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Abstract

This thesis proves the successful synthesis of silicon carbide (SiC) monolayers on the tan-
talum carbide (TaC) (111) substrate through a novel bottom-up growth method, offering
improved control over the supply of constituent materials for a more detailed study of the
formation process. Initial examination of the clean TaC(111) surface revealed surface-
induced states in its electronic band structure. Core level measurements of the Ta 4f core
level distinguished its surface and bulk components, but the presence of two bulk peaks
led to an investigation of the carbon concentration of the crystal. Analysis of carbon
deposition dynamics on the TaC(111) surface revealed carbon diffusion into the bulk re-
sulting in increased TaC stoichiometry. This stoichiometry enhancement was found to be
essential to form a SiC monolayer. After silicon deposition, carbon diffused to the surface,
bonding with silicon and forming 2D SiC, confirmed by comparing the measured band
structure with DFT calculations. The ARPES measurements found that the 2D SiC inter-
acts strongly with the TaC substrate through 7 band hybridization with the TaC surface
states, resulting in a strongly spin-orbit split Dirac-like feature at the K points. Moreover,
by depositing an excess amount of carbon, graphene forms on top of the TaC. After silicon
deposition, 2D SiC forms underneath the graphene, making it more freestanding. Future
research could examine the stability of the SiC monolayer in ambient environments and
see whether graphene can provide any protective benefits. Additional next steps would
be to explore proximity-induced superconductivity and intercalating layers beneath the
SiC monolayer to decouple it from the substrate, allowing a more direct comparison with
its theorized electronic properties. By demonstrating a novel and practical way of syn-
thesizing large-area SiC monolayers, this thesis brings 2D SiC into the growing family of

two-dimensional materials.



Popular science summary

By adding carbon and silicon to a tantalum carbide surface, my thesis reveals
a new method of creating two-dimensional silicon carbide, a material that

could lead to more efficient electronic devices.

Today’s electronics rely heavily on silicon, as most people know. To improve our de-
vices, these silicon electronics have been made smaller and smaller, but have now reached
their limit. Imagine if instead of using bulky three-dimensional structures, we could use
ultra-thin sheets of atoms stacked together. These sheets, known as two-dimensional (2D)
materials, have sparked a new wave of research since the Nobel Prize-winning discovery of
graphene in 2010. Graphene, a single layer of carbon atoms, showed us that 2D materials

could revolutionize technology, but it has limitations.

For instance, graphene doesn’t have a band gap — a property crucial for controlling
the flow of electricity in devices like computers, where we need clear on/off states (like
traffic lights managing the flow of cars). This band gap is essential for creating the binary
ones (electric current) and zeros (no electric current) that are the foundation of computer
logic. Materials with a band gap are called semiconductors, and those with a direct band
gap are particularly useful for devices such as LEDs, lasers, and solar cells. A direct band
gap is like a well-paved road that allows cars to accelerate smoothly and efficiently after
stopping at a traffic light, while an indirect band gap is like a twisting road that makes

cars take longer to reach full speed.

In my research, I focus on creating a new 2D material: silicon carbide (SiC), which
combines silicon and carbon atoms in a single layer. Scientists believe that 2D SiC could
be a game-changer because it has a direct band gap but making it has been very chal-
lenging. Recently, a breakthrough showed that heating a silicon carbide crystal with a
thin layer of tantalum carbide (TaC) on top can help form 2D SiC.

Building on this discovery, my goal was to create 2D SiC directly on a TaC crys-
tal. By adding carbon and silicon to a heated TaC surface, I successfully formed the 2D

SiC. This method gave me better control over the formation process and deeper insights
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into how 2D SiC grows. Additionally, by adjusting the amount of carbon, I could create a
graphene layer on top of the 2D SiC. Graphene’s stability raised the exciting possibility of

using it as a protective layer over the 2D SiC. Future research could explore this possibility.

