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ABSTRACT

Modern metal-oxide-semiconductor (MOS) device technologies are aiming for
insulating layers with an equivalent oxide thickness (EOT) of less than 1nm.
Up to now, these small EOTs are achieved by using high-£ materials like HfO,
as gate dielectrics. However, finding alternative insulators with a high dielectric
constant, a large band gap, and a good interface quality with potential channel
materials remains a challenge. Exploring new material systems experimentally is
time-consuming and costly. Theoretical methods, on the other hand, enable fast
screening of several materials, predicting their properties while also improving
the understanding of microscopic processes.

Recent studies suggest that fluorides are a promising material class for elec-
tronic applications due to their inherently high band gaps and relatively high
dielectric constants. In this work, density functional theory (DFT) calculations
using a hybrid functional were employed to predict and compare the band gaps
and dielectric constants of various fluorides. After this initial screening step, the
most promising candidates lanthanum trifluoride (LaF3) and bismuth trifluoride
(BiF35) were analyzed, as well as two reference materials, zirconium tetrafluoride
(ZrF,) and the already well-studied calcium difluoride (CaF), for benchmarking
purposes.

In particular, the fluorine vacancy defect was examined in these materials, as
this defect is suspected to negatively impact the reliability of electronic devices by
charge trapping or diffusion through the gate dielectric. The formation energies
of the possible charge states of these defects were calculated, and their stability
was analyzed within the formation energy formalism. Additionally, their vacancy
diffusion mechanism was analyzed by calculating the migration barriers with the
nudged elastic band method and compared to experimental data.

The calculations reveal that LaF; is the most promising material, considering
its high theoretical band gap of 9.9 eV and relative permittivity of 14.2. BiF;, on
the other hand, has a band gap of 6.61eV and a high relative total permittivity
of 46.6. Both materials have small F vacancy diffusion barriers (0.20eV for
LaF; and 100 meV for BiF;) according to the calculations, which might lead to
reliability issues when used in ultra-scaled devices. Additionally, for BiF;, these
defects are stable in various charge states depending on the Fermi level, which
might cause further reliability issues. ZrF,, with a large band gap of 7.6eV and
e, = 10.8, presumably has a comparatively high diffusion activation energy over
1eV due to a metastable configuration with high energy along the diffusion path.
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KURZFASSUNG

Moderne Metall-Oxid-Halbleiter (MOS)-Bauelementtechnologien streben Isola-
tionsschichten mit einer effektiven Oxiddicke (EOT) von weniger als 1nm an.
Bislang werden diese kleinen EOTs durch den Einsatz von high-k-Materialien wie
HfO, als Gate-Dielektrikum erreicht. Die Suche nach alternativen Isolatoren mit
hoher Dielektrizitatskonstante, grofler Bandliicke und guter Grenzflachenqualitit
zu potenziellen Kanalmaterialien bleibt jedoch eine Herausforderung. Die exper-
imentelle Erkundung neuer Materialsysteme ist zeitaufwendig und kostspielig.
Theoretische Methoden hingegen ermdglichen ein schnelles Screening mehrerer
Materialien, indem sie deren Eigenschaften vorhersagen und gleichzeitig das Ver-
standnis mikroskopischer Prozesse verbessern.

Aktuelle Studien deuten darauf hin, dass Fluoride aufgrund ihrer von Natur
aus hohen Bandliicken und vergleichsweise hohen Dielektrizitétskonstanten eine
vielversprechende Materialklasse fiir elektronische Anwendungen darstellen. In
dieser Arbeit wurden Dichtefunktionaltheorie (DFT)-Berechnungen mit einem
hybriden Funktional durchgefiihrt, um die Bandliicken und Dielektrizitatskon-
stanten verschiedener Fluoride vorherzusagen und zu vergleichen. Nach diesem
initialen Screening wurden die vielversprechendsten Kandidaten Lanthantrifluo-
rid (LaF3) und Bismuttrifluorid (BiF;) sowie zwei Referenzmaterialien Zirconi-
umtetrafluorid (ZrF,) und das bereits gut untersuchte Calciumdifluorid (CaF,)
zu Vergleichszwecken genauer analysiert.

Insbesondere wurde die Fluorvakanz in diesen Materialien untersucht, da
dieser Defekt vermutlich die Zuverlédssigkeit elektronischer Bauelemente durch
Charge Trapping oder Diffusion durch das Gatedielektrikum negativ beeinflusst.
Die Bildungsenergien der moglichen Ladungszusténde dieser Defekte wurden
berechnet und ihre Stabilitat mit dem Formationsenergie-Formalismus analysiert.
Zusétzlich wurden verschiedene Diffusionsmechanismen der Vakanzen durch Be-
rechnung der Migrationsbarrieren mit der Nudged Elastic Band Methode unter-
sucht und mit experimentellen Daten verglichen.

Die Berechnungen zeigen, dass LalF; das vielversprechendste Material ist,
basierend auf seiner hohen theoretischen Bandliicke von 9.9 eV und einer relativen
Permittivitat von 14.2. BiF; hingegen besitzt eine Bandliicke von 6.61eV und
eine hohe relative Gesamtpermittivitdt von 46.6. Beide Materialien haben laut
den Berechnungen kleine Fluorvakanzdiffusionsbarrieren (0.20eV fiir LaF; und
100 meV fiir BiFs), was moglicherweise zu Zuverlassigkeitsproblemen bei der Ver-
wendung in ultraskaligen Bauelementen fithrt. Zusétzlich sind diese Defekte in
BiF'; je nach Ferminiveau in verschiedenen Ladungszustanden stabil, was zu weit-
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eren Zuverlassigkeitsproblemen fithren kénnte. ZrF,, mit einer groBen Bandliicke
von 7.6eV und ¢, = 10.8, weist vermutlich aufgrund einer metastabilen Konfigu-
ration mit hoher Energie entlang des Diffusionspfades eine vergleichsweise hohe
Aktivierungsenergie von iiber 1eV auf.
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CHAPTER 1

INTRODUCTION

Today’s nanoelectronics technologies are largely based on metal-oxide-semicon-
ductor (MOS) devices, which have been scaled to the low nanometer regime.
Such devices require a stack of compatible materials, all of which are crucial for
its performance. In this chapter, the principles of MOS devices are introduced,
along with the most relevant properties of the insulating layer - the focus of this
thesis.

1.1 Metal-Oxide-Semiconductor Devices

Silicon remains the primary semiconductor material in device fabrication. A key
reason for silicon’s continued dominance as the channel material is its ability to
thermally grow high-quality interfaces with its native insulating silicon dioxide
(Si0,) layer [1].

The continued miniaturization of devices has introduced several challenges,
including short channel effects [2] and increased leakage currents due to thinning
of the insulating layer. Thinner layers allow more current to tunnel through. To
mitigate this, nitrogen was initially added to the oxide, forming SiO,N; layers,
which helped reduce leakage [3]. As scaling progressed, the industry adopted
high-k dielectrics such as HfO, and ZrO, [4]. These materials enable thicker
insulating layers while preserving gate control over the channel due to their
higher dielectric constants.

Geometric innovations beyond planar devices have also been introduced.
FinFETs use a 3D structure to increase the controlled channel area. Figure 1.1
schematically compares planar and FinFET geometries. The latest advance-
ments in surface-area-enhancing structures are gate-all-around (GAA) and na-
nosheet transistors [5], in which the gate surrounds the channel entirely. This
provides better control, though it increases manufacturing complexity.

Although modern devices are still primarily silicon-based, materials like SiGe,
SiC, and GaN are also used commercially for high-speed and power electronics [5].
For photonic and optoelectronic applications, III-V materials such as GaAs and
GaP are preferred due to their direct bandgaps [5]. For continued scaling, two-
dimensional materials like MoS, are being actively researched as promising can-
didates, though they currently face integration and reliability challenges [6].
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(a) Planar FET (b) FinFET

Figure 1.1: Schematic representation of a cross-section through a planar (left)
and FinFET (right) device. The current flows in the axis perpendicular to the
page for the FinFET.

1.2 Insulators

All the presented transistor devices rely on high-quality insulating layers, whose
properties must be examined in detail to support the development of future tech-
nologies. The insulator’s purpose in a device is to electrically separate the gate
from the channel, preventing current flow through it. The electric field from
the gate must still control the channel, which is aided by a high permittivity of
the insulator. The properties of insulators are discussed in the following sections.

The electronic band structure of a material determines its electrical prop-
erties. Particularly the electronic band gap, which corresponds to the energy
required to excite an electron from the valence band to the conduction band.
This band gap can be used to distinguish between insulators, semiconductors,
and metals. A material with a band gap larger than 4eV is typically considered
an insulator [7], while those with smaller band gaps are called semiconductors,
and materials without a band gap are classified as metals. Based on their bonding
mechanisms, insulators can be categorized into three types [8]:

e Covalent insulators share electrons between the valence orbitals of nu-
clei, typically forming localized bond states. The formation of these bonds
depends primarily on the valence shell structure of the involved nuclei -
especially on the number of valence electrons. A well-known example is
Si0,.

e Ionic insulators consist of metallic and nonmetallic elements, where elec-
trons are transferred from the metallic to the nonmetallic atom. These
crystals have highly localized electronic states, similar to molecular crys-
tals, but their nuclei are charged ions. These ions dominate many material
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Chapter 1. Introduction 3

properties, setting ionic crystals apart from molecular ones despite their
shared localization characteristics.

e Molecular insulators are formed by molecules held together through
weaker interactions such as van der Waals forces, dipole-dipole interactions,
or hydrogen bonds. The strong bonds exist within the molecules, while the
weaker forces bind the molecules together. Such materials are for example
used in flexible optoelectronic devices [9].

However, this classification is not clear-cut, and crystals may exhibit character-
istics of multiple types. For example, Si is a purely covalent crystal, while the
polar semiconductor GaAs is primarily covalent with some ionic character, and
CaSe is ionic with slight covalent character [8].

All the materials studied in this thesis are ionic crystals, meaning their prop-
erties are largely governed by charged ions. Fluorine, being the most electroneg-
ative element in the periodic table, forms ionic bonds with other elements, re-
sulting in crystals with an almost purely ionic character.

1.3 Permittivity

For building electronic devices such as MOS field effect transistors (FETSs), the
permittivity of the insulator is one of the most important properties. In a simple,
isotropic, linear material, it is the proportionality constant between the electric
field E and the electric displacement field D:

D =¢E =¢y,E (1.1)

The permittivity ¢ is expressed as the product of the vacuum permittivity ¢, and
the relative permittivity €,. In more complex anisotropic materials, it becomes
a second-rank tensor.

The saturation region of the IV characteristic of a MOS device can be modeled
by [8]

w
Ingeat = mﬂecox(vcs - Vth)2 (1.2)

where M is an ideality factor close to 1, W is the channel width, L is the
channel length, p, is the electron mobility, C__ is the capacitance of the MOS
capacitor, Vg is the gate-source voltage, and V,; is the threshold voltage. The
capacitance depends on both the thickness and permittivity of the insulator, and
can be compared across materials using the equivalent oxide thickness (EOT).

The EOT is the “electrostatically corrected” thickness of the material - defined as
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the thickness that a SiO, layer would need to have to yield the same capacitance.

€si0,

EOT =t_,, (1.3)

mat

A high-permittivity material lowers this value when the physical thickness is
kept constant [4]. For this reason, high-k materials are used in modern devices
to reduce the effective oxide thickness while keeping the physical layer thicker,
thereby limiting leakage currents.

1.4 Gate Leakage Currents

Leakage currents are undesired currents in a MOS device that flow through the
insulating layer. These are typically caused by tunneling and can arise from
various tunneling mechanisms. Additional currents may result from defects in
the insulator, which not only affect tunneling behavior but can also lead to ionic
conduction by enabling the diffusion of charged species through the material.
In general, leakage currents increase as insulator thickness decreases, posing a
major challenge for continued device scaling [10].

1.4.1 Tunneling Processes

Several tunneling mechanisms can occur in insulating layers, as schematically
shown in Fig. 1.2. In a defect-free insulator, the barrier height is determined
by the band gap and the relative alignment of the band edges with those of
the semiconductor. An external electric field modifies this barrier, creating a
trapezoidal potential.

Tunneling in a Defect-Free Insulator

In a (near) defect-free insulator, direct tunneling and Fowler-Nordheim tunnel-
ing are dominant mechanisms [11]. Direct tunneling involves a carrier tunneling
through a trapezoidal barrier, whereas Fowler-Nordheim tunneling involves tun-
neling through a triangular barrier. These processes are illustrated in Fig. 1.3.
In direct tunneling, the carrier moves directly between the channel and the gate.
In contrast, Fowler-Nordheim tunneling involves the carrier tunneling to the con-
duction band of the insulator, after which it is transported by the electric field
to the semiconductor.

Both tunneling processes can be modeled using the Tsu-Esaki model, which is
based on the WKB approximation of the Schrodinger equation [11]. The WKB
approximation is a semi-classical method in quantum mechanics that enables
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Figure 1.2: Schematic representation of tunneling leakage currents in a MOS
device. The green arrow depicts Fowler-Nordheim tunneling, the black arrows
show trap-to-trap tunneling, and the blue arrows indicate tunneling from a trap
to the conduction band. (Adapted from [11])
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Figure 1.3: Fowler-Nordheim and direct tunneling processes over a barrier [11].

calculation of the wavefunction decay within a potential barrier. In both cases,
the charge carrier travels directly through or over the barrier. Unlike in trap-
assisted tunneling, discussed in the next section.

Trap-Assisted Tunneling

Defects in an insulator can enable trap-assisted tunneling. Traps correspond
to electronic states within the band gap of an insulator that can capture and
release electrons. These are typically caused by impurities and structural imper-
fections [12].

The efficiency of trap-assisted tunneling depends on the energy level of the
trap relative to the insulators band edges and the trap’s spatial position within
the insulator. Higher defect concentrations and lower relaxation energies of the
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defects enhance the hopping mechanism, allowing for significant gate-leakage
currents. This process is strongly temperature dependent due to the need for
electron-phonon coupling to facilitate charge trapping at defects [11].

Trap-assisted tunneling includes both single-step and multistep tunneling pro-
cesses, as schematically shown in Fig. 1.2. Charge trapping at these states also
contributes to other detrimental effects in MOS devices, such as random tele-
graph noise (RTN) [13] and bias temperature instability [14].

The characteristics of trap-assisted tunneling, in particular its temperature
and bias dependence, can be used to experimentally determine defect param-
eters, such as trap energy levels and relaxation energies. These measurements
can then be compared with theoretical predictions from DFT calculations to
identify specific defect types relevant to tunneling. For example, such analyses
have shown that polaronic defect states are likely responsible for trap-assisted
tunneling in amorphous oxides [15].

In summary, both the barrier height, determined by the band gap, and the
defect properties and their distribution within the insulator are critical factors
influencing leakage currents in MOS devices.

1.4.2 Diffusion of Defects

Defects can not only conduct current via charge trapping and emission, as dis-
cussed previously, but may also diffuse through the material. If these defects
are charged, they can cause ionic conduction within the insulator. This can be
beneficial, as it may enhance the low-frequency permittivity of the material, as
shown in [16]. For high-frequency applications, however, the defects do not have
sufficient time to move and therefore do not contribute to the permittivity.

On the downside, the diffusion of charged defects alters the electronic prop-
erties of the insulator, which can negatively impact device performance and
reliability, leading to significant instabilities. In early silicon devices, for in-
stance, sodium ions diffusing through the SiO, layer were found to cause major
issues [17].

To investigate this phenomenon and the properties of the diffusing defects,
density functional theory (DFT) can be used to calculate the diffusion barriers
of defects within the insulator.

1.5 Fluorides

Fluorides, the salts of hydrofluoric acid, have recently gained attention as insula-
tors for next-generation devices using 2D materials, due to their high band gaps
and permittivity [16, 18-22]. They are ionic crystals, with fluorine as the anion
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Chapter 1. Introduction 7

and a metal as the cation. The high band gap is beneficial for implementing thin
insulating layers, as the tunneling barrier height is increased, which suppresses
the (direct) tunneling rate. Additionally, a high permittivity allows for thicker
layers while maintaining the same EOT, further reducing leakage currents.

The first investigations of MOS devices with fluoride layers were conducted
in 1984, where a thin film of calcium fluoride was grown on a (111) silicon
substrate. The films, with thicknesses of several hundred nanometers, showed no
strain, indicating that epitaxial growth of this material system is possible [23,
24]. This was enabled by the small lattice mismatch between the Si (111) surface
and CaF,, which is only 0.6 % [25].

