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Optical properties of point defects in insulators
and of transition metal dichalcogenides

CHRISTOPHER LINDERALV
Department of Physics
Chalmers University of Technology

Abstract

There is a need for new or modified materials, both to improve current devices and to
create novel functionalities. Engineering materials to target specific functionalities re-
quires a better understanding of how microscopic processes impact materials proper-
ties. In this thesis, the effects of defects, mixing of materials, and twisting of parts of
the material are explored via first-principles calculations. In particular, the properties
of defects in a range of technologically important insulators and of mixing and twisting
of transition metal dichalcogenides (TMDs) are addressed, with an emphasis on optical
properties.

In the part of the thesis that pertains to defects, the commonality of oxygen vacancies
is considered. It is shown that oxygen vacancies exhibit properties that extend beyond
specific insulating oxides and that there is a strong interplay between lattice geometry
and oxygen vacancy character. The coupling between defect states and lattice vibrations
is subsequently accounted for and used to identify the contribution of specific defects
to relaxation mechanisms. It is shown that oxygen vacancies may be detrimental to the
performance of the oxide phosphor YAG, playing a key role in a reaction mechanism that
leads to luminescence quenching. The part of this thesis that is concerned with defects
is concluded by an analysis of the optical signatures and phonon sidebands of defects in
h-BN and SiC.

On the topic of TMDs, the properties of twisted bilayers are explored, in particular in
connection to excitons. It is shown that for very small twist angles, excitons become
localized. In addition, the twist-induced potential is dissected and it is shown that the
purely electrostatic component of this potential decays with increasing twist angle. Fi-
nally, a high-throughput study on TMD alloys was performed for which mixing proper-
ties and band edge alignments are presented.

Keywords: wide band gap oxides, oxygen vacancies, charge transition levels, lumines-
cence quenching, color centers, solid state lighting, moiré structures, transition metal
dichalcogenides, monolayer alloys, excitons
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Introduction

All real crystals have flaws. These flaws disrupt the translational symmetry of the crys-
tal, and present themselves as crystallographic irregularities. And as we have been told
symmetries are beautiful, these crystallographic irregularities are called defects. Ruby
for example is simply alumina with some atom sites occupied by chromium instead of
aluminum atoms. But anybody who has seen a ruby or emerald or another colored gem-
stone would not think of the impurity atoms that provide the color as a shortcoming of
the material.

Diamond with a specific flaw called the NV~ center, is investigated as a potential cor-
ner stone in emerging quantum technologies. For example, it has been demonstrated
that two NV~! centers in the vicinity of each other can be used to form entangled states
[1], which is the fundamental unit required in many quantum information technologies.
This is only one of many systems where defects provide a functionality of a material that
is absent in the pristine material. In fact, defects in solids have emerged to be one of the
most promising platforms for creating and studying quantum phenomena such as sin-
gle photon emission [2]. Over the last century, research and development has proven
that for numerous materials it is the defects that make the material useful in certain ap-
plications with examples including oxides such as yttrium aluminum garnet (YAG) [3],
silicon carbide [2] and hexagonal boron nitride (h-BN) [4]. Therefore, the study of de-
fects in materials is of outmost importance with regard to the development of materials
for future applications.

The size of a point defect is comparable to the size of an atom and such defects are
hence difficult to probe with experiments. First-principles calculations are therefore
crucial in order to understand the impact of specific defects on the materials properties.
However, first-principles calculations on defects in insulators are very demanding since
large supercells are required to embed the defect. Furthermore, conventional density
functional theory (DFT), which is the most feasible alternative, has several shortcom-
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ings in describing charged defects in insulators [5]. In this regard, it is important to
address the question as to how transferable properties of defects across materials are.
If certain properties are transferable, assessing the impact of defects in different mate-
rials would be easier and screening of materials for certain functionalities would require
less resources. It is not expected that any defect in any material exhibits the same be-
havior, yet specific defects across similar materials may. In particular, we focused our
attention on wide band gap oxides and addressed the following question in Paper I.

Q1. Is it possible to understand the properties of oxygen vacancies in wide band gap
oxides without having to explicitly study the oxygen vacancy in each new oxide?

In order to be able to follow Paper1, a chapter that is devoted to the general theory of
defects in solids (Chapter 3) is included in this thesis. Additionally, to explain the com-
mon features of the considered oxides in Paper I a section on the electronic structure of
wide band gap oxides isincluded (Sect. 2.1.1). It turns out that one characteristic feature
of oxygen vacancies in many materials is a large structural relaxation in connection with
a change in charge state. This implies that when the oxygen vacancy gains or looses an
electron, a considerable amount of energy is dissipated in the form of lattice vibrations.

So far the focus has been on positive effects of defects. There are however numer-
ous common adverse processes in materials that are related to the presence of defects.
The chemical nature of the defects is often elusive, which can make it difficult to de-
sign synthesis strategies to prohibit the formation of these defects by other means than
trial-and-error. One such adverse process is the thermal quenching in oxide phosphors
seenin, e.g., Ce doped YAG, which is a yellow phosphor widely used in white light emit-
ting diodes (WLEDs) [3]. Here, the thermal quenching has been attributed to defects
without any further specification [6, 7]. With the large energy dissipation potential of
oxygen vacancies in mind we therefore asked the following question in Paper II.

Q2. Can oxygen vacancies provide the missing link in a complete microscopic descrip-
tion of luminescence quenching in Ce-doped YAG?

In Paper I, we propose a non-radiative charge transfer mechanism that involves oxy-
gen vacancies. To provide background for this paper, there is a section on solid state
lighting that covers luminescence quenching (Sect. 2.1.1.3). Additionally in Paper II, we
modeled the fine structure (lineshape) of the optical transitions on the Ce atom using the
generating function method (Sect. 3.3.2). This is a method that accounts for the change
in vibrational state upon a change in the electronic state. The method was conceived in
the 1950ies [8] but has in recent years experienced a renaissance as it has become easier
to compute the vibrational spectrum of large defective supercells due to more powerful
computers as well as better methods and algorithms [9-11]. In particular, this method
accounts for the structural distortion associated with a transition on a defect, which



makes the method a suitable tool for extracting optical fingerprints of defects. This is
especially relevant for materials such as h-BN and SiC, which are of interest as hosts for
single-photon emitters similar to the case of the NV~! center mentioned above. In fact,
in Paper III and Paper IV we worked with the following question.

Q3. Canwe model the optical lineshapes and identify defects based on observed emis-
sion lineshapes?

Paper IIlis concerned with color centers in SiC and in Paper IV we directed our efforts
to identifying defects in 2D h-BN. A more detailed description of these materials and
defects is presented in Sect. 2.1.2. Paper IV marks the end of the part of this thesis that
is concerned with defects in wide band gap materials and provides a bridge to the realm
of 2D materials, which is the subject of interest in Paper V-Paper VIII.

While defects can add functionality to a material, there are additional ways to mod-
ify and change the materials properties. Some materials that exhibit a layered struc-
ture, e.g., MoS, and graphite, have been shown to exhibit a profoundly different elec-
tronic structure in the monolayer limit [12, 13]. MoS, is an indirect semiconductor in
bulk form, which undergoes a transition to a direct band gap semiconductor in the
monolayer limit. In graphite, the band gap vanishes in the monolayer limit (graphene)
and the electronic states around the Fermi energy become massless [14]. Graphene has
shortcomings when it comes to optoelectronical applications due to the vanishing band
gap and therefore the semiconducting transition metal dichalcogenides (TMDs) such as
monolayer MoS, are better suited for applications in this field.

The optical properties of TMD monolayers have been extensively studied, both via ex-
periments [15] and theory [16]. Overall, there is a good understanding of the exciton
formation and dynamics in monolayers. Excitons in bilayers, however, are a much more
complex subject due to interlayer coupling and potential band offsets between the mono-
layers. This gives rise to intralayer excitons that are confined to a single layer and inter-
layer excitons for which hole and electron reside in different layers. The subject is fur-
ther complicated by the presence of combinations of these two types of excitons as well
as the twisting degree of freedom available in moiré structures.

The optical properties of TMDs and in particular twisted bilayers are the subject of
the final part of this thesis. Twisted bilayers have received a lot of attention in recent
years and exhibit peculiar properties that are very distinct from those of their untwisted
counterparts [17]. In Paper V we therefore investigated the following question.

Q4. How are the optical properties of a TMD bilayer affected by twisting one of the
constituent monolayers?

In order to understand the concepts in this study, a section on TMDs is included in
Sect. 2.2.1 where general properties of TMDs are introduced. One inherent property
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of unstrained twisted bilayers is that the unit cell gets prohibitively large for low twist
angles. In Paper V, this issue was addressed by using a methodology based on density
matrix theory [18] in combination with DFT+GW calculations on a model system that
mimics the twisted bilayer in the low angle limit by considering bilayer unit cells with
different stacking orders.

Bilayers with different stacking orders are interesting in themselves. In Paper VI, we
therefore considered excitons in bilayers for different stacking orders. This study was
performed with the outlook of predicting how the exciton properties vary for different
TMD material combinations and stacking orders. Furthermore, an important objective
of Paper VI was to address the following question.

Qs. Is it possible disentangle the effects of electric potential and level hybridization
on the energy levels of the bilayer?

The importance of this question resides partly in the prospect of creating more com-
plex models to enhance the understanding of exciton properties in twisted bilayers. The
model used in Paper V is as already stated limited to low twist angles. In this regard, we
considered explicit moiré supercells in Paper VII and addressed the following question
regarding the twist-induced potential (moiré potential).

Q6. What are the origins of the moiré potential, and how can we access very small
(non-zero) twist angles?

In order to see how the low-angle-limit model is related to twisted bilayers with a fi-
nite twist angle, a section on the construction of explicit moiré supercells is included
here (Sect. 2.2.3). While it was not possible to extract excitation spectra of twisted bi-
layers in Paper VII, additional insights concerning the fundamental properties of the
moiré potential were obtained, namely that the potential arises due to a stacking de-
pendent charge density displacement upon bilayer formation.

While twisting allows one to manipulate a material without changing the chemical
constituents of the material, it has a rather limited effect of the overall electronic struc-
ture. In order to tailor the position of the band edge states over a wider energy range,
which is desirable for applications in , e.g., optoelectronics and catalysis, one requires
more drastic means. In Paper VIII we therefore address the following question.

Q7. Besides twisting, what additional ways are there to engineer the optical proper-
ties and in particular the position of the band edges?

We direct our focus on alloying and in particular the mixing ability of TMD monolayer
alloys and the alignment of the band edges. To this end, a section on thermodynamics
of binary alloys is included (Sect. 2.2.4). Paper VIII concludes the studies that have been
performed within the scope of this thesis.



Most of the data in Paper I-Paper VIII has been generated using first-principles cal-
culations based on DFT. Therefore, a chapter on first-principles calculations (Chapter 4)
is included in this thesis as well.






Background

This chapter provides background for the appended studies. First, defects in wide band
gap materials are introduced (Sect. 2.1), which creates context for Paper I-Paper IV. In
the second part (Sect. 2.2), TMDs are introduced, which is relevant for Paper V-Paper VIII.

2.1 Defects in wide band gap materials

2.1.1 Oxides

Oxygen forms compounds with basically every other element in the periodic table. Wide
band gap oxides is a rather large class of oxides and not uniquely defined. Here, we
define them as oxides with band gaps above =3 eV. We furthermore restrict ourselves to
crystalline materials. The valence electron configuration of oxygen is 2s22p*. In the ionic
limit oxygen occurs as a doubly negatively charged ion with a closed valence shell 2522p%
in binary metal oxides. In the case of a completely depleted metal valence shell, which is
reflected in the stoichiometry of the oxide, the valence band consists of oxygen 2p states
and the conduction band of unoccupied metal states.

2.1.1.1 Electronic structure

The type of a semiconductor/insulator can often be classified according to the predomi-
nant character of the valence and conduction bands. While the degree of covalency can
be relatively large, it is still useful to keep the notion of anion and cation, and it is usu-
ally possible to distinguish the main contributions to the valence band and conduction
bands.

An open shell semiconductor or insulator for which the valence band is dominated
by anion states and the conduction band by cation state is said to be a charge trans-
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fer semiconductor or insulator. Here, the charge transfer refers to the fact that the low-
est electronic excitation involves a charge transfer between anions and cations. When
both valence and conduction band are predominantly composed of cation states, the
semiconductor or insulator is of Mott-Hubbard type and the lowest excitation involves
charge transfer between cations.