Most importantly, my work showed a new and controlled way of creating 2D SiC,
bringing it closer to being used in the next generation of electronic and optical devices.
This could lead to faster, more efficient technology, continuing the progress we’ve made

with silicon but taking it to the next level.
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Chapter 1

Introduction

In the last decades, electronic devices have seen improved performance and reduced costs.
This has largely been made possible by continuously making transistors and electronic
components smaller and smaller. Now, these traditional silicon-based transistors have
essentially reached their physical limit. To gain a marginal reduction in size, engineers
face immense technical challenges [6]. To continue improving transistors, researchers have
started exploring alternative device geometries and new channel materials, for which two-
dimensional (2D) crystals hold promise. Their atomically thin dimension gives them new
properties that are not found in their bulk counterparts. For example, charge carrier mo-
bility, contact resistance, saturation velocity, critical electric field, and heat dissipation can
change drastically [7]. These new qualities have the potential to improve the performance
of transistors and other electronic devices at a lower power consumption [1}/7].

Examples of 2D materials that have been used in 2D transistors are graphene as the
electrode [8], and hexagonal boron nitride as the insulator [9]. Commonly used as semi-
conductors are transition metal dichalcogenides monolayers, which have two chalcogen
atoms for each transition-metal atom [10,|11]. One advantage of 2D semiconductors is
that their band structure can be engineered by reassembling them layer by layer into
intentionally designed heterostructures [12-14]. Moreover, because of the weak bonding
between the layers, their lattices do not need to match. This opens up the door to an
enormous amount of possible structures, each with unique properties and benefits. In this
thesis, I aim to expand the list of 2D semiconductors by synthesizing a hexagonal silicon
carbide (SiC) monolayer on top of a tantalum carbide (TaC) surface.

The family of 2D materials has a rich variety of electrical properties, such as super-
conductors, dielectrics, and high-mobility semiconductors [15118]. For example, graphene
and silicene, the 2D form of silicon, exhibit exceptionally high charge carrier mobility and
initially showed potential for making electronic devices faster [19]. However, a shared lim-
itation of both materials is their absence of a band gap, posing challenges in controlling
current flow and thereby limiting their use in electronic devices [20]. A potential way to
open up a band gap is to create 2D sheets made of binary compounds from either group
IV or group III-V elements [21]. In the context of my research, I will be focusing on
two-dimensional silicon carbide layers.

Bulk SiC is a commonly used semiconductor in high-power electronics and high-
temperature applications due to its wide indirect band gap and excellent thermal prop-
erties [22]. However, when SiC is scaled down to a monolayer, it experiences quantum
confinement in one spatial dimension, a phenomenon that leads to the transformation to
a direct band gap [3]. Numerous theoretical studies have investigated the structure and



CHAPTER 1. INTRODUCTION

properties of 2D SiC. Employing first-principles calculations based on density functional
theory (DFT), researchers predict that 2D SiC has a honeycomb structure with sp? bonds.
These bonds give good thermal and chemical stability, making 2D SiC ideal for harsh and
high-temperature environments [4,21]. Calculations on free-standing 2D SiC predict that
it has a direct band gap of approximately 2.5eV [23-25|. The transition from an indi-
rect to a direct band gap as SiC becomes atomically thin gives 2D SiC intriguing optical
properties that could be used in optoelectronic devices |3]. These properties include pro-
nounced photoluminescence and excitonic effects, which distinguish it from bulk SiC. As
an indirect semiconductor, bulk SiC exhibits weak absorption and limited light-emitting
qualities.

Two-dimensional SiC has not been implemented into devices yet because its prac-
tical synthesis has proven challenging due to the limitations of conventional top-down
exfoliation methods. Unlike materials held together by weak van der Waals forces, bulk
silicon carbide’s robust sp® covalent bonding complicates the formation of a single mono-
layer. Overcoming this obstacle involves a demanding phase transformation from sp® to
in-plane sp? bonding [3,26]. However, a recent breakthrough by Polley et al. demon-
strated the successful synthesis of a large-area honeycomb SiC monolayer. Their method,
reminiscent of the epitaxial growth of graphene on SiC, consists of creating an ultrathin
111-terminated TaC film on a SiC substrate, followed by high-temperature annealing.
This process not only reorders the carbide structure but also terminates the surface with
a SiC monolayer [5].