More recently, CaF, has been successfully demonstrated in a MOS device with
a 2D material, specifically MoS,, as the semiconductor. Working devices with an
epitaxially grown 2nm thick CaF, layer have been shown. In this application,
the material exhibits a band gap of 12.1eV and a permittivity of 8.4, resulting
in an EOT of approximately 0.9 nm, achieving sub-nm EOT [19].

However, not only CaF is of interest for future applications. Other fluorides,
mainly based on lanthanides and group II and III elements, such as LaF; and
CeF3, have also been studied experimentally by Meng et al. [16]. These materials
were deposited as thin films by thermal evaporation, and their surface quality,
capacitance as a function of frequency, and leakage currents were subsequently
characterized. Some examined fluorides exhibited superionic conductivity, re-
sulting in much higher static capacitance values at low frequencies compared to
high frequencies [16]. The successful thin-film deposition of these materials is a
key prerequisite for their use in devices.

Dielectrics compatible with 2D materials are of particular interest for poten-
tial future ultra-scaled devices. To identify suitable candidates, computer-based
material simulations are valuable tools to reduce experimental effort. High-
throughput ab initio calculations by Lee et al. [18] compared different material
classes, including carbides, nitrides, phosphides, sulfides, chlorides, and fluorides.
Using a generalized gradient approximation (GGA)+U functional, they found
that fluorides tend to have the highest band gaps while maintaining decent per-
mittivity [18], making them promising materials for next-generation electronics.

The distribution of studied fluorides from the high-throughput study is shown
in Fig. 1.4. Fluorides have the highest band gaps compared to other material
classes. Outliers with relatively high permittivity and band gap, such as LaF;
and BiF;, were identified in the data for fluorides.
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Figure 1.4: Scatterplot of band gap vs. permittivity of different insulator DFT
simulations from high-throughput screening of non-oxide dielectrics. Fluorides
tend to have the highest band gaps while maintaining decent permittivity. Data
from [18].
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1.6 Structure of the Thesis

This thesis aims to study fluorides in more detail by first calculating the band gap
and permittivity of selected materials using a different, typically more accurate,
hybrid functional instead of the previously employed GGA+U approach [18].
This is followed by an investigation of vacancy defects in selected materials. The
results serve to verify previous computations and provide more detailed insights
into important defects in these materials, offering valuable information for future
technology computer aided design (TCAD) simulations. The thesis is structured
as follows:

Chapter 2 provides an overview of the employed ab initio calculation meth-
ods, in particular DFT. The multi-particle Schrédinger equation is introduced,
and both the Hartree-Fock method and DFT are discussed. Key computational
techniques and approximations for DFT simulations, such as pseudopotentials,
are introduced.

The basics of crystal structures and insulators are introduced in Chapter 3.
Furthermore, the properties of interest within this thesis, 7.e. band gap and
permittivity, and how to compute them using DFT, are discussed.

An initial screening of materials based on permittivity and band gap is con-
ducted in Chapter 4. The simulation setup used for these calculations is ex-
plained, and convergence criteria are discussed. The results of this initial screen-
ing of band gap and permittivity are presented yielding LaF;, BiF; as promising
candidates with ZrF, and CaF, as a point of reference.

Chapter 5 analyzes vacancy defects in CaF,, LaF;, BiF;, and ZrF,. Formation
energies for vacancies in different charge states and the associated defect levels are
calculated and discussed. In addition, migration paths of these vacancies within
the crystal are examined, and the corresponding energy barriers are computed.

The thesis concludes in Chapter 6 with a summary of the findings and an
outlook on future work.
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CHAPTER 2

AB-INITIO SIMULATION OF MATERIALS

Simulating materials on a computer can be done at various levels of abstrac-
tion. “Ab initio”, meaning “from the beginning” or “from first principles”, refers
to simulations based on the laws of quantum mechanics. These methods aim
to describe a material as accurately as possible, relying solely on fundamental
constants without the need for experimental values.

2.1 Solving the Schrodinger Equation

Quantum mechanics is the theory that describes the behavior of elementary
particles such as electrons, protons, and neutrons. The central equation in non-
relativistic quantum physics is the Schrodinger equation:

d N
th—V = HU 2.1
pp (2.1)
Here, H is the Hamiltonian operator, ¥ the wave function, and h the reduced
Planck constant. The time-independent Schrédinger equation can be derived by
separating the time-dependent wave function into time-independent and time-
dependent components, leading to

HVU = EV (2.2)

where F is the energy of the system. The time-independent wave function of
a single particle in spatial representation is a function in 3D space, ¥(r). For
two particles, the wave function depends on both position vectors, ¥(r,r,).
Other representations, such as in momentum space, are not considered in this
introductory explanation.

Naive approach: Suppose one wants to solve the time-independent Schrédinger
equation for a many-body system on a computer. A straightforward approach
is to define a volume discretized by a grid of points. For simplicity, consider an
equidistant grid with N points in each spatial dimension. Each particle adds
three dimensions to the problem, so for M particles, the total number of grid
points becomes N3M

10
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Chapter 2. Ab-Initio Simulation of Materials 11

Even for modest values, such as N = 10 and M = 6, which could represent
a calculation of electrons in the potential of a carbon atom, this leads to 10'®
sample points. If only one byte is stored per point, over 1 exabyte of memory
would be required. While memory-saving techniques could reduce this somewhat,
such a computation might just be feasible on the largest supercomputers in
the near future. For example, FRONTIER, the second-ranked machine in the
TOP500 list as of November 2024, has 9 petabytes of RAM [26]. However, due to
the exponential scaling, even slightly larger systems quickly become intractable-
without yet considering the computation time and associated costs.

Approximate solutions: In this thesis, simulations involving hundreds of
atoms and thousands of electrons are carried out using approximate solutions to
the many-body Schrédinger equation. The two methods which are used in this
thesis, Hartree-Fock and DFT, are discussed in the remainder of this chapter.

2.2 Hamiltonian for Interaction of Electrons and
Nuclei

In the previous section, the Schrédinger equation was introduced in a general
form. The Hamiltonian can describe any quantum system. The (intractable)
multi-particle Hamiltonian, used to describe materials, consists of the kinetic
and interaction energies between particles and is given in Equation 2.3.

electron kin. energy = nucleus kin. energy g jectron-electron interaction

A h? h? 1 1 e?
H=—- — vz — — V2 Z -
2m, ‘ 2 M, 1t 2Z|r-—r-
! A (2.3)
Z ZIZJe o Z ZI€2
I%J |R —R,; | |I' _RI|

nucleus-nucleus interaction electron-nucleus interaction

The small indices 7 and j are enumerating the electrons and the capital indices
I and J are enumerating the nuclei. Furthermore, Z; and M, denote the atomic
number and atomic mass respectively [27].

2.3 Born-Oppenheimer Approximation

The Born-Oppenheimer approximation assumes that the wave functions of nuclei
and electrons can be treated separately, with the total wave function being a
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product of the nuclear and electronic wave functions. This is justified by the
much larger mass of the nucleus (for hydrogen: m, = 1.672- 1072"kg) compared
to the electron mass m, = 9.109-1073! kg. The mass difference of over a factor of
10® means that nuclei respond to environmental changes much more slowly than
electrons. Since both particles experience Coulomb forces of similar magnitude,
the heavier nucleus undergoes significantly slower acceleration [28].

The approximation thus assumes that nuclei are stationary while solving
the Schrodinger equation for the electrons. From a mathematical perspective,
referring to Equation 2.3, this is equivalent to taking the limit M; — oo, which
effectively removes the nuclear kinetic energy term from the Hamiltonian [27].

:__ZV2+ Z|r —r,

Ze?
Z ’I‘ _I R | + E nucleus-nucleus (24)
i#j I

.7

The electrons move in a potential created by the fixed positions of the nuclei.
The Coulomb interaction between the nuclei contributes only a constant energy
shift and does not affect the electronic behavior directly. The resulting elec-
tronic Hamiltonian depends solely on the electronic wave function, which largely
determines the fundamental properties of a material.

Since the potential energy landscape experienced by the electrons is defined
by the atomic positions, the concept of the potential energy surface (PES) can
be introduced. It describes the total energy of the system as a function of the
atomic coordinates. This approximation is essential for many of the optimization
methods used in this thesis.

2.4 Variational Principle

The variational principle is a concise yet fundamental concept that underpins
most quantum mechanical ground state calculations. Given a Hamiltonian H
and a properly normalized trial wave function ¥ such that (U, .| Viia) = 1,
the following inequality holds:

trials

<‘Ijtrial|H|\Iltrial> Z EO (25)

where E, is the ground state energy of the true wave function ¥ [29].

In simple terms, the expected energy of any normalized trial wave function is
always greater than or equal to the true ground state energy of the system. This
allows one to use a set of trial functions and minimize the energy by adjusting
their parameters. Such an approach enables efficient optimization algorithms.
The computed energy serves as an upper bound for the true ground state energy,
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and with a well-chosen trial function, it provides a good approximation of the
system’s ground state.

2.5 Bloch Theorem

This thesis focuses on crystalline materials, where the potential exhibits the same
periodicity as the underlying lattice. An important result that facilitates working
with wave functions in such periodic potentials is Bloch’s theorem [8, 30].

Theorem. Let U be the periodic potential in which the particles move, and let R
denote the lattice vectors. The eigenstates 1, of the one-electron Hamiltonian
H = —% + U(r), where U(r + R) = U(r) for all R, can be expressed as a
product of a plane wave and a function with the periodicity of the Bravais lattice:

wnk (I‘) = eik.runk (I‘) (26)

The functions u,, (r), known as Bloch functions, modulate the plane wave and
have the same periodicity as the crystal lattice, that is:

U (r+ R) = u,, (1) (2.7)

This result implies that, when moving from one primitive cell to another by
a lattice vector R, the wave function transforms as

P(r+R) = e*Ry(r) (2.8)

Thus, at any periodic point in the crystal, the wave function acquires a phase
factor of k - R. The vector k lies in reciprocal space and represents the crystal
momentum of the electron. Crystal momentum is not identical to the momen-
tum of a free particle, as reciprocal lattice vectors can be added to it obtaining
equivalent vectors.

2.6 Hartree-Fock Method

As previously discussed, solving the many-body Schrédinger equation directly is
infeasible for all but the simplest systems. However, a mean-field approach can
simplify the problem by treating each electron independently, with each electron
experiencing an average interaction due to the presence of all others.

Equation 2.4, which results from the Born-Oppenheimer approximation, is
now decomposed into separate equations for each electron. This approach ne-
glects electron-electron correlation effects, making the problem more tractable.
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In this approximation, the total wave function is expressed as a product of single-
particle wave functions v, for each electron i:

U =1y (ry) - y(ry) - oo - Yy (ry) (2.9)

The kinetic energy term and the electron-nucleus interaction for each electron
remain unchanged, as they are independent of the other electrons. The electron-
electron interaction term, however, is approximated by the average interaction
with the surrounding electron density p, which represents the collective influence
of all other electrons [31]. Thus, the second term in Equation 2.4 is replaced by

2

P —e/ﬂ d*r (2.10)
r; — I'j‘ r; —r|

where the total electron density p(r) is defined as

r)=—e 3 ly(r)P (211)

which represents the probability density of finding an electron at a given position,
multiplied by the electron charge.

These approximations lead to the Hartree equations 2.12, a set of equations
describing the behavior of the single electrons:

N h2 2 N2 3 7 ZIe
HHartree?v[}i - (_Q_Tl’ljev +/; "QZ)J(I' ) d Z |I' _ RI| wz - Ezwz
(2.12)

Fermions require antisymmetric wave functions, a condition not accounted for
in Equation 2.12. To include this requirement, one must first recognize that
the Hartree equations can also be derived using the variational principle, as-
suming the wave function is a product of single-particle wave functions [32, 33].
However, such a product wave function is not antisymmetric. A general anti-
symmetric wave function can be constructed using a Slater determinant. In this
context, the quantity minimized is the expectation value of the Hamiltonian,
which corresponds to the total energy of the system. Evaluating this expectation
value for a trial wave function built from a Slater determinant (with orthonormal



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 2. Ab-Initio Simulation of Materials 15

single-particle wave functions) yields [§]

Zre
Z/W ( Z S —IRI|) P, (r) d3r
= W(r)@b;(r/)‘ri—r,lwi(r)wj(r’)d3rd3r’ (2.13)

1 o 2 ) /
5 S te, [ [ e s

Notice that the second term in the energy expression corresponds to the electron-
electron interaction, as in the Hartree equations 2.12. The factor of 1/2 accounts
for the double counting of pairwise interactions.

Applying the variational principle to minimize the total energy, as expressed
in Equation 2.13, leads to the Hartree-Fock equations [34, 35]

Hech6) = 30, [ S0, 000 ' = Bifs) (21)

where, o, denotes the spin of the electron. The additional term is known as the
exchange term, which arises from the requirement of antisymmetry in the total
wave function. It takes the form of an integral operator, making the equation
complex to solve [8]. Nevertheless, hybrid potentials based on the Hartree-Fock
method are commonly used in DFT calculations and will be discussed in a later
chapter.

2.7 Density Functional Theory

Density functional theory (DFT) is another approximation widely used in current
material science due to its accurate prediction of many material parameters. It
is based on the Hohenberg-Kohn theorems, which state that a systems properties
are completely determined by the ground-state electron density p,(r) [36]. py(r)
is a function in three dimensions regardless of the number of particles in the
system which avoids the exponential scaling problem discussed earlier. DFT
is not necessarily the most accurate method that can be used, but it can be
efficiently computed and gives decent results for many materials.
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2.7.1 Hohenberg-Kohn Theorems

The Hohenberg-Kohn theorems provide the theoretical foundation of density
functional® theory.

Theorem. For any system of interacting particles in an external potential V,,(r),
the potential, and thus the Hamiltonian, is uniquely determined up to a constant
by the ground-state particle density p, [27].

Proof Sketch. Towards contradiction: Assume that two different external poten-
tials V1, and V2., differing by more than a constant, yield the same ground state

ext ext)

density py(r). These lead to different Hamiltonians ' and H? with correspond-
ing ground state wave functions ¥! and ¥?, both associated with py(r).

Assuming non-degeneracy of the ground state and using the variational prin-
ciple:

(UHAMTY) < (VPHT?) = (| H°|9?) + (V2| A — A°|9?)
Similarly:

(U2 H202) < (UEP|UY) = (U A ) + (VA - AT
Combining both:

E} < E2 4+ (V?|H' — A?|¥?) and E? < E}+ (VY H? - H'|UY)
Adding these inequalities gives:
E}+E2 < Ej + E?

which is a contradiction. [

An important corollary of this theorem is that all observables of the system,
including the ground state energy, are functionals of the density p(r) [27]. Using
this result, the second Hohenberg-Kohn theorem can be stated:

Theorem. A universal energy functional E[p| exists in terms of the density
p(r), wvalid for any external potential V,,(r). For a given V,,(r), the exact
ground state energy is the global minimum of this functional, and the density
p(r) that minimizes it is the exact ground state density p,(r) [27].

1A functional is a function that takes a function as an argument and returns a scalar.
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Proof Sketch. Let E, be the ground state energy corresponding to the wave
function ¥, and density p,(r), and let E[p] be the energy functional of the
density:

Ey = Elpg] = (Y| H|¥y)

Now, consider any other density p’(r) with corresponding wave function ¥’.
By the variational principle:

Elpo] = (%| H|¥y) < (V'|H|Y') = E[p']

Therefore, minimizing the functional E[p] with respect to p(r) yields the ground
state energy and the exact ground state density. ]

2.7.2 Kohn-Sham Equations

The Hohenberg-Kohn theorems establish the existence of a functional Elp] for
the ground state energy, but they do not provide its explicit form. To construct
such a density, Kohn and Sham proposed an approximation by introducing an
auxiliary system of non-interacting electrons that reproduces the same ground-
state density as the real interacting system. The electron density of this system
is given by:

pr) = 32307 ()P

where o denotes the spin state and ¥7(r) is the wave function of the correspond-
ing electron. The Kohn-Sham total energy functional is written as:

E[p] = Ts [p] + EHartree [p] + EXC [p] + Eext [p] + Enucleus—nucleus (2]‘5)

Here, T,[p] is the kinetic energy of the non-interacting reference system, given
by:

2 Ny
T,[0] = 5 S5 (w1924) (216)

Although T, [p] depends on the wave functions rather than directly on the density,
the first Hohenberg-Kohn theorem ensures that the ground-state density p(r)
uniquely determines the external potential V_,(r), and therefore also the wave
functions. Thus, T, is still considered a functional of p. The external and Hartree

energy contributions can be written directly in terms of the density:

Beclol = [ pe)Via(r) ' .17
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/

Pl = 5 [ P25 o g (2.18)
2 r —r’|

Eq.ie0[p] Tepresents the classical electrostatic interaction energy of the charge

distribution p(r). The remaining term, F__[p], is the exchange-correlation energy.

