UNIVERSITY OF

OXFORD

Excited-State Properties of Organic Inorganic Halide

Perovskites from First-Principles

Yinan Chen

Hertford College

University of Oxford
Thesis submitted for the Degree of

Doctor of Philosophy in Condensed Matter Physics

January 2025






Abstract

In this thesis, we employ state-of-the-art first-principles calculations to understand op-
toelectronic properties and excited states in perovskite-based materials. We primarily
focus on three groups of perovskites - mixed iodide/bromide perovskites, layered per-

ovskites, and perovskite-intergrowth heterostructures.

For mixed halide CsPb(Br,I,_,); perovskites, we applied the virtual crystal approxi-
mation (VCA) within density functional theory (DFT), the GIW approximation, and the
Bethe-Salpeter equation (BSE) to calculate structural, vibrational, and optoelectronic
properties for a series of mixed halide perovskites. We show that the VCA incorpo-
rated with GW+BSE framework can accurately reproduce experimental trends across
the full halide mixing range. The study demonstrates that mixed iodide/bromide per-
ovskites can be modelled as homovalent alloys, and local structural distortions do not

play a significant role for the properties of these uniformly mixed systems.

Layered organic-inorganic halide perovskites exhibit remarkable structural and chem-
ical diversity. In these materials, excitons are primarily believed to be strongly con-
fined within the inorganic metal halide layers, and the interlayer coupling generally
suppressed by the organic cations. We present a systematic approach to study the en-
ergy and spatial distribution of the lowest-energy excitons in layered organic-inorganic
halide perovskites from first-principles many-body perturbation theory. We find that the
quasiparticle band structures, absorption spectra, and exciton binding energies depend
strongly on the distance between and the alignment of adjacent metal halide perovskite
layers. Furthermore, we show that exciton delocalisation can be tuned by changing the
interlayer distance and alignment, both parameters determined by the chemical compo-
sition and size of the organic cations. The calculations presented in Chapter 4 establish
the general intuition needed to engineer excitonic properties in novel halide perovskite

nanostructures.



Finally, we extend our exciton analysis approach to perovskite-intergrowth heterostruc-
tures by systematically constructing hypothetical molecular components (i.e. AMTP,
ATP, and HMA) in a series of lead halide perovskites-intergrowth heterostructures. We
observe a change from Type I to Type II band alignment in these materials and see a
clear correlation between the band alignment and the absence of inter/intralayer exci-
tons. Several dark interlayer excitons can be found in Type II heterostructures below
the absorption spectra onset. Such correlation can also be found when comparing the

experimentally realised materials (1-Na and 1-Li) as presented in Chapter 5.

By systematically investigating the band structures, the optical absorption spectra, ex-
citon decompositions and localisation, charge-density and potential landscapes in these
heterostructures, we uncover the structural and electrostatic origin of the band alignment
change. We have shown that even subtle structural modifications, such as the reposi-
tioning of charged ions, can alter the electrostatic energy landscape between the layers,

which in turn influences the band alignment and consequently, exciton localisation.

These insights highlight the power of structural and molecular engineering in tuning the
optoelectronic and excited-state properties of perovskite-based materials. The research
presented in the thesis provides a robust theoretical foundation for studying excitons and
designing advanced functional materials with tunable properties, and devices across a

wide range of applications, including solar cells and light-emitting diodes.
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5.13 Visualisation of ECF in lithium and sodium-based heterostructures. a,b. Isosur-
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1| Introduction

1.1 Introduction to metal halide perovskites

The emergence of perovskite materials represents one of the most significant develop-
ments in materials science and semiconductor physics of the past decade due to their

exceptional optoelectronic performance and unique combination of properties [13—17].

The advancement of perovskite materials research has followed a fascinating trajec-
tory, marked by several ground-breaking discoveries. While the oxide perovskites have
been initially studied extensively for their ferroelectric and magnetic properties since
the early 20th century [18, 19], the discovery of halide perovskites opened up a trans-
formative new era for the field [20,21]. The first synthesis of organic-inorganic hybrid
perovskites was reported by Weber in 1978 [20], but their potential remained largely
unexplored until the early 2000s. In 2009, Kojima and colleagues demonstrated the
first application of organic metal halide perovskites in solar cells, achieving a mod-
est power conversion efficiency of 3.8% [21]. In 2012, Lee and colleagues made a
breakthrough by developing solar cells based on meso-superstructured perovskites that
achieved a remarkable 10.9% efficiency, demonstrating exceptional photovoltaic prop-
erties including high open-circuit voltages exceeding 1.1V [13]. These discoveries trig-
gered a remarkable surge in research activity, leading to rapid improvements in both
application and understanding of these materials. Within just a decade, perovskite so-
lar cells achieved certified efficiencies exceeding 27%, closely matching the traditional

silicon solar cells [22].

Initially discovered by Gustav Rose in 1839 in the Ural Mountains of Russia, and named
after Russian mineralogist Lev Perovski, the term perovskite originally referred to cal-
cium titanate (CaTiO;). Today, this classification includes a vast family of structurally

and compositionally diverse compounds that share similar characteristic crystal struc-
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ture. They consist of anionic octahedra connected through their corners in various di-

mensions and charge-compensated by inorganic or organic cations.

The structural diversity of perovskite materials represents one of their most compelling
characteristics, leading to their application across a broad spectrum of optoelectronic
devices. In photovoltaic applications, the strong absorption coefficients of iodide per-
ovskites (>10* cm™) [13], long carrier diffusion lengths (exceeding 1 pm) [23], and
tunable bandgaps (1.2-3.0 eV) [17] make them ideal candidates for both single-junction
and tandem solar cells [24,25]. Halide perovskites also exhibit remarkable properties
including high defect tolerance and efficient radiative recombination [26], which have
enabled the development of light-emitting diodes with external quantum efficiencies ex-
ceeding 20% [27]. Furthermore, the compositionally tunable emission wavelength, and
the quantum confinement effects in low-dimensional perovskites have positioned these
materials as promising candidates for next-generation display technologies and lighting

applications [28].

In this chapter, we will give an introductory overview of the perovskite materials investi-
gated in detail throughout this thesis, focusing on their diverse structural configurations,

unique properties and applications.

1.2 Three-dimensional halide perovskites

Three-dimensional halide perovskites typically have the chemical formula ABXj,
where B represents a divalent cation (such as Pb** or Sn?"), and X denotes halide
anions [29,30]. The crystal structure consists of corner-sharing BX, octahedra, forming
cavities that accommodate the A-site cation, which can be either inorganic (such as
Cs™) or molecular cations like methylammonium (CH;NH; ", MA™) or formamidinium

(CH(NH,), , FA") [29] as shown in Figure 1.1.

The electronic properties of these materials are primarily determined by the B-site metal




Chapter 1 Three-dimensional halide perovskites

and X-site halogen around the band edges [31], while A-site cation states are typically
located far from the band edges. The band gap can be changed by more than 1 eV
through halogen substitution [32], and replacing Pb with Sn can reduce it by over 400
meV [33,34]. The A-site cations indirectly influence these properties through steric

effects on the BX, octahedra [35], enabling band gap adjustments up to 300 meV.

Figure 1.1: The crystal structure of cubic perovskite ABX;. Blue spheres represent the A
cations, grey spheres represent the B cations, and brown spheres represent the X anions that
forms an octahedra

Recent developments have focused on mixed-composition perovskites, incorporating
combinations of organic/inorganic cations [36,37] (FA/MA/Cs), metals [38], and halo-
gens [3]. This mixing strategy not only enables fine-tuning of optical properties but
also improves thermal and photostability by suppressing phase transitions and halide
segregation under illumination [3, 39]. However, these materials present rather com-
plex behaviours upon mixing, such as the “band gap bowing” effect in mixed-metal
systems [40,41], where the band gap of the mixed composition deviates from a linear
interpolation between the two ends, showing a downward parabolic behaviour. Under-
standing these phenomena has been challenging both experimentally and theoretically

due to the structural complexity and disorder associated with chemical mixing.

The complex behaviour of mixed-halide perovskites necessitates a comprehensive

theoretical-experimental approach for investigation. In Chapter 3, we will present a

3
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detailed study of halogen mixing in lead-halide perovskites, specifically focusing on
iodide-bromide systems. We employ the virtual crystal approximation (VCA), which
offers a computationally efficient method to model alloyed systems by replacing the
randomly distributed atomic species with a weighted average “virtual atom”. When
combined with state-of-the-art first principles calculations, this approach provides reli-
able predictions of electronic and optical properties while avoiding the computational
complexity of explicit disorder modelling. With VCA, we systematically investi-
gate how halogen mixing influences key optoelectronic properties across different

composition ratios.

1.3 Layered perovskites

Layered organic-inorganic halide perovskites represent a structurally and chemically
heterogeneous family of functional semiconductors [42], which have drawn significant
attention for various optoelectronic applications, including solar cells, light-emitting
diodes, photodetectors, and lasers [43,44]. These materials are common derivatives
of the 3D perovskites which maintain the corner-sharing octahedral building blocks,

consist of alternating layers of octahedral networks and organic molecular cations [45].

While these materials are formally extending in three-dimensional, their electronic and
optical properties exhibit quasi-2D behaviour due to the alternating layered structure
[44]. The inorganic layers act as semiconductor quantum wells, while the organic layers
serve as potential barriers, leading to strongly bound excitons with binding energies
often exceeding 300 meV [46]. Interlayer electronic coupling and charge transfer are
typically suppressed [47,48], resulting in excitons localised within the inorganic layers

[46].

The Dion-Jacobson/Ruddlesden-Popper series, with chemical formula A, | A’,B, X5,

represents a prominent class of these materials, where A is typically an inorganic or
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small organic cation, A’ is usually a large bulky organic molecule (such as butylam-
monium or phenethylammonium), and n denotes the number of perovskite layers per
unit cell [49]. The structural diversity of these materials stems from the incorporation
of different organic cations A’, which enables precise control over the structural con-
figuration - the organic spacers can modulate the thickness of the layer or the interlayer
spacing, affect the alignment of adjacent inorganic layers, and even change the planarity

of the metal-halide sheets by introducing tiltings and distortions [43,50,51].
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Figure 1.2: Schematic representation of Dion-Jacobson (a) and Ruddlesden-Popper (b) viewed
along the inorganic layer.

This structural tunability translates directly into modifiable optoelectronic properties, as
the quantum and dielectric confinement effects are highly sensitive to these architectural
parameters [44,52]. In other low-dimensional materials (e.g. transition metal dichalco-
genides (TMDCs)), the phenomenon of exciton delocalisation across layers has been
extensively studied [53—55]. In these systems, long-lived interlayer excitons can form
and delocalise across different layers [53], with properties that can be tuned through

layer twisting [54] and heterostructure engineering [55].
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Recent experimental studies of layered perovskites, have revealed similar observations
as those in TMDCs, including evidence of interlayer exciton transport [56], exciton de-
localisation [57], and charge transfer excitons [58]. Strong electron-phonon and exciton-
phonon coupling manifest in regularly spaced photoluminescence peaks [59], and the
formation of self-trapped excitons contributes to broad photoluminescence spectra and

white light emission [42].

While such exciton engineering is becoming possible in layered perovskites through ad-
vanced synthesis techniques and experimental characterisation, theoretical understand-
ing through first-principles calculations remains limited due to the complexity of these
organic-inorganic semiconductors. Early computational work by Molina-Sanchez [60]
demonstrated that organic cations often contribute little to the band-edge electronic
states, allowing them to replace these cations with Cs in model structures. Using this
simplified approach, they obtained exciton binding energies for bromide-based mono-
layers as high as 600 meV. Filip et al. [46] built on these insights and carried out detailed
GW4BSE calculations of Ruddlesden-Popper perovskites, systematically varying the
size and presence of organic cations. Their results highlight the essential role of organic
cations in dielectric screening: replacing them with Cs, or using smaller cations, signif-
icantly enhances quantum confinement effects and increases exciton binding energies,
while the presence of larger organic molecules can counteract confinement and reduce
binding energies by several hundreds of meV. These combined theoretical efforts pro-
vide crucial guidance for understanding and designing excitonic properties in layered
perovskites. Despite these advances, a comprehensive understanding of interlayer ex-

citon delocalisation in these systems remains unclear.

In Chapter 4, we will present a comprehensive theoretical investigation of exciton de-
localisation in layered perovskites using state-of-the-art GW+BSE calculations. Our
analysis reveals key structural features determining the distribution of photo-excited

electron-hole pairs and quantifies how interlayer exciton delocalisation can be tuned
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through control of the distance and alignment of inorganic layers. This study provides
fundamental insights into the microscopic mechanisms governing excited states prop-
erties in layered perovskites, with important implications for even more complex low

dimensional materials.

1.4 Perovskite heterostructures

ﬁ\\‘?’f \3 \W \\\4
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Figure 1.3: Schematic diagram of a heterostructure. Figure adapted from Ref. [1] with full-
access rights.

The exploration of optoelectronic and excited state properties in layered systems has re-
cently expanded beyond traditional layered perovskites to more complex van der Waals
heterostructures. Within this field, the study of interlayer excitons has emerged as a
particularly fascinating area of research [53]. Interlayer excitons represent electron and
hole pairs that are spatially separated across different layers of a heterostructure, with
a distinct optical and electronic properties compared to intralayer excitons (confined

electron-hole pairs within the same layer) [53,61].

The fundamental physics of interlayer excitons have been extensively studied in

TMDCs. These interlayer excitons exhibit several remarkable properties, including

7
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Figure 1.4: Schematic diagram of interlayer and intralayer exciton in layered materials.

significantly extended exciton lifetimes, reduced binding energies and susceptibility to
electric field control [61-63]. The binding energy of interlayer excitons exhibits strong
dependence on the dielectric environment of the heterostructure [61]. Furthermore,
the spatial separation of electrons and holes across different layers leads to reduced
wavefunction overlap, resulting in longer radiative lifetimes and modified optical

selection rules compared to conventional intralayer excitons [61].

In TMDCs van der Waals heterostructures, the relative alignment of electronic bands
between adjacent layers plays a crucial role in determining optoelectronic and excitonic
properties. These systems typically exhibit either Type I or Type II band alignment,
where Type I structures feature both conduction and valence band extrema in the same
layer, naturally confining electrons and holes within that layer [64, 65]. In contrast,
Type II heterostructures are characterised by a staggered band alignment, where the
conduction band minimum and valence band maximum reside in different layers. This
band offset naturally promotes the spatial separation of electrons and holes across the
interface, facilitating the formation of interlayer excitons [64, 65]. Understanding and
controlling this band alignment through material selection and interface engineering thus

provides a powerful strategy for tailoring excitonic properties in these systems.
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Recent developments in the field have revealed even more complex phenomena, such
as moir¢ excitons in twisted bilayer systems. These structures create periodic potential
landscapes that can localise excitons, leading to modified energy spectra and novel quan-
tum optical effects [66,67]. The ability to control these properties through twist angle

engineering has opened new possibilities for manipulating excitonic behaviour [66,67].

While TMDCs serve as model platforms for understanding spatially indirect ex-
citations, recent advances in synthetic chemistry have enabled the development
of novel perovskite-based heterostructures through solution-phase self-assembly
approaches [12]. Unlike traditional van der Waals heterostructures that rely on
mechanical stacking or layer-by-layer deposition, these perovskite-based heterostruc-
tures can be synthesised through solution-state self-assembly in a single step. This
approach not only enables precise atomic-level control over interfaces but also provides
significantly broader compositional and structural diversity, along with improved
scalability for practical applications [12]. This approach has led to the creation of
perovskite-intergrowth heterostructures, where different inorganic frameworks are

connected through carefully designed organic linkers [12].

Recent GW+BSE calculations of these newly synthesised heterostructures including
inorganic lead-bromide/chloride perovskites and non-perovskite layers, revealed that
chemical engineering of such hetero-interfaces may lead to yet another route to not only
control the energy but also the delocalisation of excitons in these superstructures [12].
However, several aspects remain to be fully understood, particularly the role of structural
and compositional parameters in mediating interlayer interactions and their impact on

excitonic properties.

The theoretical investigations in Chapters 5 and 6 will explore the possibilities for ob-
serving interlayer excitons in perovskite heterostructures using first-principles compu-
tations. Through systematic ab initio calculations and in-depth analysis of excitons,

we will examine how molecular and structural engineering can be used to tune band
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alignment and control exciton localisation. These studies will help uncover phenomena
unique to perovskite heterostructures, including the observation of multiple excitonic
species, the influence of ion/charge migration on interlayer coupling, and the role of

structural parameters in exciton localisation.

1.5 Summary and organisation of the thesis

This thesis investigates optoelectronic and excited states properties of perovskite based
semiconductors including mix halide perovskites, low-dimensional perovskites and per-
ovskites based heterostructures using state-of-the-art first principle computation tech-
niques, with particular emphasis on understanding and tuning excited state prosperities

in perovskite materials.
The remaining part of the thesis is organised as follows:

» Chapter 2 presents the theoretical framework and computational methods em-
ployed throughout this work, including density functional theory (DFT), many-
body perturbation theory, and quantitative approaches developed for analysing

excitons.

» Chapter 3 investigates the properties of mixed-halide perovskites, focusing on
how halogen mixing influences key optoelectronic properties through a combina-

tion of the VCA and first-principles calculations.

» Chapter 4 presents a comprehensive study of exciton delocalisation in Dion-
Jacobson layered perovskites, revealing how structural features determine the

distribution of photo-excited electron-hole pairs.

» Chapter 5 explores the formation and properties of interlayer excitons in per-
ovskite heterostructures, establishing relationships between structural parameters,

band alignment and exciton behaviour.

10
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 Chapter 6 investigates the mechanisms driving band alignment changes in per-
ovskite heterostructures and develops strategic approaches for controlling elec-

tronic properties through molecular and structural engineering.

11



2| Methods

In this chapter, we introduce the computational methods used throughout this thesis,

including DFT and the GW + BSE framework.

The chapter is organised as follows: we first present the fundamental aspects of DFT,
including the Hohenberg-Kohn theorems and Kohn-Sham equations. Then, we discuss
many-body perturbation theory within the GW approximation for accurate electronic
structure calculations, followed by the BSE method for treating optical excitations. Fi-
nally, we discuss additional computational techniques we’ve used or implemented in
this thesis, including the VCA [68] for alloy systems and methods for analysing ex-
cited states properties, such as exciton decomposition analysis and exciton correlation

analysis.

This chapter aims to provide an introductory overview and touches on the mathematical
deviation which are most relevant to the computational studies presented in this the-
sis. A more comprehensive introduction of the implementation details for DFT and the

GW+BSE framework, can be found in several reviews and textbooks [2,69-76].

2.1 Density functional theory

2.1.1 Many-body Schrodinger equation and Born-Oppenheimer

approximation

When we discuss a system with many electrons and many nuclei, we need to introduce
a so-called many-body wavefunction, ¥, which depends on the coordinates of all par-
ticles. The quantum-mechanical behaviour of a non-relativistic system of IV electrons

and M nuclei is governed by the many-body Schrodinger equation:

12
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~
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where H is the Hamiltonian operator, VU is the total many-body wavefunction and E is
the total energy. r; are electronic coordinates, and R; are nuclear coordinates. Under
the Born-Oppenheimer approximation [2], the nuclear motion is decoupled from the
electronic motion due to the large mass difference. As a result, we can treat the nuclei
as stationary at fixed positions and focus on solving the electronic Schrédinger equation

shown below:

ﬁelw(rlv"-arN) :Ee1¢(l‘1a---,r1v)7 (2-2)

where H o 1s the electronic Hamiltonian, and E is the electronic energy.

2.1.2 Hohenberg-Kohn theorems and Kohn-Sham equations

The many-body electronic Hamiltonian }fel appearing in the above expression is given

as the follows, in atomic units [2]:

- 1 1 1
Hy (1‘1ar27“',rN>:—Z§V?+2Vn(l‘i)+52m- (2.3)
g i ity T
Here, the first term = — ZZ %VZZ is the kinetic energy of the electrons, the last term

1 1 :
322 43 T represents the electron-electron repulsion, and V, (r,) represents the ex-

ternal Coulomb potential experienced by electron ¢ due to the nuclei, given by

Z
Vi(r)=— Z h'_—cim, (2.4)

where Z, 1s the atomic number of nucleus a located at position R,.

The electronic total energy, E

.» of the many-electron system, is a functional of the

13
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electronic wavefunction ¢ (ry, ..., ry).
By = <¢|ﬁel|¢> = /dr1 o dr Yt (ry, e Ty) ﬁeﬂ/} (rpy e ry). (2.5)

When solving the many-body Schrddinger equation under the Born-Oppenheimer ap-
proximation, the most complicated part is the Coulomb interaction between the elec-
trons. If we neglect this term, each electron moves independently in the external poten-
tial from the nuclei, the many[/body problem separates into /V identical onelJelectron

problems:

1
37+ )] 6:0) = e ), @6)
known as the independent electron approximation [2].

Starting from the idea that each particle moves independently in an external average
field, instead of treating the system as fully interacting, we can heuristically treat the
complex many body interactions between particles by approximating the influence of
all other particles on any given particle as an average effect. Under this mean field
approximation, the many-body Schrédinger equation reduces to a set of single-particle
equations [2]:

1
_§V2 + Verr(r) | ¢; (r) = €;9; (r) 2.7)
where V(1) is the effective potential experienced by an electron, including the external

potential from the nuclei and the mean-field due to other electrons.

For a system of identical fermions the overall wavefunction must be antisymmetric

under particle exchange [77]. Accordingly, the many[Jelectron wavefunction is con-

14
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structed as a Slater determinant of the singleparticle spin[Jorbitals,

P1(x1)  Pa(xy) - On(xy)

1/)(X1,...,XN)=L ¢1(.X2) ¢2(‘X2) QSNFXQ), (2.8)

o1 (Xn)  Po(xy) - On(Xy)

where x; = (r,, s;) combines spatial and spin coordinates.

17 %1

Each solution ¢, (r) in Eq. (2.7) is in facta spinCorbital ¢,(r, s) = ¢,(x) that depends on
both spatial coordinate r and spin variable s. For compactness we suppress the explicit
spin label in the derivation of equations, but it is fully retained when we assemble the
many ! electron state to satisfy the required antisymmetry under the exchange of the

coordinates and the Pauli exclusion principle [2].

While the mean-field approximation simplifies the many-body Schrodinger equation
with 3N dimensions into a set of 3-dimensional single-particle equations, it relies on
explicit assumptions about the form of the effective potential V 4(r). In practice, the
Hartree potential V};(r) accounts for classical Coulomb interactions [78], but capturing
the quantum mechanical exchange and correlation effects within V,(r) requires further

refinement. This is where DFT provides a robust framework.

The core concept of DFT is based on the Hohenberg-Kohn theorem [79], which states the
total energy of many electrons in their ground state is a functional of the electron density.

The electronic charge density is a function of a single position variable r, defined as [2]:
n(r) = N/ dry ... dryt* (r,ry, ..., rn) 0 (X, g, ..., Ty) . (2.9)

Under the independent electrons approximation, the electron charge density can be ob-

tained by adding up the probabilities of finding electrons in each occupied state ¢ [2],
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Chapter 2 Density functional theory

=> Il (2.10)

Furthermore, the Hohenberg-Kohn theorem implies that the exact ground-state density
and energy can in principle be obtained by minimising the total-energy functional F[n]

with respect to the electron density [2],

dE[n|
on

= 0. (2.11)

This is subject to the constraint that the single particle wavefunctions satisfy the or-

thonormality [2]:

<¢z ‘ ¢J> = 5ij7 (2.12)

which guarantees that the density in Eq. 2.10 is correctly normalised to N electrons.

However, this theorem does not say anything about how to construct such a functional.
To construct this functional, we can first combine Egs. 2.3 and 2.5, and write the total

energy as follows,

\I/\ZV + (0| — Z v2 Z|r |yqf (2.13)
J

The first term in the above can be written explicitly to be dependent on the charge density
nas, (U] Y V,(r;)|¥) = [ drn(r)V,(r), using the relation between the electron den-
sity and the wavefunction. However, the dependence on the charge density is implicit
for the kinetic energy and electron-electron Coulomb energy terms. Kohn and Sham [80]
introduced a set of non-interacting single-particle equations as in the independent elec-

tron approximation to reproduce the exact many-body Schrodinger equation while still
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Chapter 2 Density functional theory

accounting for the electron-electron interaction term. The electron-electron Coulomb
interaction is split into two potentials: the Hartree term and the exchange-correlation

term, both of which are functionals of the electron density, n(r) [80]:

P s L a0
Eln] = /drn Z/drgb 6,(r) + 2/d ar 4 )
(2.14)

Here, the first term represents the external potential energy, which describes the inter-
action between the electron density and the external potential V,, (r). The second term
corresponds to the kinetic energy of the electrons, calculated from the single-particle
wavefunctions ¢, (r). The third term is the Hartree energy, which describes the classi-
cal electrostatic repulsion between a single electron and the charge density of all elec-
trons [78, 80]. Finally, the term E,_[n] represents the exchange-correlation energy, ac-
counting for all many-body effects beyond the Hartree term, ¢.e., exchange and corre-

lation.

Now that we have the functional F, to solve the constrained optimisation problem de-

fined in Egs. 2.11 and 2.12, we introduce the Lagrange functional [2]:

L:E_ZAij [<¢z | ¢j> _6ij] ) (2.15)
ij

where A, ; are the Lagrange multipliers, and to search for the extrema of L,

5L
55 = 5¢* Z Aijb;- (2.16)

We obtain the following equation by using the chain rule of functional derivation and

inserting Eq. 2.14,

V2 / ' 6E:rc
{_7“/( o+ [ ar ‘ffr),’ o }‘bi(r) =t e
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Here the Hartree potential, V; (r), which satisfies Poisson’s equation from classical elec-
trostatics: V2V (r) = —4mn(r) and the exchange and correlation potential, V,.(r), are

introduced in the third and fourth terms in the brackets, respectively.