These results laid the groundwork and inspiration for this thesis. In my project, the
primary aim is to synthesize a SiC monolayer using a slightly different approach. Instead
of having a thin TaC film on bulk SiC, a bulk TaC crystal with a 111-termination will be
used as the substrate. The two main reasons for the use of a bulk TaC(111) substrate are
that its surface lattice matches closely with lattice calculations of 2D SiC [5] and because,
compared to ultrathin TaC films, bulk TaC crystals are simpler to produce (although they
remain expensive) [27].

This thesis starts with a scientific background on tantalum carbide and two-dimensional
silicon carbide in Chapter [2] Following this, in Chapter [3| I discuss the experimental
techniques used in my work: X-ray photoelectron spectroscopy (XPS), angle-resolved
photoemission spectroscopy (ARPES), and low-energy electron diffraction (LEED). Sub-
sequently, in Chapter [] I review synchrotron light generation, as well as the optics, per-
formance characteristics, and end station layout of the Bloch beamline at MAX IV, where
my research was conducted.

The preparation of the sample is presented in Chapter [5| of this thesis, followed by
the results in Chapter [6] The results begin with a discussion of the electronic struc-
ture of the TaC(111) surface. I further explore the dynamics of carbon deposition on
the TaC(111) surface, revealing changes in carbon composition within the bulk caused
by ethylene exposure. This provides insights into the kinetics and mechanisms of SiC
monolayer formation. Experimental measurements and theoretical calculations confirm
the synthesis of a honeycomb SiC monolayer on the TaC(111) surface, as evidenced by
the observed band structure. The successful 2D SiC synthesis allows for greater flexibility
in testing various preparation configurations to explore the growth dynamics in more de-
tail. Consequently, T experimented with depositing excess carbon and silicon, observing
graphene formation on TaC(111) and its transformation upon silicon deposition. These
findings improve our understanding of the stability and functionality of the materials in-
volved. Following this is a discussion in Chapter [7| on the growth parameters as well as

2



CHAPTER 1. INTRODUCTION

discrepancies between these new observations and previously published data. The thesis
concludes with a summary of the results and an outlook on future research direction in
Chapters [§] and [9] respectively. In this thesis, I proved that it is possible to grow a SiC
monolayer on the TaC(111) surface and presented the formation dynamics. This brings
2D SiC a step closer to real-world applications, such as in transistors or optoelectronic
devices.



Chapter 2

Scientific background

2.1 Tantalum carbide

Tantalum carbide (TaC) is a transition metal carbide (TMC) with a rock salt crystal
structure, depicted in Figure This is a cubic lattice with strong atomic bonds,
resulting in its high melting point close to 4000 °C and a hardness comparable to that of
diamond [28]. Furthermore, TaC, which is metallic, exhibits superconducting behavior at
relatively high temperatures, with a critical temperature of 10.3 K .

The cubic form of TaC exists in a wide range of substoichiometric compositions, de-
noted as TaC,, where x indicates the molar ratio of carbon to tantalum [30-32]. The
stability window of TaC, extends from perfect stoichiometry (z = 1) to approximately
r = 0.71 — 0.82 [30-33]. The carbon content and lattice parameter of TaC, is found
to be affected by annealing time and temperature [30]. While bulk carbon content de-
creases with increasing annealing temperature, surface regions may experience transient
enrichment due to carbon diffusing to the surface and subsequently escaping into the
vacuum . Empirical formulas derived by Kempter et al. and Bowman et al.
provide insights into the relationship between the lattice constant and stoichiometry.
These formulas, built on experimental measurements, demonstrate a linear relationship
between the lattice constant and the C:Ta molar ratio. Kempter’s formula yields a lat-
tice constant of 4.4560 £ 0.0004 A for stoichiometric TaC, while Bowman’s approximation
gives 4.457 & 0.001 A.