In 1985, Zaanen, Sawatsky, and Allen developed a theory in order to qualitatively un-
derstand the electronic structure of transition metal compounds applicable to binary
transition metal oxides [19]. In the Zaanen-Sawatsky-Allen theory a distinction between
charge transfer and Mott-Hubbard insulators can be made. The theory is simple in the
sense that it is based on only three material specific parameters to describe the type of
insulator. The essence of the Zaanen-Sawatsky-Allen theory is that the electronic prop-
erties of an ionic transition metal oxide are dependent on the charge transfer energy
between the oxygen and metal states (§) and the correlation energy between the metal
states (U) (Fig. 2.1a). The third parameter entering the Zaanen-Sawatsky-Allen theory is
the oxygen 2p bandwidth.

a.

b.
| I I I
w
I occ. anion -
zer, ' mm HE

I unocc. metal
Charge transfer Mott-Hubbard Type | Type Il Common
anion rule

Figure 2.1: a) Illustration of the parameters for the Zaanen-Sawatsky-Allen theory. The blue color
indicates the occupied anion band whereas the gray color indicates occupied cation states and
the red colorindicates unoccupied cation states. The difference between the band edge character
in charge transfer insulators and Mott-Hubbard insulators is indicated. b) Schematic illustra-
tion of band alignment of two compounds. The two common band alignments; type I and type
IT are shown as well as an intermediate alignment corresponding to the common anion rule.

Mott-Hubbard insulators have §—U > 0, while for charge transfer insulators 5—U < 0.
The binary transition metal oxides studied in the publications that this thesis is based on
are closed shell oxides. As such, the unoccupied metal states are usually well separated
from the occupied oxide states, i.e., U > § [20].

The relative band edge positions between different materials are important in any de-
vice that includes a heterojunction of these materials. Therefore, extensive efforts have
been made in order to understand how band edges align in heterostructures. There are
two main types of alignment, type I and type II (Fig. 2.1b). In type I aligned materi-
als, both band edges belong to the same material, so that an excitation predominantly
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occurs within the same material, whereas in a type II aligned heterostructure the va-
lence band edge and conduction band edge belong to different materials. In binary
ionic closed shell insulators, the anion valence states are occupied and the cation va-
lence states are unoccupied in the ground state. It has been observed that compounds
with common anions tend to exhibit a much smaller variation of the valence band edge
position in comparison with the conduction band edge [21] (Fig. 2.1b). This observation
is the basis of the so called common anion rule. The common anion rule states that the
valence band edge position is primarily determined by the energy level of the anion va-
lence state, whereas the conduction band edge position is primarily determined by the
energy level of the cation valence state. Wei and Zunger showed that the common anion
rule breaks down when cation states mix with anion valence band edge states [22].

2.1.1.2 Defects

Defects are particularly important in oxides proposed for applications involving elec-
tronic transport. Examples of oxides that fall in this class are ZnO, In,0;, SnO,, -
Ga, 05, BaSnO; as well as CuAlO, [23-25].

In order to take full advantage of wide band gap oxides, it is necessary to develop p-
doped oxides, and so far it has been difficult to achieve p type doping in binary closed
shell wide band gap oxides. These oxides are generally easier to n-dope and realizing
p-doped oxides has been a long standing research objective [26]. The origin of the pre-
ferred n-doping over p-doping is believed to be related to the formation of oxygen va-
cancies which act as electron donors in many oxides, though the donor efficiency of the
oxygen vacancy varies between materials [27].

The main difficulties involved in utilizing p-doped oxides can be understood by first
considering the O?~ ion, which is a closed shell ion and is unlikely to host a free hole.
Secondly, if one manages to form O~ (peroxide) ions, hole capture by occupied abun-
dant intrinsic hole killers reduces the hole concentration. And even if an oxide with a
valence band of 2p states, e.g., ZnO and In,0;, could be easily p-doped, the effective
mass of the hole is usually very large. As a result, the free hole mobility for the cases
where the valence band edge consists of oxygen 2p states is very low, which limits the
usefulness in electrical devices [28, 29]. Finally, it has also been shown that holes may
form small polarons (self trapped holes) in the oxides SnO,, Ga,0O;, and In, 05, which
further reduces the hole mobility [30] in these materials.

Intrinsic hole killers in oxides have been widely studied. For example, in the case of
ZnO, intrinsic defects have been suggested to be the source of the difficulty in achiev-
ing a p-doped material [31]. The difficulty arises from an asymmetry between acceptor
and donor defects in terms of formation energy that is independent of the chemical po-
tential [31]. It was shown that hole killers such as V are abundant while electron killers
are rare, thus achieving n-type doping is easier based on intrinsic compensating defects.
There are, however, oxides that can be made to exhibit hole conductivity. These oxides
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generally exhibit states that hybridize with the valence band edge [32]. In CuAlO,, the
cation valence states (Cu d states) hybridize significantly with the oxygen 2p states, ef-
fectively inducing a curvature of the valence band and therefore creating a reasonable
conduction channel for holes [33].

2.1.1.3 Solid state lighting

Solid state lighting in the form light emitting diodes (LEDs) traces its origin to the work
of Losev in the 1930ies [34]. Further research led to the realization of red [35] and green
LEDs in mid 1900ies. Development of the blue GaN and InGaN LED in the 1990ies [36]
was awarded the Nobel prize in 2014 and paved the way for WLEDs. There are a few dif-
ferent design principles of WLEDs and one of the more common is the phosphor con-
verted white light emitting diode (PCWLED) approach [37, 38].

A PCWLED consists of two main parts, a regular LED and a phosphor. The regu-
lar LED emits photons through the phosphor with a fraction of the photons passing
through and the remaining ones being absorbed. The absorbed photons are effectively
down converted (red-shifted) in energy by the creation of phonons in the phosphor and
subsequently emitted at a longer wavelength.

Solid state phosphors consist of a host matrix (oxide, silicate, nitride, phosphate etc.)
doped with an activator ion, often from the lanthanide series or the transition metals.
The optical transitions occurs on the activator ion and the efficacy of the phosphor de-
pends on the interplay between the activator ion and the host matrix. The positions of
the activator ion energy levels that partake in the optical transition are one important
aspect, and both the ground state level and the excited state level should be located suf-
ficiently far from the band edges of the host matrix. Furthermore, for the purpose of
doping, it is advantageous if the size mismatch between the dopand and the species it
substitutes is relatively small.

One particular activator ion/host matrix combination is Ce in oxide hosts where the
optical transition occurs between the Ce:4 f ground state and the excited Ce:5d state.
For Ce-doped yttria and rare earth oxide phosphors it has been shown that the effi-
cacy of the Ce:4 f — 5d luminescence is mainly governed by the magnitude of the band
gap of the oxide host [39]. For host matrices with band gaps below 5.6 €V-6.2 €V, the
Ce:4 f — 5d luminescence was shown to be quenched since the Ce:5d states reside above
the conduction band edge [39]. Ce-doped YAG is one of the most widely used solid state
phosphors [3, 40]. YAG has stoichiometry Y3Al;0,5 and crystallizes in the garnet struc-
ture. The formal charge state of Y in YAG is +3 and the valence electron configuration
of Ceis 4 f15d6s%. The isovalent substitution of Y with Ce leaves the 4 f electron and de-
pletes the higher lying (5d and 6s) Ce states. The absorption band is centered at around
450nm [7] (blue part of the visible spectrum), which is compatible with the emission
spectrum of certain compositions of In;_,Ga,N. The emission spectrum of Ce:YAG is
centered at around 550 nm[7] (yellow part of the visible spectrum). The blue light from
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the In;_,Ga,N LED and the yellow light from Ce:YAG is then perceived as white light.

2.1.1.4 Thermal quenching

Thermal quenching is the observed decrease in luminescence intensity with increasing
temperature. This can be a severe drawback for PCWLEDs since down conversion of
the absorbed photon inevitably dissipates some of the excitation energy as heat and the
heat losses can reduce the efficacy of the LED by 10-30% [37]. This can lead to high tem-
peratures in the phosphor, specially at high operating power, and also color distortions.
The thermal quenching temperature is quantified by T,,, where x is the fraction of lumi-
nescence intensity relative to the low temperature intensity, and is usually reported for
x = 0.5.

In principle, all mechanisms that impede radiative recombination at the activator ion
can lead to luminescence quenching and several mechanisms can be at work simultane-
ously. In Fig. 2.2 the main luminescence quenching mechanisms are illustrated. These
include i) landscape crossover, which is a recombination mechanism that proceeds via
(multi)phonon emission, ii) thermally activated concentration quenching, where the ex-
citation energy migrates through the crystal until it reaches a killer center, and iii) ther-
mal ionization, in which the excited electron undergoes a transition to the conduction
band and is subsequently captured at an electron trap.

Due to the technological importance of Ce:YAG, thermal quenching has been widely
studied, mainly experimentally, in order to elucidate the microscopic origin [6, 7, 39].
Ce:YAG has a very high thermal quenching temperature for dilute Ce concentrations.
For Ce concentrations of 0.033%, the quenching temperature was reported to be above
600 K, while for heavily doping (3.33%) it was reduced to 440 K [7]. Due to the strong
dependence of Ce concentration, the thermal quenching mechanism for moderate and
highly doped Ce:YAG has been attributed to thermally activated concentration quenching [7].

Thermally activated concentration quenching requires the presence of electron traps
or killer centers (often attributed to point defects) that can either capture the excited
state electron or act as an catalyst for non-radiative recombination. Furthermore, it
has also been suggested that in dilute Ce:YAG (0.5%), the main quenching mechanism
is thermal ionization [6]. The attribution to this mechanism was established by thermo-
luminescence measurements, which showed the presence of electron traps at 0.86 eV
and 1.52 €V below the conduction band. The chemical nature of the electron traps was,
however, not clarified in that study.

While both thermally activated concentration quenching and thermal ionization ulti-
mately rely on the presence of defects, their role might differ. As illustrated in Fig. 2.2,
the defect might act as an electron trap or as a recombination catalyst. In the former
case, the Ce atom haslost an electron and thus cannot host optical transitions whereas in
the latter case the electron-hole recombination leaves the Ce atom in its original charge
state.
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Figure 2.2: Schematic illustration of microscopic mechanisms that would result in luminescence
quenching. The dotted gray lines indicate trap levels/killer centers and the blue arrows represent
routes the electron (depicted as a red arrow) can take towards luminescence quenching.

2.1.2 Carbides and nitrides

Carbon and nitrogen based compounds with wide band gaps have been shown to be
able to host defect induced two-level systems where individual defects can be optically
manipulated and used as single-photon sources. Furthermore, diamond, SiC, and h-
BN all consist of light elements with weak spin-orbit coupling. Single photon emis-
sion can be measured with the quantum analogue of the photon correlation function
gB() = UMI{ + 1)) /{I(1))?, where I is the light intensity [41]. For a single pure two-
level system, this correlation function would tend to zero in the limit of zero time lag.
The reason for this behavior is that the excited state of the two-level system has to be
populated before photon emission and the excited state exhibits a finite lifetime [42]
that depends, among other things, on the transition dipole moment, see Eq. (3.19). The
vanishing amplitude of the correlation function corresponds to photon antibunching in
contrast to photon bunching as 7 — 0 that is expected from a classical light source [43].

Single photon emission has been shown for the NV~! center in diamond [42] and (pre-
sumably) for defects in 4H-SiC [44] and h-BN [4]. In the two latter materials, the under-
standing of the origin that gives rise to the single-photon emission is not as advanced
as for the case of the NV~! center in diamond.

The NV center in diamond consists of a nitrogen atom substituting a carbon atom in
combination with a neighboring carbon vacancy. The charge state of this defect is ei-
ther neutral or negative. In the negative charge state (NV™1), the spin stateis S = 1and
several in-gap states are present that form an optical system. The importance of single
photon emitters is predominantly as building blocks in emerging quantum information
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2.1. Defects in wide band gap materials

technologies. Single photons generated by the NV™! center in diamond nanocrystals
have already been used in quantum crypthography [45]. However, the NV ™! center has a
shelving state, which gives rise to a deviation from single photon emission at higher op-
erating power [46]. Although many properties, including single-photon emission, are
well established for the NV center, there are some intrinsic disadvantages with the NV
center. For example, the emission lineshape is rather wide, which makes it difficult to
create identical photons, and the transition energy is above ~ 1eV and thus not suit-
able for telecommunication applications [47]. Therefore, it is important to identify and
advance the knowledge of other single-photon sources. Here, SiC and h-BN are two
related materials that can host defects that exhibit single-photon emission.

2.1.2.1 SiC

SiC is a polymorphous material with over 100 different polytypes. One of the more com-
mon polytypes is 4H-SiC with a band gap of 3.2 eV [48]. The NVy; defect in 4H-SiC is
structurally analogous to the NV center of diamond with a transition energy of 1.0eV
[49]. The main difference here, apart from the host matrix, is that the vacant species is
silicon instead of carbon. In contrast to the NV center, the N;Vg; defect has not been
positively confirmed as a single-photon emitter [50]. However, other defects in 4H-SiC
have been proposed to exhibit single-photon emission including Cg;V¢ [51], and more
recent studies have shown that there is a single-photon emitter with brightness that ex-
ceeds the NV center in diamond [44].