It captures the many-body quantum effects beyond the non-interacting kinetic

energy and the classical Coulomb interaction:

Eo[pl = (T) = T,[p] + (Ustet 1nt) — Bttartreelr] (2.19)
Here, (T') and (U,

ool int) are the expectation values of the kinetic energy and the
electron-electron interaction energy of the true many-body system. This is the
main source of approximation in DFT, in addition to the Born-Oppenheimer
approximation. The exchange-correlation energy must be approximated as a
functional of the density, which is discussed in more detail in Sec. 2.7.4. To
find the ground-state density, the total energy functional is minimized using
variational calculus [27].

The density is expressed in terms of the wave functions and inserted into the
functionals E_[p], Eyarueel?] and E,.[p]. The resulting functional is minimized

with respect to these orthogonal wave functions keeping in mind the chain rule
and using Lagrange multipliers. This yields the Kohn-Sham equations [27]

A

h2
(o 2+ V() ) v ) = egu (o) (2.20)
with the Kohn-Sham potential defined as:
5E artree 5EXC
(1) = Ve (1) + 2 (2.21)

op(r,o) ~ op(r,o)

Here, % denotes the functional derivative with respect to the electron density.

2.7.3 Solving the Kohn-Sham Equations

A solution to the Kohn-Sham equations, given the potential V% (r), consists of a
set of wave functions v, (r) and their corresponding eigenenergies €,. These wave
functions determine the electron density p(r), which in turn defines the potential
Vids(r), creating a circular dependency. To resolve this, the system is solved self-
consistently. One begins with an initial guess for the spin-dependent density p?,
computes the corresponding potential, and solves the Kohn-Sham equations. The
resulting wave functions yield a new density, which is then used to update the
potential [27]. This process is repeated iteratively until convergence is reached,
as illustrated in Fig. 2.1.
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‘ Guess initial p7(r)

1

Calculate ViZ(r)
g 6E artree JEXC
VKS(r) = V:ext(r) + Spl({r,cr) + ép(r,o)

l

Solve Kohn-Sham Equations
2
(—gm V2 + V() =7 ) wi(x) = 0

I

Calculate new p"(r)2 Update p?(r)
P = Zl I7 e (r)] using previous results

l

Converged?
no

yes

Figure 2.1: Iteration process for solving the Kohn-Sham equations. The conver-
gence of the process can for example be determined by comparing the old and
new density. If the difference is smaller than a certain threshold, the process is
considered converged. Adapted from [27]

There are several methods to update the density p after each iteration. The
simplest approach is to take a linear combination of the previous and current
densities. More advanced techniques, such as Broyden mixing or Kerker mixing,
are often employed to accelerate convergence [27]. Alternatively, methods like the
orbital transformation approach directly exploit the orthonormality constraints
of the wave functions [37, 38].

2.7.4 Exchange-Correlation Functionals

Up to this point, the exchange-correlation functional E__[p] has only been de-
fined in general terms, without specifying its explicit form. This is because the
exact form of the functional is currently unknown. Nevertheless, several ap-
proximations are commonly used in practice and yield good results for a wide
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range of materials. The choice of approximation strongly affects the accuracy
and reliability of simulation results.

For convenience and consistency with the literature, atomic units will be used
for the remainder of this chapter. This means that the elementary charge e, the
reduced Planck constant h, the electron mass m,, and the Bohr radius a are all
set to 1.

Local Density Approximation

Kohn and Sham introduced the local density approximation (LDA) as the first
practical approximation to the exchange-correlation functional [39]. It is based
on the homogeneous electron gas, for which the exchange-correlation contribu-
tions are well known. The key assumption is that, locally, the electron gas in a
material behaves like a homogeneous electron gas. This approximation is valid
primarily for systems with slowly varying electron densities. In the LDA, the
exchange-correlation energy depends only on the local value of the density and
is written as an integral over space:

ELPAp] = / p(D)erelp(r)) dr = / p(1) (2 (p(0)) + e (p(x)) ¥ (2.22)

For the homogeneous electron gas, the exchange energy can be derived from the
Thomas-Fermi model. It is given by [40]:

3\ 1/3

s =5 (2) o (2.23)
T

While no analytic expression exists for the correlation energy, accurate results
have been obtained from Monte Carlo simulations [41].

An extension of this model accounts for the electron spin. By using separate
densities p! and p* for spin-up and spin-down electrons, the exchange-correlation
energy is evaluated independently for each spin channel. This leads to the local
spin density approximation (LSDA) [27].

Generalized Gradient Approximation

As the name suggests, the GGA includes not only the local electron density but
also its gradient. One limitation of the LDA is its assumption of slowly varying
densities, which is addressed by incorporating the density gradients in the GGA.
The general form of the exchange-correlation functional in the GGA is [27]

ESCA[p] = / p(r)e(p'(x), pH(x), Vpl(r), Vpt(r)) d°r (2.24)
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Here, Vp(r) appears as a new argument, and the spin dependence is explicitly
included, which is not the case in the plain LDA.

A widely used GGA functional in solid-state physics is the Perdew-Burke-
Ernzerhof (PBE) functional. It has been shown to improve upon LDA for a broad
range of materials [42, 43]. For example, it corrects the over-binding tendency
of LDA, which often results in underestimated lattice constants. However, GGA
is slightly more computationally expensive. Other GGA functionals, such as
Perdew-Wang 1991 (PW91) [44] or PBEsol [45], which is optimized for solids,
are also in use. The wide range of available functionals reflects the fact that
there is no single best choice for all applications. The selection of an appropriate
functional depends on the specific material system and the properties of interest.

Hybrid Functionals

A well-known limitation of the LDA and GGA functionals is their tendency to
underestimate the band gap of materials [46]. Since this thesis focuses on ac-
curately predicting band gaps in insulators, hybrid functionals are of particular
interest [47]. These functionals improve upon LDA and GGA by incorporating a
fraction of Hartree-Fock exchange, which typically overestimates the band gap.
The Hartree-Fock method, discussed in Sec. 2.6, forms the basis for hybrid func-
tionals. Specifically, the exchange energy term from Equation 2.14 is used to
enhance the exchange-correlation functional in DFT [27]:

1 / ’ ’ ’
B =3 Y Y b, [ [0 el et tn) d'r d'r (229
i
where g(r) is the Coulomb operator:

o) = (2.26)

This Hartree-Fock exchange is mixed with a GGA or LDA exchange-correlation
functional to form the hybrid functional:

B = aBI [p] + (1 — ) EZ4[p] + EZ*p] (2.:27)
A widely used example is the PBEOQ functional [48], which combines the PBE

GGA functional with Hartree-Fock exchange using a mixing parameter o = 0.25:

1 3
BP0 = — B[] + S EP¥[p] + BYPl (2.28)

To reduce computational cost, truncated or range-separated hybrid functionals
are often used. In truncated hybrids, the Coulomb operator is modified to include



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 2. Ab-Initio Simulation of Materials 22

only short-range interactions:

g(r) = {F Hr<r (2.29)

0 ifr>r,

An example is the PBEQ_TC__LRC functional, which is based on PBEO [49].
Range-separated functionals divide the interaction into short- and long-range
parts:

Ebrid — o FEFSR (1) [p] 4+ (1— ) ESCASR (1) [p]+ ESSAR (1) [p] + ESA [p] (2.30)

The parameter pu is a screening parameter that defines the separation between
short- and long-range interactions. A prominent example is the HSE06 func-
tional, which, like PBEO_TC_LRC, is based on the PBE functional and uses
a = 0.25:
1 3
B0 = JEISR (0) o] + L EEPPS (1) o] + BEPSIR () (o] + B[] (2.31)
The Coulomb operator is split using the error function erf and its complement

erfc:
_erfe(ur)  erf(ur)

g(r) = ——+— (2.32)
with 5 o
erf(x) = ﬁ/o eV dt, erfc(r)=1—erf(x) (2.33)

The short-range part is used in the Hartree-Fock exchange, while the long-range
part is excluded, leading to an effective Coulomb operator:

g(r) = —erf‘;f’”) (2.34)
This smoothly transitions between short and long-range interactions, similar
in effect to the truncated operator but without a hard cutoff, as illustrated in
Fig. 2.2. In the limit g = 0, the HSE06 functional reduces to PBEOQ [50]. In the
HSEO06 functional, the screening parameter y = 0.11 Bohr is used [51]. This value
has been shown to provide good band gap estimates for typical semiconductors.
In a study by Garza et al. [52], HSE06 achieved a mean absolute percent error
of approximately 15%, outperforming other hybrid functionals such as PBEO.
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erfe(z)

Figure 2.2: Plot of the complementary error function erfc(x).

2.7.5 Basis Sets

The second step in the iterative process shown in Fig. 2.1 is solving the Kohn-
Sham equations 2.20. To do this, the wave functions 1,(r) are expressed as a
linear combination of basis functions. The theoretical foundation for this ap-
proach lies in function spaces, where a given function can be represented by a
linear combination of suitable basis functions, possibly infinite in number. A
well-known example is the Taylor series expansion, where the basis functions
are monomials ", and the space of representable functions consists of analytic
functions [53].

In DFT calculations, the electronic wave functions are similarly expanded
in a basis set, although the number of basis functions must be finite due to
computational constraints. The most commonly used basis sets are plane waves
and Gaussian functions. In practice, a trade-off must be made between the
number of basis functions and the ability to approximate the true wave function
accurately. This trade-off directly affects the computational cost and the error
introduced in the calculation.

Plane Waves

Considering the Fourier series, any square-integrable periodic function can be
represented by a set of plane waves. To simplify the formulation, it is convenient
to normalize the wave functions to the volume 2:

1 iq-r
P, (r) = E g Ci g€ (2.35)
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The plane waves must be orthonormal with respect to the standard inner prod-
uct:

1 o
Q /Q el Tl @3 — O’ (2.36)

If the effective potential ViZs(r) in Equation 2.21 is also expanded in a Fourier
series, and the wave vector is written as q = k4 G,,,, the Kohn-Sham equations
can be rewritten in matrix form:

1
5 (1Kt G2, + Ve G = G)) € () = &) (K)  (2:37)

Here, G,,, are reciprocal lattice vectors of the crystal and k is the wave vector
within the first Brillouin zone. Although there are infinitely many G,, vectors,
a finite number must be used in practice. This is controlled by an energy cutoff,
which restricts the included plane waves based on their kinetic energy [27]. Only
those plane waves whose kinetic energy is below this cutoff are considered in the
calculation.

A challenge arises because components of the wave function with high spa-
tial frequency, typically near the atomic core, require very large cutoffs to be
resolved accurately. Electrons near the nucleus possess high kinetic energies and
contribute significantly to this issue. For many applications, however, it is suf-
ficient to focus on the valence electrons, as they are primarily responsible for
chemical bonding. The core electrons can be treated using pseudopotentials,
which will be introduced later.

Gaussian Basis

Instead of using completely delocalized plane waves, alternative basis sets can be
employed that align more closely with the chemical intuition of localized orbitals.
These basis functions are centered around each nucleus, aiming to represent the
wave function more efficiently, particularly near atomic cores. However, unlike
plane waves, these functions are not orthogonal, which introduces the need for
an overlap matrix S;; = (¢;|¢;), resulting in a generalized eigenvalue problem.
The basis functions commonly used today are inspired by Slater-type orbitals,
which are defined as [54]

P(r,0,0)p1m =1"""e"Y (0, 0) (2.38)

where Y] (0, ¢) are the spherical harmonics and « is a parameter.
Shavitt and Karplus demonstrated that these Slater-type orbitals can be
approximated using Gaussian functions, based on the identity:
2

e " = #/0 s72 exp (—i—8> exp(—sr?) ds (2.39)
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This transformation enables more efficient computation [55], though the identity
itself is not directly used in practice. Instead, Gaussian-type basis functions are
introduced in the form:

@ (1,0,8)p 1 =r""1e Y] (6, ) (2.40)

Further optimization is achieved by contracting several of these Gaussian primi-
tives. This replaces the continuous integral in Equation 2.39 with a discrete sum
using pre-optimized coefficients ¢;,, and exponents «;,, [56]:

90”(7'7 07 ¢)n,l,m = ,,,n—l Z Cine_ai"TQ l,m(ea (b) (2'41)

This expression shows that, unlike plane wave methods where the representation
quality is controlled by a single cutoff energy, the quality of Gaussian basis sets
depends on multiple parameters. Today, a wide variety of Gaussian basis sets
are available, with the coeflicients c;,, and exponents «,,, carefully optimized for
each element to best approximate its wave function [57].

Gaussian Plane Waves

The Gaussian plane waves (GPW) method combines the ideas of Gaussian and
plane wave basis sets. Gaussian basis functions, while efficient for representing
localized orbitals, are not directly applicable to periodic systems because they
are not inherently periodic. To address this, the Gaussian basis functions are
made periodic by summing over their periodic images:

o (r) =) ¢i(r—R) (2.42)
R

Because the resulting functions are periodic, they can also be expressed using a
Fourier series, allowing a dual representation in reciprocal (plane wave) space:

p(r) = p(G)e'S™ =) P, 0ok (r)ph(r) (2.43)
G 1%

Here, P is the density matrix expressed in the chosen Gaussian basis. This dual
representation allows using whichever basis is more suitable for a particular part
of the calculation, improving computational efficiency [58, 59].

Gaussian Augmented Plane Waves

The Gaussian augmented plane waves (GAPW) approach extends the GPW
method by replacing the usual density expansion with coefficients F),,, as seen
in Equation 2.43, with the following decomposition:
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p(r) = p(r)+ D palr) = palr) (2.44)
A A

In this formulation, the total electron density is separated into smooth and atom-
centered components. p(r) is a smooth density extended over all space, while
pa(r) and p,(r) are atom-centered hard and soft densities, respectively [59].

Q Z ,0 1G -r
Z ol (r) el (r) (2.45)
Z Aok (r)pl*(r)

This partitioning improves the representation of the electron density near atomic
cores using fewer basis functions, and follows an idea similar to that of pseudopo-
tentials, discussed in Sec. 2.7.6. The GAPW method was originally developed
for all-electron calculations, where no pseudopotentials are used. However, it can
also be combined with pseudopotentials to further reduce the required energy
cutoff [59-61].

Comparison

The choice of basis set depends on the material and the properties of interest.
Plane waves are intrinsically periodic, orthogonal, and conceptually simple. Ad-
ditionally, the size of the basis set can be systematically increased by raising the
kinetic energy cutoff. Increasing the size of the basis set is less straightforward
for a Gaussian basis. However, plane waves require a large number of functions
to accurately describe the wave function near atomic nuclei and to capture the
shape of orbitals, which can become computationally demanding.

In contrast, Gaussian basis sets are better suited to represent wave func-
tions near nuclei and are particularly useful in computational chemistry. Their
non-periodic nature makes them well-suited for isolated systems such as single
molecules. Due to their computational advantages, the GPW and GAPW meth-
ods are increasingly used in solid-state physics. However, these methods are
conceptually more complex: the basis functions are not orthogonal, the density
representation is more involved, and the basis depends on the atomic positions.
This positional dependence must be taken into account when comparing systems
with different atomic configurations.

There is no universally best basis set and various codes support different sets.
In this thesis, the GAPW method combined with pseudopotentials was chosen,
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as it provides a good balance between computational efficiency and accuracy
of forces for a given cutoff. This section does not aim to be exhaustive and
focuses primarily on the basis sets used in this work. For a more comprehensive
discussion, the reader is referred to the literature [27, 62].

2.7.6 Pseudopotentials

Most relevant phenomena in quantum chemistry are governed primarily by the
outer-shell (valence) electrons [27]. Core electrons are tightly bound to the nu-
cleus and do not significantly contribute to the electronic structure relevant for
bonding or other material properties. However, their high kinetic energies make
them computationally expensive to treat explicitly.

Since the wave functions of core electrons are only weakly influenced by the
chemical environment, their effects can be incorporated as an auxiliary potential.
Pseudopotentials take advantage of this by replacing the explicit treatment of
core electrons with an effective potential for each atomic species. This greatly
reduces the computational cost while retaining sufficient accuracy for most ap-
plications [27].