Investigations into different low-index tantalum carbide surfaces reveal how their prop-
erties vary. While both the TaC(100) and TaC(111) surfaces undergo relaxation, neither
reconstruction nor faceting has been observed. Faceting has only been documented on the

Olasininis

(i nininin
et

SO0 B0 B

Figure 2.1: TaC crystal structure. @ TaC unit cell. Top (]EI) and side () view of the TaC(111)
surface.
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(110) Ta surface, where the more energetically favorable (100) and (010) surfaces form in
a hill-and-valley structure [35,36]. Studies on the (111) surface of TaC, reveal a (1 x 1)
hexagonal surface structure that usually terminates with the tantalum atoms [37-40|. The
lattice constant of the TaC(111) surface is approximately 3.15 A, as calculated from bulk
values. A top and side view of the TaC(111) surface is shown in Figures [2.1b| and [2.1d
respectively, demonstrating how the hexagonal layers form in alternating planes of Ta and
C. The inherent instability of such polar surfaces has led to theoretical considerations of
charge redistribution mechanisms to stabilize them. Theoretical models propose that the
charge density increases in the first layer to counteract the long-range electric field [41].
This model has been experimentally validated for TaC(111), where surface-induced states
were observed [38}39}421-45].

2.2 Two-dimensional silicon carbide

In recent years, interest in 2D materials has grown substantially, 2D SiC being one of
them. Computational studies have found that 2D honeycomb Si,C;_, structures are po-
tentially stable across a wide range of compositions (z) [3,14,46-51]. These predicted
structures vary in stoichiometry and bonding configuration, offering a rich variety of
test samples to explore 2D SiC properties. Additionally, adsorbents and defects such
as vacancies, dopants, and grain boundaries can significantly influence 2D SiC proper-
ties, providing possibilities for customizing its behavior for specific applications [52-58].
Moreover, theoretical investigations have extended beyond 2D structures and into nanos-
tructures, including SiC quantum dots, nanotubes, and nanowires [59,60|. Among the 2D
structures, stoichiometric SiC has been identified as the most stable [3].

In its most stable form, stoichiometric 2D SiC has a hexagonal lattice structure, with
silicon and carbon atoms arranged in a honeycomb pattern as is shown in Figure This
arrangement results in strong sp? hybridized covalent bonds between silicon and carbon
atoms within the plane and a delocalized 4th electron, similar to graphene. Calcula-
tions and measurements report a lattice constant (C—C or Si-Si distance) in the range of
3.05—3.14 A for 2D SiC [5,21,23,61-65]. Additionally, theoretical calculations of the band
structure, shown in Figure 2.3a] indicate a direct band gap in the range of 2.40 — 2.58 eV
(or up to 3 — 4.8eV with special corrections and other approximations) between the
and 7* bands at the K symmetry point, making 2D SiC suitable for optoelectronic ap-
plications such as photodetection and light-emitting devices [5,21},23/26,/61-65]. Notably,
the theoretical direct band gap of 2D SiC stands in contrast to the indirect band gap of

(c) Si  Cue

Figure 2.2: @) Two-dimensional SiC lattice showing the honeycomb structure. Top (]EI) and
side (¢} view of the 2D SiC on top of the TaC(111) surface. The figures are drawn in accordance
with the most likely explanation of measurement observations, with Si and C being on top of C
and Ta, respectively, of the TaC substrate. Figures @ and H are reproduced from [5].



CHAPTER 2. SCIENTIFIC BACKGROUND

its bulk counterpart.

Even though theoretical studies show the potential use of 2D SiC, its synthesis in the
laboratory has proven challenging due to its strong inter-layered bonds. Unlike graphitic
carbon, with its layered van der Waals structure, bulk SiC has strong covalent bonding
between each layer, similar to silicon and diamond, requiring a phase transformation
from sp? to sp? bonding to form a monolayer. This makes top-down mechanical exfoliation
techniques especially difficult. Additionally, the existence of various SiC crystal structures
complicates the formation of a 2D counterpart.