2.1.22 h-BN

Boron nitride is isoelectronic to carbon compounds and exists in similar polytypes de-
pending on temperature and pressure. The cubic structure exhibits a similar crystal
structure as diamond and the the hexagonal structure (h-BN) is similar to graphite. At
ambient conditions the most stable polytype of boron nitride is likely the cubic structure
[52], however, the hexagonal form may be kinetically locked in at these conditions since
it is not uncommon at ambient conditions. Monolayers of h-BN can be exfoliated and
the wide band gap is retained, hence the electronic structure of monolayer h-BN is very
different from the one of graphene.

The wide band gap makes h-BN a promising platform for hosting single photon emit-
ters at room temperature. The wide band gap here is important since thermal quench-
ing rates may be enhanced otherwise (see Sect. 2.1.1.4). In particular, the 2D nature
of monolayer h-BN offers significant advantages. It is possible to manipulate surfaces
with very high precision and insert emission centers [53]. Furthermore, the properties
can be adjusted by different substrates, and total internal reflection may be reduced or
even absent [2].
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There have been numerous reports of emission centers in h-BN that exhibit single-
photon emission [4, 54, 55]. In general, emission from point defects consists of a zero
phonon line (ZPL), which is the pure electronic transition energy, and phonon sidebands
(see Sect. 3.3.2). The ZPLs of emission centers in h-BN are located in mainly two regions,
one band in the visual region between red and green (low frequency band) and one in the
near ultraviolet region (high frequency band). The emission in the low frequency band
has been reported to have ZPLs at discrete values between 1.6 eV to 2.3 eV with similar
optical lineshapes [54] suggesting structural similarity between the different emission
sources.

2.2 Optical and thermodynamical properties of TMDs

2.2.1 Transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) is a class of compounds that include a tran-
sition metal and a chalcogenide with stoichiometry MX, where M = (Mo, W, Pt, Pd,
Zr, Hf, ..) and X = (S, Se, Te). These compounds commonly crystallize in hexagonal
(H), trigonal (T) or monoclinic (T") layered structures (Fig. 2.3 for monolayer side view),
but structures with other symmetries exists as well [56]. The interlayer coupling is due
to van-der-Waals (vdW) interactions, while the in-plane bonds are strong with mixed
covalento-ionic character. The H type monolayer has mirror plane symmetry, which
the T" and T monolayers lack. The commonality of these structures (H, T, and T") among
TMD monolayers is shown in Fig. 2.4.

OO QAKX LXK,

Figure 2.3: Structures of the hexagonal (H), monoclinic (T"), and trigonal (T) transition metal
dichalcogenides. The atomic structures were visualized with oviTo [57].

2.2.1.1 MX,withM=Mo, W; X=S§, Se, Te

The widely studied TMDs MX, with M = (Mo, W) and X = (S, Se) crystallize in the H
structure [60]. MoTe, also exhibits H symmetry whereas for WTe,, the H structure is
metastable and the T’ structure is the most stable polytype. In bulk form, these are semi-
conducting vdW solids with indirect band gaps of around 1 to 2 €V [12, 61]. Individual
TMD monolayers can be obtained by mechanical exfoliation [62] and perhaps more im-
portantly by chemical vapor deposition [63].
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2.2. Optical and thermodynamical properties of TMDs

Li |Be T B[C[N|[O|F [Ne

Figure 2.4: Schematic indicating the structures (restricted to H, T, and T’) proposed for different
TMD monolayers. Data based on Computational 2D Materials Database (C2DB) [58, 59], filtered
for systems with stoichiometry MX, and high stability. A colored entry should be read as thereis
at least one TMD based on this transition metal with this structure.

The electronic structure of these TMDs depends strongly on the number of layers of
the material. In the bulk and bilayer form there is a strong hybridization of valence
band zone center and conduction band states at the point halfway between the zone
center and K (Fig. 2.5). This valley is referred to as the A valley. As the number of layers
becomes smaller the electronic structure undergoes a transition from an indirect band
gap to adirect band gap (Fig. 2.5 for the band evolution of MoS,). In the monolayer limit,
the valence band and conduction band edges are predominantly composed of transition
metal d states (Fig. 2.5).

Since the lattice parameter is almost completely determined by the chalcogen species
[58, 61, 64], heterostructures based on the same chalcogen species exhibit vanishing lat-
tice mismatch. The TMDs based on the same chalcogen species exhibit type II band
alignment [65] (Fig. 2.1b). For a heterostructure, type II band alignment entails that it
is possible to obtain a spatial separation between the valence band and conduction band
since these reside in different parts of the material. In the case of vertical heterostruc-
tures, the type II alignment may lead to excitations where the electron resides in one
layer and the hole in the other.

2.2.2 Excitons

For TMDs, the optical spectra are dominated by excitons [67]. An exciton is a bound
electron hole pair. Due to the Coulomb interaction in a material, the electron and hole
exhibit an attractive interaction that correlates the motion of the electron and of the hole.
The exciton is characterized by a binding energy, which can be understood as the differ-
ence between the quasi-particle band gap energy and the exciton energy. The binding
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Figure 2.5: The PBE band structure of bulk, bilayer, and monolayer MoS, with the band gaps
shifted to the GLLB-SC [66] band gaps. The conduction band edge in the bulk and bilayer occurs
at the A point, i.e., half way between the zone center and the K-point. Spin-orbit coupling has
not been accounted for.

energy is indicative of the energy required to break up the correlated electron hole pair
to form a free electron and a free hole. The exciton is typically the lowest electronic inter-
band optical excitation and in, e.g., bulk GaN, the exciton binding energy is estimated
to be around 20 meV [68], and thus not stable at room temperature, while in hafnia it
has been predicted to be around 570 meV [69].

One of the reasons that the exciton binding energy varies so much between materi-
als is that it is strongly dependent on the dielectric screening. In 2D materials, due
to the dimensionality reduction the Coulomb interaction is stronger and the dielectric
screening is weaker compared with bulk materials [16, 70]. It was estimated in another
theoretical study that the monolayer MoS, exciton binding energy was 40 times larger
than the bulk exciton binding energy [70]. The ground state (1s) exciton binding energy
has been shown to be well approximated within certain limits by the following general
form in 2D materials [16]

E= 5 (2.1)

where p is the exciton effective mass and « is the 2D polarizability.

In order to model excitons it is necessary to describe the screened Coulomb interac-
tion between carriers (electrons and holes), which is a computationally demanding task.
The Bethe-Salpeter equation is a first-principles method to compute the optical spectra,
which includes excitonic effects. In the studies connected to this thesis (Paper V and Pa-
per VI), however, the exciton properties has been computed using density matrix theory
with certain parameters estimated from DFT calculations.
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2.2. Optical and thermodynamical properties of TMDs

2.2.3 Bilayers and moiré superlattices

The main purpose of this section is to introduce twisted (moiré) bilayers, but first the
properties of untwisted 2D bilayers are addressed.

Monolayers can be stacked to form bilayers, with the stacking order determining
much of the properties of the bilayer. A hexagonal system with a basis consisting of
atoms A and B can be stacked in AA or AB order. There is also an additional number of
stacking orders arising from a relative translation of monolayer in these two fundamen-
tal stacking orders. There are several ways to refer to specific stacking orders and one
commonly used is based on Rg((, (H ))((,), where R (H) refers to the AA (AB) parent stacking
while the superscript X and subscript X’ indicate the sites that are vertically aligned
(Fig. 2.6). For example, RZ is the bilayer stacking with parent stacking AA and where
the midpoints of the hexagon (denoted h for hollow) are vertically aligned. This is just
parent stacking AA, while R,‘;X would mean that the parent stacking AA is subject to a rela-
tive translation such that the atom A of the top layer is vertically aligned to the hexagonal
midpoint of the bottom layer. This bilayer stacking is also referred to as Bernal stacking.

Hy HY (Hi) — HE(H) it A% (Rw) Ry (RY)
Q @ ‘Q ; o @ “O o o 7\0 \ Q\ O; o . Q\ Q o . O,\ Q o
X Q Q. () X Q Q. () X Q Q. o X Q Q. o X Q Q. o X Q Q. o
) Q\, O ) 5 Q\, O ) 5 Q\, O ) 5 Q\, O Q\, O ) 5 Q\, O ) 5

Figure 2.6: Side view of atomic registries using a 2 x 2 x 1 supercell for different stacking orders
with M atoms in blue and X atoms in yellow. The atomic structures were visualized with OVITO
[57].

A general feature of bilayer formation in TMDs is the strong hybridization that occurs
between the layers, in particular between the valence band zone center states and the
conduction band A states. This has the effect that the zone center valence band is pushed
to larger energies rendering the band gap indirect. The magnitude of the hybridization
is stacking dependent. The binding energy and interlayer distance are greatly affected
by the stacking order, see Fig. 2.7 for predictions based on conventional DFT calculations
using the vdW-df-cx exchange correlation functional [71]. The AB fundamental stacking
is the most stable stacking order for bilayer MoS, according to calculations using the
vdW-df-cx functional (=1 meV below R})l(), there are situations in which other stacking
orders will be present.

The bilayer system has additional degrees of freedom, e.g., a relative rotation. A small
relative rotation of one monolayer with respect to the other can result in a structure that
exhibits an interference pattern in the atomic positions, which is also called a moiré pat-
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Figure 2.7: Total energy of the MoS,/MoS, bilayer in different stacking orders with respect to the
minimum energy of the H} stacked structure computed in connection to the study in Paper VII
using the vdW-df-cx functional.

tern. These structures can exhibit properties that are vastly different from the untwisted
bilayers. Non-dispersive states have been shown to emerge in twisted graphene [72], h-
BN [73], and TMDs [74]. The emergent flat bands can give rise to strongly correlated
phenomena such as superconductivity and the most famous example of a twist induced
phenomenon is probably the emergence of superconductivity at a twist angle of 1.1° in
twisted graphene [72].

In a moiré structure there is an alternating stacking order throughout the system
(Fig. 2.8) and two additional positions in the moiré structure where there is a local C5
symmetry with stacking corresponding to a relative translation of 1/3 and 2/3 (in units
of the long diagonal) of one monolayer along the long diagonal of the bilayer unit cell.
These two positions exhibit the stacking order shown in Fig. 2.6, where the stacking
orders are separated by domain walls (Fig. 2.8).

2.2.3.1 Derivation of commensurate angles

The construction of a commensurate hexagonal moiré supercell is a purely geometrical
problem [75—-77]. The derivation is based on the criterion that translations of the lattice
points in the untwisted and twisted layer must coincide somewhere.

The derivation follows the approach of Ref. [75] and the main obstacle is solving a non-
linear homogeneous Diophantine equation. The unit cell lattice vectors for a hexagonal
2D system are a; = q¢(1,0) and a, = ao(—%, ?), where qj is the lattice constant. The

position of lattice point (i, j) is
1 .
1
). 2.2
_) () 2.2)

o Y 1=
Pij =1a; +Jjas; = ay N3 | = NG
I 0 3

18



2.2. Optical and thermodynamical properties of TMDs

H R
Hi Ay
O O
Hy! A
O O
Hy A}
/ %

Figure 2.8: H and R stacked moiré superlattices at a twist angle of 4.41° with the high-symmetry
positions indicated. The atomic structures were visualized using the software ovito [57].

The twisted monolayer has basis positions (i’, j”) at the following positions

. (2.3)
sin 6 —%sin9+§cos9 J

, , , cos 6 —% cos 6 — %sin& i’
Pi'j' = Rg[l a; +7J a2] = ay .

For a commensurate twist angle P;; and Plf,j, must coincide for some point(s) in order to
maintain periodicity, therefore non-trivial solutions to P = Plf,j, with the unknowns
i,j,i’,and j” are required. The inverse of the translation matrix is

1 -1 - 9 (V3 1
ay gl = ( 2 2) (2.4)
0 *= a3\ 0 1
and the equation becomes

. 1 _l 1 ./ ./
p.=p — (})= cos@2+\/§sm0 \Esine APSHLAY 2.5)
J vj J ﬁsinQ cos@—ﬁsine J J

From the elements of M it is clear that only specific values of § will make M rational
valued. We follow the approach of Ref. [75] and set @ = cos@ and = 371/2sinf and

C) ) <a2+ﬁﬁ a_Eﬁﬁ) (;> (2.6)

with @, f € Q. Since the matrix M is an area preserving map, the determinant is 1 and
we get the constituent relation of « and f as

a® +3p% =1, (2.7)
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which is the Diophantine equation A? + 3B = C?, witha = A/C, = B/C. This
equation can be solved by looking for rational points on an ellipse (similar to finding
rational points on the unit circle in order to solve for Pythagorean triplets). The solution
can be parameterized as

p=u and a=—£u+1, P,QeZ™".

Insertion of the parameterized solution in Eq. Eq. 2.7 yields

2PQ
U= ———. (2.8)
3Q% + P2
This gives
1 30?2 — P? + 2PQ — 4PQ
= 5 2 : (2.9)
302 + p? 4PQ 3Q° = P* = 2PQ
The commensurate twist angles are then (by substituting M,; or M;,) given by
, 8v/3PQ
sin(fpp) = ——;. 2.10
in(0po) 307 1 P (2.10)

By choosing P = 1 and Q = 2k + 1, one obtains the expression for the twist angles [77]
that was used in Paper VII, as was noted in Ref. [75] albeit with a different expression.
The expression here is

O, = arcsin (é [2k—+1]) (2.11)

2 13k2+3k+1

For this choice of P and Q, the twist angles that results in commensurate moiré super-
lattices exhibit a rather large angle spacing for twist angles larger than 5°. However, for
low twist angles the angle spacing becomes much smaller.