Several types of pseudopotentials (PPs) exist, including ultrasoft pseudopo-
tentials [63], projector augmented wave (PAW) methods [64], and norm-conserving
pseudopotentials. The latter are discussed in more detail here, as they are used
in the calculations presented in this thesis.

The central idea is to modify the potential in such a way that, after removing
the core electron wave functions and incorporating their effects into the poten-
tial, the remaining valence electrons behave as if the core electrons were still
present. To validate this approximation, the pseudo wave functions of the va-
lence electrons are compared to the corresponding all-electron wave functions of
the full system.

Norm-conserving Pseudopotentials

A key requirement for any PP is transferability, meaning it should yield accurate
results across different chemical environments. In 1979, Hamann et al. intro-
duced criteria for constructing norm-conserving pseudopotentials and proposed
a method for generating them [65]:

e The eigenvalues of the pseudo and all-electron valence states must agree
for selected reference configurations.

e The all-electron and pseudo valence wave functions must match beyond a
chosen core radius r,.
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e For r > r_, the integrated charge densities of the all-electron and pseudo
wave functions must be equal for each valence state, ensuring norm con-
servation: [ OT p(r) d3r is the same for both systems.

e The logarithmic derivatives and their first energy derivatives of the all-
electron and pseudo wave functions must also agree for r > r,.

The last two conditions are important for ensuring the accuracy and transfer-
ability of the pseudopotential. They guarantee that, beyond the core region, the
electronic potential and scattering behavior are effectively the same as in the
all-electron system [65].

GTH Pseudopotential

The PP used in the calculations conducted in this thesis is the GTH pseudopo-
tential, developed by Goedecker, Teter, and Hutter [66]. This analytic PP is
characterized by at most seven parameters per element for those in the first two
rows of the periodic table. It is designed to have favorable decay properties in
both real and reciprocal (Fourier) space, making it efficient and well-suited for
solid-state simulations. The GTH PP is composed of a local and a non-local
part, with the total potential given by:

lma.x
Vop (1) = Viee(r) + D V(1) (2.46)
l

The local part has the following analytic form [67]:

N 4 - (2.47)
veo (4(2) ) e (1)

Here, Z,,, is the ionic (nuclear) charge, r, is the cutoff radius, and C; are element-
specific optimized coefficients. The non-local part of the Hamiltonian is expressed

as [67]
N
anl = Z Z héj |p§~m> <p£m| (2.48)

m  1ij
with the projector functions defined by [67]:

o\ 142 r’
(r|pi™) = N}Y'!'™(#)r+2i-2 exp <_ﬁ> (2.49)
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In these expressions, Y'™(#) are the spherical harmonics, N} are normalization
constants, and h, ;; are fitting coefficients [66, 67].

2.7.7 Auxiliary Density Matrix Method

When calculating the exchange-correlation energy in hybrid functionals, many
integrals of the form

=S R R [ [l - o) dr d (250)

ijkl

must be evaluated. Here, P is the density matrix, as introduced in the GPW
method in Sec. 2.7.5. Given the coefficients C of the occupied orbitals in the
chosen basis set, the density matrix can be expressed as:

P=cc” (2.51)

The Hartree energy involves a similar integral, which can be simplified in recip-
rocal space. However, this simplification does not apply to the exchange energy
due to the index structure of the integrand.

Since the exchange integral contains four indices, the computational com-
plexity scales as O(IN*), where N is the number of basis functions. To improve
efficiency, screening techniques are used to omit contributions where F ;B is
negligible, introducing only minor errors in the total energy. Another effectlve
strategy is the auxiliary density matrix method (ADMM), which approximates
these integrals using a reduced basis set for the Hartree-Fock exchange (HFX)
calculations. The wave functions v,(r) are approximated using a smaller auxil-

iary basis {¢,(r)} [68]:

Z i uPu(r) = () (2.52)

The coefficients CA'Z ., are obtained by minimizing the squared difference between
the true and approximate wave functions. From these, the auxiliary density
matrix P, which is significantly smaller than the full matrix P, can be computed
through a linear transformation of the original coefficients. The total exchange
energy is then approximated as the sum of the exchange energy computed with
the auxiliary density matrix, plus a correction term derived from the difference
in GGA exchange energies between the full and reduced basis sets [68]:

EX"[P] ~ EYF[P] + EZOA[P] — E{A[P] (2.53)
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2.7.8 Theory to Practice: CP2K

Developing software capable of performing DFT calculations for systems of rel-
evant size is a significant challenge, not only due to the theoretical complexity
but also because of the high-performance computing requirements. Several soft-
ware packages are available for DFT simulations, including QUANTUM ESPRESSO,
VASP, ABINIT, and CP2K. These codes differ in many aspects, such as the
choice of basis sets, intended applications, licensing models, and computational
performance.

CP2K is a versatile program designed for a wide range of applications in
computational chemistry and physics. It supports various DFT methods and is
well-suited for large-scale simulations. The software can employ both GPW and
GAPW basis sets, supports a broad selection of functionals and pseudopotentials
and includes performance optimizations such as ADMM for hybrid functional
calculations. Due to its flexibility and efficiency, CP2K is used in this thesis to
compute the properties of the investigated materials. Its performance for large
systems is particularly advantageous for the defect calculations presented in later
chapters.
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CHAPTER 3

MATERIAL PROPERTIES FROM DFT

CALCULATIONS

For a basic screening of the properties of fluoride insulators, two key quantities
are of interest: the band gap and the permittivity. This section introduces
these properties, along with crystal structure and crystal defects, and explains
how they can be calculated using DFT. Defects in insulators are of particular
relevance, as they can lead to charge trapping and diffusion of defect species,
which in turn may cause reliability issues in electronic devices, as presented in
the introduction. The theoretical methods used to determine these material
properties from DFT results are described in the following sections.

3.1 Crystal Structure

A crystalline material is characterized by its long-range order, meaning the atoms
are arranged in a periodic structure. To describe a crystal structure, one must
define both the unit cell and the atomic basis [8].

Unit Cell and Basis of a Crystal

The unit cell is specified by the lattice vectors a, b, ¢, which, when repeated in
space, tile the entire crystal with identical unit cells. Alternatively, one can view
this periodicity as translational invariance: shifting the crystal by any integer
linear combination of the lattice vectors leaves the structure unchanged [8].

R — n1a+n2b+n30 (3.1)

The set of all vectors R defines the Bravais lattice of the crystal. To fully describe
the crystal structure, the atomic basis must also be specified. This is the set of
atoms associated with a single unit cell, which is replicated at each lattice point
to build the entire crystal.

These unit cells are not unique - different unit cells can be chosen to describe
the same crystal. The primitive unit cell is the smallest possible repeating unit
that fully captures the crystal’s periodicity. However, sometimes a larger con-
ventional unit cell is used instead [8]. The conventional cell is often preferred

31
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for visualization, as it typically uses more intuitive lattice vectors and provides a
clearer understanding of the crystal symmetry. For example, in the cubic CaF,
crystal shown in Fig. 3.1, the primitive unit cell has non-orthogonal lattice vec-
tors forming a 60° angle, while the conventional unit cell uses orthogonal vectors
and contains 4 Ca and 8 F atoms.

3.1.1 Symmetry

Symmetry plays an important role in the calculations conducted in this thesis,
as it can significantly reduce computational effort. This is particularly relevant
for phonon structure calculations, as discussed in Sec. 3.3.1, and for restricting
the number of possible diffusion pathways, as outlined in Sec. 5.3.1 [69].

In addition to computational advantages, symmetry also influences the phys-
ical properties of a material. It constrains the form of material tensors, such
as the permittivity tensor, which can be used to assess the plausibility of the
calculated results. For instance, a crystal with cubic symmetry must have a per-
mittivity tensor that is a scalar multiple of the identity matrix. In other words,
the material must be isotropic in its dielectric response [70].

Lattice Systems

Depending on the lattice vectors of the crystal, one of seven distinct lattice
systems can be used to describe its symmetry [71]. Each system is characterized
by the lengths of the lattice vectors a, b, c and the angles «, 3, between them.
These assignments are not unique and can be permuted without changing the
underlying symmetry.

e Triclinica #£ b # ¢ e Rhombohedral a =b=c¢
aF B#FyF90° a=pf=vy#90

e Monoclinic a # b # ¢
a=vy=90°p8+#90° o Hexagonala=0b+#c

e Orthorhombic a # b # ¢ o= =90y =120
a:ﬂ:’y:goo

e Tetragonal a =b +# ¢ e Cubica=b=c
a:ﬁ:fyzgo" a:ﬂ:»y:gO"
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Bravais Lattices

The seven crystal systems can be further divided into 14 unique Bravais lattices.
These are classified based on the symmetry of the lattice system, as described
above, and by the positions of lattice points within the unit cell [72].

o Primitive (P): Lattice points are located only at the corners of the unit
cell.

o Base-Centered (A, B, C): Lattice points are at the corners and at the
center of one pair of opposite faces.

o Body-Centered (I): Lattice points are at the corners and in the center
of the unit cell.

o Face-Centered (F): Lattice points are at the corners and at the center
of all faces of the unit cell.

Not all combinations of lattice system and positions are distinct and accounting
for these equivalences gives a total number of 14 Bravais lattices [8].

Space Groups

A crystal’s symmetry can also be described in greater detail using its point
group and, more comprehensively, its space group. The space group includes
all symmetry operations that leave the crystal unchanged [8]. These symmetry
operations include those from the point group: rotations, reflections, inversions,
and improper rotations, as well as additional symmetries specific to the crystal
lattice, such as lattice translations, screw axes, and glide planes [8]. In total,
there are exactly 230 unique space groups that can be used to classify crystal
symmetries [73].

Several notation systems exist for enumerating these space groups. In this
thesis, the Hermann-Mauguin notation, also known as international notation!,
is used. The Hermann-Mauguin name for a space group is constructed from the
following components [74, 75]:

1. The Bravais lattice type (e.g., P, I, F, C, R).
2. The point group:

(a) Rotation axes, denoted by n, where 360°/n is the rotation angle.

(b) Inversion centers, denoted by 1.

!This notation has been adopted as standard in the International Tables for Crystallography.
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Figure 3.1: Ball and stick representation of a CaF, crystal, viewed along (a) a
crystal axis, (b) a face diagonal, and (c) a body diagonal. The 4-, 2-, and 3-fold
rotation axes are apparent in these representations. Cyan spheres represent F
atoms, and pink spheres represent Ca atoms.

(c) Rotoinversions, denoted by n, combining 360°/n rotation followed by
inversion.

(d) Mirror planes, denoted by m.

(e) Rotation-reflections, denoted by n/m, where the mirror plane is per-
pendicular to the rotation axis.

3. Screw axes, denoted by n;, where 360°/n is the rotation angle and [ is the
fractional translation along the axis.

4. Glide planes, denoted by a letter indicating the direction of the glide (e.g.,
along lattice vectors or diagonals).

As an example, the CaF, crystal has the space group F4/m32/m, or in short
notation Fm3m. It is a face-centered cubic crystal, with four-fold rotation axes
that have a perpendicular mirror plane (along the axes), three-fold rotoinversions
(along the volume diagonals), and finally twofold rotation axes with a perpendic-
ular mirror plane (along the face diagonals). The symmetry axes are visualized
in Fig. 3.1, in which the crystal is viewed along the three different symmetry
axes.

Wyckoff Positions

Within a unit cell, the positions of atomic nuclei can be classified using Wyckoff
positions. When the symmetry operations of a space group are applied to a
given atomic site, the atom may be mapped to one or more symmetry-equivalent
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sites within the unit cell. Positions that are mapped among each other under
the same set of symmetry operations are grouped together. More precisely, all
points that share the same (conjugate) site symmetry group belong to the same
Wyckoff position [76]. Each Wyckoff position is denoted by a multiplicity (the
number of equivalent positions per unit cell) and a letter.

The complete listing of Wyckoff positions, along with their multiplicities and
symmetry characteristics, is tabulated for each space group in the International
Tables for Crystallography [77].

3.2 Electronic Band Gap

The electronic band gap is a key property of non-conducting materials. It repre-
sents the minimum energy difference in the forbidden region between the valence
and conduction bands [8]. A large band gap characterizes an insulator, indicat-
ing that electrons are tightly bound to atoms and require significant energy to
be excited. For semiconductors, the band gap is also crucial, as it directly in-
fluences the electrical properties of MOS devices. However, semiconductor band
gaps are typically smaller than those of insulators. It is additionally important to
distinguish between direct and indirect band gaps in semiconductors. This dis-
tinction is based on the positions of the conduction band minimum and valence
band maximum in the Brillouin zone. In a direct band gap, both extrema occur
at the same momentum, allowing optical transitions without the involvement of
phonons. This property is essential for optoelectronic applications, as indirect
semiconductors require momentum transfer for such transitions, making them
less probable [8].

To estimate the band gap using DF'T, the highest occupied molecular orbital
(HOMO)-lowest unoccupied molecular orbital (LUMO) gap of the Kohn-Sham
eigenenergies can be used. These eigenvalues are obtained from solving the Kohn-
Sham equations within the self-consistent field (SCF) cycle. It is important to
note that the Kohn-Sham eigenvalues and eigenfunctions do not have direct
physical meaning, as they result from an auxiliary system of non-interacting
electrons, as discussed in Sec. 2.7. Even the true (unknown) exchange-correlation
functional does not yield the correct band gap using the HOMO-LUMO gap,
due to a discontinuity in the exchange-correlation potential at integer particle
numbers [46, 78].

For finite systems, the relationship between eigenvalues and excitation ener-
gies has been studied by Savin et al. [79], who investigated the physical meaning
of the HOMO - LUMO gap obtained from DFT calculations. They found it to
be a good approximation of the fundamental gap.
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Perdew et al. found that for periodic systems and generalized Kohn-Sham
methods fulfilling certain conditions, such as the hybrid functionals employed in
this thesis, the HOMO - LUMO gap represents the fundamental gap of the chosen
functional [80]. Nevertheless, these calculated band gaps still suffer from the
discontinuity described above. Despite this limitation, hybrid potential HOMO-
LUMO gaps, as discussed in 2.7.4, provide decent approximations of experimental
band gaps [50] and offer a useful basis for comparing materials calculated with
the same functional.

3.3 Harmonic Crystal

The separate treatment of nuclei and electrons is justified in the Born - Oppen-
heimer approximation, as discussed in Sec. 2.3. However, at finite temperatures,
the nuclei are not fixed at lattice points but instead vibrate around their equilib-
rium positions. These vibrations give rise to several important physical phenom-
ena in solids. Fundamental properties such as specific heat, thermal expansion,
electronic relaxation time, and the ionic contribution to permittivity, as well as
more complex phenomena like superconductivity and inelastic photon scattering,
require a non-static lattice to explain them [8].

To obtain a simple description, only small displacements from equilibrium po-
sitions are considered. In this regime, the potential experienced by the nuclei can
be approximated as that of a harmonic oscillator. Under this harmonic approxi-
mation, vibrational modes can be described by introducing phonons. While this
model is effective for many properties, it cannot explain all behaviors of solids.
For instance, thermal expansion and specific heat at high temperatures are not
adequately described within the harmonic approximation [8].

3.3.1 Phonons

The potential V (ry y,..., T, ... ) of the nuclei, which includes both their interac-
tion with the electrons and the Coulomb repulsion among themselves, is defined
by the atomic coordinates of the crystal. Here, the index k labels ions within a
unit cell and [ labels the unit cells themselves.

To study lattice vibrations within the harmonic approximation, only de-
viations from the equilibrium positions are considered. Displacement vectors
Up, =Ty, — rg’l are introduced, representing the deviation of each ion from its
equilibrium position.
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Expanding the potential in a Taylor series around the equilibrium position,
the first-order term vanishes and only the second-order term remains [81]:

1
‘/ilarm = % + 5 Z Z u;ﬁr,lgk’l,k/’l/uk’,l’ + ... (32)
Kl KU

Higher-order terms are neglected as the approximation is limited to small dis-

placements.