Despite these challenges, experimental efforts have made significant advancements that
have resulted in the successful synthesis and preliminary characterization of 2D SiC. First,
only nanosized grains of single or few layered SiC had been synthesized [26./64]. Chabi et
al. then reported the synthesis of a fully planar honeycomb monolayer of SiC by employing
a wet exfoliation method, albeit limited to small flakes . This technique involves the
mechanical separation of thin layers of 2D SiC from bulk crystals in a liquid medium,
resulting in the formation of atomically thin flakes with minimal defects. Polley et al.
then achieved the synthesis of large-area 2D SiC on a substrate using a new bottom-up
approach . In this method, an ultrathin transition metal carbide (TaC or NbC) film
grown on 4H-SiC(0001) is subjected to controlled annealing, leading to the formation of
a continuous 2D SiC layer through self-assembly processes over the whole sample surface.
They hypothesize that Si and C atoms must have diffused from the SiC substrate and
through the TaC film to form the SiC monolayer. This solves the problem of a direct sp?
to sp? phase transformation. Instead, it happens in separate steps: first, the sp® bonds
of the topmost atoms in the SiC substrate are broken, the Si and C atoms then diffuse
through the TaC film and are finally free to bond in the now more energy efficient sp?
bonds.

Building upon their synthesis methods, Polley et al. further investigated the structure
and electronic properties of the 2D SiC . Their results revealed that the C atoms are

(a) SiC monolayer (b) TaC(111) + SiC monolayer (c) Measured
7 ~— N———
21 T 2+ RN N ’ 2

E-E: (eV)

M

K

Figure 2.3: @) DFT band structure calculations of a planar, freestanding SiC monolayer. The
inset figure shows the path, M —T — K, of the calculated band structure in the Brillouin zone. (]EI)
The same calculation, now taking a Ta-terminated TaC(111) substrate into consideration (see
Figs. and , sampling over the two topmost layers and resolving into atomic character.
Second derivative image of the measured band structure of Polley et al. along the same
symmetry directions. These figures are reproduced from .
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located atop the Ta atoms with the Si atoms in the hollow sites as seen in Figures[2.2b]and
They came to this conclusion after calculating the band structure of the SiC monolayer
with the previously described structure, seen in Figure [2.3b| and observing an excellent
agreement with the measured band structure, shown in Figure 2.3¢ The calculated band
structure was sampled over the two topmost layers and resolved into atomic character to
see the contribution from the SiC layer and the TaC surface. These calculations are highly
sensitive to the atomic positions of the modeled structure, thus serving as convincing
evidence for the proposed atomic arrangement. They also found features in the electronic
band structure such as a Dirac-like feature emerging due to the interaction between the
SiC layer and the TaC substrate [5]. The band structure calculations and measurements
demonstrate this interaction is caused by the hybridization of the 7 band of the SiC layer
with the underlying Ta 5d orbitals.



Chapter 3

Experimental techniques

3.1 X-ray photoelectron spectroscopy of core levels

X-ray photoelectron spectroscopy (XPS) is a powerful analytical technique used for prob-
ing the elemental composition and chemical bonding of material surfaces [66H71]|. In XPS,
core electrons are studied and therefore the technique is often referred to as core level
spectroscopy. Core electrons are tightly bound to the nucleus and therefore do not par-
ticipate in chemical bonding, unlike valence electrons. XPS builds on the principle of the
photoelectric effect, discovered by Einstein [72]. When a sample is irradiated with X-ray
photons, core electrons are ejected from the atoms within the material. However, since
electrons interact strongly with matter, only electrons from the topmost surface layers
escape the sample without scattering or losing energy, making this technique surface sen-
sitive. The kinetic energy (Fi,) of these emitted photoelectrons can be described by the
equation:

