3; were calculated to be A = 0.238, 0.209 and 0.131 using GGA-PBE,
SCAN and LDA functions, respectively. All the functionals predicted the anisotropy factor
to be less than one, implying that these materials are anisotropic. The bulk, ‘B’ and shear,
‘G’ moduli determine the strength or hardness of a compound. The calculated perovskite
bulk modulus value varies from 14.13 GPa (for CsPbl3 using SCAN functional) and 25.70
GPa (for CsPbBr3 using LDA functional), implying that these compounds are flexible. The
B/G ratio and Poisson’s ratio are also important parameters to measure the compressibility
and distinguish the brittle/ductile nature of the material [7]. For Poisson’s ratio (ductile,
and brittle) and Pugh’s ratio (B/G > 1.75 ductile and B/G < 1.75 brittle). Based on these,
we demonstrated that CsPbls, CsPbl,Br, CsPbBr;I and CsPbBr3 are ductile, as illustrated
in Table 4.4. The calculated elastic constants of CsPblz, CsPbl;Br, CsPbBr;I and CsPbBr;

agree with previously reported theoretical results, particularly those obtained with the GGA
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functionals, as listed in Table 4.4 [108, 116, 117]. The C;; obtained with the LDA func-
tionals is much higher than those reported in the literature and those obtained using GGA
in this study. Table 4.4 show that when I~ ion is replaced by Br~ ion, the bulk modulus

increases, indicating that these perovskites become less rigid and more compressible.

Table 4.4: Calculated elastic constants and energy Cauchy pressure for CsPblz, CsPbl,Br,
CsPbIBr;, and CsPbBr; compounds obtained using the three functionals.

CsPbl3 CsPbl,Br CsPbIBr, CsPbBr3
Functionals | GGA SCAN | LDA | GGA | SCAN | LDA | GGA | SCAN | LDA | GGA SCAN | LDA
Bulk (GPa) | 15.09 14.13 | 20.59 | 16.38 | 15.64 | 22.09 | 17.74 23.62 | 18.85 22.17 |25.70
Cal. 14.61 [162] 17.54 [86]
Shear (GPa) | 6.69 7.10 8.27 7.16 | 7.71 8.70 | 7.60 8.94 8.09 9.42 9.51
Cal. 6.86 [162]
Young (GPa) | 17.38 18.17 | 21.55 | 18.64 | 19.77 | 22.73 | 19.83 2341 | 21.11 2472 | 24.99
Poisson 0.3069 0.2848 | 0.3229 | 0.309 | 0.288 | 0.326 | 0.313 0.3320 | 0.3123 0.3139 | 0.3353
Pugh’s (GPa) | 2.2566 1.9897 | 2.4904 | 2.288 | 2.029 | 2.539 | 2.334 2.643 | 2.3303 2.3537 | 2.7018

4.7 Thermodynamic Properties

Thermodynamic properties give valuable insights into a material’s behavior in response
to pressure and temperature changes, to predict the materials performance in photovoltaic
cell. Thermodynamic parameters including thermal expansion, heat capacity, vibrational
entropy, sound velocities, hardness, and melting temperature. These parameter provides a
detailed information on material features such as thermodynamic stability and inter-atomic

interaction for photovoltaic application.
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Table 4.5: Calculated average sound velocities (vs) and Debye temperature (6p), obtained
using the three functionals.

Compound Functional Vs 6p
GGA 1346 107.4
CsPbl; SCAN 1434 116
LDA 1413 117.3
GGA 1398 113.9
CsPbl,Br SCAN 1412 116.9
LDA 1456 123.3
GGA 1448 120.4
CsPbIBr, SCAN - -
LDA 1456 123.3
GGA 1502 127.7
CsPbBr3 SCAN 1584 136.8
LDA 1542 136.3

The Debye temperature (6p) is a key fundamental physical quantity for solids, related
to thermodynamic parameters including melting temperature, thermal expansion and heat
capacity. These thermodynamic parameters affect the perfomance of opto-electronic de-
vices. The Debye temperature calculated using equation (3.88) is correlated with B and G
moduli, as well as the density of the material. Table 4.5 lists the calculated average sound
velocity and Debye temperature obtained using both GGA-PBE, SCAN and LDA. The re-
sults show that the CsPblz, CsPbl;Br, CsPbBr,I and CsPbBr3; perovskites have a low 0p,
indicating that the melting point, acoustic velocity and the inter-atomic binding forces are
low for these compounds. It was also observed that the substitution of the I~ ion with Br~
ion increases the values of the Debye temperature.

The temperature dependence of C,, plots of CsPblz, CsPbl,Br, CsPbBr;I and CsPbBrs3,
are shown in Figure 4.11 (a) - (d) with the temperature ranging from 0 to 600 K. The C,
parameter rises with increasing temperature due to phonon thermal softening occurs which

eventually becomes stable. The maximum heat capacity for CsPbls, CsPbl;Br, CsPbBr;I
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and CsPbBr3 are 120.26, 121.23, 120.83, and 120.34 J/mol’lK*I, respectively. It was

notable that the C,, at higher temperatures reaches the Dulong-Petit limit.

140 140
(a) CaPbi, () — CsPbl,Br
120 4 /.-—-—_ 1204
T 104 <
= f = 1
2 [ 2
= B0 || | A1)
2 |' YR
— =
b4 [ [ o il -
] | o
404 | 40 o
[ |
204 || 20 4
II ]
VR = T - T ——r T - ) B— 0 T T T T T
L] 100 20y 300 A0 5iH) GO0 i 100 a1 300 A00 S0 00
“ Temperature (K) Temperature (K)
1 4
I[) CsPhlEr, 140 id) — CsPblir,
120 < 120 <
Z 1004 ERLE
2 i
= 80 2 804
e S
ol 0
4 < 40
i )y -
L T T T r T 0 e — —
] 100 200 30D 400 S0 GO0 1] 100 204 300 Ay 500 0]

Temperature (K) Temperature (K)

Figure 4.11: Temperature dependence of heat capacity of (a) CsPbls, (b) CsPbl,Br, (c)
CsPbBr;I and (d) CsPbBr3 perovskites obtained using GGA-PBE and LDA the functionals.

Temperature-dependent thermodynamic properties (i.e., enthalpy, Gibbs-free energy,
and entropy) are shown in Figure 4.12 (a) - (d). From the figures, the enthalpy rise with
increasing temperature, while the free energy and entropy decreased as the temperature
increased. Entropy is a physical characteristic that measures the randomness or disorder
in a system. It further demonstrates that when the temperature approaches zero, the three

thermodynamic parameters decreased, which is consistent with the third law of thermody-

namics.
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Figure 4.12: Temperature dependence of thermodynamic properties, that is, enthalpy,
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CsPbBr3 perovskites obtained using GGA-PBE.



90 Chapter 4. Mixed Halide CsPbl3_,Br,

140
1 (a 100
120 (2) l
==
— h 0+
g 100 -
S Y
— — -100+
N 80 o
N 8
> ] = 200
55 601 J
Clg) J N~
M 404 3 -300 4
—
; o
20 1 5 -400
0 o T v S0 4+——7F—"—7——7T—T7 77T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600 700 800 900 1000 1100
Temperature (K) Temperature (K)
140
(b) 100 - (e)
1204 ]
= S T ———————
= J
£ 3 -100
= 80 g
2 =
N T
-200 4
@ 60 - \M./
5 >
L% i %0-300-
1 =}
204 2 _400 -
0 - r1r rr 1 rr T T+ T T T 7 SO0 T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600 700 800 900 1000 1100
Temperature (K) Temperature (K)
140
~ 1 (© 100-] iy
S 1204 ]
~
g ] o O e e s s i e e Sy S
= 100 g
ST =
N
~ 80 \%-IOO
= >
2 40 b0 200
B 2
40 M 300
201 -400 4
00'160'2(‘)0'360'4(1)0'5(1)0.600 B T T Y Y T Y T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100

Temperature (K) Temperature (K)

Figure 4.13: Temperature dependence of heat capacity of (a) CsPbls, (b) CsPbl>,Br and
(c) CsPbBr3 perovskites and their (d) - (e) enthalpy, temperature entropy, and free energy
using SCAN functional.



4.7. Thermodynamic Properties 91

140
a 100
m] &
P P
0
g 100 '_g
— = -1004
— —
80
=) =)
| =y -200
EB 60 &5
o}
g 40 4 = -300 4
m aa)
20 -400
0+ e e
0 100 200 300 400 500 600 700 800 900 1000 1100 0 100 200 300 400 500 600 700 800 900 1000 1100
Temperature (K) Temperature (K)
140
100
1204 (b) (D
P 4 P
g 100 - '_g G i e
DRy it
_ —  -100
80+
e =
i > 200
@ 60 23
5 5)
g 404 = -300
sa) -
204 -400 -
0 T T T T T -500 T T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600 700 800 900 1000 1100
Temperature (K) Temperature (K)
140
100
120 4 (C) //’/7 . (g)
o P I S e
g 160 //’/ E Enthalpy
= I = -100 Free energy
Q 80 / Q T-entropy
= / = o
> 60 >
&0 60 // &0
S 4] | o 3004
= [ 83
204 / -400 4
|
0 T T T T T '500 T T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600 700 800 900 1000 1100
Temperature (K) Temperature (K)
140
] (@
= =
g 1004 g
P, TG
= 80 =2
) <
_ >
@ 60 23
- -
(O] (o]
o 404 =
s aa)
204
0 T T T T T _500 T T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600 700 800 900 1000 1100
Temperature (K) Temperature (K)

Figure 4.14: Temperature dependence of heat capacity of (a) CsPbls, (b) CsPbl,Br, (c)
CsPbIBr; and (d) CsPbBr3 perovskites and their (e) - (h) enthalpy, temperature entropy,
and free energy using LDA functional.