Since the Hamiltonian and the Lagrange multipliers are all Hermitian, i.e. Aj; = Aj; [2],
then we can diagonalise the Lagrange multipliers martrix \;; to obtain the ‘rotated’
wavefunctions ¢, and corresponding eigenvalues €;. The Kohn-Sham equations are

thus given by [80]:

VR V() + V() + vxc<r>] 0:(r) = €4(x),

Z |1'_R1|

V2V (r) = —4mn(r), (2.18)
Voulr) = el

=3 Iomf?

where ¢, (r) are the single particle eigenfunctions (also known as Kohn-Sham orbitals),
g, are the corresponding single-particle eigenvalues (also known as Kohn-Sham eigen-
values). In practice, the exchange interaction is calculated within local or semi-local
approximations to the non-local Fock exchange potential in Hartree-Fock theory, which
arises due to the Pauli exclusion principle [2]. The sequence of equations is solved
iteratively until the change in the total energy calculated at two consecutive steps is

converged to a chosen threshold, as shown in Fig. 2.1.

2.1.3 Exchange-correlation functionals

The exact analytical form of V. [n(r)] is unknown, and numerical approximations
are necessary in practical applications. The simplest method to obtain the exchange-

correlation functional uses the so-called local density approximation (LDA) [81-83].

18



Chapter 2 Density functional theory

Var) = =%, i

Initial guess
for electron density

Vier(r) = V,, (1) + Vi (1) + V.. (r)

Vi (r) = —dmn(r)
Voo(r) = Zelnl(r)

NO

New density =
Old density?

YES

End

Figure 2.1: Schematic flowchart showing the procedure for finding self-consistent solutions to
the Kohn-Sham equations. The equality in the decision box indicates that the difference between
the current and previous electron densities is within a specified threshold. In practice, the total
energies are often evaluated from charge density and converged within a threshold between two
successive iterations. The flowchart is reproduced from Ref. [2].
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The LDA assumes that the exchange and correlation energies depend only on the
local electron density n(r) [84]. This simple approximation has been successfully
applied and provided comparable results with experimental measurements for systems
with slowly varying densities. However, the LDA tends to overbind atoms, causing
underestimation of the bond lengths and the cell volume and overestimation of the bulk

modulus [85].

The generalised gradient approximation (GGA) improves the LDA approximation of
the exchange correlation energy by incorporating the gradient of the electron density
Vn(r) into the exchange-correlation functional [86], in order to account for the non-

homogeneity of the electron density distribution in a real system.

The Perdew-Burke-Ernzerhof (PBE) functional [86] is one of the most widely used GGA
functionals, due to its balance between accuracy and computational efficiency. The
PBE functional has been shown to provide improved accuracy over LDA for various
properties, including ground state energies, equilibrium geometries, and the binding
energies [86] of molecules and solids [85]; this is especially true for covalent bonds and

weakly bonded system [87].

Due to these advantages, the PBE functional is widely applied in electronic structure
calculations for solids, molecules, and surfaces. In addition to LDA and GGA, more
advanced exchange-correlation functionals called hybrid functionals have been devel-
oped to further improve the accuracy of DFT. Hybrid functionals incorporate a portion
of the non-local Fock exchange (exact exchange) from Hartree-Fock theory into the
semi-local exchange-correlation functional. This partial inclusion of exact exchange
typically corrects some of the self-interaction errors inherent in LDA/GGA and leads to

better predictions of electronic and structural properties for a wide range of systems.

A prominent example is the PBEO hybrid functional [88, 89], which is constructed

by mixing a fixed fraction (typically 25%) of the Fock exchange with the PBE. The
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exchange-correlation energy in PBEO can be written schematically as [88]:
EPBE0 — o FHF 4 (1 — o) EPBE  EPBE (2.19)

where EIIF is the Hartree-Fock exchange energy, EYBE and ETBE are the PBE exchange
and correlation energies, respectively, and « is a mixing parameter (0.25 in the original
PBEO formulation). By including exact exchange, PBEO often provides more accurate
band gaps, total energies, and defect formation energies than standard GGA functionals,
albeit at a substantially higher computational cost [90]. Due to the high computational
cost, we will primarily use PBE for structural relaxations and as a starting point for more
accurate many-body calculations throughout this thesis, while employing PBEO hybrid

functionals for specific cases where higher accuracy is required for electronic properties.

2.1.4 Practical DFT calculations and convergence parameters

In this section we will try to bridge the theoretical details described so far and the prac-
tical calculations within DFT for crystalline solids in a plane-wave representation. The
goal is to highlight the principal convergence parameters involved in practical calcu-
lations. All DFT calculations discussed throughout this thesis are performed using the

Quantum Espresso code [91,92].

In plane-wave DFT implementations, the electronic wavefunctions are expressed as a

linear combination of plane waves. The expansion of the wavefunction takes the form:

¢;(r) = Z ¢;,ge' %",
G

where G represents reciprocal lattice vectors, and ¢; ; are the expansion coefficients.

The maximum kinetic energy of the plane waves included in the basis is controlled by
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the energy cutoff parameter E_, :

2 2
RIGE
m

Only plane waves with kinetic energy less than E_, are included in the calculation.

The choice of E_, affects the accuracy of the computed properties. A higher energy
cutoff includes more plane waves, resulting in a more accurate representation of the
wavefunctions and charge density. However, this also increases computational cost. To

ensurc convergence, E

., must be tested systematically. Convergence is achieved when

increasing E

¢ further does not significantly change the calculated total energy or other

properties, such as forces or stress tensors.

The electronic structure of crystalline solids is periodic, allowing the wavefunctions to

be represented in terms of Bloch states:

wnk<r> = eik'runk(r%

where k is a wavevector in the first Brillouin zone, and wu,,, (r) is a periodic function

with the same periodicity as the lattice.

Since the the wavevector k in Brillouin zone is a continuous quantity, it must be sampled
using a discrete grid in numerical calculations. The choice of k-point sampling is critical
for ensuring accuracy in quantities such as total energy, forces, and electronic density
of states. Typically, the Brillouin zone is sampled using a Monkhorst-Pack grid [93]:

L

n n
= N1b1 + by + b,

k
Ny N

where n,, ny, ng are integers, N, Ny, N5 define the density of the grid, and b,, by, b

are the reciprocal lattice basis vectors.
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Chapter 2 Virtual crystal approximation

A denser k-point grid improves the accuracy of the integration over the Brillouin zone

but increases computational cost.

In practice, convergence testing involves performing calculations for a series of £, and
k-point grids and monitoring the changes in total energy or other relevant quantities. For
example, the total energy is considered converged if its change between two successive

E,, or k-point values is less than a predefined threshold (e.g., 1 meV/atom).

2.2 Virtual crystal approximation

The VCA [68] is an effective method used to model disordered or alloyed crystalline
materials within the framework of periodic boundary conditions [94]. In VCA, the dis-
ordered system is approximated by a hypothetical “virtual” crystal in which the atoms
at specific lattice sites are replaced by averaged pseudopotentials or atomic potentials
that interpolate between those of the constituent elements. This approach allows us to
simulate systems with fractional site occupancies without the need for large supercells,

significantly reducing computational costs.

In this thesis, we will use the VCA in the context of mixed halide perovskites, such
as CsPb(I,_,Br,);, VCA allows for modelling the continuous variation of properties
with the halide mixing ratio x. The virtual halogen atom at the X-site is constructed by
averaging the properties of iodine and bromine atoms according to their concentration.
The VCA pseudopotential can be expressed as a sum of local V;,,. and non local part V,;,

_ ylvea)

- Vloc

y/ (vea) + VTEZ)C&). The local part is constructed by compositionally averaging

the potentials of the parent compounds,

Ve = oVl 4 (1 — 2) V2

loc loc loc*

(2.20)

The non local part is given by
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Zw |+Z|ﬁ (1 —2)DP(BP], (@21

where 51(”) (r) are the projectors for state ¢ of atom n, with corresponding coefficients
D(?) [68,91]. VCA is employed by generating pseudopotentials for the virtual atom

using the virtual v2.x utility as implemented in Quantum Espresso.

2.3 Many-body perturbation theory

While DFT has been successful in understanding the ground-state properties of many-
electron systems such as structural properties, it has well-known limitations in accu-
rately predicting fundamental band gaps [83,95]. DFT calculations using local or semi-
local exchange-correlation functionals such as LDA and GGA tend to significantly un-

derestimate experimental band gaps. This is usually referred to as the “band gap prob-

lem” [83,95].

This underestimation arises from fundamental issues in approximate functionals, partic-
ularly the self-interaction error and the lack of derivative discontinuity in the exchange-

correlation potential [83,95].

The fundamental gap, often measured in experiments, is the difference between the elec-

tron affinity and the ionisation energy [95,96]:

Egp = (Exi1—Ex) = (Exy — En_1), (2.22)
where E'y; is the total energy of the system in its ground state, E'y; ; and E_, is the

total energy of the system with one extra/missing electron.

While standard DFT could in principle calculate these total energies in the ground state,

it fails to capture the correct physics of the electron addition/removal process, particu-
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larly the many-body screening effects that occur when a charge is added to or removed

from the system [96].

Many-body perturbation theory (MBPT) provides a framework for treating these
electron-electron interactions more accurately. Within this framework, the GW
approximation has emerged as a powerful and widely used method for calculating
quasiparticle energies [73,75,97]. In the GW approximation, electron addition and
removal processes are described by so-called ‘quasiparticles’ [98]. Intuitively, a
quasiparticle is pictured as an electron (or hole) surrounded by a ‘cloud’ of opposite
charges corresponding to the response of the polarisable charge density to the addition

or removal of an electron [98].

2.3.1 Quasiparticles and the GV approximation

We first consider the excitation of a single quasiparticle added to the many-body ground
state described using the Green’s function formalism. The probability of finding a par-
ticle at a position r at time ¢, after adding a particle at position r” at time ¢’, is described

by the single-particle Green’s function at zero temperature,

G(r t;x',t') = —i(U{ |T[w(r, 6), 1 (', )] | UF), (2.23)

where 9)(r,t) and ¥ (r’, ') are the second-quantised operators for annihilating or cre-
ating a particle at time ¢ and ', position r and r’, respectively; |¥1') is the many-body
ground state for N particles, and T indicates that the operators are time-ordered so that

the earlier time is on the right.

If we assume time-translational invariance, the Green’s function can be expressed in the
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Lehman (or spectral) representation after a Fourier transform with respect to ¢ — ¢:

, (W [ () [ @) (o () | 9)
Gl w) =3 = e e
(U T (o)) (T () | 9g)

w+ (EN-1 — EN) —in ’

S

(2.24)

where 7 = 0T, |UN+1) represents the eigenstates of the many-body Hamiltonian with
N + 1 electrons, and EN+! is the total energy of the (IV 4+ 1)-body system in the s

excited state.

Since the exact eigenstates of the interacting many-body Hamiltonian are unknown, we

begin by considering the Green’s function written in terms of Kohn-Sham states:

¢ (N es™ ()

w—ekS4in’

Go(r,r',w) = Z (2.25)

where ¢%5(r) and X5 are the Kohn-Sham orbitals and eigenvalues obtained from a DFT
calculation, respectively. The sign of 17 depends on whether the state is above or below

the Fermi energy.

The electron-electron interactions can be included as a perturbation on the Kohn-Sham
Hamiltonian, leading to the Dyson equation for the interacting single-particle Green’s

function [75]:

G(r,r',w) = Gy(r, r’,w)+/ Go(r,ry,w)[X(ry, ry,w)—V, . (r;)o(r;—ry)|G(ry, ¥’ w)drdr,.
(2.26)

Here, X is a non-local and energy-dependent operator known as the self-energy op-

erator, which describes the many-body interactions beyond the mean-field level. The

self-energy represents the difference between the energy of the quasiparticle and the

energy of the Kohn-Sham particle [70, 75].
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A practical approach to perform the perturbative expansion of X is to expand in terms
of the screened Coulomb interaction W rather than the bare Coulomb interaction [73].
Since the screened Coulomb interaction is significantly weaker than the bare interaction,
truncating at the first term in this expansion provides a good approximation for the elec-
tron self-energy in most systems. This approach is known as the GW approximation,

first systematically developed by Hedin [73].

The GW approximation derives its name from expressing the self-energy > as a con-

volution of the Green’s function GG and the screened Coulomb interaction W [73],

B(r,r,w) = %/G(r, v, w—w )W (r ', w)e“ 1du, (2.27)
T

where W is related to the bare Coulomb interaction v through the dielectric function e:

W(r, v w) = /el(r, r”,w)o(r”,r")dr”. (2.28)

The dielectric function and polarisability are related through the following definition:

e(r,r',w) = 5(r, 1) — / o(r, )y (¥, ¥, w)dr”, (2.29)

where the polarisability x expressed as the convolution of two Green’s functions [73],

X(rr' w) = —%/G(r, r',w)G(r',r,w —w)dw'. (2.30)
T
In principle, Hedin’s equation [73] should be solved self consistently: In order to obtain

3], we must know G, which in turn relies on knowing the self energy ..

Solving the above equations self-consistently within the GW approximation is compu-

tationally intensive. A practical implementation of the GIW method was developed by
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Hybertsen and Louie [70] which uses the Kohn-Sham orbitals to construct both the po-
larisability and the Green’s function for performing GW calculations from ab initio.
Within the random phase approximation (RPA) [99], the irreducible polarisability is a

convolution of two mean-field Green’s functions G, [70],

X (r, ' w) = —%/Go(r, r',w)Gy(r',r,w —w)dw'. (2.31)

Here, GG, can be written in terms of the mean-field eigenstates as in Eq. 2.25. In the
basis of Kohn-Sham orbitals, the irreducible polarisability function can be written as

[100-102]:

O =25 RS0 () () 65 ()
v e (2.32)

1 1
X - )
@—@L%wm7wﬂ§—§wm>
where v and ¢ denote occupied valence and unoccupied conduction states, respectively.
In G,W, approximation [70], the self energy operator X (r,r’;w) is expressed as the

convolution of a mean-field Green’s function GG, and the screened Coulomb interaction

W,

S(r,r’,w) = ' |a rr,w— W)W, (r ', w)e“ 1dw . (2.33)
o 0 0

G, is written as in Eq.2.25 and Wy (r,r",w) = [dr”e '(r,r”,w)v(r”,r") when the
dielectric function is calculated using the irreducible polarisability x, as €(r,r’,w) =

§(r,x") — [dr”v(r,r”)x,(r",r',w) under the RPA.

Within the ab initio GW approach, assuming the Kohn-Sham orbitals approximate the
quasiparticle wavefunctions, the quasiparticle energy can be calculated in lowest order

eigenvalue perturbation theory with equations [76]:
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e = &KS L (nk|DW (X)) -V, |nk). (2.34)

n

This approximation works well when the DFT eigenvectors are similar to the GW eigen-
vectors, which is often the case for moderately correlated systems. It is also possible to
evaluate the GW quasiparticle energies by diagonalising (nk|X¢" |n’K) and repeating

the calculation using the GIW eigenvalues and eigenvectors.

Several approaches have been proposed so far for performing G, W, calculations, pri-
marily distinguished by how the frequency-dependent dielectric function is calculated
or approximated (7.e. using plasmon-pole models [70,103]), or in some approaches [70],
neglected. While full-frequency calculations are computationally demanding, they pro-
vide accurate descriptions of spectral features including quasiparticle lifetimes and satel-
lites [104, 105]. A more efficient alternative is to use plasmon-pole model approxima-
tions for the dielectric function, which are particularly popular for calculating quasi-
particle band gaps and band structures. However, the choice of plasmon-pole model
can significantly impact the results, with differences in computed band gaps of up to
1 eV depending on the system. In this thesis, we employ the Godby-Needs plasmon-
pole model [103], which has been shown to yield good agreement with full-frequency

calculations for a wide range of semiconductors and insulators [106].

2.3.2 Wannier interpolation of quasiparticle band structures

A practical challenge in ab initio GW calculations is that the quasiparticle energies
5SP are typically evaluated on a relatively coarse k-point mesh due to computational
limit [107]. To achieve a more refined sampling of the band structure and accurate

determination of band extrema, we employ Wannier interpolation based on maximally

localised Wannier functions (MLWFs) [108, 109].

The procedure consists of two main steps. First, we construct MLWFs from the Kohn-
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Sham wavefunctions obtained from DFT calculations. A set of N generalised Wannier
functions |w,,(R)) labelled by index n and lattice vector R is obtained through the uni-

tary transformation [110]:

%4 .
R = Gy / diy Uiine  RIykS). (2.35)
BZ m

where U},L‘QI 1s optimised to minimise the real-space spread of the Wannier functions.

Second, we use these MLWFs as a basis to interpolate the quasiparticle energies. The
GW calculations are performed on a coarse k-point grid, and the quasiparticle correc-
tions to the Kohn-Sham eigenvalues are obtained. The short-range nature of the Wannier
basis allows for efficient interpolation of these corrections to arbitrary k-points without
requiring additional GW calculations. The interpolated Hamiltonian at any k-point can

be constructed as:

H,,(k) =) e*RH,__ (R), (2.36)
R

where H,,, (R) are the real-space Hamiltonian matrix elements that include the GW

corrections.

In this thesis, we employ the Wannier90 code [111, 112] to construct MLWFs and per-
form band structure interpolation. The specific computational details, including the
choice of'initial projections, energy windows for the Wannierisation procedure, and con-

vergence criteria, are provided in Appendix A.1.2.

2.3.3 Bethe-Salpeter equation

After obtaining accurate quasiparticle energies from GW calculations, one might expect
to accurately predict optical properties through simple inter-band transitions. However,
this approach fails to capture important features in experimental optical spectra, as opti-
cal absorption fundamentally involves the interaction between correlated electrons and

holes upon photo-excitation.
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While the GW approximation successfully describes single-particle excitations, optical
absorption inherently involves the interaction between excited electrons and holes, re-
quiring a more sophisticated treatment. The BSE emerges naturally from many-body
perturbation theory as the framework for describing two-particle excitations. A gen-
eral discussion and derivation of this theoretical framework can be found in the lit-
erature [71, 72]. In the Tamm-Dancoff approximation, the BSE takes the form of an

effective two-particle Hamiltonian eigenvalue problem [72]:

QP QP S eh | 17 2/ 1 S _ 0OS S
<€cke - Evkh) Ackevkh+ E : <Ckevkh’ K ’C k eV k h> Ac’k’cv’k’h = (ke o kh) Ackeukha
K V'K

(2.37)

where 5523{ are the quasiparticle energies of occupied (v) and unoccupied (c) single-

particle states, |ck®vk”) is the direct product of occupied and unoccupied single-particle
states, Afkevkh are the coefficients of the exciton wavefunction in the single-particle
basis corresponding to the state S with energy Q0 and K, is the electron-hole kernel.
We highlight here that in the expressions above we have assumed that excitons carry
a finite momentum equal to Q = k® — k", for the sake of completeness. In most
practical calculations of linear optical absorption spectra or exciton binding energies, it
is sufficient to compute zero-momentum excitons [ 113], therefore in this thesis, we only
solve BSE with k¢ = k”. It is however important to note that finite momentum excitons
play a key role in the physics of exciton-phonon interactions which underpins important

phenomena such as exciton dynamics, exciton diffusion and radiative recombination

[114-117].

The electron-hole kernel K¢ comprises two distinct contributions: A repulsive, energy-
independent exchange term arising from bare Coulomb interaction, and an attractive,
energy-dependent direct term derived from the screened Coulomb interaction [72]. The

former determines the singlet-triplet splitting in systems with weak spin-orbit coupling
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while the latter incorporates the dielectric screening effects [72,113,114].

In standard implementations, the frequency dependence of the direct term is typically
neglected, which is justified when the exciton binding energy is much smaller than the
plasma frequency [72]. However, this approximation breaks down for systems with
very large binding energies (like carbon nanotubes [118]) or when polar ionic vibrations

significantly contribute to the dielectric function [6, 119, 120].

S

The solution of Eq. 2.37 are the eigenvalues ° (excited state energies) and A2«

(ex-
citon coefficients), the exciton wavefunction can be written in the basis of the free elec-

tron/hole wavefunction as

WI(r,, 1) = ) AL dln(1)dai(r), (2.38)
cvk
and the exciton binding energy is the difference between the quasiparticle band gap and

: : S _ mQP _ (S
excited state energies, Eg = B2 — (7.

From these solutions, the optical absorption spectrum can be computed through the

imaginary part of the dielectric function, which is computed as [72,76]

cafi) = 1 S Je- (OI]S) 26w — 05, 239
S

where |0) and |S) correspond to the ground and excited state S, respectively, e is the
light polarisation vector and v is the velocity operator, approximated as the momentum

operator v = ¢[ ], as implemented in BerkeleyGW package [76].

The absorption coefficient o(w) is calculated as

a(w) = 2_w\/% (—61(w) + \/sf(w) + 5%((41)) (2.40)

C

This formalism has been applied successfully in describing optical properties across a
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wide range of materials, from bulk semiconductors to low-dimensional systems, captur-
ing essential features of experimental optical response. The MBPT calculations within
the GW+BSE framework presented in this thesis were performed using the Berke-

leyGW package [76].

2.4 Exciton correlation function

The exciton correlation function (ECF) is a tool used to analyse the spatial distribution
and correlation of the electron and hole in an excitonic state. It provides insights into
the extent of exciton delocalisation and helps distinguish between different types of

excitons, such as Frenkel (localised) and Wannier-Mott (delocalised) excitons [121].

The ECF F (r) is defined as:

F0) = [ |0, =, o), @41
which represents the probability density of finding the electron at a displacement r from
the hole.

By examining J (r), we can determine the average electron-hole separation as:

() = / Y| (r)dr. (2.42)

The spatial extent of the exciton can be inferred from the width of F (r).

Localised excitons (Frenkel) show a sharp peak in 7 (r) at small r, while delocalised
excitons (Wannier-Mott) exhibit a broader  (r), indicating larger electron-hole separa-
tion. In layered perovskites, the ECF can reveal whether excitons are confined within
a single layer (intralayer excitons) or delocalised across multiple layers (interlayer ex-

citons). By analysing the distribution of # (r) along the directions parallel and perpen-
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dicular to the layers, we can quantify the degree of exciton localisation and understand

the influence of structural parameters on excitonic properties.

As part of the study in this thesis, we have implemented a Python package that inter-
faces seamlessly with BerkeleyGW package to calculate and visualise the ECF. The
implementation takes advantage of the plotxct utility in BerkeleyGW package, which
generates exciton wavefunctions for specified hole positions from the BSE solutions.
The code automates the generation of plotxct input files for a user-defined grid of hole
positions, systematically sampling the spatial distribution of the hole. The density of this
sampling grid is a key convergence parameter for the ECF, and a detailed convergence

study of the hole grid density is presented in Appendix A.2.5.

The package then processes all the resulting single-hole exciton wavefunctions from
the plotxct computation outputs (reformulating the wavefunctions with respect to the
relative position between electrons and holes) to construct the converged ECF according
to the formalism described above. The code outputs the 3D ECF in the a3Dr file (as used
in PARATEC code) format for further visualisation and analysis. Additionally, we have
implemented visualisation tools in the package for post-processing the a3Dr file, which
generates 2D heat maps and 1D profiles of the ECF to assist the analysis of exciton
spatial distribution. This automated workflow significantly streamlines the analysis of
the excitonic correlations directly from BSE solution. This code has been successfully
applied to calculate and visualise the ECF for various structures with different unit cells

and symmetries as shown in Chapter 4,5 and 6.

2.5 [Eigenvector analysis and decomposition

To analyse the nature of excitonic states, we perform an eigenvector decomposition,

calculating the contributions from different bands and k-points.

The two-particle exciton state can be written as a superposition of electron states in the
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conduction band and hole states in the valence band in Dirac notation as:

15) = Z AD | e) © Mk,v> ; (2.43)

k,c,v

¢k7c> and |@Zk7v> are

the electron/hole state in the conduction/valence bands at momentum k.

where A2 | is the expansion coefficients for the excitonic state S,

The weight of a particular valence band v in exciton state S is:

We(v) =345, (2.44)
c,k

Similarly, the weight for a conduction band c is:

Wele) = 3 |AS, [ (2.45)

v,k

For a given exciton state S and a given valence bands v,, the contribution to the exciton
states from transitions involving this valence band v, at a particular k-point is given by

the summation of the contributions from all conduction bands,

2

ws(v,, k) =Y |45 (2.46)
Similarly, the exciton weight for a specific conduction band c,, at K is:
2
we(c, k) =Y ‘Af(cm)k’ . (2.47)

To determine the atomic contribution for each exciton state, we combine these exciton

weights with the projections of the electronic states onto atomic orbitals.

The Bloch states for electrons in band ¢, or holes in band v and wavevector k are ex-
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panded in terms of atomic orbital basis functions |a, v):

Z Ckla, v) (2.48)
[Vu) = D Cikola ), (2.49)

where C,,,, . = (a,v[th,,) are the coefficients (n represents the band index, n = v for
holes and ¢ for electrons). Here a labels the atom, and v denotes the orbital character

(e.g., s, p, d orbitals).

The percentage of a Bloch state 1), from an atomic orbital |a, V) is given by the square

modulus of the expansion coefficients

Pnk(aa V) = |<CL, V‘wnk>|2 : (250)

The pseudo-atomic orbital basis from the pseudopotentials form an almost orthonormal
local basis. Overlaps between projectors on different sites are negligible: (a, v|a’, V") ~
0a,a79,,,7> and for each band n and k-point, the projections satisfy: > |CTK|12 ~ 1. In

practice, the cross-site overlaps that break strict orthogonality are below a few percent;

we therefore renormalise the weights throughout our calculation.

By combining the exciton weights with the above atomic orbital projections, we can
compute the decomposition of the exciton wavefunction onto specific atomic orbitals.
To do that, we compute the projection of the two-particle exciton state onto the basis
(ag,ve;ap,vy| = (a.,v.| ® (a;,v,|, which corresponds to the projection of exciton

state onto atomic orbitals basis for electron and holes, respectively.

First, we write the exciton state in terms of atomic orbital basis:
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|S> = ZZAvck (Z CCkU |ae7 e>) ® (Z Cg:;h |ahayh>)

Qe Ve Qp,Vp

— Z Z (ZZAUCkCCk Cg:‘;;) |a’eaye> d |ah7yh> .