The matrices ® , are the force constant matrices and describe the inter-

kLK
action between atom k in unit cell [ and atom &’ in unit cell I’. Their components

are defined as [81]:
0*V

o =
nw
duy 0wy,

K,k 1 (3.3)

w
u=0 3uk,l

The Hamiltonian of the ionic system is then given by:

2
p
= Z 2:1; 2 Z Z W Ly W v (3.4)

k l k/ l/
A solution to the equation of motion can be found by using the following ansatz [81]:

1
uk,z(q, A) = ——=U,(q,\) exp(i(q- R; + Wy, At)) (3.5)
Nmy,
Here, q is the phonon wave vector and A denotes the phonon mode. R; is the lat-
tice vector to reach unit cell [. Inserting this ansatz into the equations of motion

and simplifying the resulting expressions leads to the eigenvalue equation [81]:

( Uk)\ Z mym;, kk’( )Uk’,)\(q) (36)

The dynamical matrix? is defined as [81]:

[ 1 .
Dk,k’(q) = mgk’k,(q) = ;gk,l,k’,l’ exp(zq ’ (Rl’ — Rl)) (37)

Due to translational symmetry, the matrix is independent of the index [. The
polarization vector Uy (q) describes the direction and magnitude of atomic
displacement for each phonon mode. The dynamical matrix D D, has dimensions
3N x 3N, where N is the number of atoms per unit cell, resultlng in 3N phonon
modes in total. These modes are classified as either acoustic or optical. Acoustic
modes exhibit linear dispersion for small wave vectors [81].

2This section uses the D-type definition of the dynamical matrix [69].



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 3. Material Properties from DFT calculations 38

Calculating Phonons with DFT

To calculate the phonon modes, the force constant matrix must be obtained.
While forces on atoms can be computed using the Hellmann-Feynman theo-
rem [82, 83] with a single-point calculation in the framework of DFT, this ap-
proach is not sufficient for calculating the force constant matrix, which involves
derivatives of the forces with respect to atomic displacements. To compute these
second derivatives, either density functional perturbation theory or the so-called
“frozen phonon” method can be employed [84]. The latter, which approximates
the required derivatives using finite differences in a supercell, is used in this the-
sis. In the frozen phonon approach, the unit cell is replicated multiple times to
form a supercell, and selected atoms are displaced slightly from their equilibrium
positions. The number of replications determines which g-points in the Brillouin
zone are sampled. The magnitude of the displacements affects the numerical ac-
curacy of the resulting force constant matrices. Forces are then calculated for
each displaced configuration. In principle, at least 3N different displacements
are needed to construct the full matrix, where NN is the number of atoms in the
unit cell. However, symmetry considerations can greatly reduce the number of
necessary calculations [69].

As with many numerical approaches, there is a trade-off between computa-
tional effort and accuracy, particularly in choosing the size of the displacement
and the extent of the supercell replication.

Phonopy Software Within this thesis, the PHONOPY software was used to
calculate the phonon properties of the materials. Using the SPGLIB library, it can
automatically determine the symmetry of a structure [85] and create a minimal
number of displacements to calculate the force constant matrix. It only needs
to consider one nucleus at each Wyckoff position, and the symmetry operations
of the space group can be further used to reduce the number of displacements
needed.

3.4 Permittivity

Permittivity is a material property that quantifies the polarization induced within
the material when subjected to an external electric field. When an external elec-
tric field is applied to a crystal, both the nuclei and the electrons contribute to
the polarization field since they are charged particles.

Nuclei are much heavier and thus are much slower to respond to any electrical
field, which is also invoked in the Born-Oppenheimer appoximation. This means
that for high-frequency electric fields, like the field associated with a photon in



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 3. Material Properties from DFT calculations 39

the optical spectrum, the nuclei are not able to respond and therefore do not con-
tribute to the permittivity. Hence, it makes sense to define the total permittivity
for low frequencies as the sum of the electronic and ionic contributions [86]:

(3.8)

The nomenclature in the literature can be confusing because the electronic per-
mittivity is sometimes referred to as the “static” permittivity, indicating that
the nuclei remain static. This term should not be confused with the permittivity
at zero frequency, which is also called static in typical engineering applications.

The macroscopic polarization density P and the macroscopic electric field E
are related by the permittivity tensor € according to:

P =¢y(e, —1)E =g xE (3.9)
Here, €, is the vacuum permittivity and x is the electric susceptibility tensor,

which relates the polarization density to the electric field. The polarization

density P for a crystal can be defined as the dipole moment p per unit volume
Q:

glw—0)=¢g, te

—1ion

P
P== 1
Q (3.10)

This dipole moment can be calculated using DF'T in combination with the Berry
phase formalism.

3.4.1 Berry Phase Formalism

It is important to note that polarization in a periodic system is not unique and
is defined only up to a quantum of polarization [87]. The same polarization state
can be represented by multiple polarization vectors, each differing by an integer
linear combination of polarization lattice vectors.

This does not affect physical observables, as only differences in polarization
are measurable. However, it can complicate calculations, since care must be
taken to correctly handle polarization jumps when moving between different
polarization lattice vectors. The polarization difference between an initial state
0 and a polarized state f can be calculated as follows [87]:

1 2ie aun 0
=§Z[Qf —gfr}] - 32/ nkl <) — (bl akk)d?’k (3.11)

Tonic

Here, (2 is the volume of the unit cell and u,,, are the Bloch functions as defined
in Eq. 2.6. The first term is the ionic contribution, and the second term is the
electronic contribution.

In this thesis, CP2K is used to calculate polarization employing the Berry
phase formalism.
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3.4.2 Calculating the Electronic Permittivity

To compute the electronic permittivity tensor € |, a small (periodic) electric field
is applied along three orthogonal directions. For this calculation the unit cell and
atomic coordinates are not allowed to relax, i.e. they remain fixed. This means
that only the electron density can respond to the field, reflecting conditions at
high frequencies. The electronic permittivity tensor is then calculated from the
polarization differences using:

1 AP

——rs
fw = g AE, "

s (3.12)

which directly follows from Eq. 3.9.

3.4.3 Born Effective Charges

The Born effective charge (BEC) tensor relates the amount of charge displaced
to the small displacement of an ion. Equivalently, it describes the force acting
on an ion when a small electric field is applied [86]. Formally, it is defined by
the change in polarization caused by a displacement of an ion [86]

Q OP 10F, ,

Zy —=__ Kk _ Y 3.13
LRV e or,, eOE, ( )

where ) is the volume of the unit cell, ¢ indexes the ion, P, is the polarization
density along the y direction, and r; , denotes the displacement of the ion in the
v direction. For any insulating material, the sum of the BECs of all atoms in
the unit cell must vanish [86]:

Z =o0. (3.14)

3.4.4 Ionic Permittivity

The ionic permittivity arises due to polarization caused by ion displacement in
an external electric field. At low frequencies, the ionic permittivity is connected
to the BEC and phonon modes at the I" point of the Brillouin zone by [86]

1 S)x v
> =k (3.15)

with the oscillator strength tensor S, defined as:

S}\,,LLI/ - (Z % “M’U)\ 7, - ) (Z i,vv’ )\,1,1/ = 0)) (316)
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U, denotes the displacement vector of the i*" ion in the A\ phonon mode with
frequency w,. The eigen-displacements must be normalized according to [86]:

ZmiU;:,i,uU)\’,i,u =0\ \- (3.17)

(N7

3.5 Defects

Real crystals are never perfect, they always contain some form of defects. These
defects can be categorized by their dimensionality: point defects, line defects, or
plane defects. In this thesis, only point defects are investigated, with a focus on
fluorine vacancies.

3.5.1 Point Defects

Point defects can be intrinsic or extrinsic. Intrinsic defects are composed of
the same elements as the host crystal, whereas extrinsic defects involve foreign
elements [88]. Extrinsic defects may be introduced intentionally, as dopants, or
occur unintentionally as impurities. Point defects can be classified into several
categories shown in Fig. 3.2:

e Vacancy: An atom is missing from a lattice site.

o Self-interstitial: A host atom occupies an interstitial site that is normally
unoccupied.

o Substitutional defect: An atom, not residing in this site normally, re-
places a host atom at a lattice site.

o Interstitial: A foreign atom resides in an interstitial site.

e Frenkel defect: A host atom is displaced from its lattice site into an
interstitial site, forming a vacancy-interstitial pair.

In certain contexts, defects are desirable, such as dopands in a semiconductor,
which are usually substitutional defects. For instance, when a donor atom with
an additional electron in the shell is incorporated in the host lattice, the electron
is easily excited into the conduction band, increasing the conductivity of the
material.

In contrast, for insulators in MOS devices, such defects are generally unde-
sirable. However, there are exceptions where defects are deliberately introduced,
such as in charge trapping layers used in memory devices [89, 90].
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Figure 3.2: Schematic representation of different point defects in a lattice.

3.5.2 Defect Formation Energy

The formation energy of a defect quantifies the energy difference between a crys-
tal containing the defect and the pristine crystal, accounting for the chemical
potential of the atoms involved in the defect. If a defect can occupy multiple
Wyckoft positions or exist in different charge states, the configuration with the
lowest formation energy will be most stable under thermodynamic equilibrium
at a given Fermi level [12].

The formation energy of a defect is defined by [12]:

Ef[Xq] = Etot[Xq] - Etot [blﬂk] - an:u‘z + qEF + Ecorr (318)

where E, [X] is the total energy of the cell with a defect configuration X with
charge q. E, . is the energy of the bulk material and p, is the chemical potential
of the element ¢ that is added (n; > 0) or removed from the system in order to
create the defect. Ep is the Fermi energy and E_, is a correction term for the
periodic images due to the periodic boundary conditions [91]. Several correc-
tion schemes have been proposed to account for the finite size of the supercell.
A commonly used correction is the Freysoldt-Neugebauer-van de Walle (FNV)
correction, which is based on the work of Freysoldt et al. [92].

Defects can be in different charge states, with different formation energies
depending on the Fermi energy of the system. The Fermi energy is typically
referenced to the valence band edge of the material, which is approximated as
the HOMO of the neutral, bulk structure.
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Transitions between defects in different charge states are described by non-
radiative multi-phonon processes, which go beyond the scope of this thesis. A
detailed description of these transitions is given in [93].

Calculation of Defect Formation Energies with DFT

The total energies of both the pristine crystal and the defect-containing structure
can be trivially calculated using DFT. Before doing so, both structures must be
relaxed to their equilibrium positions. This relaxation is performed using a
gradient-based optimizer that searches for a local energy minimum (which might
not necessarily be the global minimum). Further details on this procedure are
provided in Sec. 4.1.5.

Chemical potentials are usually approximated using the total energy of the
most stable compound of the element in question. For instance, the total energy
of F, is calculated and then divided by two to estimate the chemical potential of
elemental fluorine. However, this approach only provides upper or lower bounds
for the chemical potential, since the actual value within the crystal depends on
the specific growth conditions of the material.

Tools such as SXDFECTALIGN [92] and COFFEE [94] are available to compute
the FNV correction term.

3.5.3 Diffusion of Defects

Some atoms in a crystal can move within the lattice over time by overcoming a
characteristic transition energy barrier F£,. This process is driven by the thermal
motion of atoms in the lattice, where an atom can statistically gain energy from
its surroundings, which are typically treated as a heat bath. As a result, the atom
moves from one site to another, leading to a macroscopic phenomenon known as
diffusion.

This process is macroscopically described by Fick’s laws [88]. Fick’s first law,
valid for an isotropic medium in this form, is given by

J=-DVn (3.19)

where J is the atomic flux, D is the diffusion coefficient, and n is the concen-
tration of the diffusing species. It describes the local flux as a response to a
concentration gradient. Fick’s second law, which follows from the first, governs
the time evolution of the concentration:

on

— = DV? 2
5 Ven (3.20)
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Figure 3.3: Schematic representation of a diffusion process. The interstitial
moves from the initial state to the transition state and to the final state. A
sketch of the energy profile of the process is shown above.

The diffusion coefficient is highly temperature-dependent and follows an Arrhe-
nius law:

D = Dy exp (— Eo ) (3.21)

kT

where D, is the pre-exponential factor, E, is the activation energy, kg is Boltz-
mann’s constant, and T is the temperature [88].

The temperature dependence of the diffusion coefficient can be understood
by examining the microscopic mechanism of diffusion. At this scale, a particle
moves randomly across a potential energy surface, transitioning from one local
minimum to another. This process can be described using transition state theory,
first developed by Eyring, Evans, and Polanyi [95, 96].

Transition state theory assumes that the system is initially in a thermal
equilibrium and that once a transition over the energy barrier occurs, the system
does not revert to the original position but instead relaxes into the new minimum.
In this framework, atomic nuclei are treated as classical particles. However, this
approximation can break down for light atoms, such as hydrogen, where nuclear
tunneling plays a significant role [97].

The reaction rate from the initial state ¢ to the final state j can be described
by [98]

kij = (vg) P(zy) (3:22)

where (v;) is the average velocity pointing towards the final state and P(z,)
is the probability of finding the particle at the transition state. Assuming a
thermal equilibrium, the average velocity can be described by the Boltzmann
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distribution, which leads to the following result [98]:

(vp) =/ ;%Z (3.23)

When approximating the minimum with a harmonic (parabolic) potential, the
probability P(z,) is found to be

1 _ _Eq
P(z,) ~ ———¢ FBT (3.24)

2wkgT
muwq

Using this probability, the total reaction rate can be found [98]:

Eq
Kigt = e meT (3.25)
s

It has the same form as the Arrhenius equation 3.21, connecting the empirically
found equation with microscopic arguments [98]. The parameter ‘2"—; is the at-
tempt frequency, which is governed by the phonon spectrum of the material and

is typically is in the order of 1013 Hz [99, 100].

3.5.4 Calculating Diffusion Barriers with DFT

First, the transition state must be identified. It corresponds to a first-order saddle
point on the potential energy surface along the path between the initial and final
states. Finding this point is not trivial, as the potential energy surface is high-
dimensional and expensive to evaluate due to the already high computational
cost of single-point energy calculations.

Optimization techniques such as the nudged elastic band (NEB) method [101]
and variations like the climbing image nudged elastic band (CI-NEB) method [102],
are used to determine both the transition state and the reaction path. Alter-
natively, the transition state can be found via local optimization methods like
the Dimer method [103], though in practice, this approach can present certain
limitations which will be discussed in more detail below.

The attempt frequency, which can be determined from the vibrational modes
of the defect in the lattice, is not considered in this thesis. The activation energy
is sufficient to provide a comparison of the relative diffusivity between different
fluorides studied in this work.

Nudged Elastic Band Method

To find the minimum energy path between two states, including the transition
state, the NEB method is a widely used approach. It is based on the concept of
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an elastic band connecting the initial and final states, stretched over the potential
energy surface. This band is modeled by a series of discrete points called “images”
or “replicas,” which are linked by virtual springs. The coordinates of these images
are optimized to minimize the total energy of the band, while the spring forces
maintain approximately equal spacing between images. Each image experiences
two forces: the spring force from its neighboring images and the reverse physical
force due to the potential energy surface [104]:

Flotl — FPE L pry (3.26)

(2

with .

F™ = k(Riy — 2R +R;y)  F)Y = —VVg, (3.27)
where k is the spring constant and R, is the position of the nuclei in image i.
However, this original or “plain” elastic band method [104] tends to cut corners
when the path crosses curved regions of the potential energy surface. Intuitively,
this can be understood when imagining a real rubber band stretched over a
concave surface. To mitigate this, the method adjusts the force components so
that the spring force acts only along the tangent of the path, while the physical
force is projected perpendicular to the path [101]. Given a local tangent t, at
image i, the corrected NEB force becomes:

h h sprin,
FPeNER — [FPY — (F)Y - ) t] + (F777° -6, 8, (3.28)
The tangent vector t, is typically approximated as:
R,.; — R,
t wl el (3.29)

" Ry — Ry

Projecting the forces in this way allows the spring interactions to control the
image spacing while keeping each image aligned with the potential energy surface,
thereby avoiding the corner-cutting issue. Despite this, the finite number of
images can still result in missing the exact saddle point. To address this, the
climbing image nudged elastic band (CI-NEB) method was developed [102]. In
this extension, the image with the highest energy is allowed to climb along the
potential surface by removing the spring forces and allowing the physical force to
push it uphill. This ensures the image converges to the saddle point, representing
the transition state. Figure 3.4 (left) illustrates the difference between standard
NEB and the CI-NEB method.

A NEB calculation requires an initial guess for all intermediate images. A
simple approach is to linearly interpolate between the atomic positions of the
initial and final states. However, this can result in poor convergence. A more
accurate guess, such as geodesic interpolation proposed by Zhu et al. [105], im-
proves convergence. The authors showed that geodesic interpolation outper-
formed other schemes, and therefore it was used throughout this thesis.
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Figure 3.4: (left) Comparison of the reaction paths found by NEB and the climb-
ing image NEB method. The circle marks the transition state of the example
potential surface. The markers are at the location of the images of each band.
(right) Illustration of the dimer method. The dimer is rotated to minimize the
energy, and then translated according to the chosen translation method.