92 Chapter 4. Mixed Halide CsPbl;_,Bry

4.8 Summary

The structural, electronic, optical, mechanical and thermodynamic properties of the CsPbls,
CsPbl;Br, CsPbBr;I and CsPbBr3 perovskite materials were investigated using GGA-PBE,
SCAN, and LDA exchange-correlation functionals using DFT. SCAN meta-GGA incorpo-
rate more complex exchange correlation functionals that depend not only on the electron
density, but also on its Laplacian and gradients. SCAN approximation reproduced struc-
tural parameters and energy band gap better than GGA-PBE and LDA. The band structures
of CsPbl3z, CsPbl;Br, CsPbBr;I and CsPbBr; indicated that they all exhibit a direct band
gap. All CsPbls_,Br, (x =0, 1, 2, 3) perovskites were found to be ductile and mechanically
stable according to elastic constants, the Pugh ratio and the Poisson ratio. The thermody-
namic properties illustrated that as the temperature approaches zero, the three thermody-
namic parameters, namely enthalpy, free energy, and entropy, were consistent with the third
law of thermodynamics. The optical absorption and reflectivity spectra of these perovskite

materials are promising candidates for the application in solar cells.



Doping CsPbl; with Transition Metals
(Mn, Fe, N1 and Zn)

5.1 Introduction

Transition metal doping is a method that can be used to introduce TM ions into the CsPbl;
perovskite material to modify the material’s properties such as electronic and optical, which
can improve the performance of opto-electronic devices including photo-detectors, LEDs
and solar cells. Different transition metal ions that have been used in doping CsPbls are
Cr, Cu, Fe, Sr, Ni, Mn, Co and Ag [98, 163]. Each transition metal ion has different in-
trinsic properties which may influence the properties of the perovskite compounds. The

choice of the transition metal ion is informed by a specific application. One of the key

93
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advantages of the TM ion doping is that it can introduce new energy levels into a material,
which can broaden the absorption spectrum of the material. This can lead to an increase in
the absorption of light and overall improvement of the solar cell performance. Addition-
ally, transition metal doping can also introduce new recombination pathways, and this may
decrease charge carrier recombination and increase the efficiency of these photovoltaic de-
vices. The choice of the transition metal ion is informed by the similar charge state of
552 lone pair in Pb?* and the 4s” lone pair in the selected transition metals. These tran-
sition metals can maintain a stable ns” electronic configuration, making them feasible to
replace Pb>* due to its toxicity concerns. Essentially, transition metals exhibiting similar
ionic radii to that of Pb>* and exhibiting +2 oxidation state. The ionic radii differences are
below 30 % typical margin observed in literature. In this chapter, first-principles density
functional theory was employed to study the structural, electronic, optical, elastic and ther-
modynamics properties of transition metal (Mn, Fe, Ni, and Zn) doped CsPbl3 perovskites

using GGA+U functional.

5.2 Computational Method

To investigate the effect of dopants structural, electronic, machanical, optical and ther-
modynamic properties of transition metal doped in CsPbl;, one Pb?* was replaced with
one metal impurity in 2 x 2 x 2 supercell models containing 40 atoms, making it possible
to achieve a desired doping percentage of 12.5 %, as shown in Figure 5.1. The calcula-
tions were performed using the VASP [114, 164]. GGA was employed as an exchange-
correlation functional parameterization proposed by Perdew, Burke, and Ernzerhof for the
calculations [117]. All the calculations have considered the spin polarization. GGA+U
method was used to calculate the properties in all analyzed doped systems in order to cor-
rect the strong Coulomb interactions of 3d electrons. All the dopants, Mn, Fe, Ni, and Zn,
had Hubbard, U,y values set at 3.5, 4.3, 6.4, and 6.0 eV, respectively [105, 165-167]. The
threshold of the total convergence energy employed was 10 ~3 eV atom™!. The cut-off ki-

netic energy used was 500 eV. The BZ integrations used were 6 x 6 x 6 for Monkhorst-Pack
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k-point mesh [136]. Moreover, the spin-polarized mode was considered in all calculations.
The electronic configuration for transition metal Mn, Fe, Ni, and Zn are

Mn: [Ar] 3d° 452

Fe: [Ar] 3d° 42

Ni: [Ar] 3d® 452

Zn: [Ar] 3d! 452

5.3 Structural Properties

The study of TM doped materials CsPbg g75TMy. 12513, (Where TM = Mn, Fe, Ni, and Zn)
has a space group Pm-3m with a cubic structure. The undoped material has a unit cell that
consists of five atoms, as shown in Figure 5.1, with the Cs atom occupying the crystal’s
body centered position at 1b Wyckoff site (0.5, 0.5, 0.5). The B-site cations are situated
at 1a Wyckoft site (0, 0, 0) and occupy the corner positions of the cubes, whereas I atoms
occupy the face centred positions at the 3d Wyckoff site (0.5, 0, 0). Figure 5.1 shows the
constructed supercell of CsPbl3 perovskites consisting of 40 atoms i.e. 24 I atoms, 8 Pb
atoms, and 8 Cs atoms. An impurity was added in the undoped 2 x 2 x 2 supercell of
CsPbls by replacing the Pb** atom with TM dopant (Mn%*, Fe2*, Ni%*, and Zn?*) ions

resulting in a doping concentration of approximately 12.5 %.

Figure 5.1: The constructed polyhedron unit cell (left) and supercell cubic perovskite crys-
tal structure with A-cation (blue), B-cation (grey) and X-anions (magenta).

The computed structural parameters of undoped and TM doped CsPbls perovskite com-
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pared with reported experimental and theoretical values are summarized in Table 5.1. The
substitution of Pb atom with the transition metal (Mn, Fe, Ni, and Zn) atom decreases the
unit cell volume and lattice constants as demonstrated in Table 5.1. This is because of the
ionic radii differences between the host and dopant. These transition metals have a smaller
ionic radius compared to the Pb atom. Lead (Pb) has an ionic radius of 2.20 A and was sub-
stituted by the smaller value of the ionic radii of manganese (0.83 A), iron (0.78 A), nickel
(0.69 A), and zinc (0.74 A). This behavior of lattice parameters can also be explained in
terms the electronic configuration of 3d TM (Mn, Fe, Ni, and Zn) that replaces the Pb atom
in CsPbls. The introduction of 3d electrons in VB and CB near Fermi level resulted in the
alteration of the crystal configuration. To demonstrate the transition metal doping effect
on CsPblj3 lattice constants, the calculated bond lengths and angles are presented in Table
5.1. The substitution of Pb with the TM = (Mn, Fe, Ni, and Zn) resulted into an increase in
Pb-I bond-length average of 3.312 A. The calculated bond lengths between TM and I were
found to be varying from 2.898 A —3.009 A as presented in Table 5.1. Transition metal
doping does not change the bond angles, they remain unchanged before and after doping.
The calculated structural parameters correspond with what has been reported previously,
particularly Mn doped CsPbl3 perovskite. The study analyzed the resulting changes of the

mentioned properties when Pb?* is replaced with selected transition metals.
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Table 5.1: The computed structural parameters, angle, and bond length for transition metal
doped CsPblj perovskites are compared with experimental and theoretical values.

Lattice contant (A) . .
Compound Volume (A3) Angle (°) Bond length (A) | Band gap (eV)
This work Cal. Exp.
Pb-1=3.199 1.488
CsPbl; a=6.398 | a=6.38[168] | 6.29[169] | V=261.83 o=f=vy=290.00
Pb-1=32[170] | 1.44[171]
Pb-1=3.332
1.274
CsPby g75Mnyg 12513 | a= 6.341 a=6.33[99] |- 254.99 a=B=7=90.00 | Mn-1=3.009
1.24 [99]

Mn-1=3.0[170]
Pb-1=3.368

CsPby g75Feo 12513 | a=6.323 - V =252.81 o=f=v=90.00 1.270
Fe - 1=2.955
Pb-1=3.409
Pb-1=3.19[171]

CsPby g75Nig 12513 | a=6.308 - V =250.92 o=f=v=90.00 0.491
Ni-I1=2.898
Ni-I1=2.89[171]
Pb-1=3.359

CsPbg g75Zng 12513 | a=6.321 - V=25194 o= ﬁ =YY= 90.00 0.717
Zn -1=2.962

5.4 Electronic Properties

5.4.1 Band Structure

The electronic properties are important for studying the materials behavior when applied in
opto-electronic and photovoltaic devices. It is necessary to investigate the energy band gap
to determine whether a compound is a metal, semiconductor or an insulator, and also study
the total and partial DOS. [51, 172]. The standard DFT is not accurate computing the en-
ergy band gap of d-electrons transition metals. Therefore, GGA+U offers high quality and
simple way to compute strongly correlated interactions in systems that contain d-electron
transition metals. Figure 5.2 illustrates the measured band structure of CsPbTMI3; (where
TM = Mn, Fe, Ni, and Zn) along the high symmetry including the points I', X, M, R, and
I in the direction of the first Brillouin region. Figure 5.2 shows the band structure of the
undoped CsPbls, indicating that the compound has a direct band gap of 1.488 eV and is
also consistent with the previous theoretical reported value by Liu et al [171].