Qe Ve Ap,Vh

The projection onto atomic orbitals is as follows:
<ah7l/h;aeﬂ Ve ’ S> = (<a67 Ve’ ® <ah7yh’> |S> (251)

Substitute the expanded form of |.S) and with

<ahvljh;ae71/e ‘ S>

= ({ae; ve| ® (ap, v]) Z Z (ZAMC“‘ C“"*) |ag, ve) ® lay, v,)

ea eah,l/h k,v,c

=2 > (ZAM L Ok ;1) (e ve | als vl (ap, vy | apvp).-

e,Veah,l/h k,v,c

With the atomic orbital basis being orthonormal (a, v|a’,v") = 6, ,,9,, ,,, the above can

a,a’“v,v’s

be further simplified:

. — k*
<ah7yhaaeﬂye’5>_ E : E : (E :Avck y%) 5ae7ae/5ue,ue/éah,a;Léuh,yh/

e’ eah!’jh k,U,C

— ZAS Cck C«vk*

vek apvy”
k,v,c

We define the electron decomposition of the exciton states into atomic orbital |a,, v, )

as the summation of the square modules of the projection over all possible hole orbitals,
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2
D.(ag,v) = Y [ap vpiae,v, | S)| (2.52)
apVp
2

= > DALk, oy (2.53)
apVp k,’U,C

=2 (Z AS, O, Oz;:::h> ( N A8, cls 03;,3;) (2.54)
ap,Vp k,v,c K v ¢’

=N N N A5, A5, Ok, cgR ok ov (2.55)

ap,vy Kv,ck’ v/, ¢

=3 > A AT Ok, Cok (Z C:';;ch;};’h). (2.56)

/ / /
k,v,ck’ v/, c ap,Vy,

We note the term in the last parentheses is an inner product over the atomic orbital

coefficients for the hole states, using the orthonormality of Bloch states:

( Z Cgl;:hcg;kylh> = <d]vk|wv’k’> = 51},1}/61(,](/' (257)

ApVp

Substituting back the delta functions and if we only consider only the diagonal terms

(where ¢’ = ¢),

De (ae’ V€> - Z Z AfckAf:’kCgl:Ve Cg;l;*e (258)
kv c,c’
~ 3N jAs o, i (2.59)
kv ¢ °c
= ZwS(U7k)Pnk(ae>Ve>v (260)
k,v

where wg(v,k) and P, (a,.,v,) are defined in 2.46 and 2.50 and can be obtained via

solving the BSE and using DFT methods, respectively.
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Similarly, for the hole component:

Dy, (ap,vy) = > wg(c, k) Pylay, v,). (2.61)

k,c

These integrals effectively weigh the contribution of each atomic orbital to the exciton
wavefunction. Finally, to identify inter- or intra-layer exciton, we can sum these weights

to map the exciton onto specific regions within the material.

A Python script was implemented to analyse the spatial and orbital character of excitonic
states by decomposing the BSE eigenvectors onto atomic orbitals based on the above
idea. The script takes the BSE eigenvectors from BerkeleyGW and the projected den-
sity of states from DFT calculations as input, calculates the contributions from different
atomic orbitals to both the electron and hole components of the exciton wavefunction ac-
cording to the formalism described above. The code allows for analysing exciton spatial
distribution directly from BSE solutions (the eigenvectors) without additionally using
the plotxct utility in BerkeleyGW, and has been applied to the exciton decomposition

analysis in the layered perovskite-intergrowth heterostructures presented in Chapter 6.
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3| Optoelectronic properties of mixed halide

perovskites from first principles

3.1 Introduction

In this chapter, we will focus on halide perovskites, a distinct class of materials that
exhibit a versatile crystal structure for photovoltaic applications. Perovskites generally
represent a group of crystal structures with chemical formula ABX 5, where A is a mono-
valent cation and B is a divalent cation, and X is an anion. The simplest cubic perovskite
structure consists of small B cations located in the centre of the BX, octahedra, and
larger A cations located at the centre of the corner-sharing octahedra framework. Since
the first report of application in solar cells in 2009 [21], halide perovskites have demon-
strated remarkably rapid advancements in device applications [24, 122, 123] and power

conversion efficiencies, achieving over 27% [22] within over a decade of research.

Improving the stability of perovskite solar cells is key in the design of devices
and materials. Hybrid halide perovskites, such as methylammonium lead triiodide
(MAPDbI;) and formamidinium lead triiodide (FAPbI;), are prone to degradation in the
presence of moisture, light, and heat due to the decomposition of their volatile organic
components [124, 125]. Developing solar cells with mixed cation and/or mixed halide
perovskites is a promising route to improve stability [3, 38, 126, 127]. For example,
McMeekin et al. [3] have demonstrated a mixed cation and mixed halide perovskite,
FA( 43Cs( 17Pb(Br,I; _,);, which exhibits both structural and thermal stability. They
successfully fabricated all-perovskite solar cell devices using these chemically mixed
perovskites, achieving an open-circuit voltage of 1.2 volts and a power conversion

efficiency of 14.7%.

Chemically mixed perovskites, including those with mixed monovalent cations at the A-
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site [126], divalent cations at the B-site [38], and halogen anions at the X-site [127,128§],
have been extensively investigated. These mixed-ion perovskites exhibit tunable optical
and transport properties, demonstrating improved stability and efficiency compared to
perovskites with single cations or halides. The tunability of the band gap is primarily
attributed to the compositional and structural flexibility of the inorganic B-X frame-
work [129, 130], as the electronic states at the valence and conduction band edges in
halide perovskites are primarily derived from the orbitals of B-site cations and X-site
halogens. Prior studies on lead based mixed halide perovskite series APbX; (A = MA,
FA) [128,131-133] have shown that optical and transport properties, as well as device
performance, can be tuned by varying the Br/I mixing ratio. Noh et al. [131] reported
a band gap bowing parameter of 0.33 eV for MAPbXj;, while Suarez et al. [132] found
almost no band gap bowing. Eperon et al. [133] demonstrated that band gap tunability
can also be achieved by mixing Pb with Sn at the B-site, resulting in perovskites with
excellent thermal and atmospheric stability for use in all-perovskite solar cells. While
A-site cations do not directly contribute to the band edge states, as their electronic states
are far from the band edges [130], they can indirectly influence the optical properties
by causing structural deformation of the inorganic B-X framework. This can include
changes in unit cell volume, octahedral distortion, and dimensional reduction [134].
The degree of octahedral tilting can be modified by using A-site cations of different
sizes, with enhanced tilting leading to an increase in the band gap [130]. In addition to
optical properties, A-site cation mixing can also lead to enhanced stability, suppressed
halide segregation, and tunable carrier transport properties, which has been previously
reported in FA/MA [135], FA/Cs [3, 136], and MA/Cs [137] mixing systems. These
findings highlight the importance of exploring various combinations of mixed-ion per-

ovskites to optimise their properties, both theoretically and experimentally.

Following this rapid experimental progress, theoretical investigations on these mixed

systems, especially mixed halide perovskites are also emerging [138—143]. Ref. [138]
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used DFT-LDA to screen for potential homovalent lead substitutes in halide perovskites
and identified Mg as a promising candidate for partial Pb replacement. Ref. [139-141]
employed DFT to calculate the structural, optical, and transport properties of MAPbI,
and its compounds alloyed with chlorine and bromine. Ref. [142] performed DFT com-
putations on the bulk tin mixed-halide CsSnX; perovskite, and Ref. [143] investigated
different configurations of mixed cation mixed halide lead perovskites APbX; with
DFT, and extracted the compositional free energy, electronic band gaps, based on which

they established a theory to study halide segregation.

However, first-principles calculations rely on periodic boundary conditions and frozen
core approximations, necessitating the use of large supercells containing tens or hun-
dreds of atoms to simulate compositional and orientational disorder in materials by ex-
changing random atoms in the supercell structure. Modelling the supercell structure
of mixed halide perovskites in first-principles calculations also requires careful treat-
ment of symmetry [142, 143]. These factors contribute to the high computational cost
of supercell methods, even at the DFT level, and will anticipate difficulties in applying
more precise yet computationally demanding GW+BSE methods introduced in the last

chapter. As a result, GW+BSE investigations on mixed systems are still lacking.

To advance the theoretical understanding of mixed perovskites, it is crucial to develop
more efficient computational methods that can accurately capture the complex nature
of these systems while minimising computational costs. This will enable researchers to
apply advanced techniques like GW and BSE to mixed perovskites, providing deeper
insights into their electronic and optical properties and guiding the design of high-

performance perovskite-based devices.

VCA has proven to be a valuable tool for treating alloyed materials and modelling
mixed-ion systems while reducing computational costs. VCA is an approximation that
allows the study of a crystal with primitive periodicity, composed of “virtual” atoms

that interpolate between the behaviour of two atoms with similar electronic configura-
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tions. Several studies have applied VCA methods to mixed halide perovskites, such as
CH;NH;PbXj, [144] and CsPbX; [145]. In Ref. [144], Jong et al. investigated the trends
in structural, electronic, and optical properties of MAPbX; using DFT-LDA with VCA.
They found that as the Br concentration increases, the lattice constant decreases, while
the band gap and exciton binding energy (calculated using a hydrogenic model) increase
quadratically. Yuetal. [145] applied VCA in DFT with hybrid HSE functionals to study
the all-inorganic perovskite series CsPbX;. Their results showed better agreement with
experimental band gaps compared to DFT-PBE. Despite these advancements, there is
a lack of complete ab initio studies on mixed halide perovskites using state-of-the-art
GW+BSE methods. In this chapter, we will try to incorporate VCA into GW+BSE
calculations, as a more accurate and efficient approach to understanding the electronic

and optical properties of these materials.

In this chapter, we will demonstrate a theoretical scheme to apply VCA in conjunction
with DFT and GW+BSE, to systematically investigate the structural, electronic, opti-
cal, vibrational and transport properties of mixed halide perovskites. This work was
conducted in collaboration with experimentalists from the group of Prof. Laura Herz at
the Department of Physics, University of Oxford. Experimental data presented in this

chapter was measured by Dr. Silvia Motti.

It is important to note that while the experimental data is based on the mixed cation
mixed halide perovskites FA ¢3Csg ;7,PbXj, our theoretical work focuses on the cubic
CsPbX;. Although we have excluded the FA cation in our model, the comparison of

results remains meaningful for two reasons:

1. Our primary focus is on the general trends in properties that change with the halide

anion concentration.

2. The A-site cation does not directly contribute to the electronic properties of the per-

ovskite.
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Chapter 3 Lattice parameters

By replacing the FA cation with Cs in our model, we have reduced the computational
cost while maintaining a relatively accurate representation of the trends in electronic
properties. However, it should be acknowledged that there may be discrepancies in the
vibrational and transport properties due to the absence of the FA cation in our model.

These discrepancies will be discussed in detail throughout this chapter.

3.2 Lattice parameters
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Figure 3.1: Partial electronic band structures of mixed halide perovskite CsPb(I; g55Brg g42)3

along M-T'-Z. Blue solid line: A 2x2x2 supercell with a randomly substituted atom, Grey
dashed line: A 2x2x2 supercell with virtual atoms X = I; 955Br( ¢40 using VCA.

To test the reliability of the VCA approach for mixed halide perovskites, we compared
the results generated by VCA with those obtained using the corresponding supercell
approach. We constructed a disordered CsPb(I, ¢55Br( g42); by creating a 2x2x2 su-
percell from a CsPbl; unit cell and substituting one I atom with one Br atom. We then
compared the band structure calculated from the supercell with substitution to that of a
supercell containing a virtual atom X = I g55Br( ¢49 using a path M-I'-Z as shown in

FIG. 3.1. The alignment of the two band structures validates the reliability of VCA in

44



Chapter 3 Lattice parameters

providing accurate predictions of the electronic properties of mixed halide perovskites.
This finding is crucial, as it demonstrates that VCA can be used as an efficient and reli-
able alternative to the more computationally expensive supercell approach when study-

ing the electronic properties of these materials.
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Figure 3.2: Comparison between optimised lattice parameters computed within DFT-PBE
(squares), DFT/LDA (disks) and from measurements (triangles). The measured lattice parame-
ters are for FA( g3Cs( 17PbXj3, extracted from Ref. [3].

The cubic structure of the mixed halide series CsPbl;,_,Br, was fully optimised at the
DFT level for each concentration. The optimised lattice constants a were found to ex-
hibit a linear relationship with Br concentration, as depicted in FIG. 3.2. As anticipated,
DFT-LDA underestimates the lattice constants, whereas DFT-PBE overestimates them
across all concentrations. It is important to note that we are optimising the lattice con-
stants for Cs-based perovskites, which will result in a lattice contraction compared to the
experimental perovskites FA ) ¢;Cs, ;,PbX; used for comparison. The superior agree-

ment between PBE-optimised lattice constants and experimental values, compared to
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LDA-optimised lattice constants, can be attributed to the cancellation of errors arising
from PBE overestimation and A-site cation shrinking. The calculated lattice constants
of 6.367 A for CsPbl; and 5.997 A for CsPbBr; were verified to be in good agree-
ment with experimental findings. The obtained lattice parameters adhere to Vegard’s

law [146], which predicts a linear dependence of lattice constants on the mixing ratio.

3.3 Vibrational properties
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Figure 3.3: a: Infrared absorption spectra of CsPbX; from DFPT. b: Infrared absorption spectra
of FA ) g3Csq 17PbX; from experiment. An offset of each concentration in y axis has been added
between curves for clarity.
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To understand vibrational properties of this mixed series, we employ density functional
perturbation theory (DFPT) using the VCA. Both the LDA and PBE are applied to test
the sensitivity of our results. We calculate the normal vibrational modes within the
harmonic approximation at the I point. The Born effective charges and the dielectric
permittivity tensors are also calculated. The IR spectrum is proportional to we,(w) and

defined as the following [147],

Z\ i w—w,), (3.1)

00(7/

where 7, is the dimensionless effective charge vectors for each vibrational mode v,

defined as [147],

M, Q oP,
Z e s, (3.2)

eau

where ~ labels the atoms in the unit cell, o and ( indicate Cartesian directions, 2 is
the unit cell volume, and e is the electron charge, P is the macroscopic polarisation
(dipole per unit cell), u,, 5 is an atomic displacement from equilibrium, M, are the nu-
clear masses, M, is the average mass over the unit cell, and e, 4, are the vibrational
eigenmodes with frequency w,,. To plot our IR spectra as shown in Figure 3.3, we re-
place the Dirac delta functions by Gaussians with a broadening of 0.1 THz. In all DFPT
calculations we apply the acoustic sum rule to the interatomic force constants, and the
atomic masses used for virtual atoms are linearly interpolated between Br and I as we

change the mixing ratio.

15 zone centre phonon modes across the entire mixed halide series are calculated (in
decreasing order of their energy): two groups of triply degenerate IR-active modes, one
group of triply degenerate nonpolar modes, three acoustic modes, and three modes with

imaginary phonon frequencies. The presence of the anharmonic soft modes indicates
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the structural instabilities at low temperature associated with the structural distortion
and PbX octahedra tilting in the absence of temperature effects [148]. The calculated
and measured THz spectra exhibit two primary IR-active peaks within the 0.5-2.5 THz
frequency range. As illustrated in Figure 3.4, the calculated positions of these peaks
show good agreement with experimental measurements, with discrepancies of less than
+ 0.3 THz (~ 4+ 1 meV) observed across the entire range of concentrations. Minor
differences in the calculated positions and spectral weights of IR-active peaks can be
attributed to several factors, including the absence of the FA cation in our atomistic
models, the slight mismatch between computed and measured lattice parameters, and the
omission of temperature effects. Importantly, both IR-active mode frequencies exhibit
the same dependence trend on Br concentration as observed experimentally, supporting

our assumption of uniformity.
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Figure 3.4: Extracted peak frequencies from DFPT with LDA and PBE, and from experimental
THz spectra. The red curves are for the first peaks, the blue curves are for the second peak.
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3.4 Electronic properties

In this section, we will focus on the electronic properties. We first calculated the band
gaps for the CsPb(Br I, _); series at different levels of theory and compared it against
the experimental values. Band gaps for CsPbX; at different theory levels from DFT
with PBE and PBEO functionals to our one-shot G\, calculations are compared with
experimental values for FA 35Cs; ;7PbX; and plotted in FIG. 3.5. We found that when
introducing spin orbit coupling effects in our calculations, the band gaps will be 1.2 eV
lower than band gaps without spin orbit coupling due to a split of Pb 6p states. These
results agree well with what has been found in other theoretical works [149], where SOC
corrections are calculated as 1.25 eV for CsPbl; and 1.23 eV for CsPbBr;. DFT-PBE
yields a band gap of 0.18 eV for CsPbl; and 0.56 eV for CsPbBr; and underestimates
the band gap about 1.4 eV for CsPbl; and 1.8 eV for CsPbBr;. Furthermore, PBEO
functionals opens the a band gap by approximately 1 eV as compared to PBE results.

This is due to the inclusion a fraction of of the Hartree-Fock exact exchange in PBEO.

In general, local and semi-local density-functional approximations (e.g., LDA, PBE)
tend to underestimate electronic band gaps primarily due to the self-interaction error
[83]. To obtain more rigorous descriptions of the electronic band structure, many-body
perturbation theory within the GW approximation are often used [150]. Figure 3.5
shows a comparison of quasiparticle band gaps for the CsPb(Br, I, _, ) series calculated
using the one-shot G)WW,, approximation, incorporating spin-orbit coupling, as imple-
mented in the BerkeleyGW code [76]. We use Kohn-Sham eigenvalues and eigenfunc-
tions calculated within DFT-PBE, as implemented in the Quantum Espresso code [91],
as a starting point for the one-shot G\\\W, (hereafter referred to as Gy\WW,@PBE, de-
tailed computational setup along with convergence tests can be found in the Appendix
A.1.2). The calculations are compared against experimental quasiparticle band gaps

derived from optical absorption spectra fitted using the Elliott model [5] (as discussed
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Electronic properties
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Figure 3.5: Band gaps extracted at different levels of theory and compared with experimental
values. Dashed lines are guide to the eye.
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in Ref. [151]). The calculated band gaps consistently underestimate the experimental
values by ~ 0.9 - 1 eV, while accurately capturing the trend with respect to the Br con-

centration. This significant quantitative discrepancy arises from two primary origins:

1. The G,W, framework typically yields quasiparticle band gaps that are strongly de-
pendent on the mean-field starting point [ 152—154]; this can be addressed by employing
suitable hybrid functional starting points [152,154] or by implementing self-consistency
in GW methods [149, 155, 156], both of which are computationally demanding tech-
niques. Particularly, self-consistency has been shown to blue-shift quasiparticle band

gaps by 0.4 and 0.6 eV for lead-iodide and lead-bromide perovskites, respectively [149].

2. Quasiparticle band gaps computed for the high-temperature cubic perovskite phase
will systematically underestimate the experimental values due to the absence of thermal
effects, which blue-shift the quasiparticle band gap of cubic CsPbl; and CsPbBr; by 0.7
and 0.5 eV, respectively [149].

The systematic underestimation of our computed quasiparticle band gaps is thus fully
accounted for by these two contributions. With both thermal effect and self-consistency
corrections taken into account in our G, W, results, we apply a rigid shift of 1.1 eV
across the entire series (a shift value based on Ref. [149], hereafter referred to as a
“thermal correction”) to obtain corrected band gaps for CsPbXj as, E;‘;f;’ry = Egg’ +
A + Agsgw- The corrected band gaps yield error within 0.2 eV from experiment
for all concentrations, as shown in FIG. 3.5. It should be noted while we compare our
theoretical results for cubic CsPbX; against experimental values for FA ) 35Cs; 1,PbX;,
we obtain good agreement partially because the A-site cation typically does not signif-
icantly modify the band-edge electronic states [130]. However, we note that additional

factors - such as additional structural distortions induced by the organic cation - may

also lead to partial cancellation of errors.

We calculated the quasiparticle band structure of CsPbX; including spin orbit coupling
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as shown in FIG. 3.6. In addition to the band gap blue-shift, we also observe that an
increased concentration of Br leads to an increase in the valence band width by up to
0.5 eV and a subtle decrease in the curvature of the valence and conduction band edges,
as illustrated in the quasiparticle band structure (Figure 3.6), indicating a change in

charge-carrier effective masses.

Br concentration in mixed halide perovskites (%)
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Figure 3.6: Quasiparticle band structures calculated from G, W, @PBE including thermal cor-
rections, aligned to the top of the valence band.

3.5 Charge carrier effective mass

Electron and hole effective masses m;, and m;,, are calculated from Wannier interpolated

quasiparticle band structures with a parabolic band model using the following formula,

-1
ia2Ec,v(k)] (3.3)

Men = | 52 oz
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where E_ (k) is the conduction band minimum and valence band maximum, respec-
tively. The reduced effective masses are calculated as p1 = m} - mj /(m} + mj).
Reduced effective masses calculated within standard GOW 0@PBE are underestimated
with respect to tabulated experimental values in the literature [4] by more than 50%, con-
sistent with the quasiparticle band gap underestimation described above and in agree-

ment with past calculations.

According to the k - p perturbation theory, the effective mass has a linear correlation
with the band gap of semiconductors, for an isotropic two-band model semiconduc-
tor, with band gap F; and matrix element p_, between the valence and the conduction
wavefunctions at the band edge, the electron and hole effective mass are give as the

following [157],

(3.4)

where m, is the electron rest mass, m* is the charge-carrier effective mass for elec-
tron and hole, £ is the band gap, p_,, is the transition matrix element between the va-
lence band top and conduction band bottom [157]. We fitted our effective masses from
Wannier+G, W, with the quasiparticle band gaps for CsPbX; as shown in FIG. 3.7, the
computed reduced effective masses follow very closely this simple model as m_/u =

17.43 x 1/E, + 2, here m,, represents free electron mass.

A recent experimental study of the relationship with band gaps and charge carrier ef-
fective masses across several perovskites, also reveals a linear relationship between the
inverse of effective mass m, /u and the inverse of band gaps E;l [4]. The slope we
extract from our linear fitting for the reduced effective mass p is 17.43, in good agree-
ment with the slope fitted for experimental band gaps and effective masses of 17.3, as

reported in Ref. [4].

Such excellent fitting to the parametric linear model and good agreement with experi-
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Figure 3.7: Computed reduced effective masses (1*) as a function of band gaps (E,) with and
without thermal corrections (triangles and disks respectively). The black line corresponds to the

expression Z”f =2+ % (where m,, is the electron rest mass), obtained by fitting uncorrected
g

effective masses using k - p perturbation theory. Effective masses with thermal corrections are
extrapolated using this expression.
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ment fitted parameters validates the feasibility of applying the parametric model in our
calculations for these systems. We can therefore use it to extrapolate effective masses
with thermally corrected quasiparticle band gaps. By extrapolating the mass-gap depen-
dency to the corrected band gaps obtained in the previous section, we can obtain cor-
rected effective masses, with ;1 = 0.085m,, for CsPbl; and ;1 = 0.111m,, for CsPbBr;.
Figure 3.8 shows by taking into account thermal correction, computed reduced effective

masses yield better agreement with measurements for CsPbBr; and CsPbl,, as reported

in Ref. [4].
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Figure 3.8: Reduced effective masses calculated from Wannier interpolated quasiparticle band
structures (filled circles) and extrapolated effective masses with thermally corrected quasiparti-
cle band gaps according to the k - p perturbation theory (filled triangles), compared with exper-
imental values (empty circles) for CsPbl; and CsPbBr; reported in Ref. [4]. All data points are
colour coded according to the concentration of Br, as shown in the colour bar, and the dotted
lines are guides to the eye.
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3.6 Dielectric constants

In Figure 3.9, we then present a comprehensive analysis of the electronic properties
by comparing the high-frequency (e,,) and low-frequency (¢,) dielectric constants
obtained from theoretical calculations and experimental measurements. The high-
frequency dielectric constants, computed using the random-phase approximation
(RPA)[101,102], demonstrate a remarkable agreement with experimental values across
the mixed-halide series, which is consistent with previous calculations of dielectric con-
stants reported in the literature [6]. Regarding the low-frequency dielectric constants,
it is noteworthy that the range of computed and measured values generally exhibit
good agreement. However, some non-systematic discrepancies are observed in the
experimental values. These discrepancies can be primarily attributed to experimental
uncertainties arising from variations in substrate and film thickness, the accuracy of
fits employed to extract the values from the complex dark conductivity spectra, and the

overall signal-to-noise ratio of the acquired data.

3.7 Optical properties

In the next section, we will focus on the analysis of optical properties. FIG. 3.10 shows

the computed (with correction) and measured absorption spectra.

When solving the BSE to obtain the optical absorption spectrum, it is a well-known
problem that interaction matrix elements need to be constructed on a very fine k-point
grid because excitons are correlated states with a wave function that has fine structures
in k space. For example, even for bulk semiconductors such as GaAs, very fine uniform
grids containing over a million k points are necessary to resolve the exciton energies
and wave functions [72]. To obtain a reasonable value of binding energy while using
reasonable computational resources, we employ a patched sampling scheme in our BSE

calculation [158]. The patched sampling method is based on the fact that a weakly
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Optical properties
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Figure 3.9: Comparison of low- and high-frequency dielectric constants calculated from DFPT
for CsPb(Br, I, _,); and measured experimentally for FA ¢3Cs; ;7PbX5. The dashed black line
is a guide to the eye. All data points are colour coded according to the concentration of Br, as
indicated by the colour bar.
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bound exciton is highly localised in reciprocal space around the R point for cubic CsPbl,
implying that we do not need to calculate electronic states throughout the Brillouin Zone.

Convergence details of the patch size and density can be found in the Appendix A.1.3.

We observe absorption coefficients in close qualitative agreement, displaying very sim-
ilar lineshapes across the entire [-Br series within a range of 2 eV from the onset. The
spectra feature an excitonic resonance at the onset of absorption, followed by a flat
plateau and a sharp rise associated with the second lowest direct optical transition [151].
Experimental optical absorption spectra at concentrations of 80% and above are most
significantly influenced by disorder and scattering factors, which consequently lead to
a deviation from the smooth dependence of the measured exciton binding energies on

the mixing concentration as shown in Figure 3.12a.
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Figure 3.10: Calculated (a) and measured (b) optical absorption spectra for FA g5Cs, 17PbX;
and CsPb(Br,I; _,);, respectively, across the entire I-Br series.