2.2.4 Binary alloys

In this section, the thermodynamics of TMD alloys is outlined. TMDs is a class of mate-
rials with stoichiometry MX,, where M is a transition metal and X is a chalcogen. These
(presumably) do not substitute easily with each other and therefore it is possible to have
substitutional alloys on either one of the M sublattice or X sublattice. For alloys with
mixing on the M sublattice, there could in principle be mixing of transition metals from
different groups of the periodic table.

For TMD alloys, one can distinguish between three different types of mixing behav-
ior at o K. These are i) ordered mixing systems, ii) non-mixing systems, and iii) Janus
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2.2. Optical and thermodynamical properties of TMDs

systems. The Janus phase is only possible for alloys with mixing on the X site and con-
sists at x = 0.5 of a structure with chalcogen layers with different species. The mixing
behavior is determined by the free energy.

A binary substitutional alloy exhibits mixing of two elements on one sublattice. For
the case of a TMD that exhibits stoichiometry MX, with mixing on the M site, the mixing
energy is

AEmix(x) = E(MMuM Xo(nmy) — nE(MX,) — mE(M'Xy), (2.12)

where x = n/(n + m). Disregarding the changes in vibrational entropy, the mixing free
energy is
AGix(x) = AEpix(x) — TAScone(x). (2.13)

The configurational entropy of a random solution can be approximated by a mean field
model as [78]
ASconf(x) = —k[xInx + (1 — x)In(1 — x)]. (2.14)

More accurate predictions of the mixing entropy can be realized by sampling via Monte
Carlo simulations using a suitable lattice model such as an alloy cluster expansion [79].
Now Eq. 2.13 is only valid in the case of a homogeneous concentration throughout
the alloy, something that may not be the case. If the sample consist of two regions with
concentrations x; and x, such that the average concentration is x = yx; + (1 —y)xy, the

free energy is
AGpix(%) = yAGpix(x1) + (1 = Y)AGyix(x2), (2.15)

where y can be expressed in the concentrations as

J'c—xl

Yy = (2.16)

X1 =X
For each temperature, the common tangent of two minima of AGyix(x) can be used to
assess the range of concentrations for which mixing does not occur. If the tangent falls
below AGix(x) the system can attain a lower free energy by phase separation.

In order to predict a quantity Q as a function of composition, e.g., the lattice param-
eter, band edge positions, or band gap, the following expression is often used

0x)=x0(x=0)+1-x)0(x=1)—bx(1—x), (2.17)

where bis the bowing parameter. If the bowing parameter can be neglected the resulting
expression is referred to as Vegard’s law.
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Point defects

There are different notation schemes for defects. The convention adopted throughout
this thesisis AL, where A is the defect and B is the site and g indicates the charge state. In
the case of a substitutional defect, A is the chemical symbol of the introduced atom and B
is the chemical symbol of the atom that is replaced. For a vacancy, the defect is denoted
by V and for an interstitial the site is labeled with I. The charge state is with respect
to the atom and not the ion, e.g., a vacant O?~ is denoted by V{%. This notation differs
from the Kréger-Vink notation (used in Paper II) where positive charges are labeled with
., negative charges with ’ and neutral defects with x. For example V{? is denoted as
Vg in Kroger-Vink notation. Zero-dimensional defects that cannot be described within
this notation are, e.g., topological defects such as Stone-Walls defects, which causes the
atomistic connectivity to change and the notion of sites becomes ambiguous.

D009 S0S0S0S0 O
0000008000044
)OS008 8080:

Figure 3.1: Illustration of point defects including (a) vacancy defect, (b) interstitial, (c) double
anti site defect, and (d) substitutional defect.

A few types of point defects are illustrated in Fig. 3.1. In addition to the point defects
that affect a single site such as vacancies, interstitial and substitutional defects, there
are more complex defects such as vacancy-substitutional complexes that are composed
of several point defects. Vacancies, interstitials, and substitutional atoms are likely to
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be more common (since these are constituents of more complex defects) than more com-
plex defects but the overall prevalence in equilibrium is mainly governed by the forma-
tion energy of the defect, which depends on the environment of the crystal.

3.1 Thermodynamics

The formation energy is the most central quantity associated with a defect since it gov-
erns the equilibrium concentration of said defect. It is a measure of the energy cost to
create the defect. The formation energy provides a means to analyze charge state stabil-
ity regions and can be used to quantify transition energies.

3.1.1 Formation energy

The formation of a defect is analogous to a chemical reaction in which several reactants
form a final product. As such the change in Gibbs free energy AG = AH — TAS gov-
erns the formation of defects. A general reaction for the formation of a defect can be
expressed as

ideal crystal — defect crystal + net exchange of particles with reservoir, 3.1)

where the particles are both ions and electrons. The internal energy difference for a
single defect in charge state g is then

AE = Egefect — Eideal — Z HAN;, (3.2)
i

where AN, is referenced to the ideal crystal, e.g., AN = —1 for a vacancy.
The total enthalpy difference in the case of formation of n non-interacting identical
defects in charge state g is

AH = n[Ef oo — Eideal = ), AN + AV, 6.3)
i

where AV is the change in volume by the incorporation of n defects. The entropy increase
originates from vibrational and configurational contributions. If the defect concentra-
tion is low enough, the defect induced difference in the vibrational degrees of freedom
is independent of other defects. The changes of the vibrational entropy is then a local
quantity associated with a defect while the configurational entropy is a global quantity,
i.e., AS = nASy, + AS.opns- The change in Gibbs free energy is then

AG = n[Egefect - Eideal - Z ﬂiANi - TASvib] + PAV - TASconf' 3.4)
i
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3.1. Thermodynamics

In an insulator the chemical potential of the electron is usually positioned within the
band gap but can also be located within the band manifolds in the case of degenerately
doped semiconductors at low temperatures. The electron chemical potential is y,. The
dominating quantity of AH is the formation energy, which for a defect in charge state g is
defined as [80]

AEp = Ed goe — Eideal = Y, HAN; + q(eypy + Spte), (3.5)
i

whereiruns over ions only. At equilibrium AS,, ¢ balances the number of defects so that
AG = 0. A positive formation energy indicates that the ideal crystal is thermodynami-
cally stable with respect to formation of the specific defect at o K. The Gibbs free energy
AG is then

AG = n[AEp — TAS] + pAV — TASopns. (3.6)

3.1.2 Configurational entropy

The configurational entropy in Eq. 3.4 for a system with n identical non-interacting de-

fects distributed over N available lattice sites can be expressed as AS,,,r = kg log W with
NI

n'(N —n)!’

as bothnand N are very large. The result is

. The change in entropy is then found by using Stirling’s approximation

ASeopnf = kB[N log<1 - %) - nlog(% - 1) ] (3.7)

The change in configurational entropy with respect to the number of defects is

dAS,
dconf = kg log (ﬂ - 1). (3.8)
n n

The entropy difference tends to +c0 as N /n tends to +oo, which means that the entropy of
the system increases spectacularly by the formation of defects and at any finite tempera-
ture it is very difficult to fabricate defect-free materials. The equilibrium concentration
of defects can be found from

dAG =0e n :ex<A]5 )e (ASVIb)X( pdAV) (3.9)
dn niN P\ Ter) P\ )P\ TeT 4 '

If N > n and the vibrational entropy and change in volume are small (= 0) the equilib-

rium defect concentration is
m o~ ex ( AEF) (3.10)
NPT/ '
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Figure 3.2: Equilibrium concentration of defects as a function of temperature for a set of differ-
ent formation energies.

The defect concentration for arange of different formation energies is shown in Fig. 3.2.
For example, for a defect formation energy of 0.5 €V at 600 K one can expect that around
one in ten thousand sites to be a defect in equilibrium.

Forvery large defect concentrations the defects may not be evenly/randomly distributed
in the material. Inthe cases of high oxygen vacancy concentration in some wide band ox-
ides, the vacancies tend to aggregate and form so-called Magnéli phases instead where
the vacancies are located in a shear plane [81].

3.1.3 Charge transition levels

The formation energy can be used to assess the charge state stability regions with respect
to the electron chemical potential. Equating AEr (Eq. 3.5) for a defect in two different
charge states g; and g, results in

q1 92
Edefect - Edefect

5/16 = — EVBM- (3.11)
@2~ q

The equilibrium formation energy as a function of electron chemical potential can
exhibit a kink at the relative electron chemical potential on the left hand side of Eq. 3.11.
This kink indicates the charge transition level (CTL) between charge states g, and gq;.
The position of the CTL with respect to the band edges is an important characteristic of
a defect since it determines much of the influence the defect has on the electronic and
optical properties of the system.
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3.1. Thermodynamics

3.1.4 Chemical potential

The chemical potentials of the atomic species that occurs in, e.g. Eq. 3.5 are subject
to several constraints. The chemical potential of species i is limited from above by the
elemental phase [82]

1< (3.12)
For a monoatomic crystal, the only phase boundary is the elemental solid/molecule. For
compound crystals, the equilibrium stability of the crystal couples the chemical poten-
tials of the constituent species and therefore additional constraints are imposed depend-
ing on the stoichiometry of the compound. In binary compounds with stoichiometry of
AB the chemical potentials are coupled as [82]

HAB = HA t+ HB. (3.13)

Using the upper bound (Eq. 3.12) of p4 and pip one finds the range of chemical potentials
for Aand B as

HaB — HB < Ha < Hp (3.14)
piaB — fig < HB < g (3.15)
The limit where iy — pj is called the A-rich limitand yy — pap — 1§ is called the A-poor

limit and similarly for B. The elemental chemical potentials of A and B are related to ppg
and the formation enthalpy AH f(AB) as [80]

AH{¢(AB) = jipp — i3 — i3, (3.16)

which makes it impossible to choose both y, and pp as the elemental phases, i.e., there
cannot be both an A-rich and a B-rich environment simultaneously.

For a gas phase reservoir the chemical potential depends on pressure and tempera-
ture of the gas. For a gas phase dimer such as O, the chemical potential is [80]

kgT PV
po = 4y + 2= (1og | L | ~ loglZr] - oglZis]). 617
B

where V = [h?/(2xmkgT)]*/2 and Z is the partition function.

3.1.5 Electron chemical potential

The formation energy of a charged defect is linearly dependent on the electron chemical
potential y,. However, the electron chemical potential is in turn dependent on the for-
mation energy via the connection between defect concentration and formation energy
(in the case of n identical non-interacting defects see Eq. 3.10).
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In equilibrium y, is determined by charge neutrality conditions where the charge states
of several different types of defects balance the free electron and hole concentrations.
The free charge carrier concentration is a result of ionized defects. In principle, one
could fully self-consistently solve for the , if the formation energy of all defects in the
relevant charge states are known. However, for large defect concentrations Eq. 3.10 may
not be a satisfactorily relation between formation energy and concentration and the con-
figurational entropy may need to be sampled through, e.g., Monte Carlo simulations.

3.2 Electronic structure

A defect in a band gap material can exhibit multiple thermodynamically stable charge
states, where the equilibrium charge state is determined by the electron chemical po-
tential. This is a fundamentally important concept that underpins much, if not all of
semiconductor industry and is important in insulators as well since it is related to fun-
damental material properties such as the doping ability.

The fact that that defects can exhibit different stable charge states can be utilized to in-
crease the electrical conductivity of a band gap material by doping with suitable dopants.
The position of the (n + 1/n) CTL for electron donor defects and the (n — 1/n) CTL for
electron acceptor defects determine how easily a defect can be ionized. A shallow defect
state is a defect state for which the (n + 1/n) CTL ((n — 1/n) CTL) is located sufficiently
close to the conduction (valence) band edge, whereas a deep defect state exhibits a CTL
that is located deeper in the band gap. In Fig. 3.3a, the formation energy diagram for
the nitrogen vacancy in AIN is shown. There are several CTLs that correspond to deep
defect states. Deep defects in principle cannot donate or accept electrons from the band
edges at moderate temperatures via thermal ionization. Deep defect states are usually
confined to an environment in the close proximity of the defect.

Furthermore, due to the confinement of the single particle wave function for a deep
defect state, the local geometry may differ significantly between different charge states
of the defect due to charge localization. This is rather defect specific, for example the Cy
defect in monolayer h-BN exhibits only a minor local geometry variation upon a charge
state transition whereas the oxygen vacancy in MgO exhibits a large local geometry dif-
ference between the stable charge states. The local geometry distortion upon charge
state change may be more prominent for anion vacancies in ionic solids due to the free
volume associated with the vacancy in combination with the localization of charge com-
pared with charge state transitions on substitutional defects.