Dimer Method

The dimer method is a computationally less expensive technique for locating a
transition state between two minima on the potential energy surface. It relies on
the idea that two closely spaced, rigidly connected points (forming a ”dimer”)
will have minimum energy when aligned perpendicular to the ridge of a potential
energy surface.

The two points in the dimer represent configurations of the system and are
used to estimate curvature. In each step of the optimization, the dimer is rotated
to minimize its energy, or equivalently, to achieve vanishing torque. This rotation
identifies the direction of maximum negative curvature, which typically points
toward the transition state [103]. Once the optimal orientation is found, the

dimer is translated in the direction of the effective force FT, defined as:
F =F,—2(F, t)t (3.30)

Here, F, is the total force acting on the dimer, which points toward the nearest
local minimum, and t is the direction of the dimer. By inverting the component of
F j, that is parallel to the dimer (i.e., the maximum negative curvature direction),

the resulting force F' drives the system toward the saddle point. This direction
can be used for optimization via a modified molecular dynamics simulation or
as the search direction in a conjugate gradient method [103]. An illustration of
the dimer method is shown in Fig. 3.4 (right).
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One challenge of the dimer method is that multiple saddle points may connect
different minima, and it is not always trivial to verify that the correct transition
state has been found. The NEB method also encounters this issue, but it offers
a clearer view of the full path and energy profile connecting the images. To
improve finding a relevant transition state, variants such as the k-dimer method
have been developed by Xiao et al. [106]. This method guides the dimer along
ridges of the potential energy surface where the minimal directional curvature
within an isopotential hyperplane is negative. This condition helps ensure better
convergence to the true transition state [106].
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CHAPTER 4

SCREENING INSULATORS

This chapter presents a first screening of thirteen fluoride compounds to iden-
tify potentially promising candidates as insulators. A consistent first-principles
approach using a hybrid functional is introduced in this chapter and used to com-
pute key properties such as band gap and permittivity of the selected materials.
This step is providing a basis for selecting candidates for further study.

4.1 Methodology

As a first step, thirteen promising fluorides have been selected for investigation
in this work. To ensure comparability, the same computational methodology has
been consistently applied across all materials, as described in the following.

4.1.1 Basis Set, Functional, and Pseudopotentials

For all calculations conducted in this thesis, the HSE06 hybrid functional [50,
107] has been employed. This functional provides improved electronic band gap
estimates compared to (semi-)local functionals, albeit with increased computa-
tional cost. The double-zeta valence polarized DZVP-MOLOPT-SR-GTH basis set
was chosen for describing the wave functions within the GAPW method. Addi-
tionally, the auxiliary basis set BASIS_ADMM_UZH was used to efficiently compute
the Hartree-Fock exchange. Basis sets for the lanthanides La and Ce were kindly
provided by Prof. Sanliang Ling. Although these basis sets have not yet been
thoroughly tested, the resulting band gaps and bond lengths obtained for the
studied compounds are in reasonable agreement with experimental data. The
Goedecker-Teter-Hutter-pseudopotentials [66] have been employed to describe
the core electrons in all calculations.

4.1.2 Supercells and k-Point Sampling

Almost all quantities in DFT are evaluated as integrals over the Brillouin zone.
This is typically achieved by sampling the Brillouin zone with a grid of k-points
and approximating the integral by summing over these points. Various schemes,
such as the Monkhorst-Pack grid [108], have been developed to efficiently perform

49
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Figure 4.1: The total energy of a CaF, crystal as a function of the cutoff param-
eters. Convergence is observed around 1200 Ry for CUTOFF and around 60 Ry for
REL_CUTOFF.

this sampling. Because CP2K only supports I'-point calculations for some of the
methods employed, supercells were constructed for all materials to reduce the
size of the Brillouin zone. This improves the approximation of the integral, even
when only the I' point is used®.

For all studied materials, the supercells were chosen such that each lattice
vector was at least 14 A in length.

4.1.3 Cutoffs

The cutoff energy is a critical parameter, as a lower cutoff reduces computational
cost but may compromise the accuracy of results. A more detailed discussion
of this relationship is provided in Sec. 2.7.5, where basis sets are introduced.
To strike a balance between accuracy and efficiency, convergence tests were
performed. In CP2K, two main cutoff parameters are relevant: CUTOFF and
REL_CUTOFF. To determine an appropriate cutoff energy, the CUTOFF parameter
was varied while keeping REL_CUTOFF fixed at a high value of 100 Ry. The cut-
offs were chosen based on the convergence of the total energy. When the energy
variation falls below a (chosen) threshold of 107° Ry, it is considered converged.
Once the optimal CUTOFF is determined, a similar procedure is applied to the
REL_CUTOFF parameter. An example convergence test for a small CaF, cell is
shown in Fig. 4.1.

It was found that phonon force calculations require significantly higher cutoff
energies to achieve convergence in a GPW calculation. To reduce the necessary

Tt should be noted that Hartree-Fock exchange calculations with k-point sampling have
become available through the RI-HFXk method [109]. However, this was not explored further in
this work, since relaxed supercells are required for the subsequent defect calculations regardless.
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cutoff, the GAPW method was employed. Nevertheless, this method still de-
mands high cutoffs due to the stringent convergence criteria on forces. While
other properties, such as the total energy, may already be converged, insufficient
force convergence can lead to spurious imaginary phonon frequencies, which are
unphysical for stable structures and indicate numerical issues. This behavior
is a known limitation of atom-centric basis sets, as discussed in the review by
Pallikara et al. [84]. For phonon spectra, plane-wave based methods often re-
quire up to twice the cutoff energy compared to total energy convergence, while
atom-centric basis sets may require increases of up to a factor of ten. Conver-
gence tests for phonon calculations in this work showed that using a CUTOFF
of 2000 Ry and a REL_CUTOFF of 80 Ry yielded reliably converged results for all
studied materials.

4.1.4 Thresholds and Convergence Criteria

The SCF cycle is considered converged when a predefined convergence criterion
is satisfied. In CP2K, this criterion is set using the EPS_SCF parameter, whose
interpretation depends on the chosen optimization method. Most calculations in
this work were performed using the orbital transform (OT) optimization method.
In this case, the convergence criterion corresponds to the maximum gradient of
the total energy with respect to changes in the orbital coefficients. For all such
calculations, EPS_SCF was set to 1078 Hartree.

Additionally, the precision used in evaluating the overlap matrix elements
must be controlled. Elements smaller than a defined threshold are neglected and
considered to be zero. In this work, this threshold was set to 1076.

Another important parameter for both accuracy and computational efficiency
when using hybrid functionals is the screening parameter EPS_SCHWARZ, which
was set to 1078, This parameter determines whether a two-electron integral
needs to be evaluated, based on an upper bound estimated using the Schwarz
inequality [110].

4.1.5 Calculating Material Properties

For an initial screening of materials, the band gap and dielectric constant are of
particular interest. The band gap is obtained directly from the DFT calculation
and is taken as the energy difference between the HOMO and LUMO (see also
the discussion in Sec. 3.2).

To determine the total dielectric permittivity, both the electronic and ionic
contributions must be considered. The electronic dielectric tensor can, in princi-
ple, be derived from the polarizability tensor, which may be calculated directly
using a linear response method available with a GPW basis in CP2K. However,
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at the time of writing, this method is not yet available for the GAPW basis
set. As a result, a finite difference approach is used to calculate the electronic
permittivity. The BEC tensor and phonon modes are also computed and subse-
quently used to calculate the ionic contribution to the permittivity, as discussed
in Chap. 3.

4.1.6 Calculation Workflow

To determine the permittivity and band gap of a material, several other calcu-
lation steps have to be first carried out as illustrated in Fig. 4.2.

Creating and Relaxing the Crystal

Crystal structures of the materials of interest were obtained using the MATE-
RIALS PROJECT application programming interface (API) [111, 112], and then
symmetrized using PHONOPY. From the symmetrized conventional unit cell, a
manually selected supercell was constructed. Typically, these supercells had lat-
tice vectors of at least 14 A in length, with approximately 200 atoms per cell,
depending on the specific material.

The energy of each cell was minimized using the limited-memory Broyden-
Fletcher-Goldfarb-Shanno (LBFGS) method [113], which optimized both atomic
positions and lattice vectors while preserving crystal symmetry. Energy mini-
mization ensures that the structure corresponds to the material’s ground state
and is free from external stress. In cases where the chosen convergence cri-
teria for residual forces and pressure were not met using LBFGS alone, the
cell was further relaxed using the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
method [114]. The optimization continued until the maximum residual force was
below 107° Hartree/Bohr and the remaining pressure was less than 1072 GPa.
These rather strict bounds were chosen because phonon calculations are very
sensitive to the geometry of the relaxed cell. Insufficient relaxation can lead to
spurious imaginary phonon modes.

Once the cell was fully relaxed, several input files for subsequent calculations
were prepared. These could be executed independently, allowing efficient use of
available computational resources.

Phonon Calculations

Frozen phonon calculations, as introduced in Sec. 3.3.1, were prepared by dis-
placing atoms in the supercell using PHONOPY, which reduces the number of
required single-point calculations by exploiting symmetry. Specifically, only one
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Figure 4.2: Flowchart of the calculations conducted to calculate total static
permittivity and band gap. All light gray boxes correspond to calculations made

with CP2K.
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atom per Wyckoff position must be considered, and displacement vectors are cho-
sen according to the crystal’s symmetry. For instance, in a high-symmetry CaF,
crystal, only on Ca atom and one F atom are displaced in a single direction,
which reduces the number of required calculations to just two. When central
finite differences are used, i.e. displacements in both positive and negative di-
rections from the equilibrium position, four calculations are needed to account
for symmetric displacements and eliminate errors from any residual forces.

In contrast, a naive approach that does not make use of symmetry would
require up to 3[nuclei] x 3[directions](x2[+disp.]) =9 (18) displacements.

Furthermore, symmetry considerations were used to reduce numerical noise in
the calculation. PHONOPY ensures that symmetry constraints for force constants
as well as the acoustic sum rule is satisfied.

In all calculations presented in this thesis, the displacement distance was set
to 0.01 A in both positive and negative directions. The resulting forces were
then post-processed using PHONOPY to calculate the phonon eigenvectors and
frequencies at the I' point, as well as the full phonon dispersion. The latter can
be found in Appendix B.

Born Effective Charges

The atoms in the Wyckoff positions displaced in the phonon calculations were also
displaced for the BEC calculations. Due to the restriction of I'-point calculations
in CP2K, supercells were employed for these computations as well. All equivalent
atoms in each unit cell of the supercell were displaced simultaneously in the
same direction. The displacement distance was set to 0.01 A, consistent with the
phonon calculations.

The polarization tensors, computed using the Berry phase formalism in CP2K,
were post-processed to evaluate the BEC tensors as defined in Eq. 3.13. These
tensors were then symmetrized to enforce the symmetry constraints dictated by
the crystal structure, thereby reducing numerical noise and ensuring physically
meaningful results.

Electronic Dielectric Tensor

For the same crystal structure an electric field is applied in the three z, y, and
z directions. The polarization tensors were calculated with CP2K and subse-
quently, the electronic dielectric tensor was calculated using finite differences as
discussed in Sec. 3.4.2.
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Tonic Dielectric Tensor

The results from the phonon and BEC calculations were used to compute the
ionic dielectric tensor. The three acoustic modes were excluded from the cal-
culation, as they do not contribute to the dielectric tensor at the I point. At
this point, acoustic modes correspond to rigid translations of the entire crystal,
resulting in zero oscillator strength, but could introduce large numerical errors
in the calculation of the dielectric tensor. In practice, these modes often exhibit
small negative frequencies due to numerical inaccuracies in the phonon calcula-
tions where ideally, for stable structures, the frequencies of the acoustic modes
should be exactly zero at the I' point.

Total dielectric tensor

Finally, the electronic and ionic dielectric tensors are combined to obtain the
total dielectric tensor. To estimate the effective permittivity of a polycrystalline
material, the eigenvalues of the total dielectric tensor can be averaged. Upper
and lower bounds for the effective permittivity are given by [112, 115]:

3 1
< < —(AMF+A+A 4.1

where \; are the eigenvalues of the total dielectric tensor.

Reducing the tensor to a single scalar value allows for easy comparison be-
tween different materials. This approach is additionally justified by the assump-
tion that commonly used deposition methods produce polycrystalline materials.
The complete dielectric tensors for all materials considered can be found in the
appendix of this work.

4.2 Materials and Results

All materials investigated within this thesis were studied using the methodology
described in Fig. 4.2. The results are shown in Fig. 4.3, where the band gap is
plotted against the low-frequency permittivity of the respective fluoride.
Furthermore, experimental results are available for some materials. The range
of these experimental values is displayed in the plot by the width and height of the
ellipses. It can be seen that the band gap is underestimated for most materials,
except for BiF;, which is unusual for hybrid functional DFT calculations as
discussed in Sec. 2.7.4. The calculated permittivities are in good agreement with
experimental values for materials like CaF, and LaF;, BiF; is an outlier with a
significantly higher permittivity compared to experimental values. One of the two
experimental sources for BiF; measured nanoparticles with spatial dimensions of
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Material Bandgap [eV] Relative Permittivity
CaF, |10.24—12.1 [116, 117] 6.798 — 6.84 [118-121]
StF, | 9.73—11.25 [116, 117] 6.45 — 7.69 [120, 121]

BiF, | 3.94—5.1[122, 123] 40 [124]
LaF, | 9.4—10.51 [125-127] 13— 14 [128, 129]
PbF, 5.84 [130] 26.3 [131]
CeF, 3.95 [132] 17 [132]
YF, | 10— 10.53 [127, 133] 14.1 [134]

Table 4.1: References for experimental data of the materials shown in Fig. 4.3

30nm [122] which could be a reason for the deviation of experimental results
compared to the theoretical results.

Four materials were selected for further examination: CakF,, BiF;, LaF;, and
ZrF,. CaF, was selected not only because it has already been used to demonstrate
a working device [19], but also because it is a well-studied material that can be
used to benchmark the used methodology. ZrF, was chosen as a material with
properties close to the average electronic property range of all studied fluorides.
It is used as another benchmark material, to see if further studied properties
could be beneficial for an otherwise average material. BiF; was chosen for its
unusually high permittivity, while LaF; was selected for its high permittivity and
high band gap, making it an ideal candidate for electronic device applications.

Different possible, but potentially unstable, crystalline phases were evaluated
for all of these materials and also displayed in Fig 4.3. These structures are not
expected to be stable under normal conditions, but depending on the growth
parameters, those phases might still exist as thin films.
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Figure 4.3: Results of the screening of selected materials. For CaF,, BiF;, LaF,
and ZrF, predicted unstable structures were also calculated marked with squares.
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is shown as ellipses. The inset compares the results of this thesis to available
GGA+U DFT calculations. The references for experimental data can be found
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calculations is from high throughput calculations performed by Lee et al. [18]
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CHAPTER 5

FLUORINE VACANCIES

Defects in a crystal can have different charge states, as discussed in Sec. 3.5
and the energy levels of these charge transitions with respect to the Fermi level
can have a significant impact on the device stability when used as a gate dielec-
tric. In scaled MOS devices, charge traps can cause bias temperature instability
(BTI) [135], RTN [136], and hysteresis effects [137], which are undesirable for
the device reliability [13, 138]. Furthermore, different charge states of defects
within the band gap can also cause trap-assisted gate leakage currents depend-
ing on their relative position to the band edges [139] which is also discussed in
the introduction Chap. 1.

Fluorides have been reported to exhibit high ionic conductivity [16], which
is attributed to low energy barriers for migration of fluorine ions within the
lattice. This property makes fluorides attractive candidates for use as ionic
conductors in battery applications [140]. However, the high mobility of fluorine
ions may negatively impact the reliability of MOS devices. Nevertheless, the
migration of fluorine ions contributes to an enhanced static dielectric constant
at low frequencies, as observed by Meng et al. [16].

In this chapter, the charge transitions at vacancy defects and fluorine vacancy
migration in the fluorides picked in Chapter 4 are studied. These properties
can be utilized in future studies with TCAD simulations, where the electronic
properties of the material can be used to predict the device behavior [141].

5.1 Methodology

In this chapter migration barriers of fluorine vacancies in the lattice, as well as
the projected density of states (PDOS) of each material with a vacancy defect
are calculated. The workflow for calculating the properties of fluorine vacancy
defects is illustrated in Fig. 5.1.