The incorporation of the dopants into the host of the semiconductor reduces the band gap

because of the formation of dopant levels at the CB or VB edge as depicted in Figure
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5.2. It is also evident that the VBM and CBM are displayed at distinct k-points, which
indicates the indirect band gap. As a result, TM-doped compared to undoped CsPbls
may show increased absorbance in the visible range and easier electron transport from
the VB to the CB. These CsPbg g75TM 12513 perovskites have an indirect band gap albeit
with intermediate states observed. The creation of the intermidiate states make it easier
for the electron transfer from the VB to the CB. The band gap was reduced from 1.488
eV (CsPblz) to 1.274 eV (CsPbg.g7sMng 12513), 1.270 eV (CsPbg g75Feq.12513), 0.491 eV
(CsPbg g75Nig 12513), and 0.717 eV (CsPbg g75Zng 12513). For CsPbg g75Feq 12513, there is
flat-gap state at the Fermi energy caused by Fe 1, orditals as seen in 5.2 [173]. These
TM doped CsPblsz compounds exhibit high absorbance in the visible region compared to
undoped CsPbl3 because of the intermediate state appearance. Hence, TM doping is nec-
essary to improve the opto-electronic properties of the perovskite materials for solar cell

applications.
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Figure 5.2: Electronic band structure of the (a) Mn-doped CsPbl3, (b) Fe-doped CsPbl3,
(c) Ni-doped CsPbl3, and (d) Zn-doped CsPbls perovskites.

5.4.2 Density of States

The computed total and partial DOS of undoped and TM-doped CsPbl; are illustrated in
Figure 5.3-5.4 with an energy band gap at the Er separating the VB and CB at 0 eV. As
seen from Figure 5.3, the VBM of undoped CsPbl; is mainly contributed by the Pb-s, Pb-p,
and I-p orbitals (from -4 eV to 0 eV) below the Eg. There is also spectral peaks around -8
eV which is from Cs-p and Pb-s states. The CBM is mainly contributed by the Pb-p orbital

near the band edges and minor peaks from Cs-d orbital.



100 Chapter 5. Doping CsPblz with Transition Metals (Mn, Fe, Ni and Zn)

% 60 ! Total
32 ] |
I3}
5 404 :
7 {
o 204 !
Q 0-_L_NM
a __ PO O T T P ST S S
60 | ——Cs-s
1 | Cs-p
40 H I Cs-d
20 :
— {
> 0 ! |
g | 1 1 1 1 1
w i ——Pb-s \
§ 3,3_ —Pb-p '
Z 224 L I
wn 1 |
gl A AN
= 0)0_- /‘/lA,-ﬁJA.' AR M
PR I N S U I R
4.5+ | —1I-s
4 | —1I-p
3,04 | I-d
1 I
1,5 Mu
010_‘ P f'/,\ & : SR PY- S9N
— T T T T T T T T T T T T
0

10 8 6 4 2
Energy (eV)

2 4

=N

Figure 5.3: Total and partial DOS for undoped CsPbl3 perovskite.

The spin-polarized DOS of the perovskites compounds doped with 12.5 % of Mn, Fe,
Ni and Zn were calculated as shown in Figure 5.3. The VBM of the doped CsPblz shows
that the minority and majority spin states of the total DOS plot have an asymmetrical fea-
ture for Mn, Fe, and Ni dopants, indicating that doped perovskite compounds have mag-
netic properties. Zn-doped material exhibit symmetrical features showing that the material
is non-magnetic. As a result, the substitution of TM for Pb in CsPbl3 results in the ap-
pearance of an electronic state at the top of the valence band in the majority spin channel.
PDOS plots show that the CB edges of magnetic dopants indicate rising contribution of Mn
(3d), Fe (3d), and Ni (3d) states especially in the spin down channel. Furthermore, Figure
5.4 indicates that the impurity states generated are primarily a result of the hybridization of
Mn (3d), Fe (3d), Zn (3d), and Ni (3d), Pb (4p), and I (5p) orbitals. Figure 5.4 (b) shows
the spin-up bands located at -4 to -2 eV in the VB above the Fermi level and the spin-down
bands located in the Ep and CB because of half-filled Fe ions (eg,t2¢). The interaction
between the dopant’s transition metal and the adjacent I atom leads to the splitting of en-
ergy levels near the Fermi energy. These findings suggest that the magnetic characteristics

observed in the TM-doped CsPbl3 may be attributed to the p—d hybridization.
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Figure 5.4: Total and partial density of states for (a) CsPbgg7sMng 12513, (b)
CsPbg g75Feq.12513, (c) CsPbgg75Nig 12513, and (d) CsPbgg75Zng 12513 perovskite materi-
als.

5.5 Optical Properties

5.5.1 Dielectric Function

A material’s optical response is defined by a set of frequency (or energy) based factors that
are highly dependent on the electronic band structure’s features. Essentially, the optical
properties of the compounds are determined by the interaction between particles of inci-

dent light and charge carriers at the surface. The calculated € (@) and & (@) of dielectric
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function of CsPblz and CsPbg g75TMy 12513 are displayed in Figure 5.5 - 5.6. Both the
€1(w) and & (@) have the most intense peaks in the low energy area (visible region) for

both undoped and TM doped CsPbls.
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Figure 5.5: The calculated real part of the dielectric function, €;(®) for undoped CsPbl3
and TM doped perovskites.

The static dielectric function plays an important role in influencing charge recombi-
nation rates and overall efficiency in opto-electronic devices. It is the value of the di-
electric function at 0 eV. A high static dielectric function is advantageous as it decreases
charge recombination rates, consequently improving the device’s efficiency [174]. The
static frequency limit of dielectric function € (0) is observed at 5.97, 5.84, 5.96, 6.12 and
6.06 for undoped CsPbls, CsPbg g75Mng 12513, CsPbg g75Feq. 12513, CsPbg g75Nig. 12513, and
CsPbg g75Zn¢ 12513 perovskite materials, respectively. CsPblz doped with Ni and Zn have a
slightly greater static dielectric function than the undoped compound, suggesting that these
perovskites may be more effective for use in photovoltaic devices. Furthermore, pure and
TM-doped CsPbl3 have dielectric functions that are high at low photon energies but reduce

at high photon energies.
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Past the zero frequency limit, € (@) of the compounds rises until the maximum value of
9.05 at 2.09 eV, 8.76 at 2.28 eV, 8.96 at 2.29 eV, 8.82 at 2.29 eV and 8.53 at 1.79 eV for
CsPbls, CsPby g75Mng 12513, CsPbg s75Feq. 12513, CsPbg.g75Nio. 12513, and CsPby 875Zng.12513
perovskite compounds, respectively. For both undoped and TM-doped, & (®) of the dielec-

tric function demonstrated a sharp peak in the low energy region.
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Figure 5.6: The calculated imaginary part of the dielectric function, & (@) for undoped
CsPbl3 and TM doped perovskites.

5.5.2 Refractive Index

The index of refraction defines the group velocity of electromagnetic waves within a ma-
terial [19]. The calculated refractive index of undoped CsPbl; and TM doped is illustrated
in Figure 5.7. The computed n(®) of these compounds follows similar trend as the real
part of the dielectric function. The static frequency limit n(0), are 3.6 for CsPbls, 2.37
for CsPbg g75Mng 12513, 2.43 for CsPbg g75Feq 12513, 2.37 for CsPbg g75Nig 12513 and 2.46
for CsPbg g75Zng 12513 perovskites compounds as shown in the plots. It is notable that the

highest peaks of the refractive index for both undoped CsPbl3 and CsPbg g75TMy 12513 was
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observed in the visible region. The compounds doped with Mn, Fe and Ni have the most

intense peak compared to undoped CsPbl; meaning that they can be applied in solar cells.
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Figure 5.7: The calculated refractive index, n(®) for the undoped CsPbl; and TM doped
perovskites.