Transitions that involve defect states may be of two different types that require dif-
ferent modeling approaches. The different transitions are schematically illustrated in
Fig. 3.3b. The first transition is the transition where one of the states is a band state.
This is a charged transition and is modeled using formation energies of charged defects
(Sect. 3.1.1). The second type of transition is a charge neutral transition where an elec-
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Figure 3.3: a) Illustration of the appearance of deep defect states in a formation energy diagram.
The present case is for the nitrogen vacancy in hexagonal AIN computed with PBEsol [83], a 4x4x3
supercell and omission of image charge corrections. b) Schematic illustration of two different
transitions (red arrows) involving defect states. In one transition, a valence band state is excited
to the empty in-gap defect state. In the other transition a defect bound electron is excited to an
empty in-gap defect state.

tron bound to the defect is excited to an empty defect state and the modeling of this
transition is also performed using total energy differences. The energy of the excited
state can be computed using the ASCF method (Sect. 4.2.6).

3.3 Optical properties

Electronic transitions involving defects can be divided into two major types of transi-
tions. These are interband and intraband transitions. Examples of intraband transition
are the scattering of hot electrons and holes on defects. This section is concerned with
interband transitions, which are either coupled to photons and phonons.

3.3.1 Radiative transitions

Radiative transitions can be further divided into different types, depending on the char-
acter of the involved electronic states (Fig. 3.3). The localized to delocalized transition
involves a band edge state as the initial or final state, which is delocalized while the
localized-localized transition involves two localized defect states. Another type of tran-
sition is the donor-acceptor pair transition, which involves defect states from different
defects. The possibility of a radiative transition is dependent on a non-zero transition
dipole moment between the initial and final state. The donor acceptor pair transition is
unlikely in the case of very deep acceptor and donors unless the donor and acceptor are
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Chapter 3. Point defects

located in close vicinity of each other due to the confinement of the defect state wave
functions. The rate of absorption and spontaneous emission are given by the Einstein B
and A coeflicients. For the case of spontaneous emission, the number of emitted pho-
tons is proportional to the number of excited electrons n, i.e.,

dn At

Z—_A =e .18
5 n—n=e (3.18)

The quantity A is the radiative transition rate and it is called the Einstein A coefficient.
The Einstein A coefficient can be expressed as [84]

2,3 |12
e“wyor |

A= Szl (3.19)
3meghc3

where p is the transition dipole moment. The transition dipole moment is defined as

pi(R) = | de e Ry, 3.20)

where R denotes the set of ionic coordinates.

3.3.2 Vibronic transitions involving defect states

Radiative vibronic transitions are transitions that involve both a vibrational transition
and an electronic transition, i.e.,

&+ Z Tlih (a),- + %) = & + Z n]h (CO] + %) . (3.21)
i J

Fig. 3.4 shows the potential energy landscapes of the initial and final states that par-
take in the transition for the case of a single vibrational degree of freedom. In this re-
gard, transitions involving the creation of 0, 1, and 2 phonons are indicated. The gov-
erning equation for the optical lineshape is Fermi’s golden rule

I(w) = Co®™ Y (Vilul¥ )S(Ef — E; + w), (3.22)
f

where C is a constant and k = 1 for absorption and k = 3 for emission [85]. ¥ are
wave functions: ¥ = i/ y. Here, ¢ is the electronic component and y is the vibrational
component.
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3.3.2.1 Franck-Condon approximation

From Eq. 3.20 and Eq. 3.22, the transition dipole moment carries a dependence on the
ionic coordinates and it is difficult to account for this dependence. The first order series
expansion is

Hij(R) = ;i (Ro) + % > Vllij(R)|Ro (R —Ry). (3.23)

Keeping only the constant term corresponds to the Franck-Condon approximation [86].
In this approximation the transition dipole moment can be factored out so that I(w) «
w*F(w) where F is the lineshape function

F(w) = ) (xilxp) 8(Ef — Ei £ o). (3.24)
f

The remaining probability distribution depends only on the overlaps of the vibrational
wave functions. The relative displacement of the potential energy surfaces (Fig. 3.4) is
therefore an early indicator for how likely certain transitions are. Including the first
order term in Eq. 3.23 corresponds to the so called Herzberg-Teller approximation [86].

3.3.2.2 Electron phonon spectral function

The vibrational wave function overlaps ( y;| x;) are difficult to compute so in order to be
able to account for the coupling to the vibrational degrees of freedom a set of approxi-
mations has to be imposed to arrive at a computationally feasible scheme. First, there
is the Franck-Condon approximation and then the additional approximations are i) the
harmonic approximation, ii) the approximation that the vibrational modes of the ex-
cited and ground state are the same, usually called the parallel mode approximation, and
finally iii) that the transition occurs at low temperatures. Under these approximation
the electron phonon spectral function can be obtained from the (semi-classical) transi-
tion energy difference

AE(Q) = Abzpr, + Y 6@ = 0 p)? = (Q - 03] 6.25)

where Q are normal mode coordinates. The low temperature approximation is such that
absorption occurs from Q = Q; (and analogously, emission would occur from Q = Q)
and the mode decomposed vibrational transition energy is then

_1 90
A, = SoiBQly. (3.26)

The strength of the coupling between a transition and phonon mode v is quantified in
the dimensionless partial Huang-Rhys (HR) factor s, obtained in this case as

_AE, “)VAQE,if G.27)
Y b, 20 3-27
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Electronic ground state
—— Electronic excited state
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Figure 3.4: The ground and excited electronic state with vibrational levels included illustrated
for the case of a single coordinate. Electronic transitions associated with photon and phonon
emission are indicated. The indicated transitions occur from the vibrational ground state of the
excited electronic state corresponding to the low temperature approximation.

The partial HR factor s, is the mean number of phonons with frequency w, involved in
the transition. From the partial HR factors, the electron-phonon spectral function is

defined as [9]

S(w) = Z s,0(w — w,). (3.28)
Finally, the (total) HR factor is
S=>Ys, = J dow S(w). (3.29)
" 0

The magnitude of S has a significant influence on the phonon sidebands. It is possible
to distinguish between two limiting regimes, weak coupling (S < 5) and strong coupling
S > 5. For the case of a single vibrational mode with a HR factor of S, the probability for
emission of n phonons at low temperatures follows the Poisson distribution [87]

P(n) = exp(—S)%. (3.30)
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In Fig. 3.5, the distribution is shown for different values of the HR factor. In the strong
coupling regime, the phonon sideband becomes wide and the probability of a zero phonon
transition vanishes. Here, the probability of a zero phonon transition is just exp(—S).
The center and width of the sideband is related to the HR factor since the mean and
variance of the Poisson distribution in Eq. 3.30is S. It is, however, still possible that an
optical lineshape possesses a ZPL even in the strong coupling regime [88].

S=0.5 S=2

§=5 | : 5=8

Distribution Distribution

Energy Energy

Figure 3.5: Poisson distribution for different values of the HR factor. The zero phonon line is
indicated with a dotted black line.

3.3.2.3 Generating function method

The generating function method is a method to compute the intensity in Eq. 3.24 [8, 86,
88-90]. Here, the § function is transformed to the time domain by the integral repre-
sentation 6(w) = i | dt exp(iot). The lineshape function becomes

F(w) = 2n)7 ! J dt Z()ﬁl)ﬁ) expli(Ef — E; + o)t]. (3.31)
f

Ithas been shown that under the approximations specified in Sect. 3.3.2.2 the emission
lineshape function takes the following form [9, 88]

Flogpr, — o) = (21)") J dt exp(iwt)[ exp (J doS() exp(—icot) — s) ] (3.32)

3.3.24 Broadening

Broadening of the emission lineshape can be divided into two classes. Homogeneous
broadening, which arises due to increased temperature, and inhomogeneous broaden-
ing. Inhomogeneous broadening is the broadening that results, e.g., from measuring

33



Chapter 3. Point defects

on an ensemble of defects with slightly different local environments such that the tran-
sition energy is slightly different [91]. These differences in local environments could
caused by the presence of other types of defects or interfaces.

3.3.2.5 Inverse participation ratio

The inverse participation ratio is defined as [9]

IPR, = [Z(Ua,v
a

It measures the number of atoms that participate in the vibrational motion. Here, 7,
is the displacement of atom a in phonon mode v. The value of the inverse participation
ratio may vary between 1 and the number of atoms in the computational supercell.

-1
’7a,v>] . (3.33)
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4.1 Background

The Hamiltonian for a system composed of electrons and nuclei is

7
H({r R = — Z vi- > ; My7Hj = Z ; Iy —J + 22 |rl b @

i j>i

where i runs over electrons, j runs over ions and Z; (M;) is the nuclear charge (mass)
of ion j. The solutions to Eq. 4.1 are many-body wave functions accounting for both
electronic and ionic degrees of freedom. It is infeasible to compute the wave function
for any realistic system, with the exception of the simplest molecular systems, due to
the many degrees of freedom.

A standard approximation in order to simplify Eq. 4.1 is the Born-Oppenheimer ap-
proximation. In the Born-Oppenheimer approximation the nuclear and electronic de-
grees of freedom are separated. This separation is justified by the large mass differ-
ence between nuclei and electrons. The separation of variables yields the following two
Hamiltonians for electronic and ionic degrees of freedom

7.
Heleceron({r5 {R}) = _% Z viz - Z Z I, _J Z Z |I' , (4.2)
i 77 Il i

i >

Hion({REim) = == 3 M 1V7 + 6, (R). 3
J

Here, H gjectron depends parametrically on the ion coordinates and H;,, depends para-
metrically on the electron state as indexed by n.
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Methods to solve for the eigenvalues and eigenvectors of Hejecrron Were developed al-
ready in the 1930ies in the form of the Hartree and Hartree-Fock methods. Hartree-
Fock is a wave function based method in the sense that the nonlinear Hamiltonian is
constructed via an approximate many-body wave function. The Hartree-Fock method
attempts to solve the Schrodinger equation with the Hamiltonian Hejecrron by explicitly
including the exchange energy but completely neglecting the electron correlation en-
ergy. In general, the Hartree-Fock method is both expensive and inaccurate due to the
lack of correlation energy, but elements of the method are still present in modern state-
of-the-art electronic structure methods. For larger systems density based methods are
more feasible due to the very large computational cost of wave function based methods.

4.2 Density functional theory

DFTis an in principle rigorous theory concerning the relation between the electron den-
sity and the observables (predominantly the total energy) of an electronic system ex-
posed to an external potential. Itis an established method, conceived in the 1960ies [92].
DFT offers a very good accuracy—cost ratio and is very popular in the field of condensed
matter physics where it is habitually applied in studies of phenomena pertaining to the
electronic structure. In practice, the method suffers from several inherent limitations
such as the band gap problem but due to the popularity of the method, many of these
shortcomings have been explored and are relatively well understood [5, 93].

42.1 The Hohenberg-Kohn theorems

From the nuclear arrangement, the many-body wave function is determined, which
in turn determines the electronic density of all electronic states and in particular the
ground state. Hohenberg and Kohn showed in 1964 [92] that the ground state electron
density uniquely determines the external potential, i.e., the total energy is a unique
functional of the electron density.

This can easily be shown in the case of non-degenerate ground states by considering
two different external potentials v; and v, (middle term in Eq. 4.2) that give rise to Hamil-
tonians H; and H,, which otherwise would be the same. Let ¢;, and ¢, be the ground
state many-body wave functions. Now, assume that the electron density derived from
both ¢; and ¢, gives the same external potential. The variational principle states that

(11 Hylg1) < {golHilgpo) = (palHy + vy — w¢hp) = Eg + J ny(r)[vi(r) — vp(r)ldr.  (4.4)

Now we have the following two inequalities since there is nothing special about the in-
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dices
By <B + [ my(®ln @ - v (o)lde @5)
B, < - | m@In (@) - @l .6
Summing them gives
0 < [ Ia(6) = ] (e) - vl w

and we have assumed that v; = v,, which is a contradiction.
The energy is a functional of the electron density

E[n(r)] = Fln(r)] + j VO, @.9)

where F is the universal functional (kinetic energy and electron electron interaction en-
ergy). There is a second Hohenberg-Kohn theorem that states that the ground state elec-
tron density minimizes the energy by virtue of the variational principle, i.e.,

E[ngs(r)] < E[n(r)], (4.9)

if the electron density is consistent with an external potential (v-representable) [93].

422 Kohn-Sham method

In the Kohn-Sham approach [94], the interacting electron system in the true potential
is reformulated as many non-interacting electrons (Kohn-Sham orbitals) in an effective
potential. Itis assumed that the electron density of the interacting electron system in the
true potential can be represented as the electron density of the many non-interacting
electrons in the effective potential [93]. The Kohn-Sham equations are

1
(il — EVZ + V) = & (4.10)
The Kohn-Sham orbitals and the electron density are related as follows

n() = Y S ) (0, @1

where f; is the occupation number of ¢; . The effective potential in Eq. 4.10 can can be
further decomposed in contributions from the external potential, the Hartree potential,
and the exchange-correlation (XC) potential [93]

3 , n(¥’)  6Exc[n]
Veff(r) = vext(r) + J dr r—1| + on(r) .