As a first step, a F atom is removed from the lattice at each Wyckoff position.
The geometry of the resulting defect structure is then relaxed until the maximum
force falls below 10~% Hartree/Bohr. For each charge state of the defect, the
total energy, PDOS, molecular orbitals, and electrostatic potential generated by
the total electron density are computed. Subsequently, the energy correction for
each charge state is determined using SXDFECTALIGN, a tool that implements the

58
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Figure 5.1: Flow chart of the methodology used to calculate the fluorine vacancy
states and migration barriers.
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FNV correction [92], which is essential for accurately computing defect formation
energies.

Based on the results of these calculations, specific migration paths of interest
are identified, and the corresponding transition barriers are computed. A more
detailed discussion of this process is presented in Sec. 5.3.

5.2 Formation Energies

The formation energies of vacancy defects for all relevant Wyckoff positions in
the studied materials provide insight on their thermodynamic stability. This is
essential to understand the impact of these defects as charge traps as well as
their most relevant charge state for further analysis of migration behavior.

5.2.1 CaF, - Calcium Fluoride

CaF, is the simplest material studied within this thesis due to its highly sym-
metric Fm3m cubic space group. There is only one Wyckoff position for the
fluorine atom, which is the 8c position.

The defect formation energy as a function of the Fermi level for the fluorine
vacancy in CaF, is shown in Fig. 5.2. As one can see, the defect is most stable
for the +1 charge state for almost the entire range of Fermi levels inside the
electronic band gap. This can be expected, as the fluorine atom usually binds
one electron from the lattice to fill up its outer shell, which is now missing.
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5.2.2 BiF; - Bismuth Trifluoride

BiF; has two Wyckoff positions for the fluorine atoms, which correspond to the
4c and 8d positions. The crystal structure is orthorhombic and belongs to the
Pnma space group. The relaxed lattice vectors are a = 6.87A, b = 7.26 A and
c=444A.
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and (c) c-axis. Bi is displayed in pink, while F 4c is turquoise and F 8d is blue.
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Figure 5.5: Defect formation energy for the fluorine vacancies in BiF'; depending
on the Fermi level, which is referenced to the valence band edge. The thick line
shows the lowest energy at each Fermi level, and thus the most probable charge
state of the defect. The light blue area indicates the conduction band.

The formation energies as a function of the Fermi level are shown in Fig. 5.5.
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Minimum Energy Formation Energy
Charge State Position Position Difference
+1 8d 4c 150 meV
0 4c 8d 40 meV
—1 4c 8d 250 meV
—2 4c 8d 200 meV
-3 4c 8d 460 meV

Table 5.1: Formation energy difference between two possible fluorine vacancy
positions in BiF; for different charge states. The minimum energy position is the
most stable position for the given charge state.

From the two possible different vacancy positions, the vacancy at 4c has a
higher formation energy for the +1 charge state than the 8d position. For the
negative charge states, the vacancy at the 4c position is more favorable.
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Figure 5.6: Spin polarized PDOS (left), localized orbital shape of the LUMO
(right) for the fluorine vacancy at position 4c (a) and 8d (b) in BiF; like in

Fig. 5.3.
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5.2.3 LaF; - Lanthanum Trifluoride

LaF3 has three Wyckoff positions for the fluorine atom, which are the 2a, 4d and
12g positions. The crystal structure is trigonal and belongs to the P3cl space
group. The relaxed lattice vectors are a = b= 7.20 A and ¢ = 7.366 A.

© La

@ F2a
@ F 4d
@ F12¢g

Figure 5.7: Crystal structure of LaF; when looking along the (a) a lattice vector,
(b) ¢ lattice vector. La is displayed in pink, while F 2a is blue, F 4d is gray and
F 12g is red.
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Figure 5.8: Defect formation energy for the fluorine vacancies in LaF; depending
on the Fermi level, which is referenced to the valence band edge. The thick line
shows the lowest energy at each Fermi level, and thus the most probable charge
state of the defect. The light blue area indicates the conduction band.
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Figure 5.9: Spin polarized PDOS (left), localized orbital shape of the LUMO
(right) for the fluorine vacancy at position 2a (a), 4d (b) and 12g (c) in LaF;.
Multiple localized charge states are visible in the band gap. The band gap density
(gray shaded area) is multiplied by 20 to make defect states visible. The blue
area represents the filled states at neutral state of the structure.
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For LaF;, the 4+1 charge state of the vacancy is most stable for the entire
Fermi level range inside the band gap. The 12¢ position is the most favorable for
the defect, as it has the lowest formation energy, with a difference of 360 meV
compared to the 4d position. Interestingly, the shape of the defect LUMO looks
similar for the 4d and 2a positions, which are similar in energy. The orbital for
the 12¢ position is slightly distorted and oriented differently.

Minimum Energy Formation Energy
Charge State Position Position Difference
+1 12¢g 4d 360 meV
+1 12¢g 2a 490 meV
0 4d 12¢g 100 meV
0 4d 2a 170 meV
—1 4d 12¢g 110 meV
—1 4d 2a 170 meV
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Table 5.2: Formation energy differences between two possible fluorine vacancy
positions in LaF; for different charge states. The minimum energy position is
the most stable position for the given charge state.

5.2.4 ZrF, - Zirconium Tetrafluoride

ZrF , has four Wyckoft positions for the fluorine atom, which are all in the equally
named group 4e. To distinguish them, they are labeled as 4e,, 4e,, 4e5 and 4e,.
The crystal structure is monoclinic and belongs to the P2, /c space group.

N\ ﬁs’ﬁ']‘/"ég
FSEL
\ 7

[/
- ‘ ‘

Figure 5.10: Crystal structure of ZrF, when looking along the (a) a-axis, (b)
b-axis and (c) c-axis. Zr is displayed in pink, while the other positions of F are
indicated by purple 4e,, gray 4e,, red 4e; and blue 4e,.
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Figure 5.11: Defect formation energy for the fluorine vacancies in ZrF, depending
on the Fermi level, which is referenced to the valence band edge. The thick line
shows the lowest energy at each Fermi level, and thus the most probable charge
state of the defect. The light blue area indicates the conduction band.

ZrF, is also simple in the sense that, across all Fermi levels in the band
gap, the +1 charge state is the most favorable for every defect position. Among
them, the 4e; position is the most thermodynamically stable site for a vacancy.
For the 41 charge state, the 4e, and 4e; positions are unstable in the sense
that no energy barrier prevents a transition toward the 4e; position. When a
fluorine atom is removed from either 4e, or 4e;, and the structure is relaxed,
a neighboring fluorine from a 4e; position moves to occupy the vacancy. This
effectively results in a vacancy at the 4e; site. The two energy levels shown
in Fig. 5.11 and Fig. 5.12 were obtained by fixing the fluorine atom in the 4e;
position while relaxing the rest of the structure.

As also observed in LaF;, the LUMO shape at the 4e; site differs significantly
from that at the other positions since it does not show the characteristic state
emerging between the two Zr atoms. Instead, the orbital is localized on a single
Zr atom with additional localization near neighboring F atoms. This difference
in shape could be seen as a further indication to the fact that the 4e; position
is different from the other three positions - in this case lower in energy.
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Figure 5.12: Spin polarized PDOS (left), localized orbital shape of the LUMO
(right) for the fluorine vacancy at position 4e; (a), 4e, (b), 4e; (c), 4e, (d)
in ZrF,. The band gap density (gray shaded area) is multiplied by 20 to make
defect states visible. The blue area represents the filled states at neutral state of

the structure.
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Minimum Energy Formation Energy
Charge State Position Position Difference
+1 4eq 4eq 860 meV
+1 4eq deq 900 meV
+1 4eq dey 620 meV
0 4eq 4e, 590 meV
0 4eq deq 660 meV
0 4eq dey 470 meV
—1 4e, 4eq 330 meV
—1 4e, deq 650 meV
—1 4e, dey 560 meV

Table 5.3: Formation energy differences between two possible fluorine vacancy
positions in ZrF, for different charge states. The minimum energy position is
the most stable position for the given charge state.

5.3 Transition Barriers

To analyze fluorine migration in the various fluorides via the vacancy diffusion
mechanism, this section investigates the transition barriers between fluorine va-
cancy sites, as introduced in Sec. 5.2. These energy barriers are critical param-
eters that govern diffusion activation, which follows an Arrhenius-type behavior
as described in Sec. 3.5.3.

While numerous diffusion paths are possible within a crystal, only the most
probable transitions are considered to limit the computational cost. Since NEB
calculations are particularly resource-intensive, selecting the most relevant mi-
gration paths is essential.

5.3.1 Selecting Transition Paths

For two materials, ZrF, and LaFs, only the most stable charge state (+1) across
all Fermi levels is considered. CaF, exhibits two viable charge states (0 and +1),
while BiF; is more complex, featuring three low-energy charge states depending
on the Fermi level: —3 and —1 at the 4c position, and +1 at the 8d position. Only
transitions between these low-energy positions are analyzed since they are most
likely to occur in the crystal. To ensure all relevant positions are accessible for
any vacancy defect, allowing global diffusion, a graph-based approach is employed
to identify and evaluate possible transition pathways between the vacancy sites.
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Reducing Equivalent Transition Paths

The aim is to find the transition barriers that are necessary for global diffusion
and find the limiting step for this diffusion process. To achieve this, barriers are
analyzed starting from the shortest physical distances, continuing until a vacancy
can reach every relevant position in the crystal. To identify the most relevant,
non-equivalent migration paths algorithmically, the following procedure is used:

First, the distances between all atoms in the relevant positions are computed,
including periodic images. An undirected graph is then constructed, where the
vertices represent the possible migration sites. Edges are added iteratively, start-
ing with the shortest distances. After each iteration, the graph is checked for
connectivity, meaning that every vertex must be reachable from every other ver-
tex. Once the graph is fully connected, the algorithm terminates and returns
the set of distances and corresponding transitions identified up to that point. A
pseudocode sketch of the algorithm is shown in Alg. 5.1.

From the set of identified transitions, one representative transition was se-
lected for each distance manually, which was then used to compute the corre-
sponding energy barrier. Additional parameters, such as the degree of the nodes
in the graph or the number of connected components at each step, can also as-
sist in the final, manual selection of migration paths. This procedure provides
a systematic approach to identifying the most relevant migration pathways and
helps to filter out unlikely transitions. To validate this approach, the next ad-
ditional transition with a larger physical distance that is not required to ensure
graph connectivity, was also evaluated. For all materials considered, this extra
transition exhibited a much higher energy barrier, making it irrelevant for the
diffusion process since the position can be reached via a lower-energy path.

These additional results, which are included in the following sections, support
the effectiveness of the proposed methodology in identifying the most critical and
energetically favorable migration paths.

Calculating Transition Barriers

From the generated transition paths, the initial and final states were relaxed
using the LBFGS method until the maximum force was below 10~* Hartree/Bohr.
The geodesic interpolation method [105] was then employed to construct an
initial trajectory, typically consisting of 9 images. This interpolated path served
as the starting point for a CI-NEB calculation or, taking the middle image, as a
starting point for the dimer method, depending on the expected complexity of
the transition path.

To ensure global diffusion is possible throughout the crystal, it is important
to identify the highest energy barrier among the selected transitions as the most
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Algorithm 5.1: Pseudocode for identifying relevant transition path
candidates in a crystal. Performance optimization was not prioritized
in any way since the computational bottleneck are the NEB calculations.

Data: List of atoms and lattice vectors, relevant Wyckoff postion
Result: Set of relevant transition paths and their distances
1 begin

2 Determine Wyckoff positions of the given atoms

3 wyckoffAtoms < atoms in relevant Wyckoff positions

4 | candidateTransitions <+ ()

5 for atomA € wyckoffAtoms do

6 for atomB € wyckoffAtoms \ {atomA} do

7 for latticeVec € latticeVectors U {0} do

8 distance < |pos(atomA) — pos(atomB) + latticeVec|
9 candidateTransitions|distance| +—

candidateTransitions[distance] U (atomA, atomB)

10 end

11 end
12 end
13 sortedDistances < sort(keys(candidateTransitions))
14 graphAtoms, graphEdges <+ wyckoffAtoms, ()
15 | relevantDistances < ()
16 for dist € sortedDistances do

17 graphEdges < graphEdges U candidateTransitions[dist]
18 relevantDistances < relevantDistances U {dist}

19 if (graphAtoms, graphEdges) is a connected graph then
20 ‘ break

21 end
22 end
23 return relevantDistances, graphEdges
24 end
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important barrier. This barrier likely governs the overall diffusion behavior,
as it represents the limiting step required to maintain a connected network of
migration paths.

5.3.2 NEB and Dimer Settings

For all transition state calculations, either the CI-NEB method or the x-dimer
method [106], as described in Sec. 3.5.3, was used. In cases where it was suspected
that the dimer method might not locate the correct transition state, or where
convergence could not be achieved within a single run, the CI-NEB method was
applied instead. Although computationally more expensive, the CI-NEB method
is generally more robust and provides a complete picture of the transition path.
To validate the results obtained with the dimer method, the identified transition
state was visually inspected at first. Additionally, a linear interpolation between
the initial, transition, and final states was performed and the energies of the
interpolated images were evaluated. If the results did not align with expectations,
the CI-NEB method was subsequently employed to ensure accuracy.

Conjugate gradients were used for the rotation and translation steps of the
dimer method with an angle tolerance of 5° and a maximum remaining force of
4.5 -10~* Hartree/Bohr.

For the CI-NEB calculations, a spring constant of 0.05 Hartree/ Bohrz, a max-
imum force of 0.02 Hartree/Bohr, and a maximum displacement of 2 - 10~4 Bohr
was used.

5.3.3 CaF, - Calcium Fluoride

There is just one unique transition path for CaF,, for which the barrier is calcu-
lated for charge states +1 and 0. The results are shown in Tab. 5.4.

These barriers are in line with experimental results, which yield 0.36 eV for
the migration of an F center [142]. The +1 defect charge state, which corresponds
to the 0.27 eV barrier, is also thermodynamically the most favorable.

Charge State ‘ Distance ‘ Barrier Height
0 2.75 A 1.28eV
+1 2.75A 0.27eV

Table 5.4: CaF, transition barriers. The provided distance is the distance be-
tween the start and end point in the pristine crystal structure. The real diffusion
length is not exactly the same since the relaxed structure features different equi-
librium positions due to the distortion introduced by the defect.
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Figure 5.13: Example of a NEB calculation for the migration of a fluorine vacancy
with charge state 0 in CaF,. The energy of the band is shown in (a) over all
iterations. In the migration path (b), one can see that the neighbors are slightly
distorted by the defect. The motion of the nuclei is indicated by the arrows.

An example of the result of a NEB calculation is shown in Fig. 5.13. One can
see that the energy of the band is minimized with increasing iterations and ends
when the convergence criteria are met. The migration path is a straight line for
the F ion, while the surrounding of the defects are slightly strained.

5.3.4 BiF; - Bismuth Trifluoride

There are three unique transitions between the 8d sites for the +1 charge state
that are necessary to enable global diffusion, as shown in Table 5.5. For compar-
ison, a transition between the 4c and 8d sites was also calculated. The resulting
barrier from 4c to 8d is comparable to the diffusion barriers observed within the
8d positions. This suggests that a vacancy initially located at a 4c site is likely
to relax into an 8d position, further supporting the conclusion that the 8d site
is the energetically most favorable location for the defect.

Sorokin et al. measured an activation energy of 0.48 eV using conductivity
measurements [143], which is significantly higher than the barriers calculated in
this work. This discrepancy may arise from alternative dominant diffusion mech-
anisms in the material or from the involvement of different defect charge states
that were not considered in the present study. Additional experimental data
and further DF'T calculations are required to clarify the underlying microscopic
diffusion mechanisms in this material.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chapter 5. Fluorine Vacancies 73

Charge State | Transition | Distance | Barrier Height
+1 8d 8 | 2.60A 0.080 eV
+1 8d < 8d | 2.63A 0.063 eV
+1 8d < 8d | 2.72A 0.098 eV
[+1] [8d <> 8d] | [3.694] [1.375eV]

{+1} {4c «+ 8d} | {2.86 A} {0.26 eV}
{+1} {4c — 8d} | {2.86A} | {0.10eV}

Table 5.5: BiF; transition barriers. The provided distance is the distance between
the start and end point in the pristine crystal structure. The real diffusion length
is not exactly the same since the relaxed structure features different equilibrium
positions due to the distortion introduced by the defect. The barrier in brackets
is an additional barrier that is not needed for a complete graph computed to
confirm the validity of the proposed methodology to identify the paths with the
lowest migration barriers. An additional transition between the 4c and 8d site
is also computed for comparison and shown in braces. It does not contribute to
the graph connectivity in any way, but was examined to confirm the fact that
the 4c site is not involved in the diffusion process.