With calculated absorption spectra with and without electron hole interaction, we can
extract the exciton binding energy from the first excitonic peak in the spectra and the

quasiparticle band gap.

In Figure 3.11a, we first show a comparison between exciton binding energies calcu-

lated from GW+BSE as described above and binding energies using the hydrogenic
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model [7], E, = u*/(m.e%) Ry, where m, is the electron rest mass, 1 Ry = 13.6057
eV is the Rydberg constant, and p* is the reduced effective mass from our quasiparticle
band structure calculations. We find that ab initio exciton binding energies and hydro-
genic model binding energies agree remarkably well, within a difference of at most 4
meV. This comparison indicates that the dielectric function can be approximated to be
uniform throughout the crystal. We note that exciton binding energies calculated as de-
scribed above are based on less converged RPA dielectric functions, as described in the
previous section; According to the convergence test in Appendix A.1.2, the dielectric
constant for CsPbl; is underestimated by approximately 25% in this setup, and this is
bound to impact the accuracy of calculated exciton binding energy. To improve on this,
we use the observation made in Figure 3.11a, and recalculate the exciton binding energy
from BSE, by approximating the dielectric function as e(r,r’) ~ ¢__ (uniform screen-
ing approximation), where € is the fully converged RPA dielectric constant calculated
using a 12 x 12 x 12 grid (Details can be found in Appendix A.1.2). For completeness,
we also compare these exciton binding energies against the Wannier-Mott model and
again obtain an excellent agreement. We then calculate the exciton binding energies us-
ing the uniform screening approximation, using the best converged dielectric constant,

to compare against the measured values.

As illustrated in Figure 3.12, there is a good agreement between measured and com-
puted exciton binding energies within the G,W,+BSE framework (see Appendix A.1.3
for computational details and convergence). We note that experimental optical absorp-
tion spectra at concentrations of 80% and above exhibit the most significant contribu-
tions from disorder and scattering factors, which consequently lead to a deviation from
the smooth dependence of the measured exciton binding energies on the mixing con-

centration.

Despite that, it is important to recognise that the quantitative agreement between com-

puted and measured exciton binding energies arises from the cancellation of two distinct
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Figure 3.11: (a) Comparison of exciton binding energies obtained from a BSE calculation
using the RPA dielectric constant and self-energy evaluated on a coarse 6 x 6x6 k-point grid,
versus exciton binding energies from the hydrogenic (Wannier—Mott) model using the same
€ extracted from the coarse-grid RPA calculations. (b) Comparison between BSE calculated
exciton binding energies using a dielectric function approximated as e(r,r’) ~ e, with e
calculated from RPA with a 12x12x12 k-point grid and hydrogenic model exciton binding
energies with the same €. All data points are colour coded according to the concentration of
Br, as shown in the colour bar and the continuous black lines are the lines of perfect agreement
between first principles and hydrogenic model.
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Figure 3.12: (a) Computed G,W,+BSE exciton binding energies plotted against measured
exciton binding energies extracted from optical absorption spectra using the Elliot model [5], as
described in the Appendix A.1.3; the continuous black line represents the line of perfect agree-
ment between calculations and experiment. (b) Contributions to the calculated exciton binding
energies from thermally corrected reduced effective masses (triangles) and phonon screening
effects [6] (squares), as calculated using the hydrogenic model [7], which yields exciton binding

energies in very close agreement with ab initio values. The continuous black line corresponds
to the line of null correction.
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effects that are not captured in our standard G, W,+BSE calculations. First, computed
reduced effective masses (and consequently, binding energies) are underestimated by
more than a factor of 2 in the absence of thermal corrections, as discussed earlier (the
effect of thermal corrections on the exciton binding energy is depicted by the triangles
in Figure 3.12b). Second, without the inclusion of phonon screening and polaronic in-
terference effects [6,159], the GW+BSE framework has been demonstrated to overesti-
mate exciton binding energies for lead halide perovskites by up to a factor of 3 (phonon
screening effects on the exciton binding energy are represented by the squares in the
inset of Figure 3.12b). These contributions effectively cancel each other out, resulting

in the close agreement with experiment shown in the main panel of Figure 3.12b.

Despite these systematic error cancellations, the dependence of exciton binding energy
on Br concentration follows a consistent trend, irrespective of the level of theory em-

ployed in computations.

3.8 Charge carrier mobility calculation

Charge carrier mobility in polar semiconductors like halide perovskites is predominantly
limited by the interaction between charge carriers and longitudinal optical (LO) phonons
via the Frohlich mechanism. The Frohlich polaron model describes the formation of
polarons—quasiparticles consisting of a charge carrier surrounded by a cloud of lat-
tice polarisation—and provides a theoretical framework for calculating charge carrier

mobility due to polaron scattering.

The strength of the electron-phonon interaction in the Frohlich model is characterised

by the Frohlich coupling constant «, defined as:

2 1 1 * 1/2 1
P L , (3.5)
h g0/ \ 2hw o (4mey)

€0

62
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where e is the elementary charge, £ is the reduced Planck constant, e _ and ¢ are the
high-frequency (electronic) and static (ionic) dielectric constants, respectively, m™ is the
effective mass of the charge carrier (electron or hole), wy  is the LO phonon frequency,

and ¢ is the vacuum permittivity.

The charge carrier mobility p at temperature 7' is calculated using the simplified expres-

sion derived from the Frohlich polaron model, as derived in Ref. [8],

3.3
eh 0.052 (528)" +0.34

= mekBT o (m*> ’

m,

z (3.6)

where m, is the electron rest mass and k is the Boltzmann constant. This expression
accounts for the temperature dependence and the polaronic effects on charge carrier

mobility.
To compute the mobility, we determined the necessary parameters as follows:
Effective Mass (m*) are calculated from the curvature of the quasiparticle bands ob-

tained from Wannier-interpolated G\, W, calculations. The effective mass tensor is com-

~1
x _ 2 ( 0E(K)
puted as m;; = h (akiakj .

The LO phonon frequency (w; o) 1s obtained from DFPT [160] calculations using VCA
[68]. The highest energy LO phonon mode at the I" point is considered, as it contributes

most significantly to polaron scattering [8].

The high-frequency dielectric constant € is calculated within the random-phase ap-
proximation (RPA) [99] using DFPT. The static dielectric constant €, includes both elec-

tronic and ionic contributions and is obtained by summing over all phonon modes [8].

All calculations are performed for each composition « in the CsPb(I, _ Br,); series to

account for the variation of these parameters with halide mixing.

The model derived in Ref. [8] assumes that charge transport is limited by scattering with
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LO phonons (Frohlich interaction), other scattering mechanisms (e.g., acoustic phonons,
impurities, defects) are negligible, the band structure near the band edges is parabolic,
and the effective masses are isotropic. The temperature dependence is captured through
the Bose-Einstein distribution of phonons. While this model provides a good estimate of
intrinsic charge carrier mobility, it is expected to overestimate mobility in real materials

where additional scattering mechanisms are present [8].

The LO phonon modes and dielectric constants are extracted from DFPT-PBE calcula-
tions with VCA. The effective masses are extracted from Wannier interpolated G,V
band structures with thermal correction. All parameters in the expression of charge-

carrier mobility are calculated in this work, and reported in Table A.1.
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Figure 3.13: Electron-hole sum mobilities calculated using the model proposed by Ref. [8]
(disks) and measured experimentally (empty disks). The dashed lines are guides to the eye. In
all plots, the data point colours follow the concentration of Br, indicated by the colour bar.

Figure 3.13 presents a comparison between the computed and experimentally deter-

mined electron-hole sum mobilities across the I-Br mixed-halide series. The THz mo-
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bility measurements probe the material on a relatively short range (tens of nm), which is
shorter than other methods [161]. Consequently, these measurements are more reflec-
tive of the intrinsic properties of the lattice and are less influenced by morphology and
other artifacts, resulting in a smooth and clean experimental trend devoid of any bend-
ing or non-monotonic effects. The computed electron-hole sum mobilities consistently
overestimate the experimental values by nearly a factor of two throughout the series,
which can be attributed to the exclusion of scattering mechanisms beyond electron-
phonon coupling with a single LO phonon (e.g., scattering with other phonons and/or de-
fects) in our calculations [8]. Despite these discrepancies, the calculated charge-carrier
mobilities exhibit the same trend and order of magnitude as those measured experimen-
tally, further validating the assumption of a uniform distribution of halogen ions in these
perovskites and corroborating that long-range electron-phonon interactions are the dom-
inant factor governing charge-carrier transport in halide perovskites across this series,

which is entirely consistent with previous studies of MAPbI; [8, 162].

3.9 Summary

In conclusion, we have presented a comprehensive theoretical study of the optoelec-
tronic properties of mixed halide perovskites CsPbX; using state-of-the-art first prin-
ciples techniques, including DFT, DFPT, and G,/ ,+BSE. The VCA has been suc-
cessfully applied at different levels of theory, proving to be a reliable and promising
approach for studying various properties of alloyed systems. By comparing our theoret-
ical results with experimental measurements, we have demonstrated that the VCA can
accurately reproduce the measured trends of both ground and excited state properties,
such as lattice parameters, THz and UV-VIS optical absorption spectra, dielectric con-

stants, quasiparticle band gaps, exciton binding energies, and charge-carrier mobilities.

Our results emphasise that the tunability achieved via chemical mixing for key quan-

tities, such as band gaps or charge-carrier mobilities, is not due to spurious inhomo-
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geneities in samples or disorder-induced effects, but is instead achieved by tuning the
energetics of the halogen site and the unit cell volume via a uniform mixing of Br and
I. Furthermore, our findings clearly delineate the ideal behaviour of mixed halide per-
ovskites, providing a template against which phenomena such as degradation, halide
segregation, structural disorder, or sample inhomogeneity may be easily identified by

analysing trends in the properties discussed here.

The success of applying the VCA in conjunction with spin-orbit coupling and excitonic
effects allows us to study more complex mixed-ion systems in future studies. Given
the importance of homovalent alloyed perovskites in the continuous development of
efficient photovoltaic devices, particularly in tandem cell architectures, the framework
presented here can be used as a general and reliable approach to understand chemistry-

property relationships in these complex systems.

66
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perovskites

4.1 Introduction of layered perovskites

In the previous chapter, we demonstrate that the mixed halogen composition in hybrid
halide perovskites have a direct influence on their electronic and optical properties. The
investigations reveal that these properties follows a monotonic trend when linearly mix-
ing Br and I. While the A-site cation is believed not to directly contribute to the states at
the band edges, it indirectly influences the material’s electronic properties by introduc-
ing structural steric effects such as tiltings and distortions in the inorganic octahedral
network [130]; these yield a band gap tunability range of more than 300 meV, red-

shifting as the size of the cation increases [130, 133, 134].

Moreover, as the size of the A-site cation varies, the perovskites might undergo structural
reconfiguration. In general, the formation of perovskite structure can often be estimated
by the Goldschmidt tolerance factor, t = (R4 + Ry)/ [\/ﬁ(RB + RX)] , [163], in
which R4, Rp and Ry represent the effective radii of the A, B, and X site ions, re-
spectively. For 3D perovskites, such as MAPbI;, FAPbI;, the tolerance factor typically
ranges between 0.8 and 1 [164], where the cations are coordinated at the centre of the
inorganic octahedra. When larger amine cations are incorporated into the structure, such
as butylammonium (BA) and phenylethylammonium (PEA), typically resulting in t >
1, the inorganic octahedral network reorganises into 2D layers along different crystal
planes, forming layered perovskites. The structural composition of layered perovskites
is characterised by an alternating arrangement of inorganic layers, consisting of corner-
sharing metal-halide octahedra, and large organic molecular cations [45], as shown in

Figure 4.1.
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Figure 4.1: Schematic diagrams of perovskite structures: 3D, quasi-2D, and 2D configurations
(left to right). The rainbow colour gradient illustrates the general trend in the band gap, transi-
tioning from 3D to 2D perovskites, towards which band gap typically increases.

Layered organic-inorganic halide perovskites represent a structurally and chemically
diverse class of functional semiconductors [42] exhibiting promising optoelectronic
properties [43, 44,49]. These materials have been demonstrated as promising stable
alternatives to their 3D counterparts, with a wide range of applications in solar cells
[43,165-167], light-emitting diodes [42, 45, 168] photodetectors [169], photocatalysts
[170], and lasers [171]. It is not only the increased chemical stability and extensive ap-
plications but also the more diverse and tunable optoelectronic properties that make this

group of materials highly attractive for investigation.

As illustrated in Figure 4.2, the unique configuration of layered organic-inorganic halide
perovskites gives rise to a diverse range of structural and chemical compositions. This
versatility allows for the fine-tuning of various structural parameters, each of which can

significantly influence the material’s optoelectronic properties.

One key parameter that can be modulated is the interlayer distance D. This can be
achieved by employing molecules with different alkylammonium chain lengths, effec-
tively controlling the spacing between the inorganic layers. Filip et al. [46] demonstrated
that interlayer organic cations in quasi-2D perovskites contribute significantly to the di-

electric screening, countering quantum confinement effects on the quasiparticle band
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gap and the exciton binding energy. They proposed a simple electrostatics model in-
spired by parallel-plate capacitors to decouple the organic cation and inorganic layer
contributions to the effective dielectric constants, showing that dielectric properties of

layered perovskites are broadly tunable via the interlayer cation.

Additionally, the layer alignment can be adjusted and characterised by alignment coor-
dinates (X, Y), which are defined in crystal coordinates and correspond to the in-plane
projection of the vector connecting two closest Pb atoms from adjacent inorganic lay-
ers [172]. Marchenko et al. [172] introduced a quantitative layer shift factor for the
classification and comparison of layered perovskite structures. They demonstrated cor-
relations between the layer alignment and the band gap, revealing significant structure-
property relationships. In this context, two specific alignments are of our particular
interest: the Dion-Jacobson (DJ) alignment, denoted as (0,0), where adjacent layers are
directly stacked on top of each other, and the Ruddlesden-Popper (RP) alignment, de-
noted as (0.5, 0.5), where adjacent layers are offset by half a unit cell in both in-plane
directions. These alignments represent two extreme classifications in the spectrum of
possible layer arrangements and often serve as reference points for understanding the

structural and electronic properties of layered perovskites.

Another significant parameter is the number of layers n separated by large organic
cations. This can be modified by different chemical composition of the layered per-
ovskites [173]. Lietal. [173] presented a series of 2D Dion-Jacobson halide perovskites,
and found that the band gap decreases when increasing the number of layers n separated

by the organic spacers.

In the rightmost panel of Figure 4.2, we schematically depict how octahedral tilting
can be modulated as a tunable structural parameter. Octahedral tilting is reflected in
bond angle changes within the inorganic framework. Prasanna et al. [174] identified
two competing mechanisms through which the A-site cation influences the band gap of

3D metal halide perovskites. They found that using a smaller A-site cation can distort
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the perovskite lattice either by tilting the MX, octahedra or by contracting the lattice
isotropically. They report these effects have opposite impacts on the band gap: octahe-
dral tilting tends to increase the band gap, while lattice contraction tends to decrease it.
This understanding provides a strategy to systematically tune the band gap and band po-
sitions of metal halide perovskites through the control of the cation composition. Filip et
al. [130] demonstrated a strong correlation between the optical band gap and the largest
metal-halide-metal bond angle in metal-halide perovskites. Their work showed that this
simple structural descriptor could be used to predict and tune the optical gap from the
mid-infrared to the visible range. They proposed that precise band gap engineering
could be achieved by controlling these bond angles through the steric size of the molec-
ular cation. Krach et al. [175] investigated the effect of octahedral tilting distortions on
various properties of all-inorganic Cs,, ;Pb, X5 ., RP perovskites. They found that,
unlike in 3D perovskites, polar structures may arise from a combination of octahedral
tilts in these layered systems. Moreover, they demonstrated that Rashba/Dresselhaus
splitting in these materials is determined by the direction and Pb-I orbital contribution of
the polar distortion mode. Their work provides design rules for tuning structural distor-
tions and band-structure properties in all-inorganic RP perovskites through the interplay
of the amplitude, direction, and chemical character of the antiferrodistortive distortion

modes contributing to each octahedral tilt pattern.

These structural parameters - layer distance, alignment, layer thickness, and octahedral
tilting - provide a rich toolset for tuning the properties of layered perovskites. By care-
fully controlling these parameters, researchers can potentially engineer materials with
desired optoelectronic characteristics for specific applications. This structural versatil-
ity, combined with the diverse range of possible chemical compositions, underpins the
immense potential of layered organic-inorganic halide perovskites as functional mate-
rials for optoelectronic devices, as evidenced by the promising solar cell performances

achieved with these materials [173].
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Figure 4.2: A schematic diagram of different tunable structural features in layered perovskites,
including (from left to right) interlayer distance D, layer alignment represented by alignment
coordinates (X,Y), layer thickness n and octahedral tilting represented by bond angles.

4.2 Excitons in layered perovskites

Despite being formally classified as bulk 3D materials, the alternating inorganic and or-
ganic layers in layered perovskites are thought to induce quasi-2D behaviour in their
electronic and optical properties, potentially resulting in unique phenomena not ob-

served in their 3D counterparts [44,52].

As previously discussed in Chapter 1, the interlayer charge transfer excitons has been the
centre of the low-dimensional materials, especially for TMDCs, both for bulk structures
and for multi-layer heterostructures [176—178]. In TMDCs, interlayer electronic cou-
pling and charge transfer are significant due to the relatively small interlayer distances
and the absence of large organic spacers between the layers. This allows for efficient
interlayer interactions and the formation of interlayer excitons. In contrast, it has been
generally accepted that interlayer electronic coupling and charge transfer are suppressed
in layered hybrid halide perovskites [47,48,179]. The layered structure of large organic
spacers in perovskites introduces strong dielectric and quantum confinement effects and
suppresses the electronic coupling between the layers [180]. Photo-excited electron-
hole pairs (excitons) are strongly bound and localised within the inorganic layer due to
these confinement effects in some layered perovskites [46,60]. However, recent exper-
imental findings have challenged this conventional understanding. Several studies have

reported evidence suggesting the possibility of interlayer exciton transport [56], inter-
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layer exciton delocalisation [57], and the existence of charge transfer excitons [58] in
bulk layered perovskite systems. These phenomena have attracted significant attention
for their potential applications in various applications in solar cell, light emitting diodes,

photo detectors and photocatalysts [56-58, 181, 182].

The emergence of these new findings necessitates a comprehensive re-evaluation of our
understanding of how the localisation of excitons in layered organic-inorganic halide
perovskites can be tuned through the exploration of the diverse chemical and structural

heterogeneity of this family of materials.

The correlation of photo-excited electron-hole pairs localised in spatially separated lay-
ers is partly facilitated by the coupling of single-particle wave functions from neigh-
bouring layers [55]. It is also associated with a type-II energy band alignment in het-
erostructures [53, 183], and/or with spin-valley locking resulting from broken inversion
symmetry [177]. Similar phenomena have been extensively studied in low-dimensional
van der Waals systems, particularly those based on TMDCs, where long-lived excitons

delocalised across different layers have been observed [53, 184, 185].

However, the mechanism of interlayer electronic coupling in layered perovskites re-
mains unclear, given that organic molecules can separate metal-halide layers by consid-
erable distances, sometimes exceeding a nanometre [186]. In this chapter, we present
a detailed first-principles study of the spatial delocalisation of excitons in bulk layered
perovskites. We employ state-of-the-art methodological frameworks, including the GIW
approximation [70] and the BSE [71, 72], which have been successfully applied to un-
derstand the photophysics of heterogeneous systems, including TMDCs [176, 187] and
metal halide perovskites [6, 130,149,156, 188, 189].

Our study focuses on lead-iodide layered perovskites with planar inorganic layers
that are one octahedron thick, where quantum confinement effects are most pro-

nounced [190]. We propose key structural features of layered perovskites that serve as

72



Chapter 4 Band gap trend

primary descriptors for the distribution of photo-excited electron-hole pairs across these
materials. Furthermore, we quantify the tunability of interlayer exciton delocalisation
through the control of the distance and alignment of the inorganic layers via modulating

organic molecular spacers.

By visualising the two-particle exciton wave function computed as a solution of the BSE,
we reveal the spatial delocalisation of excitons in these complex materials systems. We
also estimate the average electron-hole separation corresponding to particular excited
states, providing a quantitative assessment of the real-space extent of the exciton wave

function.

Through this comprehensive analysis, we also aim to rationalise the physical mecha-
nism for interlayer exciton delocalisation based on the orbital decomposition of band
edge states. Our findings not only contribute to the fundamental understanding of these
materials but also provide crucial insights for tuning the properties of perovskite mate-

rials for specific applications in optoelectronic devices.

4.3 Band gap trend
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Figure 4.3: Schematic representation of Dion-Jacobson (a) and Ruddlesden-Popper (b) viewed
along the inorganic layer, and an intermediate phase (c) along the direction perpendicular to the
inorganic layer. The interlayer distance D and the alignment coordinates (X, Y") are represented
on the figures a-c. Alignment coordinates X and Y are defined in crystal coordinates and cor-
respond to the in-plane projection of the vector connecting two closest Pb atoms from adjacent
inorganic layers.

In this section, we present our findings on how the structural parameters of layered

perovskites influence their electronic properties, specifically on the fundamental band
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gaps. Our investigation centres on two key structural features: the interlayer distance
(D) and the alignment between adjacent layers, characterised by coordinates (X,Y"), as

illustrated in Figures 4.3.

To systematically study these effects, we artificially constructed a series of model lay-
ered perovskite structures with undistorted Pbl; octahedra. In these models the organic
cations are replaced by Cs to reduce computational complexity while maintaining the
essential structural characteristics. We manually constrained these structures to spe-
cific interlayer distances and layer alignments without structural relaxation (details of
model construction are provided in Appendix A.2.1). Such simplified model systems
have been successfully employed and proven previously [46, 60, 190, 191] to capture
the primary trends in the photophysics of layered perovskites at a significantly reduced

computational cost.

We then employed DFT [79,91] and the GW approximation [70, 76, 192] to compute
their electronic structure (computational details and convergence tests can be found in

Appendix A.2.2).

Figure 4.4 presents the computed band gaps within DFT using the generalised gradi-
ent approximation and including spin-orbit coupling (DFT-PBE+SOC) for various layer
alignments. The map spans from the DJ phase [9, 44] with alignment (0,0) to the RP
phase [49, 193, 194] with alignment (0.5, 0.5). We observe a consistent blue shift in the
band gap as the alignment transitions from DJ towards RP, aligning with previous DFT

studies in the literature [172].

To further explore the impact of interlayer distance, we compute G,W,, quasiparticle
band gaps for a subset of structures with varying interlayer distances (Figure 4.5b). The
results reveal a strong dependence of quasiparticle band gaps on both interlayer distance
and alignment, with values of 0.3 and 1.0 eV for RP and DJ perovskites, respectively.

This trend is also observed in standard DFT-PBE calculations as seen in Figure 4.5a,
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Figure 4.4: DFT-PBE band gaps for model layered perovskites with an interlayer distance of
11 A, as a function of the alignment coordinates X and Y.
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Figure 4.5: (a) DFT and (b) quasiparticle band gaps of layered perovskites as a function of
interlayer distance for different layer alignments. Green data points with different shapes corre-
spond to experimental structures in the DJ alignment, and the orange triangle corresponds to an
experimental structure with intermediate (0.21,0.21) alignment. Green dashed lines are guides
to the eye for the experimental DJ structures.
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indicating that these variations are primarily driven by changes in the crystal structure

geometry.

Notably, at large interlayer distances, DJ and RP perovskites exhibit nearly identical
band gaps, consistent with the expectation that the system approaches the monolayer
limit as the amount of vacuum between layers increases. An intermediate layer align-
ment of (0.2, 0.2) yields a similar quasiparticle band gap trend, as indicated in the yellow

line.

To validate these trends, we compute quasiparticle band gaps for four experimen-
tally realised layered perovskite structures (as shown in Figure 4.6): (4AMP)Pbl,
(4AMP = 4-aminomethyl piperidinium) [9], (C,5,DA)Pbl, (C12DA = 1,12-dodecane
diammonium) [10], (1,5-DAN)PbI, (1,5-DAN = naphthalene-1,5-diamine) [10], and
(EOA)PbI, (EOA = ethanolammonium) [11]. These structures sample DJ alignments
with interlayer distances of 10.5, 11.2, and 15.8 A, and an intermediate alignment
(0.21,0.21) with an interlayer distance of 10.0 A, respectively. The experimental
and model structures demonstrate consistent trends, with quasiparticle band gaps of

experimental structures slightly larger than those of the models.