Exin = hv — ¢ — Eg, (3.1)

where hv is the photon energy, Eg is the binding energy of the core electron, and ¢ is the
work function of the material’s surface, a measure of the potential barrier at the surface
that electrons must overcome to escape. This equation illustrates how the kinetic energy
of the emitted electrons directly correlates with the binding energy of the core electrons.
These binding energies, unique to each element, serve as fingerprints for identifying the
elemental composition of surface layers. Additionally, different chemical bonds and local
atomic environments result in variations in core-electron binding energies, therefore giving
information about the sample structure. Take for example crystalline silicon and SiOs.
The Si 2p core electron in pure silicon has a binding energy of about 99.3eV. However, in
5104 the silicon valence electrons covalently bond with the oxygen, reducing the negative
charge around the positively charged Si nucleus. This leads to the core electrons feeling a
stronger pull of the nucleus which increases the binding energy of the Si 2p core electron to
103.3eV [73]. Common core levels of interest, such as Si 2p, C 1s, and Ta 4f, are studied
in my work to understand chemical bonding, oxidation states, and sample structure.
Curve fitting of core level spectra is an important part of XPS data analysis since one
hereby can get qualitative information about the sample’s composition and various chem-
ical environments. Deconvolution of the spectra is achieved using curve fitting techniques,
such as those implemented in the X-ray Photoelectron Spectroscopy Tools (XPST) pack-
age in Igor Pro, which is used in this study. First, the background signal is removed by
fitting a Shirley background to address the inelastic scattering of photoelectrons [74-76].
As the X-rays strike the sample, they excite electrons to a final, virtual energy level.
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This state decays exponentially in time leading to a Lorentzian contribution known as
lifetime broadening [76]. The shape, measured by the analyzer, is additionally modified
by instrumental broadening, giving rise to a Gaussian contribution. A convolution of the
Gaussian and a Lorentzian function, known as a Voigt function, is often used to curve fit
XP spectra.

The line shape used by the XPST package is a Gauss-Lorentzian sum function to
approximate the Voigt profile, known as a Pseudo-Voigt (P-V) function [77]. This function
accounts for the Gaussian and Lorentzian components and provides a suitable model for
the asymmetric peak shapes often observed in XP spectra. It does this by introducing
energy-dependent variations in the full width at half maximum (FWHM) parameter. The
equations

41n2 ’ A .
P-V=(1-m)A 112 exp —4ln2( - ) +m— w(; :

W) “e) 2 (ww/2) 43> (39
r=F— Epeak

2&)0
Y@ T T exp (—azx)’
describe the Pseudo-Voigt line shape as well as the asymmetry. The parameters of the
function, which are detailed in Table [3.1} are refined through an iterative curve fitting,
giving a quantitative description of the core level spectra.

In the context of my work, XPS is an important technique for understanding the
surface composition and bonding configurations of the sample. By analyzing XPS spectra
of Si, C, and Ta, I identify the presence of SiC layers, discern surface contaminants, and
gain insights into the interaction between the SiC monolayer and the underlying TaC
substrate, which is essential for understanding the growth process.

Table 3.1: Fitting parameters used in Eq. (3.2) to fit measured core levels.

Fit parameter Description

A Peak area
Epeak Peak position (binding energy)
W(z) FWHM function
wo FWHM parameter (actual FWHM for symmetric peaks)

Gauss-Lorentzian ratio (0 = Gaussian, 1 = Lorentzian)
Asymmetry parameter

Q

3.2 Angle-resolved photoelectron spectroscopy

For crystals, angle-resolved photoemission spectroscopy (ARPES) is an effective technique
to measure their band structure, which describes the energy-momentum relationship of
electrons in the material, and thus provides important information on their electronic
and optical properties [78-81]. ARPES not only measures the kinetic energy of emitted
electrons like XPS but also directly probes the angle of emission, ¥J, thus determining
their in-plane momentum.

As illustrated in Figure the experimental setup typically involves a hemispherical
electron analyzer. In this setup, emitted electrons pass through a multi-element electro-
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hemispherical
analyzer

(a) Hemispherical (b)
A analyzer

N
=
lens

Figure 3.1: @) Geometry of the ARPES setup and (EI) a schematic of the hemispherical analyzer
. Electrons emitted at angles around ¥ are captured by the electron spectrometer. An
electrostatic lens disperses the electrons along their emission angle. The hemispherical analyzer
subsequently disperses the electrons by their kinetic energy, making the ARPES setup angle-
and energy-resolving.

static lens which separates them according to their emission angle. A deflector controls
which slice of the emitted angles passes into the analyzer, allowing for scanning the en-
tire two-dimensional angle space. As the electrons pass into the hemispherical analyzer,
through an entrance slit, they are already sorted according to their emission angles.