5.3.5 LaF; - Lanthanum Trifluoride

The calculated diffusion barriers in LaF; are shown in Table 5.6. The barrier of
0.196 eV is required to reach global diffusion in the crystal.

Charge State | Transition | Distance | Barrier Height
+1 12g < 129 | 2.57A 0.114eV
+1 12g < 129 | 2.69A 0.117eV
+1 12g <129 | 2.75A 0.196eV
[+1] [12g <> 12g] | [3.60 A] [1.524 V]

Table 5.6: LaF; transition barriers between 12 f positions like Table 5.5.

In conductivity measurements conducted by Roos et al. [146], different mi-
gration barriers were observed at various temperatures, showing approximately
isotropic behavior. The measured activation energies were around 0.84 eV at low
temperatures and 0.26 eV and 0.46 eV at higher temperatures, as schematically
illustrated in Fig. 5.14. Additional measurements by Sinitsyn et al. [145] reported
activation barriers of 1.22eV, 0.18eV, and 0.34eV. The authors suggested that
primarily the 2a and 4d fluorine ions contribute to the conductivity, which does
not align with the findings in this thesis.
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Figure 5.14: Qualitative Arrhenius plot illustrating diffusion in LaFj;. This
schematic plot is meant to aid interpretation and does not reflect actual measure-
ments. At very low temperatures, Fujara et al. [144] reported the appearance of
two additional diffusion mechanisms with distinct activation energies. However,
these features were not confirmed by other studies [145, 146] and are therefore
indicated as dashed lines in the plot.

Doping the material with elements such as Ba or Sr has been shown to alter
these barriers, increasing the energy for transitions between 12f positions and
decreasing it for jumps involving the 2a and 4d positions [146].

A study combining NMR and conductivity measurements [144] revealed ag-
ing effects in the material. These effects lowered the diffusion barriers, and it
was shown that different diffusion mechanisms emerged after multiple heating
cycles. The authors proposed that the freshly grown crystal contained fewer
fluorine vacancies, which began to form with aging. This study also reported a
lower diffusion barrier of around 0.1 — 0.2eV in the secondary diffusion regime,
attributed to external defects not considered in this work.

Nevertheless, the 0.26 eV migration barrier is suggested by Roos et al. to
correspond to vacancy diffusion throughout the crystal [146], which aligns with
the calculated barriers between the 12¢g fluorine defect positions presented in this
work.

5.3.6 ZrF, - Zirconium Tetrafluoride

ZrF, contains 16 fluorine atoms per unit cell, equally distributed among four
distinct 4e positions. However, only the 4e; position is stable, resulting in rel-
atively large distances between feasible diffusion sites. Due to their instability,
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Figure 5.15: Example of a combined transition path in ZrF, from 4e; to 4e; via
a 4e, position. The energy of the band over all iterations of the NEB calculation
is shown in (a), while (b) shows the migration path of the fluorine vacancy
indicating motion with arrows. There are two nuclei involved and they move at
the same time. The fluorine ions are shown in light pink, while Zr atoms are
shown in gray.

the 4e, and 4e; positions are not suitable as initial or final states for transition
state calculations.

Using the same methodology applied to other materials, relevant migration
paths were identified. Given the large distances between stable 4e; positions,
both direct transitions (where fluorine ions move directly from one 4e; position
to another) and indirect transitions (involving intermediate unstable positions
4e, or 4e;) were considered. An example illustrating such a migration pathway
is depicted in Fig. 5.15.

The calculated barriers are not converged to the same accuracy as for the
other materials. However, they are sufficiently converged to show the compara-
tively high barriers for these transitions.

The results indicate that the migration barriers between the 4e; positions
are very high, likely due to the large physical distances between these sites. It
is important to note that all calculated barriers use the 4e; positions as both
start and end points. Transitions involving other positions were also considered,
but since 4e, and 4e; positions are unstable, only transitions between 4e; and
4e, remain potentially relevant. To evaluate this, the final transition required
for global diffusion, as identified by the proposed methodology, was calculated.
This path also yielded a high barrier of more than 3.5eV.

These findings suggest that fluorine vacancy migration in ZrF, is associated
with significantly higher activation barriers than the other examined fluorides.
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Charge State Transition Distance | Barrier Height
+1 de, ¢ de, 2.34 A 0.04eV
+1 de, + de, —> de; | 4.14A 1.8eV
+1 de, < de, 4.14A 2.3eV
+1 de, < de, 4.15A 1.6eV
+1 de, + 4eq — de; | 4.15A 2eV
+1 de, + dey —> de; | 4.15A 3eV
+1 4e, « 4ey — 4e; | 4.526A 2.8eV

Table 5.7: ZrF, transition barriers between 4e; positions as in Table 5.5. It
is important to note that all transitions listed are necessary to enable global
diffusion throughout the crystal. Therefore, the highest barriers, rather than
the lowest, determine the overall diffusion behavior. For instance, while the
extremely low barrier of 0.04 eV may appear favorable, it does not dominate the
diffusion process if higher barriers are present elsewhere along the path. The
Transition column in the table indicates the specific migration path considered.
Arrows denote the migration route taken. For example, the 4.15 A transition
barrier was evaluated both for direct migration and for two more complex paths
via the 4e, and 4e; positions, as illustrated in Fig. 5.15.

Nevertheless, it is possible that alternative diffusion paths not examined in this
work could exist. Additionally, other defect types such as fluorine interstitials or
extrinsic impurities may play a role in the diffusion mechanisms of this material.

No experimental data on the diffusion activation energy in ZrF, was found
in the literature. Further studies, for instance using molecular dynamics simu-
lations, could provide additional insight. Given the substantially different and
more complex diffusion process compared to the other fluorides, present results
should be viewed only as an initial exploration of the diffusion characteristics of
ZrF,.

5.4 Discussion

In contrast to BiF; and CakF,, fluorine vacancies in ZrF, and LaF; are only stable
in the 41 charge state for all Fermi levels within their band gap. This means that
these defects are likely electrically inactive and do not cause instabilities such
as BTI, RTN, and trap-assisted tunneling, however, due to their fixed positive
charge, they can lead to a permanent voltage shift in MOS devices.

BiF;, CaF, and LaF5 show low vacancy migration barriers, which are mostly
in line with experimental results, whenever available. Ionic diffusion can enhance
the static dielectric constant of the material, but due to the slow nature of
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Chapter 5. Fluorine Vacancies 7

diffusion, this only occurs at very low frequencies [16]. However, the hysteresis
caused by the ion drift in MOS devices [137] negatively influences the reliability
of devices and needs to be carefully studied in further TCAD simulations if the
material is used in devices. ZrF, seems to behave quite different in this regard,
as the barriers were found to be very high, which could be beneficial for the
reliability of devices.

Limitations

Only some possible diffusion paths were considered to keep the amount of calcu-
lations manageable within the scope of this work. For BiF; two further charge
states (—1 and —3) also have a range of Fermi levels where they have the lowest
formation energy. They were not considered in this work, as the 41 state is
the most stable for a wide range of Fermi levels. The theoretical results of BiF;
are quite different from the limited available experimental data, considering just
band gap and permittivity results. This could be a sign that the real material
might have a different microscopic structure than expected and that other defects
or impurities change the behavior of the material.

Experimental studies in LaF; linked diffusion behavior to other defect posi-
tions, which are less likely to form according to the formation energy analysis
in this thesis. Additional theoretical considerations towards diffusion of these
different defect states are needed to better understand the complex diffusion be-
havior of LaF;. Many other impurities and crystal defects are possible and need
to be thoroughly studied. As discussed in previous sections, such defects could
enable other diffusion mechanisms and introduce additional trap levels.
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CHAPTER 6

CONCLUSIONS AND OUTLOOK

A semi-automated workflow for the calculation of the permittivity and band gap
was developed that could be further enhanced to fully enable high-throughput
calculations using CP2K and PHONOPY. Using this framework, the permittiv-
ity and band gap of thirteen different fluoride compounds were calculated and
compared to experimental and theoretical values.

After this screening, four interesting candidates that have potential as in-
sulators in future devices were selected for further exploration. The transition
energy barriers for fluorine vacancy diffusion were calculated for four selected
materials. In this process, a graph-based method to limit the amount of required
barrier calculations was developed, which was also verified to identify relevant
low energy migration pathways.

LaF; seems to be a promising material to be used as an insulator. It has
a decent permittivity of 14.2 and a large calculated band gap of 9.91eV. Ad-
ditionally, the vacancy defects have the lowest formation energy for the charge
+1 state for all external potentials. It has a rather low diffusion barrier for F
vacancy migration, which could further increase low frequency permittivity, but
might not be beneficial for device reliability, due to an associated hysteresis.

BiF; is also an interesting material due to its very high calculated permittiv-
ity of 46 and decent band gap of 6.6eV. However, differences to the available
experimental data are comparatively large, which could indicate that the ex-
perimentally examined material differs in microscopic structure from the perfect
crystal structure used in the calculations. The vacancy defects might exist in
various charge states, and have very low calculated diffusion barriers. This is
very likely not optimal for device reliability, but cannot be conclusively stated
without further investigation. Unfortunately, it is also listed as a chemically cor-
rosive material, which might complicate fabrication and device integration [147],
although only one source reports corrosivity against metals. ZrF, with a com-
puted band gap of 7.6eV and permittivity of 10.8 was also found to be a good
candidate, mainly because of its high fluorine vacancy diffusion barrier. Further
investigation is needed for this material to see if no migration pathways were
missed with the employed NEB calculations.

In general, the results of this thesis confirm favorable properties of fluorides
also found in other studies, and enhances the understanding of vacancy defects

78
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Chapter 6. Conclusions and Outlook 79

in these materials. Based on the presented findings, a path for further research
towards integration of fluorides as insulators is proposed:

Study different diffusion charge states for BiF'; and different defect positions
for LaFs.

Investigate further point defects in the materials LaF; and BiF;.

Examine ZrF, using molecular dynamics simulations to see if the diffusion
barriers were correctly identified in this work.

Conduct TCAD simulations of MOS devices using obtained material prop-
erties to see their influence on device behavior.

Experimental deposition of fluoride thin films using evaporation or epitactic
growth techniques and characterization to verify the suitability for device
integration.

Fabrication and characterization of devices using these materials as gate
dielectric.
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MATERIAL PARAMETERS

Table A.1: Main material parameters of the simulated crystal structures
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Material | A[A] B[A] C[A] | af] B[] ~[’] | Band Gap [eV] &;.s
BiF;™™ | 577 577 577 | 90.0 90.0 90.0 5.79 26.77
BiFY™® | 6.88 7.26 444 | 90.0 90.0  90.0 6.61 46.56
CaFy™™ | 550 550 550 | 90.0 90.0 90.0 9.05 7.09
CaFy™™ | 598 3.62 7.06 | 90.0 90.0 90.0 9.52 10.79
CeF® | 12,63 21.37 827 | 90.0 1263  90.0 4.99 17.20
FeFy /™™ | 459 459  3.03 | 90.0 90.0  90.0 4.03 3.61
HEFSYC | 1169 9.88  7.65 | 90.0 1261  90.0 7.48 11.65
LaF}3! 720  7.20 7.37 | 90.0 90.0 120.0 9.91 14.22
LaFy "™ | 719 719 737 | 90.0 90.0 120.0 9.93 14.16
LaFh /™ | 416 416 7.38 | 90.0 90.0 120.0 9.49 13.99
LaFy™™™ | 417 532 456 | 90.0 90.0 90.0 8.91 18.96
PbFY™™ | 6.00 6.00 6.00 | 90.0 90.0 90.0 5.59 23.41
ScFE™™ | 404  4.04 4.04 | 90.0 90.0 90.0 8.41 7.01
SnFS¥° | 1319 515 1414 | 90.0 107.7  90.0 4.26 21.38
StFE™™ | 583 58 583 | 90.0 90.0 90.0 8.79 6.40
TiFP™ | 2395 3.87 992 [90.0 90.0  90.0 6.37 8.42
TIFP*™ | 626 570 517 [ 90.0 90.0  90.0 4.34 17.29
YF e 6.45  6.90 436 | 90.0 90.0  90.0 9.89 10.60
ZFS | 11.90 1004 778 | 90.0 1261 90.0 6.76 14.91
ZiF, | 564 563 8.03 | 900 1057  90.0 7.60 10.77
L™ | 797 797 779 | 900 90.0  90.0 7.12 12.19
80
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Appendix A. Material parameters

Table A.2: Electronic and ionic permittivity tensors for all materials.

Material €4 €in
. 3.62 0 0 3434 0  0.10
BiF; ™™ 0 362 0 0 3434 0
L 0 0 3.62 0.10 0 0.74
3.07 0 0 53.72 0 0
BiF§mma 0 301 0 0 4244 0
L o 0 2.94] 0 0  34.50
i 1.91 0 0 7 5.13 0 0 7
CaF5msm 0 191 0 0 524 0
L o 0 1.91 Lo 0 5.17
[1.95 0 0 [8.96 0 0 7
CaFymme 0 199 0 0 756 0
L 0 0 1.98] L 0 0 9.91]
. 248 0 —0.11 15.40 0 0
CeFS/* 0 267 0 0 13.69 0.05
—0.11 0  2.48 0  0.05 14.88
o 2.35 0 0 1.22 0 0
FeF, /™™™ 0 235 0 0 122 0
0 0 245 0 0 1.23
o 2.16 0 —0.08 10 0 0.14
HEFS° 0 234 0 0 789 0
—0.08 0  2.19 0.14 0 10.36
i 2.37 0 0 7 1297 0  1.07
LaF53! 0 237 0 0 11.99 0
L 0 0 237 1.07 0  10.60
o 2.37 0 0 7 11.87 082 0
LaF; *™ 0 237 0 0.82 12,92 0
[1.88 1.88 4.26 0 0  8.69
o 2.32 —0.01 0 [12.22 0 0 7
LaF5 /™ | 1-0.01 231 0 0 1222 0
0 0 238 | 0 0  10.50]
[2.58 0 0 7 [13.83 0 0 7
LaF}mmn 0 259 0 0 19.53 0.03
L 0 0 251 | 0 0.03 15.85]
] [2.70 0 0 7 21.34 0.01 0 ]
PbFL™m3m 0 270 0 0.01 2041 0
L 0 0 2.70] e 0  20.39]
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SCF§m3m

San 2fe

Sngmsm

TiF, ™

TlFPme

Yanma

ZrFSZ/C

ZeEL /e

ZeF, 2™

[1.88

0 7
0
1.88]

0.027
0
2.89]

-
0
1.87]

0 -
0
2.05]

0 -
0
3.53]
0 -
0
2.20 |

—0.04
0
2.29

0.017
0
2.44

0
0
2.36]

|

|
| |
|

2.21
0
6.96
0

6.64
0

5.14
0
0

31.91
0.25
0

4.54
0

0

0

4.04
0
0

0

14.05
0
0.07

0.42

10.61
0
0

0 0
5.14 0
0 5.14
0.25 0
8.36 0
0 15.31
0 0
4.54 0
0 4.54
0 0
15.01 0
0 1.99
0 0
12.03 0
0 25.26
0 0
6.44 0
0 11.61
0 0.07
9.07 0
0 14.46
0 0.42
8.14 0
0 10.37
0 0
10.61 0
0 8.25
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APPENDIX B

PHONON DISPERSION OF SIMULATED

STRUCTURES

In this section, the phonon dispersion of all stable compounds examined in this
work are shown. The phonon dispersion relations describe how vibrational fre-
quencies (phonons) in a crystal depend on their wave vector q.

In DFT simulations, the presence of negative (imaginary) phonon frequen-
cies indicates dynamic instability. Such modes suggest that the current crystal
structure is not at a true energy minimum and may spontaneously distort to
a more stable configuration. These instabilities can arise from numerical issues
or signify potential phase transitions. If a crystal structure exhibits imaginary
frequencies while being expected to be stable (e.g. through experimental data)
this is an indication that the DFT calculation setup (supercell, cutoffs) might
not be suited for this material [84].
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Figure B.1: Phonon dispersion of BiF;
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Appendix B. Phonon dispersion of simulated structures
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