We attribute the agreement with band gaps computed for the models to a cancellation of
errors originating from the absence of both octahedral tilting and organic cations in the
model structures. Octahedra tilting is expected to red-shift quasiparticle band gaps by
more than 0.5 eV [35,46], while the absence of organic cations has been shown to blue-
shift quasiparticle band gaps by more than 0.3 eV due to an underestimation of dielectric
screening [46,195]. Despite these subtleties, the excellent agreement between band gap
trends computed for model and experimental structures confirms that our calculations on
model layered perovskites capture the principal physical trends. This validation supports
the use of these models for further systematic exploration of excited state properties in

layered perovskites.
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C12DA

4AMP EOA

Figure 4.6: Crystal structures of experimentally realised layered perovskites with different in-
terlayer disntances and alignments. (a) (4AMP)Pbl, where 4AMP = 4-aminomethyl piperi-
dinium, (b) (C,5DA)Pbl, where C;5DA = 1,12-dodecane diammonium, (c) (1,5-DAN)PbI,
where 1,5-DAN = naphthalene-1,5-diamine, and (d) (EOA)Pbl, where EOA = ethanolammo-
nium. Atoms are colour coded as follows: Pb - grey, I - purple, C - brown, N - light blue, O -
red, H - pink.
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Figure 4.7: (a) Quasiparticle band structures calculated from G, W, @PBE+SOC for DJ model
perovskites with interlayer distances from 10 A to 16 A and for one intermediate model with
alignment (0.2, 0.2) and an interlayer distance of 10 A. (b) Atomic orbital contribution for the
VBT (bottom half) and CBB (top half) of DJ model perovskites with interlayer distances of
10 A and 16 A (left and right, respectively), and one intermediate model with alignment (0.2,
0.2) and an interlayer distance of 10 A (middle). (c) Squared modulus of the electron wave
function corresponding to the VBT at high symmetry point A for DJ layered perovskites with
interlayer distances of 10 A and 16 A (left and right, respectively) and an intermediate model

with alignment (0.2, 0.2) and an interlayer distance of 10 A (middle).
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To elucidate the band gap trends observed in Figure 4.5, we conducted an in-depth anal-
ysis of the quasiparticle band structures for model perovskites. Our focus was on struc-
tures with DJ alignment and varying interlayer distances, as well as one with intermedi-
ate alignment (0.2, 0.2) and an interlayer distance of 10 A (Figure 4.7a). Extended band

structures for representative models are shown below in Figure 4.8.

a D=105A b D=15.0A

VI AN s

Energy(eV)
Energy(eV)

Figure 4.8: Quasiparticle band structures of model DJ structures with interlayer distances of
10.5 A (a) and 15.0 A (b).

Our analysis reveals several key observations. Firstly, we note a red-shift in the quasi-
particle band gap as the interlayer distance decreases, consistent with our earlier find-
ings. Additionally, we observe an increase in the dispersion of the valence band edge
along the high-symmetry direction A [(0.5, 0.5, 0.5)] - M [(0.5, 0.5, 0)], which corre-
sponds to the direction perpendicular to the inorganic layer in real space. Interestingly,
the direction A - R [(0, 0.5, 0.5)], parallel to the inorganic layer in real space, displays
the opposite trend. The conduction band edge exhibits a similar, albeit more gradual,
change in band curvature along the A - M direction, while remaining unaffected along

the A - R direction, regardless of interlayer distance or alignment.

To understand these trends, we analyse the orbital contributions at the conduction and
valence band edges (Figures 4.7 b and c). The electronic wave function corresponding

to the valence band top (VBT) undergoes renormalisation as the distance between in-
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organic layers decreases. At large interlayer distances and in RP models, the VBT is
degenerate at the A and M points, with a predominant I-p character and nearly equal
contributions from apical (out-of-plane) and equatorial (in-plane) I-p orbitals. As the
interlayer distance decreases and the alignment approaches DJ, we observe a splitting
of the A/M degeneracy. The VBT at the A-point becomes dominated by contributions
from apical I-p orbitals. This leads to increased overlap of adjacent out-of-plane I-p
orbitals along the direction perpendicular to the inorganic layer, resulting in more dis-

persive electronic bands along the corresponding reciprocal space path.

These trends are consistent with previous reports of band structures in similar layered
perovskites [172]. They suggest that by carefully tuning the interlayer distance and
alignment, it is possible to induce interlayer electronic coupling in otherwise quantum-

confined layered perovskites.

To further validate our findings, we compute quasiparticle band structures for selected
experimental structures, as shown in Figure 4.9. These results closely mirror the trends
observed in our model systems. For instance, the (4AMP)Pbl, structure, which has
the smallest interlayer distance (10.5 A) among the DJ-aligned perovskites studied, ex-
hibits the most dispersive bands along the interlayer direction (Y to I'). In contrast, the
(C,,DA)PDI, structure, with the largest interlayer distance of 15.8 A, shows nearly flat
bands along this same direction. The (EOA)PbI, structure, which has an intermediate
alignment of (0.21, 0.21) and an interlayer distance of 10.0 A, and the (1,5-DAN)PbI,
structure with an interlayer distance of 11.2 A, both display intermediate levels of band
dispersion along the perpendicular direction. These results from experimental structures
corroborate our conclusion that interlayer distance and alignment are indeed the primary
geometric parameters facilitating interlayer electronic coupling in layered perovskites,
with octahedral distortions and tilting playing a secondary role. These observations also

align with the charge carrier effective masses calculated, as shown in Table 4.1.
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Figure 4.9: Quasiparticle band structures for experimental structures (a) (4AMP)Pbl, [9],

(b) (1,5 - DAN)PbI, [10], (c) (C;,DA)Pbl, [10] and (d) (EOA)PDbI, [11], featuring different
interlayer distances and different layer alignment.
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System D( A) Valence (m;,) Conduction (m,)
1 | 1 |
10 0.10 041 0.33 0.13
10.5 0.21 0.38 1.14 0.13
11 0.42 0.33 2.54 0.13
12 1.38 0.28 8.12 0.13
DJ - Models 13 403 027 2469  0.13
14 1448 0.26 50.33 0.13
15 4445 0.26 155.78 0.13
16 45.66 0.26 8950.98 0.13
4AMP 10.5 0.32 0.43 1.43 0.19
1,5 - DAN 11.2 1.31 0.36 2.64 0.20
C,,DA 15.8 16.51 0.26 81.42 0.20
EOA (intermediate) 10.0 0.59 0.29 1.73 0.16

Table 4.1: Calculated G, electron and hole effective masses, along directions perpendicular
(L) and parallel (]|) to the perovskite planes, in unit of electron rest mass m,, as a function of
interlayer distances D, for DJ models and experimental structures.

4.4 Optical properties

The linear optical absorption spectra computed within the GW+BSE framework for
model layered perovskites, as shown in Figures 4.10(a,b), 4.11 and 4.12, reveal several
intriguing features. Across all examined structures, we observe the emergence of a sharp
peak at the onset of absorption, indicative of a bound exciton. This distinctive peak is
followed by a flat plateau and a subsequent sharp rise associated with the second lowest

direct optical transition.

Notably, for structures with a small interlayer distances and nearly-DJ layer alignment,
we observe a red-shift in the absorption onset. Furthermore, these structures exhibit
enhanced absorption of light polarised perpendicularly to the inorganic layers, while
simultaneously showing suppressed absorption of light polarised along the inorganic
layers, as show in Figure 4.10, 4.11 and 4.12. This observation aligns well with the
renormalisation of the valence band top (VBT) orbitals that occurs when the inorganic

layers are brought into close proximity.
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Figure 4.10: (a,b) Calculated imaginary part of the dielectric function for light polarisation per-
pendicular to the inorganic layer (a) and parallel to the inorganic layer (b) for layered perovskites
with interlayer distances of 10 A (red), 11 A (yellow) and 15 A (blue); (c) Exciton binding
energies computed from G,W,+BSE as a function of interlayer distance and layer alignment.
The legend follows the same convention as in Figure 4.5.
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Figure 4.11: Calculated imaginary part of the dielectric function with light polarisation parallel
to the inorganic layer (a) and perpendicular to the inorganic layer (b) for model structures with
different layer alignment at a fixed interlayer distances of 10 A.
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Figure 4.12: Calculated imaginary part of the dielectric function with light polarisation parallel
to the inorganic layer (a) and perpendicular to the inorganic layer (b) for four representative
experimental structures as described in the main text.

As the interlayer distance decreases, we note that the signature excitonic peak shifts
closer to the ’continuum’ part of the spectrum. This shift suggests a potential decrease
in exciton binding energy as the inorganic layers come into closer proximity. To verify
this hypothesis, we conducted explicit calculations, the results of which are presented

in Figure 4.10(c).

Our calculations confirm that the exciton binding energy indeed decreases with decreas-
ing interlayer distance. Interestingly, the range of exciton binding energies spanned for
interlayer distances between 10 A and 16 A is most pronounced for DJ alignments.
Moreover, the exciton binding energies computed for experimental crystal structures

closely align with our calculations for model systems, as shown in Figure 4.10(c).

These findings consistently support our earlier assumption that the interlayer distance
and alignment are the primary parameters driving these trends in layered perovskites.
The observed changes in optical properties and exciton binding energies provide valu-
able insights into the electronic structure and excitonic behaviour of these materials,

highlighting the potential for tuning their excited states properties through careful con-
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trol of structural parameters.

4.5 Tunable exciton delocalisation

Building upon our previous findings on the influence of interlayer distance and align-
ment on electronic structure and optical properties, we now turn our attention to the
spatial characteristics of excitons in layered perovskites. The exciton binding energy,
which we found to be tunable through structural parameters, is generally correlated with
the average real-space separation between photo-excited electrons and holes in isotropic
materials. The exciton binding energy increases as the average electron-hole separation
decreases, indicating that layered perovskites with reduced interlayer distances may ex-

hibit more delocalised excitons.

With this hypothesis, we analyse the two-particle exciton wave function, ¥ (r_,7},),
corresponding to the lowest (non-degenerate) bound state. Visualisation of the proba-
bility of localisation for a photo-excited electron with a fixed hole position (shown in
Figures 4.13) reveals striking differences between structures with different interlayer
distances. For larger interlayer distances (16 A), photo-excited electrons are strongly
confined within a single inorganic layer, consistent with previous studies. In contrast,
structures with smaller interlayer distances (10.5 A) show a non-trivial probability of

electron localisation extending across the first and second nearest neighboring layers.

To quantitatively assess exciton delocalisation, we employ the ECF, introduced in

Ref. [121], and defined as follows,

2
R (e =Tty dry,

‘7(7’) D) )
fQ j;)uc |\Ij (Te7 Th)| dredrh

4.1)

where r = r, — r;, and €, and () are the volumes of the perovskite unit cell and a

supercell large enough to contain the full extent of the exciton, respectively. The ECF
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a D=16.0A
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Figure 4.13: Isosurfaces representing the out-of-plane and in-plane spatial distribution of the
lowest energy exciton for a model DJ with an interlayer distance of 16 A (a) and 10.5 A (b); the
hole position is fixed at the center Pb atom of the central layer, marked by the yellow points.
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represents the probability that the electron and hole in a specific state are separated by a
vector r [121,196]. This approach offers a more robust analysis, which is independent
of the arbitrary choice of hole positions, in contrast with the qualitative pictures shown
in Figure 4.13a and b. By doing that, we are able to focus on the quantitative trend on

how the extent of exciton varies with structural parameters.

In our analysis, we focused primarily on the lowest energy excitonic state, which is the
first in a group of four lowest energy excited states. These states arise from the spin-
degenerate valence band top and conduction band bottom, as also discussed in Ref. [46].
It is important to note that this lowest energy state is optically inactive. We chose to anal-
yse this state specifically because it is non-degenerate, making it less computationally

demanding to study in detail.

To ensure the robustness of our conclusions, we examined whether our choice of focus-
ing on the lowest energy state might have biased our results. To this end, we compared
the ECF profiles for all four lowest energy states in two DJ model structures with differ-
ent interlayer distances. As shown in Figure 4.14, the ECF displays remarkably similar
profiles across all four states for both structures along both in plane and interlayer di-

rections.

Furthermore, we quantified the average electron-hole separation for these four states in
both the in-plane and interlayer directions. The results, presented in Table 4.2, demon-
strate that the variation in average separation is minimal. Specifically, the in-plane sep-
aration varies within a range of 2.2 A, while the interlayer separation varies within 1.6

A across the four states.

As shown in Figures 4.15, 4.16 and 4.17, the in-plane ECF shows a wider extent for
smaller interlayer distances and alignment coordinates, indicating greater in-plane delo-
calisation. While the out-of-plane ECF | of all structures exhibit a narrow peak centred

around 3.1 A, (indicating that bound electron-hole pairs in these states have the highest

87



Chapter 4

Tunable exciton delocalisation

0.20

0.10

Normalized 1D ECFj (1/A)

0.00

0

0.30

0.20

0.15

Normalized 1D ECFj (1/A)

0.00

0.15

0.05 |

0.25 |

0.10 |

0.05 |

D=105A — Stale4

—— State 1

0 10 20 30 40

In plane e-h separation (A)
) —— State 4
D=15A
— State 1

0 10 20 30 40

In plane e-h separation (A)

d

Normalized 1D ECFL (1/A)

Normalized 1D ECF.L (1/A)

0.20

0.15 |

0.10 |

0.05

0.00

0.30

0.25 |

0.20 |

0.15

0.10

0.05 |

0.00

D=105A — State 4

—— State 1

0 10 20 30 40 50
Interlayer e-h separation A

' "~ —— State 4
D=15A

—— State 1

0 10 20 30 40 50
Interlayer e-h separation A

Figure 4.14: Comparison of the normalised 1D ECF for different excited states of 2 represen-
tative DJ model structures. (a) shows the ECF along the in-plane direction for D = 10.5 A, while
(b) represents the ECF along the out-of-plane direction. (¢) and (d) show the ECF along in-plane
and out-of-plane direction, respectively, for D =15 A.
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D States Interlayer e-h sep. In-plane e-h sep. £, (meV)

1 93 A 10.6 A 130
2 9.8 A 11.0A 124
10.5 A 3 9.8 A 11.0 A 124
4 109 A 120 A 112
1 3.1A 6.5 A 456
2 3.1A 6.8 A 435
15 4 3 3.1A 6.8 A 435
4 3.1A 8.7A 371

Table 4.2: Calculated average electron-hole separation along the in-plane and interlayer direc-
tions for the first 4 excited states of two model DJ structures with interlayer distances of 10.5 A
and 15 A, together with their exciton binding energies.
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Figure 4.15: Normalised 1D ECF versus electron-hole relative position in-plane (a) and across
layers (b), for DJ model structures with interlayer distances from 10 to 16 A.
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Figure 4.16: Normalised 1D ECF along the out-of-plane direction, for DJ model structures
with different layer alignment and interlayer distances of 10 A (a) and 10.5 A (b).
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Figure 4.17: Normalised 1D ECF along the out-of-plane direction for 4 representative experi-
mental structures as described in the main text.
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probability to be 3.1 A apart, approximately the width of a Pb-I bond length, or half
the width of one inorganic layer), the probability density distribution changes markedly
with interlayer distance and alignment. For structures with large interlayer distances or
RP alignment, this peak reaches a maximum probability density of nearly 20% per A.
However, for DJ-aligned structures with 10 A interlayer distance, the maximum proba-
bility density of this peak drops to 5% per A or less. Additionally, for these DJ-aligned
structures, we observe multiple equally spaced peaks at larger electron-hole distances,
indicating a substantial interlayer delocalisation of the exciton wave function across

several neighbouring layers.

We quantify the average in-plane and interlayer electron-hole separation for various
model and experimental structures (Figure 4.18bd) as discussed in Chapter 2. For DJ-
aligned perovskites, this separation decreases from over 16 A out-of-plane and 14 A in-
plane (delocalised exciton) to approximately 3 A out-of-plane and in-plane (localised
exciton) as the interlayer distance increases from 10 A to 12 A. Intermediate-aligned
perovskites show a similar but more gradual trend. Beyond 12 A, the average sepa-
ration remains roughly constant. Notably, RP-aligned structures consistently show in-
tralayer confinement regardless of interlayer distance. The observed trends in exciton
delocalisation align well with our earlier findings on band structure and optical prop-
erties. Together, these results paint a comprehensive picture of how structural param-
eters influence the excitonic behaviour, particularly exciton delocalisation of layered

perovskites via altering the interlayer electronic coupling.

4.6 Summary

In conclusion, the study in this chapter of layered organic-inorganic lead-iodide per-
ovskites using state-of-the-art GIW+BSE calculations reveals the profound impact of
interlayer distance and alignment on the optoelectronic and excited state properties of

these materials . We demonstrate that electronic and optical coupling between adja-
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Figure 4.18: Average in plane (a) and interlayer (b) electron-hole separation as a function of the
interlayer distance for different structure types: RP models (blue triangles), intermediate models
(vellow disks), DJ models (red squares) and experimental structures as described in Figure 4.3
(green and orange data points).

cent inorganic layers can be achieved by carefully tuning these structural parameters,

primarily through the interaction of apical iodine orbitals from neighbouring layers.

A key finding of our work is the possibility to overcome exciton confinement within
a single lead-iodide layer, achieving interlayer delocalisation of bound electron-hole
pairs in bulk layered perovskites. The results consistently show that interlayer distance
and alignment are the primary drivers of exciton delocalisation in layered perovskites.
The ability to tune exciton spatial characteristics through structural modifications offers
exciting prospects for optimising these materials for LED and photovoltaic device appli-
cations, which could benefit from enhanced charge transfer excitons [197] and stronger

photo-emission [198].

Importantly, the trends observed in our model systems are corroborated by calculations
on experimentally realised layered perovskites, validating the broader applicability of
our findings. While conventional methods of controlling interlayer distance in layered
materials often involve applied pressure [199,200], this approach has its limitations. In

heterogeneous and soft layered perovskites, strain-induced structural changes in both the
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inorganic and organic layers may be more difficult to control and could have secondary
effects on the electronic structure [200]. In contrast to conventional layered materials,
tuning interlayer separation and alignment in layered perovskites can also be realised
intrinsically, through a judicious choice of the organic spacers. [201]. This feature
provides a more controllable and potentially less disruptive method for manipulating

interlayer coupling.

The insights gained from this study extend beyond bulk materials to isolated nanos-
tructures and self-assembled heterostructures, suggesting broader implications for the
design of perovskite-based functional materials. The study in this chapter not only ad-
vances our fundamental understanding of exciton physics in layered perovskites but also
provides essential groundwork for exploring more complex systems. In the next chap-
ter, we will apply the same methods to study excitons in layered perovskite-intergrowth
heterostructures, which offer additional degrees of freedom for manipulating exciton
properties, potentially enabling even finer control over optical and electronic character-
istics. We hope this study could serve as a solid foundation for future research exploring
the intricate role of phonons in exciton localisation within these complex systems, using

for example similar first-principles approaches to those recently reported in Ref. [202].
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heterostructures

The previous chapter explores exciton delocalisation in layered organic-inorganic halide
perovskites, demonstrating how exciton properties are primarily influenced by the spac-
ing and alignment of neighbouring layers, which can be tuned through cation spac-
ers. This investigation establishes a fundamental understanding of the relationship be-
tween structural and optoelectronic, excitonic characteristics. Building on these in-
sights, the current chapter extends the exploration of exciton properties (e.g the binding
energy, exciton delocalisation) in semiconductors by examining a novel class of mate-

rials: perovskite-intergrowth heterostructures, as first introduced in Ref. [12].

Through a systematic analysis of electronic band structures, absorption properties, and
exciton characteristics, we show that interlayer excitons are likely to be observed in this
complex group of heterostructures via structural or molecular engineering. This finding
opens up new possibilities for tailoring excitonic properties in perovskite-based mate-
rials and deepens the understanding of the fundamental principles governing exciton

properties in layered systems.

In particular, this study demonstrates the change from intralayer to interlayer exci-
tons with structural modifications for a set of such perovskite-intergrowth heterostruc-
tures, providing insights into how subtle changes in molecular composition can lead to
significant alterations in electronic structure and excitonic properties. By investigat-
ing the mechanism behind these changes, we establish design principles for engineer-
ing perovskite-intergrowth heterostructures with desired optoelectronic and/or excitonic

characteristics.
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5.1 Introduction

As shown in previous chapter, layered organic-inorganic halide perovskites are known
for their structural flexibility [42—44,49]. In these materials, the alkylammonium cation
plays a crucial role by creating an organic layer that effectively separates the perovskite
sheets [203,204]. By carefully designing the structure of the organic cation, one can
systematically synthesise a wide range of halide perovskites with predictable properties.
This ability to fine-tune the structure opens up possibilities for creating an extensive

class of these materials, each with potentially unique characteristics.

Recently, Shi et al. [205] have employed a sequential film deposition strategy to generate
isostructural intergrowths of organic-inorganic perovskites on planar surfaces. Aubrey
et al [12] have applied this strategy and demonstrated that incorporating a secondary
functional group into an alkylammonium ion can template the intergrowth of a distinct,
dimensionally reduced structure between the perovskite sheets. The bifunctional ligand
binds to the perovskite layer on the ammonium end and templates intergrowth structure
on the other end, resulting recurrent co-crystallisation of an extended non-perovskite
metal-ligand bond network within a layered perovskite structure, forming perovskite-
intergrowth heterostructures, as illustrated in Figure 5.1. The soft perovskite lattice
is able to withstand significant structural distortions with ease, enabling a variety of
non-perovskite structures, which may not exist otherwise, to be stabilised within the

heterostructures.

In particular, single crystals of (Pb,Cl,)(CYS),PbCl,(CYS = + NH;(CH,),S ")
heterostructures, featuring a lead chloride intergrowth and a smaller zwitterion
cysteamine + NH;(CH,),S molecule, and (PbBr,),(AMTP),PbBr,(AMTP+ =
4-(ammoniomethyl)-tetrahydropyran) with lead bromide intergrowth, were first
introduced in Ref. [12] as two representative lead based intergrowth-perovskite het-

erostructures that have been synthesised. While both structures exhibit similar features
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Figure 5.1: Schematic illustration of the reaction design strategy for synthesising templated
perovskite intergrowths. The perovskite lattices are depicted in light blue, while a hypothetical,
lattice-matched structure is shown in green. Blue and yellow circles represent the templating
groups for the perovskite and intergrowth structures, respectively (see inset). This approach en-
ables the targeted synthesis of complex heterostructures of desired electronic properties. Figure
adapted from Ref. [12] with permission, granted through the RightsLink permission system.
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in their PbX, perovskite sublattice and intergrowth sublattice (both isostructural to
3D PbX, (X = Br, Cl) sliced along the (001) plane) [206], they differ significantly in

their structural connectivity and electronic properties.

In (PbBr,),(AMTP),PbBr,, the positively charged AMTP+ compensates for the nega-
tively charged perovskite slab PbX, , while the charge-neutral intergrowth is templated
by the tetrahydropyran tails of the molecule. The perovskite and intergrowth layers are
distinctly separated by the organic AMTP+ layer, resulting in a band structure and opti-
cal properties excitonic features similar to typical 2D lead-halide perovskites [12,207],

with excitons localised within the perovskite layers [12].

In contrast, (Pb,Cl,)(CYS),PbCl, features a smaller, charge-neutral CYS molecule to
directly template the intergrowth, connecting it to the perovskite layers via a shared
bridging chloride ion, as shown in Figure 5.2 b. This configuration affects the band
structure due to state mixing around the valence band top and conduction band bottom,
altering optical absorption features and the charge distribution compared to typical Pb-
Cl layered perovskites. Consequently, the structure exhibits a broadened absorption
onset and more complex excitonic characteristic, with excitonic states extending across
both perovskite and intergrowth layers. This demonstrates a more nuanced interaction
between structural configuration and optical properties in these rather complex materials

[12].

5.2 The hypothetical structures construction

The complexity and diversity of these perovskite-intergrowth heterostructures open up
even more possibilities for fine-tuning their properties through structural modifications
than typical layered hybrid halide perovskites. Inspired by the previous chapter,
we then turn to explore approaches for modifying the interlayer spacing and intro-

ducing adjustable metal-ligand interactions between the intergrowth and perovskite
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Figure 5.2: Comparison of structural and electronic properties of perovskite-PbX, (X = Cl,
Br) heterostructures. a, Single-crystal X-ray diffraction structure of (PbBr5),(AMTP),PbBr,.
b, Single-crystal X-ray diffraction structure of (Pb,Cl,)(CYS),PbCly. Insets in a and b show
coordination of AMTP™ and CYS to the intergrowths, respectively. Atom colours: Pb (light
blue), Cl (lime-green), Br (orange), S (yellow), C (grey), O (red), and N (blue). Perovskite
sublattices are shaded in light-blue, and PbX,-like sublattices in yellow. Hydrogen atoms are
omitted for clarity. ¢, DFT-PBE calculated band structure of (PbBr;),(AMTP),PbBr,. d, DFT-
PBE calculated band structure of (PbyCl,)(CYS),PbCl,. Figure adapted from Ref. [12] with
permission, granted through the RightsLink permission system.
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sublattices [208]. Our focus is centred on a specific class of heterostructures, with
layers separated by expansive organic molecules, derived from the parent compound
(PbBr,),(AMTP),PbBr,. Unlike in (Pb,Cl,)(CYS),PbCl,, where the connectivity
between layers hinders structural modifications to the interlayer spacing, the separated
layers in (PbBr,),(AMTP),PbBr, allows such tunability via engineering the molecules.
We apply various hypothetical strategies to alter the size and composition of organic
components, investigating their impact on the overall electronic and excitonic prop-
erties, specifically focusing on their correlation with electronic band structures and
exciton localisation. By systematically exploring these structural modifications, we
seek to uncover new avenues for tuning the optoelectronic and excitonic properties of

these advanced materials.

Original Structure

AMTP
Minimal Size Minimal Change
o :
HMA ATP

Figure 5.3: Schematic diagram demonstrating the design principles of hypothetical
perovskite-intergrowth heterostructures.  Left: A minimal structure using HMA (1-
hexanemethylammonium) as the organic cation, preserving the fundamental functional groups;
Right: A structure with minimal change using ATP (4-aminothiophenol) as the organic cation,
with only one CH, group taken from the original AMTP. The perovskite and intergrowth layers
are schematically represented in blue and yellow, respectively.

We employ a systematic approach to design hypothetical structures by moditfying the
AMTP molecule to a reduced structural motif, as illustrated in Figure 5.3. These

modifications aim to slightly change the molecular structure and adjust the interlayer
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distance without altering the rest of the framework. Specifically, we replace the
AMTP molecule with two other cations: a smaller HOCHZNH3+ ((Hydroxymethyl)-
ammonium) molecule, created by preserving the minimal functional groups; and a
larger 4-(amino)tetrahydropyran configuration, created by removing one CH, group
from the side chain of the tetrahydropyran ring (hereafter referred to as HMA and ATP,

respectively).

These modifications are carefully designed to maintain the overall spatial configuration
and bonding environment of the original molecule as a starting point for structure opti-
misation. The bond lengths in the initial structures are as follows: 1.51 A for C-C and
C-N bonds, 1.44 A for C-O bonds, 0.91 A for N-H bonds, and 0.99 A for C-H bonds,
using experimental measurements from the original AMTP molecule [12] to ensure a

close approximation to reasonable molecular dimensions.