5.5.3 Extinction Coefficient

The extinction coefficient (K (®)) quantifies how actively a material absorbs photons at a
specific wavelength and is proportional to a material’s refractive index. Photons will be
absorbed, when (K(w)) has a positive value, and a value of 0 shows that photons will pass
through the material. Extinction coefficient (K(®)) plots are shown in Figure 5.8. The
calculated threshold points of (K(w)) are 1.40, 1.72, 1.61, 1.35 and 1.54 eV for CsPbl3,
Mn-doped CsPbl3, Fe-doped CsPbls, Ni-doped CsPbl3, and Zn-doped CsPbl3 perovskites
respectively. The compounds doped with Fe and Ni have slightly higher peaks observed
around 2.5 eV compared to undoped CPblz implying that these materials are suitable for

opto-electronic and photovoltaic applications.
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Figure 5.8: The calculated extinction coefficient of undoped CsPblz and TM doped per-
ovskites

5.5.4 Reflectivity

Reflectivity, R(®) is another important optical parameter that provides information on ma-
terials applied in photovoltaic. The reflectivity, R(®) quantifies a material’s ability to re-
flect incident light from the surface. The reflectivity, R(®) of the CsPbl3, CsPbg g75Mng 12513,
CsPbg g75Feq.12513, CsPbg g75Nig 12513, and CsPbg g75Zn¢ 12513 perovskite compounds are
illustrated in Figure 5.9. The calculated static frequency limit of reflectivity R(0) were
0.165 for undoped CsPbls, 0.171 for CsPbgg75Mng 12513, 0.178 for CsPbg g75Feq 12513,
0.175 for CsPbg g75Nig. 12513, and 0.168 for CsPbg g75Zng 12513 perovskite compounds. The
reflectivity values for doped systems are slightly lower than undoped CsPbl3 in the low
energy region, suggesting that these doped compounds have potential in solar cell applica-

tions.
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Figure 5.9: The calculated reflectivity, R(®) of undoped CsPbls and TM doped per-
ovskites.

5.5.5 Conductivity

The optical conductivity denoted as o (®) and depicted in Figure 5.10 illustrates the gener-
ated current density in response to an incident photon with a specific frequency. The critical
threshold was initiated at approximately 1.19, 1.91, 1.88, 1.90 and 1.86 eV for undoped
CsPblz, Mn-doped CsPblsz, Fe-doped CsPblz, Ni-doped CsPblz, and Zn-doped CsPbls
perovskites, respectively. The intense peaks of o (@) for undoped and TM doped were ob-
served around 6 eV. The undoped CsPbl; compound has the most intense peak compared
to TM doped materials. The doping of TM resulted in a slightly red-shifted spectral peaks
position toward the lower photon energies and an increase in the peaks magnitude between

2 and 3 eV.
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Figure 5.10: The calculated conductivity, o(®) of undoped CsPblsz and TM doped per-
ovskites using GGA-PBE functional.

5.5.6 Absorption

The optical absorption coefficient, a(®) for undoped CsPbls, and CsPbgg75TMo 12513
where TM = Mn, Fe, Ni, and Zn perovskite compounds are depicted in Figure 5.11. The in-
troduction of transition metal dopants exhibit the higher absorption peak in the low energy
area compared to CsPbl3, because of intermediate states, same behavior as it was observed
with the electronic properties. However, in the ultra-violet region, CsPbl3 has decreased.
As the energy increase, the value of () also rises to the highest value around 25 eV as
demonstrated in Figure 5.11. Therefore, these transition metal doped CsPblz compounds
can absorb photons in the visible region of the electromagnetic spectrum, which improves

the opto-electronic properties of these perovskites.
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Figure 5.11: The calculated optical absorption coefficient, o/(®) of the undoped CsPbl3
and TM doped perovskites.

5.6 Elastic Properties

The elastic constants, C;; are important parameters to determine the mechanical stability of
a material. The Cy;, Ci» and Cy4 of CsPbls were calculated and listed in Table 5.2 for the
undoped and TM doped CsPbl3. Table 5.2 results show that all these compounds satisfy
the cubic Born stability criteria defined in chapter 3, indicating mechanically stability. The
calculated Cy; is greater than 40 GPa for all the compounds, following a trends of Ni >
Mn > Zn > Fe. The calculated value of undoped system is 43,02 GPa, higher than litera-
ture report of 34.42 GPa obtained using standard GGA. To determine the brittleness and
ductility of a material, the Cauchy pressure (C» — Cy4) was calculated and listed in Table
5.2. The Cauchy pressure of ductile materials is positive, whereas the Cauchy pressure of
brittle materials is negative. The Cauchy pressure of the undoped and TM doped CsPbls in
Table 5.2 are all positive, indicating that these compounds are ductile in nature.

Furthermore, Table 5.3 presents the shear modulus, bulk modulus, and Young’s mod-
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ulus of the material approximated by Voigt-Reuss-Hill average. The small value of B for
materials is an indication of the flexibility of the material. The values of B for TM-doped
structures are lower than for undoped, but bit higher for Mn-doped system. Shear and
Young moduli provide information on a material’s stiffness, with small values for doped
crystals than for undoped CsPbls, suggesting that they can easily be made into thin films
for opto-electronic applications. A material is ductile above the critical values of 1.75 for
B/G and 0.26 for Poisson, and brittle below. Table 5.3 shows that the values of both ra-
tios for undoped and TM doped CsPbls are in the ductile region, confirming that these

compounds are ductile in nature.

Table 5.2: The calculated elastic contants C;;, and Caunchy pressure of an undoped and
TM doped CsPbls.

Cn Ci2 Cuy
Compound Cpp-Cyy
(GPa) (GPa) (GPa)
43.02 4.92 2.86
CsPbls 2.06
34.41 [162] 4.71 [162] 3.35[162]
CSPbo.g75Mno_125I3 44.76 8.34 4.24 4.10
CsPbg g75Feq.12513 40.34 7.16 4.06 3.12
CsPbg.g75Nig 12513 4943 8.85 4.35 4.50
CSPbQ_87SZn0.125I3 40.71 6.11 3.28 2.83

Table 5.3: The calculated bulk modulus, shear modulus, Young’s moduli, Pugh’s ratio and
Poisson for CsPbl; and TM doped perovskites

Bulk Shear Young
) Pugh’s
Compound modulus modulus modulus Poisson
ratio
(GPa) (GPa) (GPa)

CsPbl; 18.27 6.72 17.74 0.3361 27172
CsPbg g75Mnyg 12513 19.80 8.75 20.01 0.3362 2.7195
CsPbg g75Fe 12513 17.82 7.62 19.87 0.3229 2.3397
CsPbg g75Nig 12513 18.22 6.98 18.44 0.3302 2.6108
CSPbQ.g7szn().125I3 17.61 6.87 18.08 0.3274 2.5638
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5.7 Thermodynamic Properties

The relevance of thermodynamic properties, particularly the temperature-dependent bandgap,
is crucial for modeling the performance of solar power systems under different temperature
conditions. Environmental temperatures significantly affect both lifespan and the efficiency
of solar cells. The long-term reliability and stability of photovoltaic materials and systems
can be assessed by examining their thermodynamic characteristics [175]. The fundamen-
tal concepts of thermodynamics are Debye temperature, heat capacity, entropy, enthalpy,
melting temperature and free energy as demonstrated and listed in Figure 5.12 - 5.14 and
Table 5.4. Heat capacity offers valuable insights into materials by revealing information
about vibrational effects when subjected to heat, and it also helps determine the material’s
suitability for technological applications. It notable that the calculated value of 6p for
CsPblz and CsPbg g75TMy. 12513 are 109.2, 117.2, 116.4, 111.9 and 110.9 K, respectively,
as seen in Table 5.4. The Debye temperature is low for these perovskites, they behave as
low temperature resistance materials and they have low thermal conductivity.

Melting temperature is also used to differentiate between thermal softness and hardness
of a material and can be calculated using independent elastic constants. The melting tem-
peratures for CsPblsz and CsPbg g75TMy 12513 are as seen in Table 5.4. It is important to
note that the high melting point indicates that these materials remain stable even at ex-
treme temperatures. From this analysis, it was observed that among pure and TM doped
CsPbls, CsPbg g75Nig 12513 has the highest melting temperature compared to others. The
heat capacity provides information about lattice vibration and phase transition. The lattice

vibration that occur within a material have an effect on its temperature sensitivity.



5.7. Thermodynamic Properties 111

Table 5.4: The computed average sound velocity vs, Debye temperature 6p, and melting
temperature for undoped CsPblz and CsPbg g75TMy 12513 perovskites.

Average
Debye Melting
sound
Compound temperature temperature
velocity
(6p) (Tn)
(vs)

CsPbls 1396 109.2 807.25
CSPb0,875M1’10‘125I3 1464 117.2 817.53
CSPb0.875FGQ,]25I3 1463 116.4 791.53
CsPbyg g75Nigp 12513 1414 111.9 845.13
CSPb0.37szn0.12513 1396 110.9 793.60

The temperature dependence ranging from 0 - 600 K of the specific heat capacity C,
for CsPblz and CsPbg g75TM 12513 are shown in Figures 5.12 (a) — 5.13 (a) - (d) and ex-
hibit the same behavior throughout the considered temperature. It increases abruptly for
all the materials below 150 K and then gradually slows down towards 200 K until it be-
comes almost constant at higher temperature. The maximum heat capacity for CsPbl3,
and CsPbg g75TMy. 12513 was observed in accordance with Dulong-petit limit at high tem-
peratures, which is approximately around 950-952 J/mol~'K~! for TM doped materials.
Enthalpy, entropy and Gibbs-free are determined temperature dependent thermodynamics
properties illustrated in Figures 5.12 (b) — 5.14 (a) - (d). These figures clearly depict the
trend of increasing enthalpy with rising temperature, while both free energy and entropy

exhibit a decreasing trend as temperature increases.
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Figure 5.12: The calculated heat capacity, enthalpy, entropy and free energy against tem-
perature for CsPblz perovskite.
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Figure 5.13: The calculated heat capacity against temperature for CsPbg g75TMy 12513 per-
ovskite materials.
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Figure 5.14: The calculated enthalpy, entropy and free energy against temperature for
CsPbg 875 TM. 12513 perovskite materials.