(4.12)
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Due to the non-linearity of the effective potential, the Kohn-Sham equations have to be
solved self consistently, usually with iterative methods. The two first terms in Eq. 4.12,
the external potential and the Hartree potential, are easy to evaluate whereas the XC
potential contains all complex many body interactions present in the system. This po-
tential has been, and continues to be the subject of considerable research efforts in order
to improve the predictions within the DFT framework [95].

4.2.3 Exchange-correlation potential

From the Kohn-Sham equations one can define the XC energy as the difference between
the energy of the system and the known contributions from the external and Hartree
potentials as well as the kinetic energy of the non-interacting states

Excln] = Eln] - J A Ve (B)n(8) — Tln] — via[n]. @13)

The exact XC functional is not known and has to be approximated.

4.2.3.1 Local and semi-local functionals

The local density approximation (LDA) is one of the simpler XC approximations and rep-
resents the lowest step on the Perdew ladder of approximations to the XC energy [96].
Both the exchange energy and the correlation energy are obtained from the correspond-
ing energy density of the homogeneous electron gas, i.e.,

Eyc = j dr n(r) [P0 (n(r)) + €S (n(r))). 4.14)

The exchange energy of the homogeneous electron gas has a closed form whereas the
corresponding correlation energy has been be obtained from quantum Monte Carlo sim-
ulations [97] that was then used to fit a function for the correlation energy [98].

Semi-local functionals within the generalized gradient approximation (GGA) are more
complex in comparison with the LDA. Besides the electron density, the XC functional de-
pends on the magnitude of the generalized gradient of the electron density. And while
the gradient is in principle a local quantity, the additional dependence of the infinites-
imal surrounding region renders the gradient dependent functionals semi-local in na-
ture. The dependence on the variation of the electron density provides a better descrip-
tion of systems that exhibit a rapidly varying electron density and GGAs generally offer
animprovement compared to the LDA. There are many GGA functionals and some of the
more popular are PBE [99] and PBEsol [83], which have been utilized in some studies in
connection to this thesis.
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4.2.3.2 Vander Waals and non-local functionals

Local and semi-local functionals have some serious drawbacks, one of which is their in-
ability to correctly describe dispersion interactions. This renders especially semi-local
DFT futile for systems for which at least some important degrees of freedoms are domi-
nated by weak dispersion interactions, e.g., bi- and multi-layer systems as well as vdW
solids in general. LDA has a tendency to overbind atoms and modeling bilayers with the
LDA canlead to seemingly sound results for the wrong reasons. There are several ways to
include dispersion interactions in DFT, but the one used throughout the papers this the-
sis is the non local vdW-df-cx functional [71, 100]. While itis coined as a vdW functional,
the vdW-df-cx functional has also been shown to accurately describe quantities in bulk
solids such as lattice parameter, cohesive energies, and vibrational properties [64, 101].
The vdW-df-cx functional has been used in Paper I to describe the atomic geometry, in
Paper V-Paper VII to model the geometry of the bilayer systems, and in Paper VIII to
construct phase diagrams of monolayer alloys.

424 Self-interaction error

While the Hohenberg Kohn theorem asserts the exactness of DFT, in the practical Kohn-
Sham method, local and semi-local XC functionals suffer from self-interaction errors
in which electrons interact with themselves through the mean field. This leads, among
other things, to a propensity for orbital delocalization. It has also been observed that
methods that reduce the self-interaction error tend to improve the description of band
gaps [102]. There are remedies for the self-interaction error in the form of DFT+U and
hybrid functionals [93]. DFT+U is a method in which a Coulomb repulsion energy U
is added to a particular state in order to correct the Coulomb interaction of the overly
delocalized states of local or semi-local DFT.

4.2.4.1 Hybrid functionals

Hybrid functionals is a class of XC functionals that accounts for the exact-exchange en-
ergy to some degree by inclusion of the following non-local Coulomb matrix elements

1
Mnm = J, J mnim(r)nnm(r’)drdr’, (415)

where n,,,,, is the orbital density of Kohn-Sham states ¢, and ¢,,,. The exchange energy is
then a sum over the occupied states

1
E§A = ==Y My, (4.16)
2 n.m

If one were to only include the exact-exchange energy in the XC energy one would ob-
tain a Hartree-Fock calculation, in which there is no self-interaction by construction.
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Hence, hybrid functionals provide a remedy for systems that critically suffer from the
self-interaction error. By mixing in a quarter of the exact-exchange energy, the PBEo
functional is obtained [103]

Bxc = $B§°" + JERPE + FEPE. (4.17)

The range-separated HSEo6 functional [104, 105] is obtained by decomposing the ex-
change energyin a short and long-ranged part and only apply the exact-exchange energy
for the short range part, keeping the full long-range exchange energy of PBE.

iE)S(R, exact ZE)S(R, PBE E)IZR, PBE EEBE, (4.18)

For implementations in periodic DFT, the orbital densities nin Eq. 4.15 carries a non-
zero phase and the exact-exchange energy in Eq. 4.16 becomes an integral over the first
Brillouin zone. While hybrid functionals may offer an improved description of certain
quantities over local, or semi-local DFT, for plane-wave basis sets, hybrid functionals
are significantly more expensive than semi-local DFT due to the explicit evaluation of
the non-local Coulomb matrix elements, which scales badly with both electron count
and density of the Brillouin zone sampling from a computational perspective.

Exc =

4.2.5 Charged systems

Models of crystalline systems require periodic boundary conditions. While a real crystal
is charge neutral on average, theoretically one can consider charged systems by modi-
fying the number of electrons. This will have the effect that the system consists of an
infinite array of charged cells. The standard method to avoid a divergence in the electro-
static energy is to add a compensating background charge based on the Jellium model
so that the computational cell is charge neutral on average. Localized charge will how-
ever still interact with its periodic image. This will have the effect that the formation
energy of a localized charged defect is dependent on the size of the system beyond elas-
tic interactions, which entails additional considerations when modeling the dilute limit
formation energy of a charged defect.

There are two principal methods to handle the finite size corrections, i) a correction
scheme based on material and supercell parameters, and ii) extrapolation by consider-
ing a set of supercells. Methods to account for image charge interactions has been devel-
oped [106, 107] based on the electrostatic interactions and Lany and Zunger suggested
the following form of the correction scheme [107]

qu
3L¢e

where M is the Madelung constant and L is the cell length. For periodic 2D systems,
which exhibits a mix of different types of screening, extrapolation has been suggested

Ec = , (4.19)
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as a feasible route to handle the finite size effects [108, 109]. Since the out-of-plane di-
rection is essentially unscreened, special supercells with a specific amount of vacuum
was shown to facilitate the extrapolation.

The standard method to model isolated defects in semiconductors/insulators is by
using super cells. The relation between the super cell cell metric and the unit cell cell
metric is given by

Age = TAy, (4.20)

where T is a transformation matrix. A practical consideration for anisotropic unit cells
is that a simple integer repetition (diagonal transformation matrix) is likely to result in
a non-optimal supercell. In the worst case, a non-optimal supercell would lead to that
the defect periodic image distance is much smaller in one direction compared with the
other. This can be mediated by considering the full transformation matrix between the
unit cell and the supercell and optimizing the transformation matrix such that the target
supercell is as cubic as possible [110].

426 Excited states

Charge neutral excitations can be modelled by the ASCF method [93], in which the oc-
cupation numbers are constrained. This method explicitly accounts for the difference
in character between the ground state and excited state in the construction of the elec-
tron density. The atomic geometry of the excited state can be obtained by relaxing the
structure with the constrained occupations that corresponds to the excited state.

4.2.7 Projector augmented wave method

The othogonality requirement for the single particle states implies that the valence states
must vary rapdily in the core region. From a computational perspective this entails that
very high Fourier components must be used in a plane wave expansion of the single par-
ticle valence wave function. The idea with the projector augmented wave [111] method is
that one can divide space into a core region and a valence region and obtain the ground
state energy based on pseudo wave functions. These are related to the wave function by
alinear transformation. In this case, the full structure of the wave function close to the
atoms is, or can be retained, which is not the case for e.g. pseudopotentials. This makes
the projector augmented wave method more accurate compared with pseudopotential
methods that does not preserve information about the wave function in the core region.

The single particle pseudo wave function, which is smooth in the core regions is re-
lated to the single particle wave function as i/ = Ut The transformation U is of the
following type

|¢nk> =1+ Z Sa |¢nk>: (4.21)
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with s, = 0 for [r — ry| > royofr- The rationale for a transformation of this type is that
(rlYpie) and (rli,i) coindices for [r —r,| > royro and that the augmentation spheres form
a spatially disjoint set [111, 112]. Within the augmentations spheres the wave function
can be expanded in a complete basis set {¢j'}, which is related to the pseudo basis set
{d;i“}, via the transformation U. This gives

sald?) = 197) — 197, (4.22)

For augmentation sphere a [112]

Uk = D P I, (4.23)

where pf* are the projector functions, which satisfies ¢ plalgg]a) = ;. The transformation
U has then the explicit form of [111]

U =1+, 068 — IFpfl (4.24)

The energy of the system is then found from the stationary Schrodinger equation and
a transformed hamiltonian. The projector augmented wave method as implemented in
GPAW [113, 114] and VASP [115-117] has been used for DFT calculations in the studies
this thesis is based on. For the studies in Paper VI-Paper VII, the explicit evaluation of
matrix elements within the projector augmented wave formalism was implemented in
the GPAW framework.

4.3 Beyond density functional theory

4.3.1 GW approximation

The GW approximation is a many-body method to compute the quasi-particle spectra of
asetof interacting electrons [118] by expanding the self energy in the screened Coulomb
interaction W = e 1v.

The equation of motion for a quasi particle in an external potential is [119]

[—%vz + () + vext(r)] Ui, E) + J v’ S(e, v, EYi(r') = &(EWi(r,E),  (4.25)

where the one-electron self-energy X is a i) non local ii) energy dependent iii) complex
valued potential that accounts for the XC interactions. The self-energy expressed in the
many-body Green’s function is [120]

>(r,v',E) = Gy (r,v',E) - G !(r,v, E), (4.26)
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where G is the Greens function

. Ay
G(r,v',E) = Z gb,(r;EEjgb; ((;)’ E). (4.27)

G is the corresponding Green’s function for the case of 3 = 0. It was shown by Hedin
[118] that the lowest order expansion of the self energy in the screened Coulomb inter-
action W is the GW term i.e. [119]

>(r,v’,E) = (—2mi) ! J dE'G(r,v",E + E')W(r,t’', E’). (4.28)

The GW approximation is in principle not connected to the theoretical framework of
DFT. However, quasi-particles from DFT can be used to construct the initial states in the
GW approximation. Due to intricate dependencies between the screened Coulomb in-
teraction and the Green's function, the self energy must be computed iteratively. How-
ever, GW calculations are computationally demanding and one common shortcut is the
GyW, approximation, where the Green’s function in Eq. 4.28 is replaced by G, and the
screened interaction by W, (evaluated based on Gy) [121]. The GyW,) method provides
a correction to the quasi-particle levels of conventional DFT, but as any perturbative
method, the quasi-particle levels depend on the underlying DFT computations [122].
Note that the sum over states in Eq. 4.27 is not restricted to occupied states, and hence
describes the full quasi-particle spectrum.

The dielectric function exhibits a very different behavior in the long-wavelength limit
of 2D compounds compared with a 3D compound, e.g., the dielectric constant tends to
1in the long-wavelength limit for 2D materials [123, 124]. It is difficult to converge (with
respect to vacuum) the quasi-particle levels in a GyW,, calculation of a monolayer using
periodic boundary conditions in the out-of-plane direction. Hence, some truncation
of the Coulomb interaction should be necessary in order to accurately determine the
band gap of 2D materials with GyW,, [124]. However, in Paper V, we were interested in
the relative band gap difference when displacing monolayers relative to each other, a
quantity that converges much faster with added vacuum than the absolute band gap.

4.4 Phonons

44.1 Theory of small oscillations

The atoms move much slower than the electrons so the Hamiltonian for the atoms is

H(Rinp) = =2 3 M; 'V} + E,(1RY) (4.29)
J
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Chapter 4. First-principles methodology

n is here a quantum number indicating the electronic state of the system. Here we are
concerned with the electronic ground state. The harmonic vibrations of the atoms in
a general crystal can be described with a semi-classical model comparable to the equa-
tions of motion of a set of beads connected with springs. To find the proportionality
constants between the force and the displacement the total energy relative to the equi-
librium energy is expanded in a basis of small atomic displacements.