Following the construction of HMA and ATP, we quantify the change in interlayer
separation as follows. We first measure the size of the modified molecules relative
to the original AMTP. Subsequently, an adjustment was made to the unit cell lattice
parameters to reflect this change. This adjustment preserved the relative offset in the in-
plane directions and the internal tilting and distortions of the inorganic octahedra, while
accommodating the modified molecule along the z-direction. This approach allows us
to maintain the essential structural characteristics of the original heterostructure while

introducing controlled modifications.

We then conducted a variable cell relaxation with DFT-PBE methods to further opti-
mise the structure for all three structures studied. This relaxation process allows for a
further refinement of the hypothetical structures, ensuring that they represent energeti-

cally favourable configurations.

It is crucial to emphasise that the hypothetical structures discussed above have not been

synthesised experimentally, and their existence and stability require further analysis.
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These theoretical models serve as valuable examples for demonstrating how tuning
structural parameters can impact optoelectronic and excited-state properties, which will
be explored in depth in this chapter. By investigating these hypothetical structures, we
try to gain insights into the structure-property relationships in perovskite-intergrowth
heterostructures, potentially guiding future experimental efforts in materials design and

synthesis.

Relaxation

Figure 5.4: Schematic visualisation of the structures in perovskite-intergrowth heterostruc-
tures, showing the transition from initial hypothetical structures to their DFT-PBE optimised
state. On the left, the original (PbBr,),(AMTP),PbBr, heterostructure is displayed for refer-
ence. The middle panels (b and ¢) represent the initial constructed structures for HMA (top)
and ATP (bottom), respectively. The right panels (d and e) represent the corresponding relaxed
structures after the optimisation process.

Figure 5.4 presents a side-by-side comparison of the original AMTP heterostructure,
the initial hypothetical structures for HMA and ATP, and their corresponding relaxed
structures. Two significant changes are observed in the relaxation process of the HMA
structure. Firstly, there is a notable increase in the interlayer spacing, as evidenced by

the expansion of lattice parameters. The projected interlayer distance for the HMA
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structure increases from the initially assumed 15.82 A to 17.70 A, resulting in a sub-
stantial increase in the separation between the organic molecules and the neighbouring
intergrowth layers. However, it is important to note that the interlayer distance in the
relaxed HMA structures still remain smaller than the 21.83 A observed in the relaxed
AMTP structure. Secondly, a significant reorganisation occurs in the intergrowth layer,
involving considerable atomic rearrangements, as clearly depicted in Figure 5.4 (panels

b-e).

In contrast, the ATP structures exhibit markedly different behaviour during relaxation.
The changes observed in the HMA structures are not replicated in the ATP case. The
lattice parameter in the perpendicular direction undergoes a rather minor change from
21.83 A to 21.25 A, a difference of less than 3%. This small change can be attributed
to the structural similarity between ATP and AMTP. A similar phenomenon has been
observed when comparing PMA and PEA based perovskites structures, where slight
modifications in the organic components result in negligible changes in lattice parame-

ters [207].

5.3 Optoelectronic properties of hypothetical structures

After determining the optimised structural configurations, we conducted a comprehen-
sive analysis of the optoelectronic properties of AMTP-based materials in comparison

to the hypothetical HMA and ATP structures.

Figure 5.5 presents the computed projected band structures for the AMTP, ATP, and
HMA structures. All three structures exhibit direct band gaps at the I point, with band
gaps of 1.72 eV for AMTP, 1.43 eV for ATP, and 0.93 eV for HMA. In all three cases,
the bands originating from the perovskite sublattice (light blue) and the intergrowth layer
(orange) are not hybridised, as indicated by the similar band shapes and dispersions

across the different systems.
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Figure 5.5: Projected band structures of perovskite-intergrowth heterostructures. colour en-
coded to identify orbital contributions from different sublattices of the heterostructures: the per-
ovskite layer PbX,2~ is shown in light blue, the combined intergrowth layer (PbX, and O) is
shown in orange. Panel (a)(b)(c) corresponds to the AMTP structure, ATP and HMA structure,
respectively.
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A significant difference lies in the band alignment between the perovskite and inter-
growth layers. In the AMTP structure (panel a), both the conduction band minimum
and the valence band maximum consist of bands primarily from the perovskite sub-
lattice, exhibiting characteristics typical of type-I heterostructures (see Figure 5.6). In
contrast, both ATP (panel b) and HMA (panel c) structures demonstrate properties more
closely aligned with type-II heterostructures (see Figure 5.6). In both modified struc-
tures, the conduction band minimum originates from the atomic orbitals of intergrowth

layer, while the valence band maximum consists of bands from the perovskite layer.

Type | Type ll

CB
8o O,
@®
| B I

Figure 5.6: Schematic diagram showing the band alignment in Type I and II heterostructures.
Charge carriers are indicated by circles, different colour represents valence and conduction bands
from different parts in heterostructures.

In addition, the calculations reveal that the bandgaps for HMA are approximately 1 eV
smaller than those of the AMTP structure (see Figure 5.5). This significant difference in
bandgap is consistently observed using both the DEFT-PBE methods and G|,V method
(1.91 eV for HMA and 2.83 eV for AMTP at G, level), lending robustness to the

findings.

The band gap reduction in HMA structures usually indicate differences in their optical

104



Chapter 5 Optoelectronic properties of hypothetical structures

absorption spectra compared to the AMTP configuration. A smaller bandgap typically
results in a red-shift of the absorption spectrum. Moreover, the shift from a type-I to
a type-II heterostructure suggests potential changes in charge carrier dynamics, exciton
properties, and overall photophysical properties, which leads us to the next part of the

analysis.

The investigation then further extend to the absorption spectra for these heterostructures,

as shown in Figure 5.7.

In this study, we select AMTP as a representative of Type I heterostructures, and HMA
as the representative for Type II. In both cases, we observe a characteristic excitonic
spectral profile. The onset of absorption is marked by a sharp peak, indicating a bound
exciton. This excitonic peak is followed by a flat plateau region, which then changes

into a steep rise corresponding to the onset of the continuum states.

Despite the substantial 1 eV difference in bandgap energies, the absorption spectra
across these heterostructures exhibit surprisingly similar onsets, with differences less
than 0.1 eV for both with and without electron hole correlation. Moreover, the overall
line shape and progression of the absorption spectra are notably consistent across both

structures.

This unexpected similarity in absorption spectra, despite significant bandgap differ-
ences, suggests a complex interplay between electronic structure and optical properties
in these materials. It indicates that the optical properties of these heterostructures is

governed by mechanisms that go beyond simple bandgap considerations.

To understand this, we further calculate the oscillator strengths, which revealed the ex-
istence of several dark states both with and without e-h correlations, situated below the
absorption onset for HMA structures, as shown in Figure 5.7 d and f. These dark states
indicate the occurrence of complex transitions not captured in the absorption spectra.

Such states could arise from various phenomena, including symmetry-forbidden transi-
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tions, charge transfer states, or localised excitations that do not contribute significantly
to the overall optical absorption [209]. The presence of these dark states highlights
the complexity of the electronic structure in these materials and underscores the im-
portance of considering factors beyond simple bandgap calculations when predicting

optical properties [209,210].

This part of the analysis is crucial for understanding the underlying relationship between
electronic transitions and the optical absorption of these heterostructures. To further
clarify the correlation between band alignment and optical absorption and to provide in-
sights into the nature of the dark states, a systematic and in-depth exploration of excitons

1S necessary.
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Figure 5.7: The absorption coefficient (a,b) and oscillator strength with (c,d) and without
(e,f) e-h correlation of perovskite-intergrowth heterostructures with AMTP (left), HMA(right),
calculated within the G\, W, +BSE framework.
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5.4 [Exciton analysis of hypothetical structures

Similar to the analysis presented in the previous chapter, we employ the ECF to inves-
tigate the spatial correlation between electrons and holes for the excited states of these
materials. The holes are sampled on a uniform grid (2 x 2 x 16) consists of total 64

sampling points within the primitive cell at the centre of a 10 x 10 x 4 supercell, with

the dencest ecamnlino correanondino ta the direction nernendicnlar ta the nlane

a AMTP ; b HMA ?
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Figure 5.8: Visualisation of ECF in lithium and sodium-based heterostructures. a,b. Isosurfaces
representing the ECF for the lowest energy excitons in a. AMTP and b. HMA. The background
structures are provided as a visual guide and do not indicate the actual localisation of the exciton
wavefunction. The origin is shown by the black dot at the centre of the supercell.

The ECF represents the probability density to find the electron-hole pair that are sepa-
rated by r = r_, —r;, in an exciton. Figure 5.8 shows the isosurfaces (with the origin at
the supercell centre) that map the out-of-plane spatial distribution of the lowest-energy
exciton within the HMA hypothetical heterostructures, alongside the original AMTP
heterostructures. The analysis of Figure 5.8 reveals distinct exciton characteristics be-

tween the two structures. In the HMA structures, the lowest-energy excitons exhibit an
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inter-layer delocalisation, indicating a separation of electron-hole pairs across different
layers. This is evidenced by the ECF isosurfaces showing a layered configuration with
the highest probability points situated at least one layer apart. Such interlayer excitons

are also previously seen in TMDCs heterostructures [176—178].

In contrast, the AMTP heterostructures display intra-layer excitonic delocalisation.
Here, electrons and holes are predominantly localised within the same layer, as shown
by the ECF’s highest probability points being centred at the origin. The difference
in exciton spatial distribution between HMA and AMTP structures underscores the
profound impact of molecular engineering on the exciton localisation and charge

transfer characteristics of these perovskite-intergrowth heterostructures.

5.5 Summary of the AMTP group heterostructures

With the above analysis of the hypothetical structures alongside the original AMTP het-
erostructures, we can conclude so far that the AMTP heterostructure exhibits a type-I
band alignment, while the two hypothetical variants - HMA and ATP - display type-
IT band alignments. Notably, the HMA structures have a bandgap approximately 1 eV
narrower than that of AMTP. Despite this significant difference in bandgap, the AMTP
and HMA structures demonstrate a similar absorption onset around 2.5 eV. This simi-
larity is attributed to the presence of dark excitons below the absorption onsets, which

are not visible in the absorption spectra.

Analysis of the ECF for these lowest-lying dark states reveals their nature as interlayer
excitons in the HMA structure, with electrons and holes excited in separate layers. In
contrast, the lowest-lying exciton in the type-I AMTP heterostructure is identified as an

intralayer exciton, with electrons and holes excited within the same layer.

These observations suggest a potential correlation between band alignment and the man-

ifestation of interlayer excitons in heterostructures. However, before we can propose
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any potential correlation, it is crucial to determine whether these phenomena are ob-
served beyond hypothetical structures. To this end, we will adopt a methodical approach

using experimentally realised structures as detailed in the next section.

5.6 1-Na and 1-Li heterostructures

We now shift the focus to experimentally realised perovskite-intergrowth heterostruc-
tures, as shown in Figure 5.9. These materials were synthesised by the collaborators, Dr.
Arundhati Deshmukh in Prof. Hemamala Karunadasa’s group at Stanford University.
The synthesis details and experimental results, along with the computational findings

presented in this chapter, are part of a manuscript currently in preparation.

The structures under investigation are layered heterostructures comprising alternating
perovskite [PbCl,]?~ layers and non-perovskite [PbCl,L,]? intergrowth layers, where
L represents a bifunctional ligand, as shown in Figure 5.9. These heterostructures in-
corporate sodium and lithium atoms respectively in the intergrowth layers, marking the
first incorporation of smaller alkali metal ions in lead halide perovskites. These het-
erostructures provide a unique platform to explore rational structural design, tunable

electronic properties, and exciton properties in real systems.

Figure 5.9 shows the structures of the two layered heterostructures. The intergrowth
layer can be described as corner-sharing 8-coordinate polyhedra. These polyhedra are
derived from regular PbX,?— octahedra by bifurcating the apical (out-of-plane) Pb-X
bonds into two bonds with the bidentate carboxylate group. The general formula for
this structure can be written as M,(PbCl,)L,(PbCl,), where the first half M, (Pb,Cl,)L,
represents the intergrowth layer and the second half (PbCl,) represents a 2D perovskite,
with L being the zwitterionic ligand. Here M represents Na, Li and L represents trans-
(4-aminomethyl)cyclohexanecarboxylic acid (AMHC). For simplicity, we will refer to

these two heterostructures as 1-Na and 1-Li hereafter.
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APD-Na APD-Li

Figure 5.9: Structural representations of perovskite and perovskite-derived heterostructures.
Single crystal structure of the layered heterostructures M, (PbCl,)Lo(PbCl,) where M = Na (a),
Li (b) and L = trans-(4-aminomethyl)cyclohexanecarboxylic acid (AMHC). Atoms are colour
coded as follows: Li/Na - pink, C - grey, N - blue, O - red, Cl - green, Pb - teal. Hydrogen atoms
are omitted for clarity.

Na or Li atoms occupy the cavity between the corner-sharing polyhedra in the inter-
growth layers. The carboxylate groups at the top and bottom of each layer are oriented
orthogonally to each other, and the CI-Pb-CI bonds parallel to the O-C-O bonds are
pushed out of plane. This arrangement introduces significant in-plane and out-of-plane
distortions in the intergrowth layer, which are known to influence electronic and op-
tical properties in layered lead-halide hybrids. Previous studies have shown that out-
of-plane distortions can improve the photoluminescence quantum yields in such struc-

tures [45,211].

Of particular interest is the low symmetry exhibited by these structures. They crystallise
in the monoclinic C'2 space group, belonging to the C', point group. The absence of bulk
inversion symmetry in such space groups is associated with unique band structures and
potential chiro-optical properties, adding another layer of complexity to their electronic

properties [175,212].

By employing first-principles calculations on these materials, we try to ascertain
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whether similar optical and excitonic properties observed in the hypothetical structures
are present in experimentally synthesised materials, which will provide a solid starting

point for further exploration.

5.6.1 Optoelectronic properties
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Figure 5.10: Band structure (a) and projected DOS (b) of the Na intergrowth. colour scheme
for the band structures: red O; green Na; orange intergrowth Pb+Cl; blue perovskite Pb+Cl.
colour scheme for pDOS: red O; green Na; orange Cl p; blue Pb p; grey Pb s.

In the analysis of the 1-Na and 1-Li heterostructures, we employ DFT with generalised-
gradient approximation using PBE functional to calculate the electronic band structures.
Unrelaxed experimental structures were used for all calculations on both heterostruc-
tures. The calculations of optimised structures will be discussed in detail in Chapter

6.

Both 1-Na and 1-Li heterostructures exhibit indirect bandgaps, as shown in Figures 5.10
and 5.11. In the conduction bands of both structures, we observe the presence of band
splitting along the in-plane branch, due to the Rashba-Dresselhaus effect [212]. This

phenomenon arises from the interplay of spin-orbit coupling (due to the presence of
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heavy atoms) and bulk inversion asymmetry, characteristic of polar point groups such

as C, [175,212].

The calculations reveal different band alignments for the two structures, despite their
structural similarities. 1-Na displays a Type-I band alignment, with both the valence
band maximum (VBM) and conduction band minimum (CBM) localised on the per-
ovskite layer. The VBM primarily comprises Pb s (28.5% at I') and Cl p orbitals (70.0%
at I') from the perovskites, with some O p state contributions just below ( 0.2 eV) at I,
while the CBM mainly consists of Pb p orbitals (78.2 %) and Cl s orbitals (19.6%) from
the perovskites. The calculated band gap is 2.39 eV at DFT-PBE level and 3.64 eV at

GoW, level.
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Figure 5.11: Band structure (a) and projected DOS (b) of the Li intergrowth. colour scheme for
the band structures: red O; green Li; orange intergrowth Pb+Cl; blue perovskite Pb+Cl. colour
scheme for pDOS: red O; green Li; orange Cl p; blue Pb p; grey Pb s.

In contrast, 1-Li exhibits a different band alignment. The VBM is entirely contributed
by the atomic orbitals from the intergrowth layer, predominantly composed of O p or-
bitals with minor contributions from CI p and Pb s orbitals (28.4%). The CBM, how-

ever, mainly comprises Pb p orbitals from the perovskite layer. This spatial separation
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of VBM and CBM across different layers is a defining characteristic of Type-II het-
erostructures. The calculated band gap is 1.36 eV at DFT-PBE level and 2.60 eV at

G W, level, approximately 1 eV lower than 1-Na.

Notably, Na and Li orbitals do not directly contribute to the CBM. Instead, they are
positioned much higher in the conduction bands. This suggests that the differences in
band structures between 1-Na and 1-Li likely result from indirect effects related to the

presence of these alkali metal atoms, rather than their direct electronic contributions.

Figure 5.7 shows the calculated absorption spectra, compared with experimental mea-
surements. Both spectra show similarly high energy absorption onsets ( approximately
3.0 eV for calculated values and 3.8 eV for measured values). The quasiparticle band
gaps computed within the G,W,, + BSE framework are expected to be underestimated
with respect to experiment by approximately 0.5 ~ 1 eV. This is due to the sensitivity of
single-shot G, W, calculations to the mean-field starting point, which was pointed out

for halide perovskites and other semiconductors in several prior studies [6,46, 154].

The experimental onsets are consistent with the excitonic absorption onset of reported
2D Pb-Cl perovskites [213]. However, in contrast to typical 2D perovskites, there is
an additional excitonic peak in both the heterostructures, a phenomenon observed in
both calculated and measured absorption spectra. Previously reported Pb-Pb layered
heterostructures exhibited only one excitonic peak below the band gap onset [12]. We
attribute the second excitonic peak to be a result of the unique band structure where the
perovskite layer and the intergrowth layer have bands at relatively close energies. This

will be discussed in detail in the excitonic decomposition analysis in Chapter 6.

Similar to the observations in the hypothetical structures discussed earlier, in 1-Li,
we observe several optically dark lower energy transitions, as indicated by oscillator
strength calculations shown in 5.12 e and f. These dark states explain why both 1-Na

and 1-Li structures show similar absorption onsets for both spectra with and without e-h
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correlation around 3 eV, despite their differences in band alignment and bandgap. These
findings highlights the underlying correlation between band alignment and optical prop-
erties we found in the hypothetical structures does indeed exist in these experimentally-
realised perovskite-intergrowth heterostructures. The observation of type-II band align-
ment and optically dark states in 1-Li, in particular, consistent with the prior observa-
tions. The distinct band alignments and optical properties of 1-Na and 1-Li, despite their
structural similarities, underscore the potential for overcoming exciton confinement via

structural engineering, which we will discuss further in detail.

5.6.2 ECF analysis

a APD-Li b APD-Na

‘ 48064
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Figure 5.13: Visualisation of ECF in lithium and sodium-based heterostructures. a,b. Iso-
surfaces representing the ECF for the lowest energy excitons in a. 1-Li and b. 1-Na. The
background structures are provided as a visual guide and do not indicate the exact localisation
of the exciton wavefunction. The origin is shown by the black dot at the centre of the supercell.

In analogy to this study for the hypothetical structures, we seek the potential observation
of interlayer excitons in the experimentally realised 1-Na and 1-Li heterostructures,

given the Type-II band alignment in 1-Li. To probe this, we calculate the ECF once
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again. Figure 5.13 presents the ECF for the lowest energy excitons in 1-Li and 1-Na,
showing the probability distribution of the photo-excited electron. The analysis reveals

striking differences between the two structures:

1-Li exhibits significant out-of-plane delocalisation of the ECF, extending across at least
three unit cells in the direction perpendicular to the inorganic sheets. This interlayer
exciton is also observed in the hypothetical HMA structures, consistent with Type II

band alignment.

As a comparison, 1-Na shows ECF localisation within a single layer, with notably lower
in-plane delocalisation. This intra-layer excitonic properties is similar to what we ob-
served in the AMTP hypothetical structures, where electrons and holes are predomi-
nantly localised within the same layer. The reduced delocalisation in 1-Na could be
attributed to the higher binding energy of the intralayer excitons, a common feature in

Type-I heterostructures.

We note that the lowest energy interlayer exciton in 1-Li has negligible oscillator
strength, with the bright exciton lying higher in energy, as shown in Figure 5.12. This
observation aligns with the general understanding that interlayer excitons typically
have relatively lower oscillator strengths (10~2) due to spatial separation. Although
these dark states are not optically forbidden by symmetry (oscillator strengths being
strictly 0), they often requiring pump-probe, photoluminescence or ultrafast techniques
for detection. [53]. Recently, a similar phenomenon was observed in symmetric trilayer
stacks of TMDCs where the electrons or holes tunnel across the middle layer, forming
quadrupolar excitons [214,215]. This parallel underscores the broader relevance of the

findings to the general field of layered heterostructures beyond perovskites.
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5.7 Summary

In conclusion, this chapter presents a comprehensive comparison between AMTP, ATP,
and HMA structures, providing insights into the optoelectronic and excited-state proper-
ties of perovskite-intergrowth heterostructures. We observe that subtle molecular mod-
ifications in these structures do not necessarily lead to dramatic changes in their overall
geometry. However, these minor alterations can have profound effects on their elec-
tronic properties. In particular, we demonstrate a significant shift in band alignment
from Type [ in AMTP structures to Type Il in HMA structures. This change in electronic
structure occurs without substantial changes to the absorption spectra, a phenomenon at-
tributed to the presence of optically dark states below the absorption onset. The analysis
of exciton properties reveals a change from intra-layer excitons in AMTP structures to
inter-layer excitons in HMA structures, as evidenced by characteristic of the exciton

correlation function.

Furthermore, we compare these hypothetical structures with experimentally realised
materials, namely 1-Na and 1-Li. These structures exhibits characteristics consistent
with the hypothetical models. The distinct excitonic features of 1-Na and 1-Li, despite
their structural similarities, underscore the complex correlation between band alignment,
structural configurations, and optical properties in perovskite-intergrowth heterostruc-
tures. These results demonstrate the power of molecular engineering in tuning exci-
ton properties. The ability to manipulate exciton localisation through subtle structural
modifications opens up exciting possibilities for tailoring these materials for specific

optoelectronic applications.

The observations made in this chapter naturally lead to two critical questions that in-
spires further investigation: Is there a direct correlation between band alignment and
exciton localisation, and can we develop a simple method to identify interlayer exci-

tons? Additionally, what factors could potentially drive changes in band alignment, and
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how can we leverage these to tune the electronic properties of these materials?

These questions form the foundation for the next chapter, where we will further explore
the relationship between structural modifications, electronic properties, and excitonic
properties in perovskite-intergrowth heterostructures. Given the structural similarities
between Li and Na compounds and the significant differences observed between HMA
and ATP structures, the origin of band alignment emerges as a particularly intriguing
question. Understanding the underlying mechanisms that drive these electronic structure
changes could provide valuable insights into the fundamental principles governing the
properties of these heterostructures. By addressing these questions, we aim to not only
provide a more comprehensive understanding of these complex systems but also pave

the way for rational design strategies in the development of novel functional materials.

Finally, the insights gained from this study highlight the potential of structural and
molecular engineering in controlling exciton localisation. This approach offers a
promising avenue for overcoming the limitations of exciton confinement in layered
materials, potentially leading to enhanced charge separation and improved performance
in various optoelectronic applications. As we move forward, exploring the precise
mechanisms behind these phenomena and developing predictive models for exciton

properties will be crucial in realising the full potential of these versatile heterostructures.
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intergrowth heterostructures

6.1 Introduction

2D van der Waals heterostructures have emerged as a fascinating frontier in materials
science, attracting significant research interest due to their unique ability to host exotic
physical phenomena [216-220]. As we have shown in the previous chapter, heterostruc-
tures can be classified into Type I and Type II by different alignment behaviours of the
bands. Of particular interest are Type II heterostructures, which have shown the abil-
ity to host interlayer excitons - quasiparticles with constituent electrons and holes spa-
tially separated across different layers. This behaviour was initially observed in hetero-
bilayers of TMDCs [53, 61, 62, 62]. The discovery of interlayer excitons in TMDCs
has led to a surge of experimental studies aimed at visualising and characterising these

charge transfer states [54,221-223]

In the previous chapter, first-principles calculation for both hypothetical and experi-
mentally realised structures reveals the emergence of interlayer excitons in perovskite-
intergrowth heterostructures and that such interlayer delocalisation of excitons seems
indeed to be closely related to Type II alignment. However, such a correlation is still an
observation that requires additional elaboration at an atomic level. These findings are
intriguing yet raise fundamental questions about the underlying physics of these corre-

lations and the mechanism driving them.

As discussed in Chapter 2-4, first-principles calculations serve as a reliable tool to un-
derstand the nature of the excitons. In the last chapter, we have successfully employed
ECF to visualise and quantify the real space separation of the correlated electrons and

holes. For the first half of this chapter, we introduce an additional quantitative way
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to understand the electronic origin of the interlayer exciton by decomposing excitons
building upon the knowledge of atomic orbital projection. By combining the electronic
information from DFT and solution from BSE, we establish a quantitative way to de-
scribe the exciton origin from atomic orbitals, correlating the spatial localisation of the
excitons with band alignment of heterostructures. For the second half of the chapter, we
investigate possible factors influencing band alignment changes and explore strategies

to manipulate the electronic properties of these materials.

6.2 [Eigenvector analysis

To first gain insights of the excitonic characteristics, we conduct a quantitative analysis
of the exciton eigenvectors calculated from the BSE. Our primary goal is to decompose
these eigenvectors into their constituent band-to-band transitions, thereby uncovering

the electronic origin of excitons in our material system.

The electron-hole excitation states are obtained via solving the BSE for each exciton

state. As elaborated in Chapter 2, AS _are the coefficients of the exciton wavefunction

written in the basis of the single particle states, ¢k,c> and Wk7v>’ where S denotes the
index of the exciton, k denotes the wave vector corresponding to the single particle
states, ¢ and v correspond to the conduction and valence band, respectively. These
eigenvectors are complex-valued, encoding the contributions from different electron-
hole pair configurations to each exciton state. The two-particle exciton state can be

written as a superposition of electron states in the conduction band and hole states in the

valence band as:

’S> = Z A'fck ’wk,c> ® ‘&k,v> : (61)

k,c,v

For a given exciton state S, the contribution from a specific conduction-to-valence band
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transition at a given k-point is determined by the weight w(c, v, k) = |Avck|2.