5.8 Summary

In summary, the structural, electronic, optical, mechanical and thermodynamics properties
of the TM dopants in the CsPblz perovskite were studied employing the first-principles
DFT calculations. It was observed that the substitution of Pb atom with the TM (Mn, Fe,
Ni, and Zn) reduces the lattice constants. The Pb-I bond length increases because of the
smaller ionic radius of the TM than Pb. There was modification in the electronic structures
after the introduction of the dopants which lead to reduced and indirect band gap. These
transition metals optical absorb in the visible region with an intense ot (®) compared to un-
doped CsPblj and this is because of an intermediate energy band creation in the transition
metal dopants band gap. The doping of TM resulted in a slightly red-shifted spectral peaks
position toward the lower photon energies and an increase in the conductivity. These per-
ovskite materials are ductile and mechanically stable. The comparative analysis of CsPbl;3
and CsPbg g75TM 12513 where TM = Mn, Fe, Ni and Zn have demonstrated that these per-

ovskite compounds have enhanced opto-electronic properties and may be used in the solar
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cell devices notwithstanding their indirect band gap. Furthermore, an analysis of different
thermodynamic parameters, including the Debye temperature, specific heat, enthalpy, en-
tropy, and free energy was conducted and demonstration the suitability of these materials
for use these material in an higher temperature. The heat capacity and entropy of these

perovskite materials increases with temperature.



Prediction of Mixed Halides CsPb(1/Br)3

Structures

6.1 Introduction

Research on material constituents mixing often concentrates on examining the stability of
various phases, such as ordered intermediate ground states and end members, as well as
investigating the miscibility gaps between them. Certain intermediate phases can remain
stable even at high temperatures and may prove advantageous for specific applications. For
some purposes, disordered solid solutions, particularly mixed halides achieved through el-
ement mixing, are preferred as they offer properties that can be adjusted easily. The per-

ovskite structure tends to show enhanced stability in relation to phase transitions. The

115
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impact of halides on halide-perovskites and their optical band gap is widely recognized.
These halides provide an effective means of adjusting the band gap of these materials. The
value of the energy band gap increases as the size of the halide decreases. For example,
CsPbl; has a reported band gap of approximately 1.73 eV [58], and that of CsPbBr3 is ap-
proximately 2.30 eV [28]. CsPbBrj is therefore considered less suitable for applications in
photovoltaic because of this large band gap. However, the thermal stability and phase sta-
bility of CsPbBr3 are better than those of CsPblz and this has generated research interest.
CsPbBrj3 has been utilized as an active absorber in various PSC configurations and has PCE
up to 9% [176]. Most recently, there significant attention has been given to cesium lead
mixed iodide and bromide perovskites (CsPblz_,Br,). Various mixtures of Cs based per-
ovskites containing bromide and iodide with improved thermal stability and reduced band
gap have been tested in perovskite solar cells [41, 43]. This resulted in a notable increase
in PCE reaching approximately 16% of the solar cells [43]. The substitution of bromide in
CsPbls reduces the temperature that is necessary for the formation of the CsPbl,Br black
phase from 623 K to 523 K, and the CsPbl;Br exhibits improved stability compared to
CsPbls. This chapter presents cluster expansion method used to predict new structures of
Br doped CsPblz and further predict their structural, electronic, optical, mechanical and

thermodynamic properties.

6.2 Computational Methodology

6.2.1 Cluster Expansion

To determine the structural properties and stability of CsPbl;_,Br, systems, the total en-
ergy for all the potential configurations must be calculated. Cluster expansion accounts
for the energies of various atomic configurations by generating an Ising-like Hamiltonian
and was used to calculate the configurational total energy. The cluster expansion method
was implemented within UNCLE code [138] discussed in chapter 3. The UNCLE code
progressively increases the number of clusters considered until ideal degree of precision

is attained in the CE. This technique was employed to determine phase diagram and the
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ground-state structure of CsPbls_,Br, systems. The CVS is provided as an indicator to

evaluate the accuracy of the CE fit.

6.2.2 Monte Carlo

The UNCLE code [138] was employed to perform the Monte Carlo simulations for CsPb(I/Br)3
systems. To achieve the desired precision in the average concentration of the CsPb(I/Br)3
compounds, the averaging times were set to 0.1%. The Monte Carlo moves involved ex-
changing the positions of I~ and Br~ ions. The phase diagrams were calculated employ-
ing the canonical ensemble (NVT) with specific parameters such as system volume (V),
temperature (T), and number of particles (N), as implemented in the UNCLE code. The
simulations used a supercell of 25x25x25 atoms. The temperature range explored in the

simulations was set from 100 K to 3200 K.

6.2.3 Geometry Optimization

First principle DFT was employed to optimize and calculate the properties of predicted
structures implemented within VASP [101-104]. GGA was used as an exchange-correlation
functionals [105]. The kinetic energy cut-off was 520, 550, and 500 eV with the k-points
of 4 x4x5 5x4x5and 5 x 5 x 6 for these cluster expansion predicted structures
of CsyPbyI3Br3, CsoPbyIsBr and Cs3PbsIBrg, respectively. The convergence threshold for
the total energy was set at 10~% eV/atom. The compounds were considered fully optimized

when forces were smaller than 104 eV/A.

6.3 Ground States Search

To begin the ground states search of the CsPb(I/Br)3; system using CE, the DFT enthalpies
of formation of CsPb(I/Br); were initially calculated. Furthermore, 42 additional struc-
tures, suggested by the genetic algorithm, were included. Using these structures, a GA was
started and 2 meV cross validation score per atom was obtained. In the first run of CE, a

new input structure was selected by the CE, which predicted it as a ground state. The total
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energy of new structures was calculated using VASP and added to the input set. Cluster

expansion predictions were modified and fitted in the procedure.
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The system was considered to have converged when no new ground state structures
were discovered. Figure 6.1 depicts the predicted formation energies against Br concentra-
tion. The green cross represents energies predicted from the fitted CE energy functionals,
green square represents energies predicted from fitted DFT inputs, black cross represents

formation energies predicted by CE and red dash represents the DFT ground state line.

Table 6.1: Cluster expansion structural predicted structures (CsPb),I,Br, (where x =1 to 3
and y and z = 1 to 8) for binary system at various composition.

Compound Atom site X y z
Cmmm I 4j 0 1/4 12
Cs2Pb213Br3 12 2a 0 0 0

o @
o9 %5 o1 Br 2b 12 0 0
N s a9
QI e T Br2 4e 1/4 1/4 0
P @ @ @ 2
,(l)" uu -:F‘} \J‘ .:,J Cs 4h 1/4 0 1/2
N e Pb 4i 0 1/4 0
PA/mmm I 1b 0 0 12
2 4j 1/4 1/4
CSzpbglsBr ) / / 0
o325 Br 1d 12 12 12
0 oTb
Lo 400 Cs 2e 0 12 12
TT g;f
IRASN Cs la 12 0 12
fI wI Pb la 0 0 0
J,‘vaJJL
Pb2 le 12 12 0
I 2f 0 12 0
Pmmm Br 41 0 1/2 0.67
CS3Pb3IBI‘8 Br2 2g 0 0 0.83
PR - E— Br3 1b 0 0 12
OO OO T
GL . Cs 2h 12 12 0.17
@

% %E Cs2 1d 12 12 12

“, @ <
s ? Pb 2g 0 0 0.33
Pb2 la 0 0 0
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6.3.1 Miscibility Gap

From Table 6.2, it is apparent that there would be variations within the calculations because
of stochastic method used in the cluster expansion method. However, based on the final line
of the table (4™ jteration), it can be inferred that the final CE includes 42 structures from
the training set and with CVS of 0.65 meV/pos for the system, which is accurately enough
to indicate relative energies of ordered structures. Furthermore, the CVS represents just a
small fraction of the formation energy. The next column remained unpopulated until 2"
iteration, implying that the optimized scheme transitioned from the miscible constituents
to the miscibility gap mode. Therefore, the system with a miscibility gap has no stable

structures with respect to existing pure phases.

Table 6.2: The development of an iterative procedure that lists stable structures constructed
of numerous pure phases.