The equilibrium position of atom i is

r; = p;+ Qi (4.30)

where p; is the translation vector to unit cell / and q; is the relative position of atom i in
unit cell /. A small displacement of atomiin unit cell p relative to its equilibrium position
is

W =p;+0q —p +q; (4.31)

The Taylor expansion can be written as

B =23 00 Y —=| uful. (4.32)

zl’ i ap aullau,,,

where « and f index the Cartesian components of the displacement vector. The zeroth
order term is the reference energy, and the first order term vanishes via the definition
of the equilibrium positions. The quantity

9*E
(Dfl(,lﬁ’l' = (4.33)
ous ] au., o lo

is called a second-order force constant, and measures the force extereted on atom il when
atom i’l’ is displaced. Now, i is bound in crystalline systems, whereas [ is unbounded
due to an infinite repetition of unit cells. In practice, the second-order force constants
decay relatively fast with the distance (|r; — r;;[) due to screening of the induced fields.
Therefore, the number of unit cells that has to be included in the energy expansion is
system dependent. The analytic property of the energy as a function of displacement is
an assumption, which may be violated in some cases. There may be long range inter-
actions that are not captured in the energy expansion, which however can be handled
using non analytical corrections. These are dipole dipole interactions in polar materials
that gives rise to the well known energy splitting between longitudinal and transverse
optical phonon modes.
The harmonic Hamiltonian is [90]

H———ZM AR ZZZ@II,Z,- uall,. (4.34)

'yl ap
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The second order force constants are used to construct the dynamical matrix [10]

1
mlml,

Dgﬂ (@) = Z q’%l exp(iq - [rjo — 1y ]). (4.35)
l/

The eigenvalues of the dynamical matrix are the squared frequencies.

44,2 Computational method

To compute the phonon frequencies and eigenvectors, the most straightforward approach
is the so-called frozen phonon approach, where the atoms of system are displaced and
the energy is computed and subsequently the second-order force constants, see Eq. 4.33.
The only requirement of the underlying electronic structure code is to be able to evaluate
the total energy of a system. In practice, numerous software packages, e.g., phonopy
[10] are interfaced with modern electronic structure codes that facilitate the computa-
tions by providing the relevant input, i.e., the symmetry reduced displacements, and
parsing the relevant output.

The drawback of the frozen phonon approach is that the number of displacements
can be an unfeasible large number, specially for low-symmetry systems such as defects.
In principle, a full DFT calculation is required for each symmetry inequivalent degree
of freedom. Another approach, which is based on regression is to make simultaneous
displacements and fit the set of force constants to the forces from the DFT calculations
[11].
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Oxygen vacancies in wide band gap
oxides

In this chapter, the findings pertaining to oxygen vacancies are presented. This chapter
also serves as a summary of Paper I and Paper II.

5.1 Alignment of defect levels
In Paper I we address Q1 of the introduction, which is here repeated for convenience.

Q1. Is it possible to understand the properties of oxygen vacancies in wide band gap
oxides without having to explicitly study the oxygen vacancy in each new oxide?

One of the most important features of a defect is the CTL and for oxygen vacancies the
most relevant CTL s the (0/ + 2) CTL. Therefore, when addressing Q1 we considered the
(0/ + 2) CTL of 26 different wide band gap oxides, of which there were 6 ternary oxides
(perovskite oxides) and 20 binary oxides. The oxides considered were

1

AO, A=Be,Mg,Ca,Sr,Ba,Zn,

ABOs, A=Ba,Pb and B = Ti,Zr, Hf,
- AO,, A=Ti, Si, Sn, Hf,Zr, Ge,
- A,03,A=Al,Ga,In,ScY,Lu.

These oxides are of closed shell type (Sect. 2.1.1.1) and exhibits a plethora of different
crystal structures (e.g., perovskite, rock salt, and bixbyite) and a large variation in band
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Chapter 5. Oxygen vacancies in wide band gap oxides

gaps. Furthermore, there is a large variation in the coordination of the oxygen atoms
over the considered oxides as is indicated by the different stoichiometries. The defect
calculations were performed with conventional DFT using the vdW-df-cx functional [71]
in order to obtain the atomic geometry. Subsequently, the HSEo6 hybrid functional
[104, 105] was used to compute the energetics without allowing for atomic relaxation.

In order to assess general features of the oxygen vacancies using the CTLs, these have
to be compared on an absolute scale. To this end, the band edges were aligned to the
oxygen 1s level. This level presumably does not participate in the formation of metal-
oxygen bonds and therefore probes mainly the local electrostatic environment. The band
alignment of the considered oxides closely resembles the common anion rule with a few
exceptions.

The main finding of Paper I is that when the band edges are aligned to a common
reference level, the (0/ + 2) CTL exhibits a common value of —5.2 €V with a standard de-
viation of 0.7 eV. This is a indication of a commonality of the oxygen vacancies due to the
large span of band gaps in the considered oxides. The main feature that determines the
character of the oxygen vacancy i.e. if the oxygen vacancy is shallow or deep (Sect. 3.2) is
the position of the conduction band with respect to the vacuum level. If the conduction
band edge falls below around —5 eV, the oxygen vacancy could be shallow and otherwise
it is likely deep.

In order to expand on the underlying physical origin we considered the potential of
the oxygen vacancy and found that the "size” of the oxygen vacancy is similar in all these
materials. The energy levels of a particle-in-box model is completely determined by the
size of the box and we propose that this is the explanation for the almost constant CTL
of oxygen vacancies in wide band gap oxides as well.

5.2 The three hallmarks of deep oxygen vacancy
levels

In Paper I, the properties of oxygen vacancies in charge transfer oxides are examined
and it is revealed that there are three common features for deep oxygen vacancy states.
Deep oxygen vacancies exhibit the following features

i) quasi-particle (Kohn-Sham) level in the band gap,
ii) The (0/ + 2) CTL resides in the band gap,
iii) Large structural distortion between different charge states.

The presence of a Kohn-Sham level in the band gap is a clear indication that a mid gap
state is formed while feature ii) is in principle the definition of a deep defect level. Fea-
tures i) and ii) are, however, subject to systematic errors within DFT, and may not al-
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ways be observable. For example, due to the underestimation of the band gap, both the
(0/ 4+ 2) CTL and the Kohn-Sham level may be erroneously positioned above the conduc-
tion band edge.

In the case of vacancies in ionic materials, as is the case here, the structural distortion
may be a good descriptor of the character of the defect state (Fig. 5.1).

Figure 5.1: Structural distortion upon a change in charge state on the oxygen vacancy in MgO.
The arrows depict the relaxation of the nearest Mg atoms between the neutral and doubly
charged states. The solid color indicates atoms in the neutral charge state and the transparent
atoms are those in the doubly charged state.

Many of these materials exhibit a strong ionic bonding character, which, in the ionic
limit makes the oxygen atom doubly negatively charged. For the deep neutral oxygen
vacancy there is a surplus of two spin-paired electrons that are predominantly localized
in the vacancy. The geometry of the local environment of a neutral oxygen vacancy is
relatively similar to the one of the vacancy-free structure due to the electronic screening
provided by the electrons. For the +2 charged oxygen vacancy, these electrons are absent
from the vacancy and the metal ions are now subject to a mutual unshielded Coulomb
interaction that results in atomistic relaxation. This is shown in Fig. 5.1 for the case of
an oxygen vacancy in MgO. This indicates that the structural distortion is a very good
probe for the character of the oxygen vacancy state.

We are now in a position to give an answer to Q1. There are common features of the
oxygenvacancy that extend over a variety of wide band gap oxides. The common features
include a (0/+2) CTL centered at —5.2 eV and the three hallmarks of deep oxygen vacancy
levels discussed in this section.

5.3 Luminescence quenching

Asdiscussed in the previous section, the structural distortion upon a charge state change
on deep oxygen vacancies is associated with a lowering of the lattice energy, which is rel-
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Chapter 5. Oxygen vacancies in wide band gap oxides

atively large. This fact underpins the exploration of possible recombination pathways in
Ce:YAG that involves oxygen vacancies at some point. In order to address Q2 of the in-
troduction, in Paper II the CTLs of the oxygen vacancy were first evaluated and the CTLs
indicate that the oxygen vacancy in YAG is deep. In order for the oxygen vacancy to be
able to dissipate the excitation energy, the crucial step is electron transfer to the oxygen
vacancy. Already at this step, luminescence is effectively quenched due to the depletion
of the Ce:5d state.

Therefore, we considered the following three-step mechanism for non radiative re-
combination, starting from the charge states +1 or +2 of the oxygen vacancy.

ho
Cey + V& = Cef + VY, (5.1)
el + VL — Cey! + VL (5.2)
Cey! + V4 — Ce§ + VY, (5.3)

We assessed the energy barriers associated with each step in this mechanism and in
order to validate our computations we modeled the optical lineshape of the Ce lumines-
cence. Before continuing in describing the details of the reaction mechanism, the opti-
cal lineshape results are briefly presented. The generating function method was used to
model the optical lineshapes and generally, a good agreement with experimental line-
shapes is found. The fine structure observed in experiments [7] is shown to not be a
result of local vibrational modes involving the nearest neighbor oxygen atoms. This is
argued to be the case since there is no dominant mode in the electron phonon spectral
function and the fine structure peaks are associated with low frequency phonon modes
that likely originate from heavier atoms such as yttrium and not oxygen.

Having assessed the opticallineshape, which is related to the changes on the Cey atom
in Eq. 5.1 we find that the charge transfer to the oxygen vacancy (Eq. 5.2) is associated
with a minuscule energy barrier in the case of ¢ = +2 and a negative barrier in the case of
q = +1. The limiting step for the recycling of the oxygen vacancy as a quenching center
is the transfer of the electron from the oxygen vacancy back to the Ce:4 f state. This
barrier is 0.8 eV in the case of ¢ = +1. We estimated the energy barriers for thermal
ionization and landscape crossover to 1.1eV and 3.8 eV, respectively. The relatively low
energy barrier suggests that out of these considered mechanisms, the proposed charge
transfer mechanism is likely to be contributing to the thermal luminescence quenching.

The mechanism described in Eq. 5.1-5.3 depends mainly on the energetics of the oxy-
gen vacancy, and is as such perhaps applicable to other oxide based phosphors as well.
Based on the findings in Paper II, the answer to Q2 is a short and simple yes.
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Color centers in h-BN and 4H-SiC

A defect exhibits multiple characteristic features including CTLs and formation ener-
gies. Optically active defects exhibit in addition vibrationally induced characteristics
such as HR-factor, Stokes shift, and optical lineshape. In Paper III and Paper IV, we
used the generation function approach to compute the emission lineshapes of defects
in 4H-SiC and monolayer h-BN in order to compare and identify defects reported in
literature based on the vibrationally induced properties.

6.1 Color centersin 4H-SiC

Paper III is concerned with defects in 4H-SiC. The following defects, heavily focused
around the silicon vacancy (Vg;), were considered Vg;, VgiN¢, ViV, VcCs;j, and Vg;N¢,
and in all 9 different transitions. The geometries of the defects and the vibrational spec-
tra were obtained using the PBEsol functional. The ZPLs were computed using the hy-
brid functional HSEoé without allowing for further relaxation and the ZPLs fall between
0.72eV and 1.69 €V, i.e. the infrared part of the spectrum and even the telecom region
(=1eV). We show that the emission lineshape of all these defects exhibit structure and a
well defined phonon sideband with HR factors between 1.5 and 3.8. All considered emis-
sion lineshapes exhibit essentially zero intensity at energies of 400 meV above the ZPL
relative to the phonon sideband peak with the exception of the carbon vacancy based
VCg; defect. This defect has a much longer tail than the defects based on Vg; and the
largest HR factor of the considered defects at 3.8. Itis found that there is a phonon band
gap in defect free 4H-SiC between 75 meV to 90 meV that is to some extent preserved in
the defective structures. In the region around 75 meV and above the electron phonon
coupling for all considered defects attains a more local character and fewer atoms are
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involved in the coupling to the electronic transition, revealing a commonality in the elec-
tron phonon coupling.

6.2 Color centersin h-BN

In Paper IV, conventional DFT was used to compute the geometry of the defect in the
ground and excited states as well as the vibrational spectrum for the defective supercell.
In addition, the hybrid functional HSEo6 was used to estimate the transition energies
for charge transitions, which inevitably suffers from the band gap problem present in
conventional DFT.

A set of defects including both intrinsic defects and carbon based defects were con-
sidered. One common feature of many experimentally observed emission centers in
h-BN is that the emission lineshape is structured with well defined phonon sidebands
and thus exhibit a moderate HR factor. We find that, among the defects that can host
transitions with moderate HR factors, carbon based defects and the negatively charged
boron vacancy (Vgl) are the most likely candidates based on the HR factor. The elec-
tronic structure of V3! is complex with several in-gap states including both occupied
and unoccupied states. Two geometries of the excitation of the lowest unoccupied state
on V! were investigated, D, and Cy,,. The Dsy, state exhibit a threefold rotational sym-
metry and exhibit a weak electron phonon coupling with a HR factor of 0.9. The phonon
sideband has a peak at 162 meV. The C,, is distorted along one direction and exhibits a
larger HR factor of 2.5 and consequently a wider phonon sideband.