To investigate the overall composition of each exciton state, we begin by calculating the
. . . 2 o

squared magnitude of the exciton wavefunctions, |A,, | , sum these contributions over

all conduction bands and integrate them across the entire Brillouin zone to obtain the

total contribution from a specific valence band v,.. This procedure is expressed as:

2

W(va) = 2_|AT, o (6.2)
Similarly, we have the following for holes:
2
Wslea) = A5 6.3)

v,k

This summation gives the total contribution of a given valence/conduction band to the
exciton state, providing a comprehensive picture of the band-to-band transitions in-

volved.

The results are visualised in the scatter plot shown in Figure 6.1 and 6.2. The x-axis
represents the energy of the exciton, while the y-axis indicates the contributing bands.
The size of each scatter point is proportional to the magnitude of the contribution from
a given band, summed over the BZ. Contributions from conduction bands are depicted
in blue, positioned in the upper half of the plot, while contributions from valence bands
are depicted in red, in the lower half of the plot. Although we have included 32 bands
(16 valence and 16 conduction) in building the BSE kernel matrix elements (see Ap-
pendix A.3.3 for details), we limited the visualisation to 8 bands for 1-Na and 12 bands
for 1-Li, as contributions from higher-lying bands are negligible and have been omitted

for clarity.

As shown in Figure 6.1b, the eight lowest-energy excitons for 1-Na can be roughly

classified into two groups. The first four excitons primarily originate from transitions
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Figure 6.1: (a) Oscillator strength with e-h correlation of perovskite-intergrowth heterostruc-
tures 1-Na (b) Scatter plot of the exciton eigenvector decomposition obtained from the BSE
calculation for 1-Na. The size of each point is proportional to the magnitude of the contribution
from a specific band-to-band transition, integrated over the Brillouin zone. Blue points in the
upper half correspond to contributions from conduction bands, and red points in the lower half
correspond to contributions from valence bands. All studied excitons are marked under a yellow
area in the Oscillator Strength plot (a).

between 2 top-most valence bands (VB-1 and VB-2) and the lowest conduction band
(CB-1). In contrast, the next four excitons predominantly involve transitions from next

2 valence states (VB-3 and VB-4) to the second lowest energy conduction bands (CB-2).

In the case of 1-Li, however, all eight excitons involve transitions between the top-most
valence bands (VB-1 and VB-2) and the lowest conduction band (CB-1) though they are
separated over a energy range of approximately 0.15 eV, as shown in Figure 6.2b. In-
spired by the previous chapter, we also extended the exciton analysis to include the
bright exciton under parallel-polarised light in Figure 6.2c. We observe a clear dif-
ference where the exciton arises from transitions involving the top two valence bands
(VB-1 and VB-2) and higher-lying conduction bands (CB-5 and CB-6). This distinction

suggests a fundamental difference in the character of these excitons.

While this decomposition effectively identifies contributions to each exciton from band-
to-band transitions, it remains insufficient to predict the spatial localisation of the exci-

tons, as the band projections onto atomic orbital can vary significantly across the Bril-
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Figure 6.2: (a) Oscillator strength with e-h correlation of perovskite-intergrowth heterostruc-
tures 1-Li. (b-d) Scatter plot of the exciton eigenvector decomposition obtained from the BSE
calculation for 1-Li. The size of each point is proportional to the magnitude of the contribution
from a specific band-to-band transition, integrated over the Brillouin zone. Blue points in the
upper half correspond to contributions from conduction bands, and red points in the lower half
correspond to contributions from valence bands. All studied excitons are marked under a yellow

area in the Oscillator Strength plot (a).
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louin zone. In order to distinguish between interlayer and intralayer excitons, we need

a more detailed analysis of these excited states at the atomic level.

In the next section, we will show a more comprehensive analysis of the band projections
of the band contributions onto atomic orbitals. This additional step will allow us to trace
the orbital contributions to specific layers and thereby distinguish between interlayer or

intralayer excitons.

6.3 Exciton decomposition

With the aim to determine the spatial localisation of the excitons and identify inter-
layer and intralayer excitons, we extend our analysis beyond the visualisation presented
earlier by combining the exciton eigenvectors with the atomic orbital projections of
single-particle states. This approach allows us to decompose the exciton wavefunctions
onto specific atomic orbitals, thereby providing atomic-level resolution of the excitonic

characteristics.

Similar to the previous chapter, we start by analysing the eigenvector |A,,;, ]2. Now, in-
stead of integrating the weights all over the BZ, we focus on the k-resolved contribution.
For a given exciton state .S and a given valence band v,, the weight of the exciton in-
volving this particular valence band v, at a particular k-point is given by the summation

of the contributions from all conduction bands,

2

wg(v,, k) = Z ‘Aﬁ}m>ck (6.4)
Similarly, the exciton weight for a specific conduction band ¢, at k is:
2
ws(cy, k) =Y AT, (6.5)
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The projection of a Bloch state v, onto an atomic orbital |a, V) is given by:

Py(a,v) = [{a, vt - (6.6)

Here a labels the atom, and v denotes the orbital character (e.g., s, p, d orbitals). These

projections satisfy the orthogonality relations: (a,v|a’,v') = 4, /¢ and for each

v,V

band n and k-point, they sum to unity: > P, x(a,v) = 1.

By combining the exciton weights with the above atomic orbital projections, we can
compute the decomposition of the exciton wavefunction onto specific atomic orbitals.

For the electron, the decomposition is expressed as:

De (a’e7l/e) = ZwS<U7 k)Pnk(ae7Ve>' (67)
k,v
Similarly, for the hole:
Dy, (ap,v) = > wg(c,K) Polay, v,)- (6.8)
k,c

These summations effectively weigh the contribution of each atomic orbital to the ex-
citon wavefunction. Finally, to identify inter- or intra-layer excitons, we can sum these

weights to map the exciton onto specific regions within the heterostructure.

Similar to the previous chapter, we focused our analysis on three key exciton states: the
first (dark) exciton and the bright exciton under parallel-polarised light in 1-Li, and the
first (bright) exciton in 1-Na. The contributions of electrons and holes from different
regions within the heterostructure were calculated using Equations (6) and (7). The
results are summarised in Table 6.1 and visualised in Figure 6.3. In the figure, the

contributions from the perovskite layers are plotted in the upper half, while the combined
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contributions from the non-perovskite components (intergrowth layer, oxygen, Li/Na,
and molecules) are plotted in the lower half. Electron contributions are depicted in blue,

and hole contributions are depicted in red.
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Figure 6.3: Visualisation of the electron and hole contributions for selected exciton states in
1-Na (bright excitons corresponds first peak and second peak of absorption spectra) and in 1-Li
(first dark and bright excitons). The perovskite contributions are shown in the upper half, while
the combined non-perovskite contributions (intergrowth layer, oxygen, Li/Na, and molecules)
are shown in the lower half. Electron contributions are plotted in blue, and hole contributions
are plotted in red.

For the first (dark) exciton in 1-Li, the electron is almost exclusively localised within
the perovskite layer. The hole, however, is predominantly distributed across the non-
perovskite layer (with 38.56% on the Pb and Cl, 41.04% on the O atoms and 20.37%
on the molecular cations), with negligible contributions from the perovskite layer and

Li atoms. This significant spatial separation between the electron and hole indicates an

interlayer exciton, a result consistent with Type II band alignment.

In contrast, the bright exciton in 1-Li, with higher energy, exhibits a different distribu-
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Table 6.1: Electron and hole contributions from different regions of the heterostructure for
selected exciton states, expressed as percentages.

Exciton state Electron contributions

Perovskite Intergrowth O Li/Na  Molecule
1-Li Dark 100.00 0.00 0.00 0.00 0.00
1-Li Bright 10.05 74.43 3.54 10.72 1.26
1-Na Bright 1st 99.22 0.52 0.02 0.15 0.10
1-Na Bright 2nd 1.22 90.37 5.79 2.39 0.22

Hole contributions

Perovskite Intergrowth (0] Li/Na  Molecule
1-Li Dark 0.03 38.56 41.04 0.00 20.37
1-Li Bright 0.08 34.47 42.76 0.00 22.69
1-Na Bright Ist 96.67 1.47 1.86 0.00 0.00
1-Na Bright 2nd 6.77 44.99 48.23 0.00 0.01

tion. The electron is mainly localised within the non-perovskite layer, with substantial
contributions from Pb and Cl1 (74.43%), Li atoms (10.72%) and O (3.54%), while the Pb
and Cl of the perovskite layer contributes only 10.05%. The hole is distributed similarly
to the dark exciton, with the majority of the weight on oxygen atoms (42.76%), the in-
tergrowth layer (34.47%), and molecular entities (22.69%). The perovskite layer again
contributes minimally. This exciton displays characteristics of an intralayer exciton

within the non-perovskite layer, consistent with our observations.

For the first exciton in 1-Na, corresponding to the first peak in the absorption spectra,
the electron is almost exclusively localised within the perovskite layer (99.22%), with
negligible contributions from other components. The hole shows a similar distribution,
predominantly localised in the perovskite layer (96.67%), with minimal contributions
from the non-perovskite layer PbCl, (1.47%) and O atoms (1.86%). The localisation of
both electron and hole within the perovskite layer clearly indicates an intralayer exciton

confined in the perovskite layer.

The exciton that corresponds to the second peak in the absorption spectra of 1-Na, shows

a different real space localisation. The electron is primarily localised within the non-
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perovskite layer, with dominant contributions from PbCl, (90.37%), and minor con-
tributions from O atoms (5.79%) and Na atoms (2.39%). The perovskite layer only
accounts for 1.22% of the real space localisation for the electron component. The hole
is mostly distributed between O atoms (48.23%) and PbCl, in the intergrowth layer
(44.99%), with the perovskite layer contributing 6.77%. This is consistent with an in-

tralayer exciton within the intergrowth layer.

6.3.1 Correlation between band alignment and excitons

The exciton decompositions points to a correlation between band alignment and exci-
ton localisation. In both structures, the band alignment appears to play a pivotal role
in facilitating the formation of inter- or intralayer excitons. Specifically, in layered het-
erostructures, Type II band alignment tends to promote the formation of interlayer ex-
citons whereas Type I band alignment usually corresponds to intralayer excitons. This
correlation arises because, in Type II heterostructures, the valence band maximum and
conduction band minimum reside in different layers. Upon optical excitation, electrons
and holes in the lower lying excitons are naturally separated into these distinct layers,
leading to interlayer exciton formation. In contrast, Type I heterostructures have both
VBM and CBM located within the same layer, facilitating electron-hole overlap and

intralayer exciton formation.

The spatial localisation of excitons has profound implications for exciton characteristic
and, consequently, for the optoelectronic properties of these materials. Interlayer exci-
tons, as observed in the dark exciton of 1-Li, are expected to exhibit longer lifetimes
and reduced radiative recombination rates due to the physical separation of electrons and
holes [61]. This makes them attractive for applications requiring long-lived excitonic

states, such as exciton-based information processing or long-range energy transport [53].

In contrast, intralayer excitons, as seen in the bright exciton of 1-Na, are associated with

a stronger confinement within this layer, and with higher oscillator strengths, leading
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to enhanced optical absorption and emission [224]. These properties are desirable for

applications in light-emitting diodes and lasers [224,225].

The atomic orbital decomposition analysis presented above provides a comprehensive
understanding of the excitonic states in perovskite-intergrowth heterostructures. Our
findings reveal that the nature of lowest lying excitons - whether interlayer or intralayer
- is strongly influenced by the band alignment. Identifying the nature of band alignment

thus provides an indicator for predicting excitonic behaviour in layered heterostructures.

Upon establishing this correlation between band alignment and exciton localisation, an
intriguing question naturally arises: what underpins the difference in band alignment be-
tween materials with seemingly similar structures? Take the above case as an example,
1-Na and 1-Li share remarkable structural similarities, yet they exhibit different band
alignments and excitonic behaviours. As shown in the previous chapter, while AMTP
and 4ATP have similar structures (the 4ATP structure was hypothetically constructed
based on the minimal variation of AMTP), they differ in their electronic properties:
AMTP exhibits a Type I band alignment, whereas 4ATP shows a Type II alignment.
On the other hand, HMA, which has a somewhat different configuration from the for-
mer two, also shows a Type II band alignment. This observation suggests that subtle
variations in composition or structural parameters can lead to significant changes in

electronic properties.

This discrepancy raises fundamental questions about the origin of band alignment dif-
ferences in these heterostructures. Understanding why materials like 1-Na and 1-Li,
despite their structural similarities, exhibit different band alignments is essential for the
rational design of heterostructures with desired excitonic properties. It indicates that
factors beyond simple structural features - such as specific atomic compositions, local
distortions, charge distribution or electrostatic effects - may play a critical role in deter-

mining the band alignment.
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In the following section, we will demonstrate a detailed analysis of the structural and
electronic differences between 1-Na and 1-Li to uncover the possible reasons behind
their distinct band alignments and identify specific elements that influences excitonic
properties, ultimately guiding the rational design of heterostructures with desired opto-

electronic and exciton characteristics.
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6.4 Origin of band alignment change

6.4.1 Atomic composition

The first factor we consider is the atomic composition. To determine whether the atomic
composition - the presence of Li or Na in this case - is responsible for the different band
alignments observed in 1-Li and 1-Na, we conducted a substitutional study. In this
approach, we replaced the Li atoms in 1-Li with Na atoms, and conversely, replaced
the Na atoms in 1-Na with Li atoms, while keeping all other structural configurations

unchanged (¢.e. lattice parameters and atomic positions).
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Figure 6.4: Comparison of the band structures for 1-Na structure (a) and the modified 1-Na
structure where Na has been replaced with Li (b). The alkali metal contributions (Li/Na) are
highlighted in green, O in red, the Pb and CI of intergrowth layer in orange, and the perovskite
bands in light blue.

Our calculations revealed that the band structures of both “substituted” systems remains
unchanged compared to their original counterparts as shown in Figures 6.4 and 6.5. The
overall band dispersions, band gaps, and projected band characters showed negligible

differences after substituting Li with Na and vice versa without changing the structure.
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Figure 6.5: Comparison of the band structures for 1-Li structure (a) and the modified 1-Li
structure where Li has been replaced with Na (b). The alkali metal contributions (Li/Na) are
highlighted in green, O in red, the Pb and Cl of intergrowth layer in orange, and the perovskite
bands in light blue.

The results suggest that the atomic composition of the alkali metal alone does not ac-
count for the differences in band alignment between 1-Li and 1-Na, we then proceed to
explore other potential factors that might impact the band alignment. Specifically, we
turn to the electronic characteristics of the individual layers and their interactions within

the heterostructures.

6.4.2 Contribution of perovskites and intergrowth layers to the

band structure

To investigate the role of interlayer interactions and the intrinsic properties of the per-
ovskite and intergrowth layers, we isolate the perovskite and intergrowth layers from
the heterostructure and analyse their individual electronic properties. The goal is to un-
derstand how each contributes to the overall band structure and how their interactions

might influence the band alignment.
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Figures 6.8a and b show the side views of the isolated intergrowth and perovskite struc-
tures for 1-Na, respectively. Similarly, Figures 6.9a and b display the side views of the
isolated intergrowth and perovskite structures for 1-Li. To maintain the bond connectiv-
ity and relative chemical environment, Li/Na and O atoms (with a connecting C) were
kept in the intergrowth part, while the remaining part of the molecule was allocated to

the perovskite layer.

We introduced H atoms at the positions where covalent bonds were cleaved during the
separation. All other structural parameters were kept unchanged to minimise any arti-
ficial effects arising from structural modifications. This preserves the molecular struc-

tures and ensures that the isolated layers remain representative of their original states.

Figure 6.6¢ shows the band structure for the original 1-Na, while Figures 6.6d and 6.6e
present the band structures for the isolated intergrowth and isolated perovskite layers,
respectively. Similarly, Figures 6.7c—e display the corresponding band structures for

original 1-Li and corresponding sub-structures.

We noticed that the valence band dispersion of the isolated intergrowth layers is slightly
larger than that of the original structures, which is attributed to the absence of the or-
ganic molecules. However, the band gaps of the isolated substructures remain relatively

unchanged from those of the original structures.

Other than the slight difference for the intergrowth, the general shapes of the bands
and the projected band characters remains consistent before and after isolation. This
consistency in band shapes and dispersions indicates that the electronic states of the
perovskite and intergrowth layers are relatively independent - the interaction between

the layers is negligible and the bands remain their intrinsic characteristics upon isolation.

We also observe the similarity between the isolated perovskite layers of 1-Na and 1-Li
as shown in Figure 6.6¢ and 6.7¢. This is expected as there are no significant differences

in the structure or composition of the perovskite sublattice between the two materials.
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This suggests that any differences in the overall band alignment are unlikely to originate

from the perovskite layers themselves.

In contrast, the isolated intergrowth layers exhibited notable differences between 1-Na
in Figure 6.6d and 1-Li in Figure 6.7d. Specifically, we observed a substantial differ-
ence in the bandwidth of the valence band top and in the projections of the conduction
bands, particularly in the alkali states depicted in green. The valence band top of the
intergrowth layer in 1-Li is notably wider than that in 1-Na, and the conduction band pro-
jections indicate a stronger contribution from Li in 1-Li compared to Na in 1-Na. These
discrepancies are likely associated with subtle structural distortions and rearrangements
of atoms and/or charges within the intergrowth layers. Such variations in the electronic
properties of the intergrowth layers could play a critical role in influencing the band

alignment in the full heterostructures.

By isolating the layers and showing that their electronic structures are well separated
and largely unaffected after isolation, we provide evidence that the differences in band
alignment are not due to intrinsic electronic property of the perovskites sublattice, the
strong electronic coupling or hybridisation between the perovskite and intergrowth lay-
ers. Instead, the primary factors driving the band alignment differences may lie in the
subtle differences in the intergrowth parts (i.e. alkali metals, molecules and inorganic
sublattices). This sets the stage for a more detailed investigation on how these elements
within the intergrowth layers affect the overall electronic behaviour of the heterostruc-

tures.

6.4.3 Impact of structural optimisation

Following the isolation, which suggested that the structure of the intergrowth layer might
influence the band alignment, we perform variable-cell structural relaxations using DFT-
PBE in order to further investigate the structural origin of the band alignment change.

Both lattice parameters and atomic positions were optimised to achieve the lowest pos-
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Figure 6.6: The band structure of the isolated sublattices (intergrowth and perovskite layers)
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alkali metal (Na) in green, O in red, Pb in yellow and Cl in purple; the combined PbCl, of
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Figure 6.7: The band structure of the isolated sublattices (intergrowth and perovskite layers)
compared to the original 1-Li heterostructure. Bands are colour-coded based on composition:
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sible total energy configuration for each structure.

Before Relaxation After Relaxation

Figure 6.8: Structural changes in 1-Na before (a) and after relaxation(b). For each panel, the
side view of the full structure are shown in the left, and top views of the intergrowth and per-
ovskite layers are shown in the right. colour coding of the atoms: grey spheres represent Pb,
small green spheres represent Cl, red spheres represent O, and yellow spheres represent Na.

The relaxed structures and their corresponding band structures are presented in Figures
6.8, 6.9, 6.10 and 6.11. As shown in Figures 6.8 and 6.9, for both structures, we
observe the structural changes in the perovskite layers upon relaxation, reflected in bond
angles and shape of the octahedra. To quantify the structural changes, we calculated
the in-plane (D;,,) and out-of-plane (D,,,,,) structural distortion parameters as shown in
Table 6.2 (calculation details can be found in Appendix A.3.5). Both structures showed
significant changes in their distortion parameters of the perovskite parts upon relaxation.
These substantial changes in distortion parameters indicate considerable reorganisation
of the octahedral networks in both structures. As a result, the band dispersion and width

of the perovskite states changed significantly after relaxation in both 1-Na and 1-Li, as

shown in Figures 6.10 and 6.11.

We also observe a different behaviour in the relaxation of the alkali metal atoms between
1-Na and 1-Li. Before the structure relaxation, the Li atom is well-centred within the
cavity of the individual intergrowth layers, while for 1-Na, Na is significantly off-centre,

closer to the bridging CI atoms, as shown in Figure 6.8 and 6.9.
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Before Relaxation After Relaxation

Figure 6.9: Structural changes in 1-Li before (a) and after relaxation(b). For each panel, the side
view of the full structure are shown in the left, and top views of the intergrowth and perovskite
layers are shown in the right. colour coding of the atoms: grey spheres represent Pb, small green
spheres represent Cl, red spheres represent O, and yellow spheres represent Li.

Experimental Relaxed
Heterostructure Layer

Din Dout Dtilt Din Dout Dtilt
Perovskite 21.3 0 213 4.1 1.0 43

1-Na
Non-perovskite 11.4 85 142 19.7 95 218
LLi Perovskite 228 0.06 228 103 3.1 107

-Li

Non-perovskite 0.9 6.1 62 26 52 5.8

Table 6.2: Comparison of structural distortion parameters (°) for the perovskite and non-
perovskite layers of the layered heterostructure before (Experimental) and after (Relaxed) struc-
tural optimisation.
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In 1-Na, the structural relaxation did not lead to significant changes to the intergrowth
layer or the position of the Na atom within the intergrowth cavity. The Na atom remains
relatively stationary, from (0.628, 0.980, 0.578) to (0.626, 0.967, 0.577) in crystal coor-
dinates, and the overall intergrowth structure preserved its original configuration. As a
result, the bands associated with the intergrowth layer did not exhibit substantial shifts

in 1-Na as shown in Figure 6.10.

In contrast, 1-Li exhibited substantial structural rearrangements near the intergrowth
cavity upon relaxation. The Li atom shifted from its initial position at the centre between
two bridging Cl atoms (0.484, 0.117, 0.595) to a new position directly above one of the
bridging Cl atoms (0.254, 0.347, 0.582).

For 1-Li, the valence band maximum of the intergrowth layer (depicted in orange and
red) moved to a significant lower energy relative to the perovskite VBM (depicted in
blue). In addition, the valence bands widths of the intergrowth layer also increases
drastically. These changes are attributed to the altered electronic environment caused
by the new position of the Li atoms and the resulting changes in orbital interactions

within the intergrowth layer.

For conduction bands in both 1-Na and 1-Li, there was red-shift of the conduction band
minimum due to the relaxation of the perovskite layer towards optimised configurations.
The splitting between the lowest 2 conduction branches was reduced in both structures
after relaxation. This reduction in splitting can be directly associated with a decrease
in the distortions within the perovskite lattice, which are known to induce splitting via
the Rashba effect. This effect was particularly pronounced in 1-Na, where the splitting
nearly vanished, resulting in a transition to a direct band gap semiconductor. Addi-
tionally, after the relaxation, the CBM no longer exhibited hybridisation between the

perovskite and intergrowth states.

Despite the changes in band dispersion and width caused by structural reconfiguration
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Figure 6.10: (a) Band structure of the original 1-Na (a) before structural relaxation and (b) after
relaxation; (¢) Band structure for the 1-Li structure where Li is substituted with Na, followed by
structural optimisation.
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Figure 6.11: (a) Band structure of the original 1-Li (a) before structural relaxation and (b) after
relaxation; (c) Band structure for the 1-Na structure where Na is substituted with Li, followed
by structural optimisation.
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and relaxation, the Type II and Type I band alignments were preserved for 1-Li and

1-Na, respectively, as illustrated in Figure 6.10b and 6.11b.

To further probe the effect of the alkali metal cations, we perform structural relaxations
starting from the hypothetical structures where the Li and Na atoms were swapped: We
replaced the Na atoms in 1-Na with Li atoms, while keeping all other structural config-
urations consistent with 1-Na (i.e. lattice parameters and atomic positions). Subsequent
structural relaxation yielded a structure and band alignment remarkably similar to that
of relaxed 1-Li. Similarly, substituting Na into the 1-Li structure and performing struc-
tural relaxation resulted in a structure and band alignment nearly identical to the relaxed
1-Na. These tests indicate that the presence of Li or Na determines the final relaxed

structure and thus band alignment, irrespective of the starting configurations.

The different site positions of two alkali metals in the intergrowth cavity can be attributed
to their ionic sizes and electrostatic interactions. Li has a smaller ionic radius and higher
charge density compared to Na, allowing it to move more readily within the intergrowth
cavity and interact strongly with surrounding atoms. This mobility leads to structural
distortions and significant modifications in the electronic structure. Na, being larger
in size, remains in its initial position, resulting in relatively smaller structural changes

around the intergrowth cavity.

The structural relaxation study reveals that the charged alkali metals play a critical role
in determining the structural and electronic properties of the heterostructures. Combined
with the observations from “swapping experiments” above and hypothetical structures in
the previous chapter - where altering the shape and size of the molecule effectively leads
to charge redistribution, these findings suggest that the rearrangement of charge distri-
bution caused by the relocation of charged atoms or functional groups may be the key
factor to influence the relative positions of intergrowth and perovskites bands. While
the reconfiguration of the structures in intergrowth and perovskites sublattices might

just have a secondary effect via tuning the band width and dispersion intrinsically.
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In the next section, we will explore the charge redistribution and electrostatic potential
variations associated with cation movement. By analysing the charge density differences
and potential landscapes, we aim to further understand the mechanisms underpinning the

band alignment changes observed in these heterostructures.

6.4.4 Electrostatic potential landscape

To systematically investigate the mechanism underlying the band alignment transition,
we analyse the electrostatic potential variations induced by the movement of Li cations.
Specifically, we perform a series of calculations where the Li atom was incrementally
moved along the direction perpendicular to the layers (the z-axis) in steps of approxi-
mately 0.223 Bohr (0.25% of the perovskite-intergrowth interlayer distance). At each
step, all other atomic positions were kept fixed to isolate the impact of Li’s position

alone.

For each Li site position, we compute the planar-averaged electrostatic potential (V..
+ V) along the z-direction, as well as the band offset between the intergrowth layer and
the perovskite layer (the energy difference between the first band from the perovskite
component and first band from the intergrowth component). The potential difference
was calculated as the difference between the potential at the centre of the intergrowth
layer (orange dot) and that at the centre of the perovskite layer (blue dot). The results

of these calculations are summarised in Table 6.3 and visualised in Figure 6.12.