Elastic
No. of structures No. of new structures CSV score (meV/pos)
Iteration
0 0 2 -
0 0 12 -
1 12 10 0.026
2 22 10 0.46
3 32 10 0.60
4 42 10 0.65

6.4 Monte-Carlo

In order to visually examine the behavior of phase segregation in CsPbl; _,Br, compounds,
simulation cells with fixed halides content (50.0 % concentration) underwent annealing
at temperatures that varied from 0 K to 3200 K. This annealing process was carried out
using the canonical ensemble simulation technique called Monte-Carlo. Observations were
made of the spatial distributions of halides (I-Br) atoms within annealing simulation units.

Figure 6.2 presents the spatial distribution patterns of I-Br atoms at four representative
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temperatures (300 K, 500 K, 600 K and 700 K) for CsPbl;_,Br, compounds, as these
temperatures exhibited similar spatial morphologies. To enhance the visibility of the spatial
distribution morphology, the figures include the display of Cs and Pb atoms in CsPbl; _,Bry
compounds. The findings suggest that a homogeneous distribution of I and Br atoms for
CsPbl; _Br, may be obtained at higher temperatures. The distribution morphologies are
further depicted in Figure 6.3. The figure reveals that the clustering morphology at 50
% takes a thick lamellar shape. The formation of the lamellar morphology at 50 % has
been previously reported for other systems, both experimentally and theoretically [177].
The lamellar shape starts to loose shape form at 600 K, and completely dissapears at 700
K. Thus, the agglomerative cluster starts to scatter and becomes homogeneous at 700 K

[178].
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From the observations depicted in Figure 6.2, it is evident that there is a segregation of
I and Br halide atoms in the considered CsPbl;_,Br, compounds between 300 K and 500
K. This indicates that phase segregation can occur in CsPbl;_,Br, compounds, leading to
the separation of CsPbls (or I-rich CsPbl;_,Bry) and CsPbBr3 (or Br-rich CsPbl;_,Br,)
at a low temperature. As the temperature increases, the agglomerated clusters gradually
disperse at 600 K and the spatial distribution of halides (I and Br) atoms becomes ho-
mogenous at 700 K. These findings are consistent with literature reports CsPbls exists as
non-provskite polymorph at room temperature [91]. The temperature around 590 K is at

which the non-perovskite polymorph changes into the perovskite polymorph.
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Figure 6.3: Monte Carlo simulation cells of CsPblysBrg s at different temperature. Blue
and orange balls are I and Br atoms.
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6.5 Structural Properties

From the 42 structures predicted by cluster expansion, we randomly selected three struc-
tures to investigate their structural, opto-electronic, mechanical, and thermodynamic prop-
erties. The structural parameters of the selected compounds calculated are shown in Table
6.3. The random selection is mainly guided by previous studies on unconventional per-
ovskites indicating that the perovskite formula can be altered into A,B;X¢, A3B3X9 and
A3B>Xo phases, which we reported to be stable. The lattice constants for CsyPb,13Br3,
and Cs3PbsIBrg calculated are of an orthorhombic system, where a # b # ¢ whereas
Cs;,Pb;I5Br has tetragonal system lattice constants with a =b # ¢, as seen in Table 6.3. The
Pb-I bond length is longer compared to Pb-Br bond length for Cs;Pby13Br3, Cs;PbyIsBr
and Cs3PbsIBrg structures which is because of the ionic radius difference of Br and I.
There is no previously published experimental nor theoretical work to compare the calcu-

lated structural properties for these predicted structures.
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Table 6.3: The calculated structural parameters, angle and bond length of (a) CsyPby13Br3,
(b) Cs3PbsIBrg and (¢) CsyPbyIsBr.

Compound Cs,PbyI3Br3 Cs3;PbsIBrg Cs,Pby15Br
Crystal
Orthorhombic Orthorhombic Tetragonal
Phase
Lattice a=11973 a=>5.987
a=b=9.044
constant b=12.412 b=17.967
. c=6.206
(A) c=6.403 c=5.152
Volume
V=951.42 V =661.66 V =507.57
(A%)
Angle
o= =y=90.00 a=p=y=90.00 o =B =y=90.00
)
Bond
Pb-1=3.207 Pb-1=3.201 Pb-1=3.194
length
. Pb - Br=2.999 Pb - Br=3.001 Pb - Br=3.103
(A)
Band
gap 1.69 1.90 1.52
(eV)
Cmmm P4/mmm Pmmm
Cs,Pb,1;Br; Cs,Pb,IsBr Cs;Pb;IBry
@ Q @ —— — "R
] o - é Q ) ‘ fe @ Te
B o9 o9 | Q ) | ) %
|
. o . =] Y ‘6 b % @ 9o
v o 4 J
v ‘C:i 4 é | Q O 5 %
J v v ] J | O 0 9 [*) @
1 | e .6 [¥) " ]
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Figure 6.4: The cluster expansion predicted structure CsyPbyI3Br3, Cs,Pb,IsBr and
CS3Pb3IBI‘g.
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6.6 Electronic Properties

6.6.1 Band Structure

The calculated band structures for Cs,PbyI3Br3, Cs;PboIsBr and Cs3PbszIBrg are shown
in Figure 6.5. For Cs,PbyI3Br; and Cs;PbyI5Br, the VBM and CBM were observed at
Z-point and at S-point for Cs3Pb3IBrg, indicating direct band gap materials as illustrated
in Figure 6.5. The calculated band gaps of CsyPby13Br3, CsyPb,IsBr and Cs3;PbsIBrg are
1.69, 1.52 and 1.90 eV as seen in Table 6.3. Again, there are no reported experimental nor
theoretical values to compare with. However, comparing these structures with the exper-
imental band gap of CsPblz (1.73 eV) and CsPbBrsz (2.30 eV) demonstrates that mixing
halogens can reduce the band gap of perovskites materials, making them suitable for solar

cell application.
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Figure 6.5: The calculated band structures of the predicted (a) Cs,PbyI3Br3, (b)
CsyPbyIsBr and (¢) Cs3PbsIBrg structures.
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6.6.2 Density of States

The total and partial DOS of the predicted structures Cs,PbyI3Br3, CspPby15Br and Cs3Pbs1Brg
are shown in Figure 6.6, which determine the orbital contribution of atoms to the electronic
states in the VB and CB. The valence band between -15.0 eV and -5 eV is made up of
halides (I-5s and Br-4s orbitals) and small contribution from Cs-5p and Pb-(4s and 4p)
orbitals as depicted in Figure 6.6. The valence upper band close to the band edge (-5.0 eV
to 0 eV), a contribution of Pb-(4s and 4p) and halides (I-5p and Br-4p) states is shown.
The CB is mainly comprised of Pb-4p orbitals near the band edge and a small contribution
from the halide atoms (I-5p and Br-4p). These halogen atoms contribute to both valence
and conduction bands and this positively contributes to the electronic properties of the per-
ovskite materials. These predicted structures have similar density of states as CsPblz and

CsPbl;.
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Figure 6.6: The calculated total and partial density of states for the predicted structures (a)
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6.7 Optical Properties

6.7.1 Dielectric Function

The dielectric function describes a material’s reaction to an incident electromagnetic wave.
Figure 6.7 displays the real part € calculated and plotted against frequency of the predicted
structures CspPb,I3Br3, CsoPbyIsBr and Cs3PbsIBrg. The static value of the €; defines the
amount of carrier recombination and performance of opto-electronic device [174]. The
static values of the dielectric constant £;(0) are 4.82, 5.88, and 4.80 for Cs;Pb;I3Br3,
CsyPbyIsBr and Cs3;PbsIBrg, respectively. These compounds display the most intense
peaks at low energy (visible) region. The calculated real part maximum values were 6.95 at
2.41eV,8.88 at2.26 eV, and 4.41 at 2.96 eV for Cs,Pb,13Br3, Cs)PbyIsBr and Cs3Pb3IBrg
respectively. The real part dielectric function of these compounds has a higher peak in the
visible region (low energy) but decreases in the ultra-violet region which demonstrates that
they are suitable for solar cell devices. It is also observed that the spectral peaks of these

predicted structures red shifted compared to CsPblz and CsPbBr3.
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Figure 6.7: The calculated real € (w) dielectric function of the predicted structures (a)
CSszngBI‘3, (b) CSszzIsBI‘ and (C) CS3Pb3IBr8.