Charge transitions on the carbon substitional defects Cy and Cy exhibit HR factors of
1.8-1.9 and consequently structured emission lineshapes with well defined phonon side-
bands and associated phonon replicas. The analysis of the electron phonon coupling
shows that it is predominantly modes at around 185 meV that contribute to the phonon
sidebands for these transitions. The optical transition on CgCy; (i.e. neigbouring Cy
and Cp) exhibit a similar lineshape as Cy and Cy, with the first phonon sideband located
at 195 meV. The origin of the phonon sideband in Cy Cp is alocalized phonon mode that
involves the breathing motion of the carbon atoms. In addition, we predicted a differ-
ence of 4 meV in the phonon sidebands for the CgCy defect consisting of 1*C instead of
the naturally occurring 12C, which could help identifying this defect center experimen-
tally.

To answer Q3 of the introduction, we have predicted the phonon sidebands of several
transitions/defects in h-BN and SiC and found that there are multiple defects that can
host transitions with similar emission lineshapes. This makes an unambiguous identi-
fication based only on the computed shape of the emission spectrum not viable in gen-
eral. It is however another accessible (from first-principles calculations) characteristic,
together with e.g., ZPL, formation energy, spin state, electronic structure, Stokes shift,
and HR factor that can be used to elucidate the chemical nature of emission centers.
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In this chapter, the results from the studies on untwisted and twisted TMD bilayers are
addressed as well as the properties of TMD alloys. This section serves as a summary of
Paper V-VIII.

7.1 Excitons in twisted bilayers

Twisting one monolayer in a bilayer structure induces certain structural distortions in
comparison with the untwisted bilayer. In Paper VII, these structural distortions are
investigated in detail for twisted MoS,/MoS, down to a twist angle of 4.4°. The main
structural distortions occurs in the binding distance due to the formation of regions
of different stacking orders (Fig. 2.8) and the interlayer distance becomes ambiguous
due to the spatial variation and attains the form of a distribution. We show that the
distribution becomes very narrow at large twist angles (13.2°) centered at the mean value
of the interlayer distance found in RZ and R,]y . For smaller twist angles, the distribution
becomes wider and the boundary points tends towards the interlayer distance in the
limiting structures. In-plane structural distortion is observed as well with magnitudes
around 0.2 A for larger twist angles (7.3°) and around 0.6 A for smaller twist angles (4.4°).

In Paper V, the influence of the twist induced potential on the inter- and intralayer
excitons at the K-point is investigated for the MoSe,/WSe, heterostructure in the low
angle limit. Here, the intra and interlayer band gap variation of the limiting structures
are computed using the GyW, method. The G,W,, band gap variations were used in con-
structing a model based on the exciton density matrix formalism. The band gap varia-
tion is approximately equal to the electrostatic moiré potential at the K-point. In Pa-
per VI, it is shown that the degree of hybridization or tunneling for both the conduction
band and valence band is small at the K point. For small tunneling rates the interlayer

53




Chapter 7. Optical properties of TMDs

band gap variation from the GyW, probes mainly the variation of the electrostatic po-
tential. Furthermore, the small tunneling rates implies that hybrid intra/interlayer ex-
citons is unlikely to be formed. In PaperV, it is shown that the twist induced potential
has a profound effect on the exciton landscape. For very low twist angles, below 2° both
the intra- and interlayer excitons becomes localized in space and at 3° the excitons ob-
tain a delocalized form. For 1°, the interlayer exciton absorption spectra exhibit much
more structure with at least four distinct peaks with alternating polarization. This is in
contrast with the case of 3° where there are only two peaks in the absorption spectrum.
In addition, for the case of 3° twist angle the intralayer absorption spectrum exhibit a
single peak for each layer whereas for 1° twist angle this single peak is splitted into four
peaks. In the introduction the following question was posed

Q4. How are the optical properties of a TMD bilayer affected by twisting one of the
constituent monolayers?

This is a very complex question and a partial answer is that the ground state K — K
intra- and interlayer exciton becomes localized at twist angles below 2° and fine struc-
ture in the absorption spectrum appears due to the presence of the moiré potential.

The twist induced electrostatic potential in bilayer TMDs can be investigated by DFT
calculations, and was done so in Paper VII to address question Q6. First, the limit-
ing structures were considered and it was found that the induced electrostatic poten-
tial is an alternating dipolar potential, which originates from a charge displacement in
asymmetric stacking orders. The magnitude of this dipolar potential is relatively simi-
lar across the TMDs H-MX, with M=Mo,W and X=8,Se,Te with a value of 131 meV and a
standard deviation of 8 meV. Furthermore, in order to access the twist induced electro-
static potential in moiré superlattices with a finite twist angle, the electrostatic potential
at the ion cores were considered. It was found that the amplitude of this electrostatic
potential decays rapidly with increasing twist angle. For the 4.4° twisted MoS,/MoS,, bi-
layer, the amplitude at ~ 5° is about half of the o° value. The twist angle dependence of
the potential is attributed to twist angle dependence of both the interlayer spacing and
the interlayer horizontal alignment that determines the induced dipole moment. The re-
sults in Paper VII on the twist induced potential suggests that charge carrier transport
is subject to a twist angle dependent energy barrier that might impede charge carrier
transport and the associated exciton transport.

7.2 Untwisted bilayers
The intra- and interlayer excitons at the K — K point in MoSe,/WSe, could be modeled

using band gap variations due to negligable tunneling rates at that particular point in
the Brillouin zone. Other excitons, including hybrid excitons require additional efforts.
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In Paper VI and Paper VII the disentanglement of the electrostatic potential and hy-
bridization energy is undertaken in order to answer Q5 posed in the introduction. The
magnitude of the hybridization and dipole potential in both TMD homobilayers and
TMD heterobilayers are determined for the limiting structures. The disentaglement be-
tween hybridization and electronic state realignment is achieved by solving the Poisson
equation for the electron density difference and then subtract the electronic state re-
alignment from the energy of the electronic states of the bilayer. The electronic state
realignment is found by computing the following matrix element, with the potential
coming from the electron density difference

M= <¢nk|5V|¢nk>- (7.1)

The electronic states of the bilayer contains both hybridization and electronic state re-
alignment. The valence band, which presumably is involved in the electronic density
displacement is strongly hybridized in a small region around the zone center for all con-
sidered materials, whereas hybridization in the conduction band is strongest at the A
point.

The electronic state realignment and momentum resolved hybridization energies were
used in Paper VI to assess the lowest energy exciton in untwisted TMD homostructures
and heterostructures by means of density matrix theory. The numerous systems that
were considered, exhibited to a large extent different excitonic landscapes. For exam-
ple, in all stacking orders, we found that the lowest energy exciton in MoS,/MoS, ho-
mobilayer and MoS,/WS, heterobilayer is an indirect exciton where the hole originates
at the zone center and the electron at the K’-point. Whereas for WS,/WS,, the K — A
exciton is the lowest energy exciton in RZ and I'— A for the other stacking orders. For the
selenides, the lowest exciton in the R stacked MoSe,/WSe, heterobilayer is the K — K
exciton whereas the H stacked systems where indirect with the hole at K and the elec-
tron at either A or K’. In WSe,/WSe, the lowest exciton were indirect (K — A) while
in MoSe,/MoSe, both indirect (K — A) and direct (K — K) excitons exhibited the lowest
energy, depending on stacking order.

7.3 Monolayer TMD alloys

The main objective of Paper VIII was to determine the mixing properties and band
edge alignment of TMD alloys. Here, DFT calculations in conjunction with cluster ex-
pansions and Monte Carlo simulations were used. To this end, the systems tabulated
in Table 7.1 were considered. It was found that many TMDs exhibit an in-plane or-
dered ground state e.g., Mo, W;_,S,, which is slightly lower in energy in comparison
with the randomly mixed state. The critical temperatures for the ordered to disordered
transitions were found to be very small (on the order of a few tens of K) in almost all
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Table 7.1: Alloy systems considered in Paper VIII. Tuples indicate the mixing species.

Symmetry Mixing site Transition metals Chalcogen species
H X Ti, Zr, Hf, Mo, W (S,Se), (S,Te), (Se,Te)
T X Ti, Zr, Hf, Pd, Pt (S,Se), (S,Te), (Se,Te)
H M (Ti, Zr), (Ti, HY), (Ti, W), (Hf, Zr), S, Se, Te

(Hf, W), (Mo, Ti), (Mo, Zr), (Mo, W)
(W, Zr), (Hf, Mo)
T M (Ti, Zr), (Hf, Ti), (Hf, Zr), (Pd, Pt) S, Se, Te

systems with an ordered ground state with the exception of T-HfS;,Tey;_y) and H-
HfS;,Sey(1—x). These system exhibit ordered states stable up to around 100 K. This re-
sult indicate that in-plane ordered phases in TMD alloys are not present at ambient con-
ditions. Furthermore, there were numerous systems that do not easily mix. These are
found to predominantly consists of either chalcogen mixed alloys where S and Te are
mixing as well as mixing of cations from different groups of the periodic table. In addi-
tion, cation mixed systems with Ti also exhibit large critical temperatures even if mixed
with Zr and Hf, which are in the same group in the periodic table. The systems with
mixing of cations from different groups exhibit the largest critical temperatures with
values up to several thousands of K. Finally, the alloys TiX;, Tey(;—x) with X=S, Se exhibit
critical temperatures above room temperature. In Paper VIII, the software SISSO [125]
was used to construct simple models of the critical temperature based on features from
the boundary phases. For transition mixed alloys, a functional form that includes the
difference in ionization potential and elastic energy predicts the critical temperature
reasonable well. Furthermore, SISSO was used to classify the ground state of chalco-
gen mixed alloys as ordered, non-mixing, or Janus. It is found that two descriptors,
one with units of pressure and one adimensional that is related to the bonding in the
material can predict the category of the chalcogen mixed alloy with 93% success rate.

Many of the considered alloys exhibit extremely large critical temperatures and are
excluded from further investigations into the electronic structure. The electronic band
edges for a subset of the considered alloys were evaluated and aligned to the vacuum
level. The bowing parameters were estimated using on conventional DFT calculations.
The valence band edge bowing parameter was found to be negative for all chalcogen
mixed alloys with anincreasing magnitude in the series Sy, Sea(; ), Seax Tea(1—x), SaxTea(1—x).-
In Paper VIII, we answer Q7 by showing what TMDs alloys that are likely to mix and the
possible variation in band edge energies due to different compositions.
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Qutlook

The studies this thesis is based on does not follow a straight red line with regards to
the topic. Different materials have been studied, different physical processes have been
modeled, and different issues have been addressed. What unites them however, is the
topic of atomistic handicraft and the pursuit of understanding how materials act on
the microscopic scale when the composition or orientation is manipulated. We are in
the middle of an age where materials can be manipulated and controlled on the atomic
scale to yield fantastically different behavior. Here, in this thesis, the chemical nature
of defects that are presumed to be responsible for certain observed behavior such as
emission lines or luminescence quenching in specific materials, are elucidated.

Some of these studies have been of high-throughput character where many mate-
rials or many defects have been addressed and hopefully these studies could serve as
roadmaps for further experimental and theoretical investigations. On the theoretical
side, there might be a paradigm shift coming with the advent of machine learning algo-
rithms adjusted for problems in materials science, both for computing and for analysis
[11, 125, 126]. This may have huge impact for establishing, and understanding trends and
similarities across materials. Machine learning algorithms can help in establishing phe-
nomenological models based on material specific features, which could elucidate what
features thatleads a specific propertye.g., deep defect states in different related materi-
als. There is a simple satisfactory explanation for the commonality of oxygen vacancies
in Paper I in terms of band edge positions and size of the vacancy, however, in other
situations it might become too difficult to find simple predictors by manual inspection.

There are numerous interesting directions for further studies on the topics covered in
this thesis. It should be of interest to further investigate the ability of oxygen vacancies
to actas non-radiative electron capture centers in order to understand the limitations of
wide band gap oxide semiconductors in micro- and optoelectronical applications. Here
the results from Paper I is a start, but modeling the electron dynamics require much
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more effort. First-principles investigations of non-radiative carrier capture rates of
important defects in e.g., GaP has been performed based on the generating function
method so the method is already established [127]. The bottleneck is the computation
of electron-phonon matrix elements, which may be difficult in oxides due to the strong
ionic character that many oxides exhibit. Furthermore, the large structural distortion
of charge transitions on oxygen vacancies in some materials may require treatment of
anharmonicity.

The moiré potential was the subject of study for the exciton TMD papers and in all
bits and pieces on how twisting influences the electronic properties has been revealed.
Understanding that the underlying electrostatic moiré potential is of dipolar origin and
originates from an asymmetric charge displacement opens up for interesting possibil-
ities in tailoring this potential e.g., by applying pressure to decrease the interlayer dis-
tance or make moiré superlattices of Janus monolayers that already have an intrinsic
dipole moment. This would perhaps make the moiré potential deeper and localize exci-
tons at larger twist angles. Furthermore, in multilayer materials, there are additional

twisting degrees of freedom and the electronic properties of twisted multilayer heterostruc-

tures is almost completely unexplored.
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