As shown in Figure 6.12a, the movement of Li atoms leads to systematic changes in
the electrostatic potential profile across the heterostructure. As Li moves towards the
perovskite layer (in the positive z-direction), we observe an increase in the potential
difference between the intergrowth and perovskite regions. This change in potential
difference exhibits a strong correlation with the band offset between the two layers, as

indicated by the linear relationship shown in Figure 6.12b.

To understand the origin of these potential variations, we analyse the charge density
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Figure 6.12: (a) Planar-averaged electrostatic potential along the z-direction for different Li
positions in 1-Li. The potential profiles correspond to different positions of the Li atom, with
the direction of movement indicated by the arrow. (b) Correlation between the potential differ-
ence and the band offset, showing a linear relationship. The data points correspond to different
positions of the Li atom.

Table 6.3: Relationship between Li position, band offset, and potential difference across the
heterostructure in 1-Li. Positive positions correspond to movement towards the perovskite layer.

Li position (Bohr) Band offset (eV) Potential difference (eV)

-0.669 -0.811 0.237
-0.446 -0.592 0.263
-0.223 -0.363 0.288
0.000 -0.125 0.314
0.223 0.121 0.339
0.446 0.375 0.364
0.669 0.637 0.389
0.892 0.905 0.414
1.116 1.167 0.439
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redistribution associated with Li movement. Figure 6.13 shows the charge density dif-
ference (Ap) with respect to the configuration where the Li are placed closest to the

intergrowth layer, along the z-direction for different Li positions.
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Figure 6.13: Planar-averaged charge density difference (Ap) along the z-direction for different
Li positions in 1-Li, with a reference to the configuration where Li are closest to the intergrowth.
The profiles illustrate how the movement of Li ions induces charge redistribution across the
heterostructure.

The charge density analysis reveals that the movement of Li ions induces charge redis-
tribution within the intergrowth layer. This redistribution directly affects the electro-
static potential landscape across the heterostructure, which in turn influences the rela-
tive alignment of electronic energy levels between the intergrowth and perovskite lay-
ers. The linear relationship between the potential difference and band offset suggests
that the electrostatic effects arising from charge redistribution play a important role in

determining the band alignment in these systems.

These findings provide a mechanism for understanding how structural modifications,

particularly the position of charged species between layers, can be used to tune the elec-
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tronic properties of similar heterostructures via changing the electrostatic potential land-

scape.

6.5 Summary

In this chapter, we explored the origins of inter/intra layer excitons in perovskite-

intergrowth heterostructures.

We decompose the exciton wavefunctions into their constituent atomic orbitals contri-
butions, from first-principles calculations and eigenvector analysis. This quantitative
approach allowed us to uncover the electronic contributions and spatial localisations of

excitons, and identify inter/intralayer excitons in heterostructures like 1-Na and 1-Li.

Our analysis revealed a clear correlation between band alignment and exciton locali-
sation. Specifically, Type II band alignment could be associated with the formation of
interlayer excitons due to the spatial separation of the valence band maximum and con-
duction band minimum across different layers, while Type I band alignment tends to
correlate with intralayer excitons formation, where electrons and holes reside within the
same layer. This correlation not only provides a deeper understanding of excitonic be-
haviour but also offers a predictive indicator for designing heterostructures with desired

excitonic/charge transfer character.

In order to investigate the origin of band alignment differences between structurally
similar materials like 1-Na and 1-Li, we conducted substitutional study, layer isolation,

and structural relaxation analysis.

By performing linear interpolations of the alkali metal positions, we demonstrate that
the band alignment can be effectively tuned by changing the electrostatic potential land-
scape induced by the charged cations. The correlation between the cation position, elec-
trostatic potential, and band offset underscores the importance of dipolar effects and

charge redistribution in determining the electronic structure of these heterostructures.

144



Chapter 6 Summary

In conclusion, this chapter provides a comprehensive understanding of the intricate
relationship between band alignment, exciton localisation, and structural factors in
perovskite-intergrowth heterostructures. We established that band alignment is a key
determinant of exciton behaviour and that it can be manipulated through molecular
and structural engineering, particularly by adjusting the positions of charged species
within the intergrowth layers. These insights pave the way for the rational design of
novel materials with tailored optoelectronic properties, offering promising avenues
for advanced applications in photovoltaic, light-emitting devices, and exciton-based

information processing.
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7.1 Summary

The studies presented in this thesis focus on investigating the optoelectronic and excited-
state properties and their tunability of perovskite-based materials using first-principles
calculations, specifically on three groups of systems: mixed halide perovskites, layered

perovskites, and perovskite-intergrowth heterostructures.

In Chapter 3, the study of mixed halide perovskites, we demonstrate that the VCA can
provide a computationally efficient yet sufficiently accurate framework for modelling
the mixed-halide CsPb(Br,I,_,); series. By combining VCA with GW+BSE calcu-
lations, we successfully reproduced experimental trends in structural parameters, vi-
brational properties, and optoelectronic characteristics across the entire mixing range.
Our calculations revealed that the tunability of properties primarily arises from uniform
mixing rather than disorder effects. The work presented provides a reliable theoretical
framework for studying mixed ion perovskites and laying the groundwork for under-
standing how structural modifications influence optoelectronic properties in perovskite

materials.

This insight into property tunability naturally led us to investigate lower-dimensional
systems, specifically Dion-Jacobson/Ruddlesden-Popper layered perovskites, where ad-
ditional structural degrees of freedom offer even greater potential for property tunabil-
ity. By developing and applying the ECF analysis, we revealed that exciton delocali-
sation can be systematically tuned through interlayer spacing and alignment. Notably,
we demonstrate that reducing interlayer spacing below a certain threshold (around 12
A) in Dion-Jacobson phases enables significant interlayer exciton delocalisation, with
average e-h separation exceeding over the interlayer distance, while Ruddlesden-Popper

alignment tends to confine excitons within a single layer. The ability to tune exciton de-
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localisation through structural parameters represents a significant advancement in our
understanding of these materials and indicates structural origins to overcome the con-

finement of excitons in low-dimenensional perovskites.

The success of the ECF approach in analysing layered perovskites motivated a further
exploration to more complex perovskite-intergrowth heterostructures. We establish a
clear correlation between band alignment and exciton localisation through detailed anal-
ysis of both hypothetical and experimentally realised structures via a systematic in-
vestigation from first-principles results. Further investigation even reveals that band
alignment, and consequently interlayer exciton character, can be controlled through the

positioning of charged ions via modification of the electrostatic potential landscape.

7.2 Outlook

Throughout this thesis, we have progressively built the understanding of how structural
and compositional modifications influence excitonic properties, moving from simple
mixing in 3D systems to complex heterostructures. This systematic approach has re-
vealed fundamental principles for controlling excited-state properties in perovskite ma-
terials, providing valuable guidance for the design of next-generation optoelectronic

devices. Moving forward, several promising directions might emerge from this work:

The VCA framework has proven its effectiveness for capturing the ground state and
even some excited state properties such as binding energies and optical spectra for
mixed halide perovskites, its application could be extended to more complex and uni-
formly mixed-ion materials, particularly those involving multiple mixing sites or or-
ganic cations. An intriguing question could arise regarding the application of the exciton
analysis methods presented here to these alloyed systems with VCA: how much can we
understand the excitons (e.g., the distribution or delocalisation) in complex materials

with the “virtual atom” presented?
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Additionally, the understanding of band alignment control through electrostatic effects
in perovskite-intergrowth heterostructures opens new possibilities for designing mate-
rials with tunable excitonic properties. However, as we have discussed in the thesis, the
optically dark interlayer excitons predicted by our calculations have yet to be experi-
mentally observed. Developing theoretical frameworks to possibly guide experimental
detection and characterisation of these states still remains an important challenge for

future work.

Finally, while our work has extensively focused on mapping the real-space distribution
of exciton wavefunctions, incorporating temperature effects and electron-phonon cou-
pling into this analysis could be an interesting next step to explore. Understanding how
thermal effects influence exciton transport and localisation will be essential for predict-

ing material behaviour under realistic conditions.

These open questions present exciting challenges for the development of computational
frameworks and new analytical tools for excited states. Addressing them through first-
principles analysis not only deepens our understanding of these fascinating materials
but will also guide the discovery of novel materials with tailored properties for a various
applications. We hope that the research presented in this thesis will serve as a foundation

for future investigations in this rapidly evolving field.
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A.1 Computational setup for Chapter 3

A.1.1 DFT calculations

First principles calculations are performed based on DFT using plane-wave pseu-
dopotentials methods as implemented in the Quantum Espresso package (version 6.5).
We employ fully-relativistic PBE norm-conserving pseudopotentials from the Pseudo
Dojo repository, with the following valence electron configurations: Cs 5s25p®6s!,
Pb 5d196s26p?, 1 5s25p°, Br 4s24p® and Cl 4s24p®. The pseudopotentials of virtual
halogen atoms are constructed using the virtual v2.x utility in the Quantum Espresso

package.

All calculations use a kinetic energy cutoff of 60 Ry and sample the Brillouin zone using
a I' centered 6x6x6 Monkhorst-Pack mesh. The atomic positions and lattice parame-
ters are fully optimised until the energy converges to less than 107 eV and the absolute
value of force on the atom is less than 0.01 eV/A. While structural optimisations are
performed using a 6 x6x6 k-point grid without spin-orbit interactions, all other calcu-

lations reported throughout this work fully account for spin-orbit coupling.

We employ VCA by generating pseudopotentials for the virtual halide atom. This is
achieved by linearly interpolating between the pseudopotentials of iodine and bromine.
The plane-wave basis set and the Monkhorst-Pack k-point sampling remained the same
as for the pure compounds. Structural optimisation was performed for each composition
by relaxing both atomic positions and lattice parameters to account for the effects of
halide mixing on the crystal structure. The calculated lattice constants shows linear

dependence on the mixing ratio, consistent with Vegard’s law.

We employ DFPT as implemented in the Quantum Espresso code to calculate vibrational
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properties of mixed halide systems. Normal vibrational modes are calculated within the
harmonic approximation at the Brillouin zone center, using a dense grid of 12x12x12
for the ground state charge density. This setup achieves converged dielectric permittivity
for CsPbl; and CsPbBrs, as demonstrated in Figure A.1a. The IR absorption spectra are
calculated using a Gaussian broadening corresponding to a full width at half-maximum

(FWHM) of 0.6 THz to match experimental line shapes.

For all mixed species, atomic masses of virtual atoms are calculated by linearly inter-
polating between Br and I as the mixing ratio changes. The acoustic sum rule is applied

to the interatomic force constants in all DFPT calculations.

A.1.2 Quasiparticle calculations

We calculate quasiparticle eigenvalues within the GW approximation as implemented
in the BerkeleyGW package. One-shot Gy, calculations are performed with a DFT-
PBE starting point including spin orbit coupling. The frequency-dependent dielectric

function is modelled via the Godby-Needs plasmon-pole model.

Convergence tests show that the quasiparticle band gap is converged within 50 meV for
a grid density of 6 x 6 x6, while the high frequency dielectric constant requires a denser
sampling of 12x12x12 (Figure A.la,b). Given that the quasiparticle band gap shows
less sensitivity to the k-grid density, we employ a 6 x6x6 grid for these calculations.
In all cases we use a polarisability cutoff of 15 Ry and sum over 1000 bands, achieving
converged quasiparticle corrections within less than 0.1 eV for both CsPbl; and CsPbBry

(Figure A.1c,d).

Both DFT and quasiparticle band structures are interpolated using maximally localised
Wannier functions as implemented in the Wannier90 code. The initial guess for unitary
transformations is constructed using p orbitals on Pb and halogen atoms, yielding 24
wannierised bands in total. The Wannier interpolated and DFT computed band struc-

tures show agreement within 1 meV in an energy window up to 2 eV above and below
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Figure A.1: (a) Convergence of high frequency dielectric constants ¢ for CsPbBr; (squares)
and CsPbl; (disks) with respect to k-point grid density. (b) Convergence of quasiparticle band
gaps with respect to k-point grid density for CsPbBr; (squares) and CsPbl; (disks). Conver-
gence of quasiparticle band gaps with respect to the number of bands and polarisability cutoff
for CsPbl; (c) and CsPbBrj; (d), respectively.
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Figure A.2: Wannier interpolated band structure (red lines) overlayed with discrete quasiparti-
cle eigenvalues (black dots) calculated for CsPbl;. The left panel shows a full path band structure
as indicated in the text above, the right panel shows a zoom-in figure at R, to better visualise the
interpolation near the band edges.

the valence band top. The quasiparticle band structures are interpolated along path I
(0,0,0)-X(0.5,0,0)-M(0.5,0.5,0)-T" - R (0.5, 0.5, 0.5) - X using the Bloch to
Wannier rotation matrices from the quasiparticle eigenvalues on a 6 x6x6 grid. Tests
against discrete quasiparticle energies confirm the same level of accuracy as in the DFT

case (Figure A.2).

A.1.3 Optical excitation calculations

The optical absorption spectra including electron-hole interactions are calculated by
solving the BSE within the Tamm-Dancoff approximation as implemented in Berke-
leyGW [72]. The electron-hole kernel is constructed using 10 valence bands and 10
conduction bands on a coarse grid of 6 x6x6 k-points, followed by interpolation to a
fine grid of 40x40x40 k-points. The absorption spectrum calculations utilise 2 valence

bands and 2 conduction bands (including spin degeneracy) in the fine grid. The absorp-

tion coefficient a(w) is calculated as a(w) = 2—“’\/% (—sl(w) +Ved(w) + &3 (w)),

C

with the exciton binding energy E, obtained by subtracting the optical band gap from

the quasiparticle band gap.
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The patched sampling scheme is employed to converge the exciton binding energy with

respect to the fine k-point mesh density. Extensive convergence tests for CsPbl; and

CsPbBr; (Figure A.3) demonstrate that exciton binding energies are converged within

1 meV using patch radii of 0.07x27/a for CsPbl; and 0.25x27/a for CsPbBr;, with

densities equivalent to uniform (I'-centered) 120x120x 120 and 70x70x70 grids re-

spectively. For the mixed-halide compounds in the series CsPb(Br I, _ )3, both the patch

size and sampling grid density are linearly interpolated.
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Figure A.3: Convergence of exciton binding energies with respect to patch size for (a) CsPbl
and (b) CsPbBr; (both tested using a 20 x 20 x 20 k-point grid centered at I'). The largest
patch size corresponds to the full Brillouin zones in each case. Convergence of exciton binding
energies with respect to grid densities for (c) CsPbl; and (d) CsPbBr; (calculated with converged
patch radii of 0.07 x27/a and 0.25 x27/a, respectively.
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Table A.1: Parameters used to calculate the mobility x,,,: high-frequency (¢.) and static (g)
dielectric constants, the phonon energy of the principal LO mode (hw) o), the corrected hole and
electron effective masses (m} /m,, mj /m,), the calculated Frohlich coupling constant for hole

and electron (o, o, ), the average electron and hole mobilities (17, 1¢,) and electron-hole sum
sum

mobility (5™ = iy, + p15,)-

Br (%) €oo €o thO (meV) m;‘w/me mZ/me ap G H“Zrln :U'fn 'us#:n
0 6.82 36.47 14.25 0.178 0.164 1.554 1491 562 63.6 1198
10 6.68 34.10 14.58 0.181 0.166 1.562 1499 552 625 1177
20 6.50 33.33 14.80 0.185 0.170 1.615 1550 523 59.1 1114
30 6.30 3245 15.04 0.189 0.174 1.671 1.604 495 559 1054
40 6.11 31.54 15.32 0.194 0.179 1.731 1.663 46.7 527 994
50 591 3051 15.63 0.199 0.183 1.795 1.724 44.0 49.6 935
60 571 2943 15.98 0.204 0.189 1.863 1.790 413 465 87.8
70 5.50 28.26 16.37 0.210 0.194 1.937 1862 387 43.6 822
80 529 2652 16.83 0.217 0.200  2.004 1.927 364 409 773
90 5.08 25.66 17.36 0.224 0.207 2.089 2.009 34.0 382 721
100 4.86 24.36 17.92 0.232 0.214 2,182 2.099 315 354 669

A.2 Computational setup for Chapter 4

A.2.1 Model construction

Model layered perovskites are constructed following the approach of Ref. [46], where
the organic cation is replaced by monovalent Cs to obtain Cs,Pbl,. The unit cell contains
a sheet of corner-shared undistorted and untilted Pbl octahedra, with Pb-I bond length
fixed at 3.184 A, obtained from structural optimisation of cubic CsPbl; using DFT-PBE.
The interlayer distance, defined as the distance between inorganic layers measured from
the Pb-containing planes, is varied from 10 A to 16 A in 1 A steps, with an additional
point at 10.5 A to match experimental Dion-Jacobson structures. Model structures are

obtained by relaxing Cs atoms while keeping Pbl, layers and lattice parameters fixed.

A.2.2 Ground state calculations

All DFT calculations are performed using Quantum Espresso (version 6.7) with the
PBE exchange-correlation functional. We employ fully relativistic, norm-conserving

pseudopotentials from the Pseudo Dojo repository, with spin-orbit coupling included in
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all electronic structure and optical property calculations. The plane wave basis set uses a
kinetic energy cutoff of 50 Ry, and the Brillouin zone is sampled using a I'-centered 6 x
6 x 4 Monkhorst-Pack mesh, with reduced sampling along the direction perpendicular

to the perovskite planes.

A.2.3 Quasiparticle calculations

Quasiparticle band structures are calculated within the single-shot G\, ¥/, approxima-
tion using the BerkeleyGW code [76]. The non-local, frequency-dependent dielectric
function is calculated within the random phase approximation using the Godby-Needs
plasmon-pole model [103]. All calculation parameters, chosen based on convergence
tests shown in Figure A .4, are listed in Table A.2. This setup achieves quasiparticle band
gaps converged within 0.1-0.2 eV. We note that the calculated quasiparticle band struc-
tures are expected to underestimate experimental values by approximately 0.5 eV due to
the sensitivity of single-shot G, calculations to the mean-field starting point, as re-

ported for halide perovskites and other semiconductors in recent studies [6,46,153,154].
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Figure A.4: Convergence of (a) high frequency limit of the dielectric constants ¢ and (b)
quasiparticle band gaps for a model DI structure with an interlayer distance of 11 A with respect
to energy cutoff for the dielectric matrix and number of empty bands.
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Structure DJ RP/Intermediate Exp.
Formula unit 1 2 2
GW empty bands 400 800 800
GW plane wave cutoff 6 Ry 6 Ry 6 Ry
GW k-point grid* 6 x6x4 6 xX6x2 4x4x4
e-h kernel: k-point grid 6 x6x4 6 X6 x2 4x4x4
e-h kernel: val. / cond. 8/8 8/8 16/16
absorption k-point grid 30 x 30 x 10 30 x30x5 20x20x10
absorption val. / cond. 2/2 4/4 8/8

Table A.2: Computational setup for GW and BSE calculations.

*The same k-point grid was used for the calculation of the dielectric function and quasiparticle
corrections. The dielectric function was computed on a half-shifted grid, while the quasiparticle
energies were calculated on a I'-centered grid.

A.2.4 Optical excitation calculations

The two-particle excitation energies are computed by solving the BSE within the Tamm-
Dancoff approximation [72]. The exciton binding energy is calculated as the difference
between the quasiparticle band gap and the energy of the first excited state. Exchange
interaction is found to change the energy of the lowest excited state in (4 AMP)Pbl, by

less than 30 meV.

The imaginary part of the dielectric function is calculated using excitation energies and
two-particle wave functions, with the velocity operator approximated as v = i[]. Cal-
culation parameters are chosen based on convergence tests shown in Figure A.5 and

Table A.3, yielding exciton binding energies converged within 50 meV.

A.2.5 Exciton wave function analysis

To characterise exciton localisation across inorganic layers, we compute the out-of-plane

integrated ECF by integrating along the in-plane directions:

F i (z2)= [lff’“(r)dacdy. (A.1)
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Figure A.5: Calculated imaginary part of the dielectric function with light polarisation perpen-
dicular to the inorganic layer (Left) and parallel to the inorganic layer (Right) for model layered
perovskites with an interlayer distance of 10 A (a,b) using various fine grid density and numbers
of'bands, and for 1,5 - DAN (c, d) using a 20 x 20 x 10 fine grid and different numbers of bands.
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System Fine grid density Val. / Cond. E) (meV)

30 x 30 x 4 2/2 273

30 x 30 x 6 2/2 248

30 x 30 x 10 2/2 230

DJ Model, 10 A 30 x 30 x 20 2/2 220
34 x 34 x 10 2/2 229

30 x 30 x 10 4/4 231

34 x 34 x 10 4/4 230

20 x 20 x 10 4/4 184

1,5 - DAN 20 x 20 x 10 8/8 201
20 x 20 x 10 12/12 205

Table A.3: Calculated exciton binding energy for a model layered perovskite structure with
interlayer distance of 10 A and 1,5 - DAN using different I centered k-point grid densities and
numbers of bands.

The ECF is computed by discrete summation over 7, sampled on a uniform grid in
the primitive unit cell. Based on convergence tests (Figure A.6), holes are sampled
along one line perpendicular to the perovskite layers with approximately 0.3 A grid
spacing, maintaining accuracy within 0.3 A for the calculated interlayer electron-hole
separation in the smallest interlayer distance model (Table A.4). The real space exciton
wave function is computed in a 14 x 14 x 10 supercell to ensure wave function decay

to less than 0.1% of the maximum value at the boundary.

Hole sampling density Interlayer e-h sep. In-plane e-h sep.

1x1x15 173 A 214 A
1x1x31 173 A 214 A
5x5x15 17.0 A 21.7A

Table A.4: Calculated interlayer and in-plane average electron-hole separation for a model DJ
structure with an interlayer distance of 10 A using different hole sampling densities.
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Figure A.6: Normalised 1D ECF for a model DJ structure with an interlayer distance of 10
A, along the in-plane (a) and out-of-plane (b) direction, calculated with different hole sampling
grids.

A.3 Computational setup for Chapter S and 6

A.3.1 Ground state calculations

All DFT calculations are performed using Quantum Espresso (version 6.7) with the
PBE exchange-correlation functional. We employ fully relativistic, norm-conserving
pseudopotentials from the Pseudo Dojo repository, with spin-orbit coupling included in
all electronic structure and optical property calculations. The plane wave basis set uses a
kinetic energy cutoff of 70 Ry, and the Brillouin zone is sampled using a I'-centered 6 x
6 x 4 Monkhorst-Pack mesh, with reduced sampling along the direction perpendicular

to the perovskite planes.

A.3.2 Quasiparticle calculations

Quasiparticle band gaps are calculated within the single-shot G\, ¥/, approximation us-
ing the BerkeleyGW code [76]. The non-local, frequency-dependent dielectric function

is calculated within the random phase approximation using the Godby-Needs plasmon-
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pole model [103].

Convergence tests show that the quasiparticle band gap is converged within 50 meV
for a grid density of 6x6x1. In all cases of perovskite-intergrowth we use a polar-
isability cutoff of 6 Ry and sum over 400 empty bands and occupied bands, achiev-
ing converged quasiparticle corrections within less than 0.1 eV for both AMTP and
1-Na.(Figure A.lc,d).

Table A.5: Convergence of the quasiparticle band gap on the k-point grid density for AMTP
calculated with a dielectric cutoff of 6 Ry and 400 empty bands.

k-point grid Quasiparticle Band Gap (eV)

4x4x1 2.837
4x4x2 2.857
6x6x1 2.836
E8x8x1 2.837
o 3.1 : 3 42
e 6 Ry =
) 7Ry —— B 4.1
S e vae e BRE L 9
g . § 40
2 \\% 2 39
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Figure A.7: Convergence of quasiparticle band gaps for (a) AMTP and (b) 1-Na witha 4 x 4
x 1 and 6 x 6 x 1 k-point grid, respectively.

A.3.3 Optical excitation calculations

The two-particle excitation energies are computed by solving the BSE within the Tamm-
Dancoff approximation [72]. The exciton binding energy is calculated as the difference
between the quasiparticle band gap and the energy of the first excited state. Exchange
interaction is found to change the energy of the lowest excited state in (4 AMP)Pbl, by

less than 30 meV.
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Figure A.8: Convergence of the exciton binding energy with respect to the number of valence
and conduction bands used in the fine grid interpolation.

The imaginary part of the dielectric function is calculated using excitation energies and
two-particle wave functions, with the velocity operator approximated as v = i[]. Cal-
culation parameters are chosen based on convergence tests shown in Figure A.8 and
Table A.6, yielding exciton binding energies converged within 50 meV.

Table A.6: Convergence of the exciton binding energy on the fine k-point grid density for
AMTP calculated with 16 conduction and 16 valence bands.

k-point grid £, (meV)

16 x 16 x 1 351
24 x 24 x 1 363
12 x12 x4 366

A.3.4 Exciton correlation function calculation

The ECF is computed by discrete summation over r;, sampled on a uniform grid in the
primitive unit cell. Holes are sampled along one line perpendicular to the perovskite
layers with approximately 0.3 A grid spacing. The real space exciton wave function is
computed in a 8 X 8 x 4 supercell to ensure wave function decay to less than 0.1% of

the maximum value at the boundary.
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A.3.5 Analysis of octahedral distortions

The octahedral distortion parameters for in-plane (D;,) and out-of-plane (D) direc-
tions were quantified following the methodology developed in Ref. [45], with modifi-
cations to account for CI atoms replacing Br in the structures. The analysis uses atomic
positions of Pb and in-plane Cl atoms expressed as Cartesian vectors obtained from
crystallographic information files (CIF). A reference plane is defined through three non-
colinear Pb atoms, allowing calculation of the Pb-Cl-Pb bond angle and its subsequent
decomposition into components parallel and perpendicular to this reference plane. This
approach remains valid for analysing the intergrowth layers in the reported structures,
which contain four in-plane corner-sharing Pb-Cl bonds. The distortion parameters are

computed using a modified version of the MATLAB code reported in Ref. [45].
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