132 Chapter 6. Prediction of Mixed Halides CsPb(1/Br)3 Structures

Figure 6.8 shows the imaginary part & calculated and plotted against incident photon
energy for the predicted structures Cs,PbyI3Br3, CsoPbyIsBr and Cs3PbsIBrg. The imag-
inary dielectric function, & begins at approximately 1.63 eV, 1.47 eV, and 1.82 eV for
CsyPbyI3Br3, CsyPbsoIsBr and Cs3PbsIBrg, respectively, which is related to the band gap
of these compounds. As photon energy increases, the calculated imaginary part also in-
creases and reaches highest peaks of 5.87 at 3.70 eV, 8.29 at 3.03 eV, and 5.53 at 3.86 eV
for Cs,PbyI3Br3, CsyPbyIsBr and Cs3PbsIBrg, respectively. Once these maximum values
are reached, the & of dielectric functions begins to drop due to an increase in the energy
of the photon. CsyPb;15Br is the second most intense peak compared to others indicating

that mixed halides can also improve the intensity of the imaginary dielectric function.
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Figure 6.8: The calculated imaginary &,(®) dielectric function of the predicted structures
(a) CSQPbQIgBr3, (b) CSsz215BI' and (C) CS3Pb31BI'3.
6.7.2 Refractive Index

Figure 6.9 shows the calculated refractive index as a function of photon energy for the pre-
dicted cluster expansion structures Cs;Pb,I3Br3, Cs;PbyIsBr and Cs3PbsIBrg. The static

refractive indices n(0) for Cs,Pby13Br3 is 2.20, for Cs;Pb,I5Br is 2.43 and for Cs3Pb3IBrg
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is 2.19. The refractive index increases and approaches the maximum value around 2.67
at 2.51 eV for CsyPbyI5Br3, 3.06 at 2.36 eV for CsyPbyIsBr and 2.69 at 2.72 eV for
Cs3PbsIBrg. The degree of light refraction is determined by the refractive index, which
is an essential parameter that is particularly useful in PV devices. The n(®) is greater than
one for all the compounds because photons interact with electrons, slow down when enter-
ing a substance. The higher the refractive index, the greater the amount of slowing down
that occurs when photons travel through the material. Typically, any mechanism that in-
creases the electron density in a substance will also increase its refractive index.Cs,PbyI5Br
has the most intense peak around 2 eV as compared to CsPbl; and CsPbBr3, indicating that

mixed halides can also improve the intensity of the refractive index.
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Figure 6.9: The calculated refractive index n(®) of the predicted structures (a)
CSZPbQI3Br3, (b) CSZPbQISBr and (C) CS3Pb31B1‘g.
6.7.3 Extinction Coefficient

The ability of a material to reduce the amount of light that passes through it is referred
to as extinction coefficient, k(®). If absorption will occur, (k(®)) will have a positive

value whereas (k(®)) = 0 indicates that photons travel through the material. Figure 6.10
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demonstrates the calculated extinction coefficient for the predicted structures. Imaginary
part of the n(w), is extinction coefficient (K(®)) of the materials. It is indicative of the
radiation absorbed and have similar behavior as & (®). The extinction coefficient, k(max)
highest peaks were 1.37 at 6.71 eV for CsyPby13Br3, 1.73 at 3.24 eV for Cs,Pb,1sBr and
1.34 at 4.12 eV for Cs3Pb3IBr;. Among the predicted structures, Cs,PbyI5Br has the most

intense peak in the visible region compared to CsPbl; and CsPbBr3.
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Figure 6.10: The calculated extinction coefficient k(@) of the predicted structures (a)
CSQPb213BI‘3, (b) CSQPb215BI‘ and (C) CS3Pb3IBr8.

6.7.4 Reflectivity

For a photon of light incident on a material, we can determine how much light gets reflected
using reflectivity spectra as shown in Figure 6.11, which displays the plots of R(®) against
frequency from 0 eV to 25 eV. The values of static reflectivity R(0) was observed to be
0.141 for CsyPbs13Br3, 0.174 for Cs,PbyIsBr and 0.137 for CsyPbyIsBr. As the photon
energy increases, the reflectivity also increases and reaches maximum R(max) of 0.308 at
14.699 eV for (CsyPbyI3Br3)s, 0.339 at 3.191 eV for Csy;PbyIsBr and 0.353 at 14.80 eV

for Cs3PbsIBrs.
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Figure 6.11: Calculated reflectivity R(w) of predicted structures(a) CsyPb,I3Br3, (b)
Cs,;PbyI5Br and (c) Cs3;Pb31Brg.

6.7.5 Absorption

The amount of light at a given wavelength (energy) that enters a material before it is ab-
sorbed is measured by the substance’s optical absorption coefficient [162]. It additionally
gives information on the optimal solar energy conversion efficiency, which is essential for
a material to be used in solar cells. Figure 6.12 depicts the absorption coefficient (o)
spectra of Cs,PbyI3Br3, CsyPbylsBr and CszPbsIBrg as a function of photon energy. The
absorption spectra demonstrate the penetration capability of photons passing through a ma-
terial before absorption. The absorption spectra starts at 1.168 for Cs,Pb,I3Br3, 1.117 for
CsyPbylsBrand 1.169 for Cs3PbsIBrg, which is related to the energy band gap of the mate-
rials. The strongest peaks were observed in the ultraviolet region at 18.33, 18.28 and 12.16
eV for CsyPb,I3Br3, CsyPblsBr and Cs3Pbs1Brg, respectively. Mixing halogens (I and Br)
depicts similar peaks compared to the two compound (CsPblz and CsPbBr3) however the
predicted structures optical absorption peaks red-shifted in the visible region suggesting

that these materials can be applied to solar cells.
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Figure 6.12: The optical absorption coefficient a(w) of the predicted structures (a)
CSQPb213BI‘3, (b) CSZszISBr and (C) CS3Pb3IBI‘8.

6.7.6 Conductivity

The optical conductivity showing optically activated free charge carriers of the predicted
structures are shown in Figure 6.13 (a - c¢). It can be seen that these predicted perovskite
compounds have high optcal conductivity in the high energy region. The maximum ¢ (®)
is observed at 6.55 eV for Cs;PbyI3Br3, 13.51 eV for CsyPbyI5Br and 14.184 eV for
Cs3Pb3IBrg and then started to decrease with increasing photon energy. Compared to
CsPbls that has the most intense peak, CsyPbyIsBr has the second intense peak and the

spectral peak red-shifted.
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Figure 6.13: The optical conductivity o(@) of the predicted structures (a) Cs,Pby13Br3,
(b) CsyPbyIsBr and (¢) Cs3PbsIBrg.

6.8 Elastic Properties

The Cs,;PbyI5sBr material belongs to the tetragonal system and has six independent elas-
tic constant Cy, Cy2, Cy3, C33, C44 and Cegg, while CsoPbyI3Br; and Cs3PbsIBrg belong
to orthorhombic system with nine elastic constants Cy1, Ci2, C13,Ca2, C23, C33, Ca4, Css
and Cgg demonstrated in Table 6.4. These elastic constants determine the mechanical sta-
bility of compounds as discussed in chapter 3, equations (3.65) and (3.70). Using these
equations, the elastic constants of these structures were determined and suggest that these

predicted structures are mechanically stable.
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Table 6.4: The calculated elastic constants C;; of (a) CsyPb,I3Br3, (b) Cs2Pb,IsBr and (c)

Cs3PbsIBrg.

Elastic
Cs,Pb,13Br3 Cs,Pb,I5Br Cs;PbsIBrg

Constants
Ci 41.92 39.60 23.29
Cn 6.39 6.11 16.49
Ci3 5.96 5.24 5.16
Cx» 41.78 37.72 -
Cy3 5.96 4.84 ,
Cs3 40.37 35.89 36.92
Cuy 3.97 3.45 3.75
Css 4.02 3.79 -
Cess 4.43 4.67 15.22

The parameters G and B moduli are crucial characteristics of crystals that demonstrate
their capability to resist compression and shear deformations. Table 6.5 presents the elastic
constants, G, B, Y, v, and Pugh’s ratio of the predicted structures Cs,Pb,I3Br3, Cs,PbyIsBr
and Cs3PbsIBrg. It is evident that Cs;Pb,I3Brs has a high G, B, and Y moduli. This
indicates that the CsyPby13Br3 compound has relatively good resistance to deformation, a
good capability to resist shear strain, and good rigidity. All of the B/G and Poisson ratios
for these materials are higher than 1.75 and 0.26, indicating that they are ductile [179].
The results also show that the material Cs,PbyI3Br3, has the highest ductility other two

predicted perovskite materials and it is simple to produce into thin films.
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Table 6.5: The calculated bulk, shear, Young’s moduli, Pugh’s and Poisson ratio of (a)
C82Pb213BI‘3, (b) CSQPbQIjBI‘ and (C) CS3Pb3IBI‘8.

Elastic

CSszzI3BI’3 CS3Pb3IB1’8 C82Pb215B1”
Constants
Bulk 17.85 16.16 15.23
Shear 7.74 7.23 6.77
Young 20.17 18.77 17.59
Poisson 0.3105 0.3053 0.3063
Pugh 2.3057 2.2348 2.2480

6.9 Thermodynamic Properties

The calculated entropy, free energy, enthalpy, and heat capacity against temperature are
presented in Figure 6.14. Entropy refers to level of disorder of a material, and the middle
lines in Figure 6.14 (d-f) demonstrate the product of entropy and temperature for these
materials. The thermal motion of compounds increases, as the temperature rises resulting
in high degree of disorder, entropy and temperature. The top solid lines in Figure 6.14 (d-f)
demonstrate materials enthalpy, which increases with increasing temperature as all three
quantities (U, P, and V) increase. The bottom three curves in Figure 6.14 show the free
energy of the compound, which may be expressed as F = U - TS. However, both U and TS
increase with increasing temperature, the increase in TS is greater, resulting in an increase
in the value of TS-H. As the temperature increases, the value of H-TS decreases and hence,
F = U - TS decreases with increasing temperature.

The C, of a material is composed of contributions from lattice vibration, and electron
motion. Figure 6.14 illustrates the variation of heat capacity with temperature. The heat
capacity of these predicted structures increases rapidly below 200 K in accordance with
the T3 Law of the Debye Model at low temperatures. At higher temperatures, C, increases

slowly and until the Dulong-Petit limit [180].
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Figure 6.14: Temperature dependence of heat capacity of (a) Cs;Pb,I3Br3, (b) Cs;PbyIsBr
and (c) Cs3PbsIBrg perovskites and their (d) - (e) enthalpy, temperature entropy, and free

energy.

6.10 Summary

The combined methods including cluster expansion, Monte Carlo and DFT were employed

to study the ground state search and phase stability of (CsPb).I;Br, (where x = 2 or 3 and
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y and z = 1 to 8) materials. To conduct Monte Carlo calculations, a set of effective cluster
interactions, capable of providing an accurate formation energy for ordered CsPbl; _,Bry
configurations, was initially established within the cluster expansion framework. There
were 42 new ordered phases that were generated from a binary phase diagram. These newly
generated phases demonstrated a miscibility gap because of thermodynamically unstable
and phase separation. To further study the thermodynamic properties and phase separa-
tion at different temperature for CsPbl; _,Br, at 50 % concentrations, Monte Carlo method
was used. The electronic properties show that Cs;PbyI3Br3, Cso,PbyIsBr and Cs3;PbzIBrg
are semiconductors with energy band gap values between 1.60, 1.59 and 1.90 eV, respec-
tively. The optical properties demonstrated a strong ability of photon absorption because
of their narrow band gap materials. In all of these predicted perovskite materials, specific
heat capacity at low temperature obeys Debye law and at high temperature approaches
the Dulong-petit limit. The comparative analysis of predicted structures with CsPbl3 and
CsPbBr3, demonstrated that the opto-electronic properties of the perovskite materials are

enhanced with the mixed halides and can be used in solar cell applications.






Conclusion and Future Work

7.1 Conclusion

The structural, electronic, optical, mechanical and thermodynamic properties of B-site and
X-site doped CsPblz were successfully studied using the first-principle calculations. The
computed lattice constants are in good agreement with both previous theoretical and ex-
perimental results. The electronic band structures and DOS analyses revealed that the
CsPblz_«Br, (x = 0,1,2,3) perovskite compounds are direct band gap semiconductors, as
predicted by all GGA, SCAN and LDA functionals. The opto-electronic properties, which
describe the nature of valence band and conduction band edges are governed by contri-
butions from the ions on the B-site and X-site of ABX3 perovskite. The electronic band
gap of CsPbls was engineered by gradually replacing I~ ion with Br™ ions, which led
to the formation of CsPbl;Br, CsPbBr,I, and CsPbBrs materials. The calculated energy
band gaps were increasing with increasing content of Br~ ions. For example, in the case
of SCAN meta-GGA exchange correlation functional, energy band gap increased in this
order: 1.449 eV> 1.470 eV> 1.588 eV> 1.876 eV for CsPbl;, CsPbl;Br, CsPbBr;I, and
CsPbBr3, respectively. Previous studies reported that lower energy band perovskite ma-
terials have lower exciton binding energy. The undoped CsPbls has the lowest energy
band gap, suggesting that it is more thermally stable. However, its binding energy might
be lower, resulting in lower power conversion efficiency. The investigation revealed that
these perovskite materials displayed mechanical stability, ductility, and elastic anisotropy.

Various optical properties such as dielectric function, refractive index, conductivity, re-

143
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flectivity, extinction coefficient and optical absorption coefficients were also determined
and analyzed. These optical properties have demonstrated that these perovskite materials
absorb in the visible region. The mechanical properties of these perovskite compounds
show that these materials are ductile in nature because their calculated bulk modulus is
low, ranging between 15.09 GPa — 18.85 GPa for GGA, 14.13 GPa - 22.17 GPa for SCAN
meta-GGA, 20.59 GPa — 25.70 GPa for LDA. The ratio of bulk to shear, and Poisson ratio
of the materials CsPbl3, CsPbl;Br, CsPbBr;I, and CsPbBr; revealed that they are duc-
tile. Three indicators verified the ductility of these materials i.e., Pugh’s ratio, Cauchy
pressure and Poisson’s ratio. The energy-dependent optical parameters, especially the ab-
sorption coefficient in the visible-infrared regions and direct band gap , indicate that these
perovskite materials may be good for use in photovoltaic opto-electronic and solar cell
applications. Different thermodynamic parameters including Debye temperature, specific
heat, enthalpy, Gibbs-free energy, and entropy are examined,The maximum heat capac-
ity for CsPblz, CsPbl;Br, CsPbBr,I and CsPbBr3 are 120.26, 121.23, 120.83, and 120.34
J/ mol~'K~!, respectively. It was observed that the heat capacity reaches the Dulong-Petit
limit at higher temperatures. It further demonstrates that when the temperature approaches
zero, the three thermodynamic parameters decreased, which is consistent with the third law
of thermodynamics.

Furthermore, to resolve the issues related to the presence Pb”* toxicity in all-inorganic
halide perovskites, CsPbl; was doped with a smaller percentage (i.e., 12.5 % doping con-
centration) of transition metals, Mn2*, FeZ*, Ni2* and Zn%*. The structural, electronic,
optical, mechanical and thermodynamic properties of CsPbgg75TMq 12513 (TM = Mn, Fe,
Ni, and Zn) were investigated using DFT. To correct the strong Coulomb interactions of the
3d electrons of the transition metals, spin polarized GGA+U was used. When a transition
metal replaces a Pb atom, the bond length and lattice constants contract because transi-
tion metals have smaller ionic radii than Pb. The direct band gap of CsPblz calculated
were 1.488 eV, while all TM-doped CsPbls perovskites exhibited an indirect band gap
with reduced energy band gap notwithstanding the inclusion spin polarized hybrid func-
tional. Doping with the transition metals enhanced the absorption in the visible region, but
it was low in the ultra-violet region compared to CsPblz, making them good candidates
for use in solar cell applications. However, reduced energy band gap is not favorable for
photovoltaics application. The results on reduced band gap when doped with transitional
metals are consistent with literature results. According to the calculated elastic properties,
these compounds were discovered to be ductile and mechanically stable. Thermodynam-
ics properties such as specific heat capacity exhibit the same behavior for pure and TM
doped CsPbl3 throughout the considered temperature. Debye temperature is low for these
perovskites, they behave as low temperature resistance materials.

Lastly, cluster expansion was used to investigate the mixed CsPb(IBr)3 phase stabilities

and to determine the phase changes using Monte-Carlo simulations. The cluster expansion
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calculations generated 42 new stable (CsPb),I;Br, (where x =1to3 andy and z=1 to
8) structures that contained multiple components and ranked as the metastable structures
based on their enthalpy of formation. The simulations involved exchanging the positions
of I and Br atoms to find stable structures. In addition, Monte Carlo simulations were
employed to determine the thermodynamic properties of these CsPb(IBr); compounds for
the 50 % concentrations obtained from the cluster expansion. The simulations demon-
strated that CsPblysBrgs is a system that separates into different phases at 300 K but
changes to homogenous phases as the temperature increases to 700 K. Three of the pre-
dicted ground state structures CspPbyI3Br3, Cs;PboIsBr and Cs3PbsIBrg were randomly
selected and further investigated by calculating their structural, opto-electronic, mechani-
cal, and thermodynamics properties using DFT. The electronic structures indicated that all
the predicted structures are direct band gap semiconductors. The calculated energy band
gap of CsyPbyI3Br3, CsyPbyIsBr and CszPbsIBrg are 1.69 eV, 1.52 eV and 1.90 eV, re-
spectively. The calculated optical properties of CsPbyI3Br3, CspPboIsBr and Cs3Pbs1Brg
exhibited similar properties as those of Br doped cubic CsPbl;. The elastic properties
demonstrated that these predicted structures are ductile in nature and mechanically stable.
These findings demonstrated that mixed halide perovskites can modify the band gap and

enhance structural stability, making them good candidates for photovoltaic applications.

7.2 Future Work

(1) Incorporate spin-orbit coupling (SOC) in the calculations, especially important for
heavy elements like Pb and I, to accurately capture their relativistic effects on electronic
structure.

(i1) Use molecular dynamics (MD) or other dynamic simulation techniques to study the
behavior of doped CsPbls at finite temperatures. Investigate the role of thermal vibrations
on the stability and properties of the material.

(ii1) Study the interfaces between doped CsPblz and other materials used in device archi-
tectures (e.g., electron/hole transport layers). Understand how interfacial properties affect

device performance.






Appendix

Figure Al and A2 represents the total and partial density of states for CsPbl, CsPbl;Br,
CsPbIBr; and CsPbBr3 perovskites using LDA and GGA functionals , that were not shown
in chapter 3.
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Figure A.1: Total and partial density of states for (a) CsPbls, (b) CsPbl,Br, (c) CsPbIBr;
and (d) CsPbBr3 perovskites using GGA.
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