A potential difference (AV') between electronically isolated hemispheres with radii R,
and R then deflects the electrons radially based on their kinetic energy. By appropriately
selecting AV, only electrons within a narrow range of kinetic energies, centered at the
pass energy

eAV
Epass = R1 _ Ry’ (33)
Ra Ry

reach the detector . The resolution of the kinetic energy is determined by the pass
energy and the dimensions of the entrance slit w:

w

AE’kin = Epassm-

(3.4)
Now that the kinetic energy is measured, Eq. can be used to determine the binding
energy of the electrons, since the photon energy is known and the work function of the
material can be replaced by the work function of the analyzer. This is possible since the
analyzer and sample are in electrical contact, and thus the kinetic energy of the electrons
is measured relative to the analyzer work function.

From the angles and kinetic energy, the wavevector (or momentum) k = p/h of
the photoelectrons in vacuum is fully determined . The wavevector has a length
k = V2mFEy,/h and components parallel, kj, and perpendicular, k,, to the sample.
These components are obtained in terms of the polar, ¥, and azimuthal, ¢, emission
angles (see Fig. [3.1a). However, because the surface termination does not break the

10



3.3. LOW-ENERGY ELECTRON DIFFRACTION

in-plane translational symmetry but rather imposes an abrupt potential change normal
to the surface, only the parallel component of the electron momentum is conserved [78§],

that is )
ky = ﬁ\/ 2m By, sin 0. (3.5)

To measure different directions in the k-space, the azimuthal angle (¢) can be varied.
Another way is to use a deflector which does not require rotation. As electrons get
emitted from the sample, a cone of angles enters the electrostatic lenses but only a slice,
determined by the deflector, enters the hemispherical analyzer. By continuously tilting
the deflector, all of the different slices of the cone can be measured. By probing the
electronic dispersion of the 2D SiC and TaC(111) surfaces using ARPES measurements,
I can study their electronic properties in addition to the interaction between the layers
through changes in the band structure.

3.3 Low-energy electron diffraction

Low-energy electron diffraction (LEED) is a technique used in surface science research
to determine surface structures and symmetries [84-89]. It relies on the diffraction of
low-energy electrons (typically in the range of 20 — 500eV) from a crystalline surface to
gain information about the arrangement of surface atoms. At these electron energies,
their inelastic mean free path ranges from about 4 to 10 A according to the universal
curve [90]. At its most surface-sensitive kinetic energy (= 40eV), this would correspond
to about three atomic layers of the TaC(111) surface (two Ta layers and one C layer).

In a typical LEED experiment, a beam of low-energy electrons is directed onto a clean
single-crystal surface held under ultra-high vacuum conditions. As the electrons hit a
crystalline surface, they undergo both elastic and inelastic scattering by the surface atoms
[91-93]. The periodic arrangement of atoms in the crystal lattice results in constructive
and destructive interference of the elastically scattered electrons, leading to the formation
of diffraction spots that reflect the reciprocal lattice. These spots are then captured
by a fluorescent screen positioned behind the electron gun. For my work in this thesis,
the shape that these diffraction spots form can be used to gain information about the
surface structure of the sample, including lattice constants and adsorbate arrangements.
Moreover, by observing changes in the positions and intensities of these spots, we can
gain insight into changes in the surface structure or the formation of new layers.
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Chapter 4

Design and setup of the Bloch beamline

4.1 Synchrotron light generation at MAX IV

4.1.1 Storage ring

A storage ring is a circular particle accelerator used to store charged particles, which, in
the case of MAX IV are electrons. MAX TV has two storage rings operating at 1.5 GeV
and 3GeV to cover a wide photon energy range [94]. A linear accelerator injects the
electrons in short pulses with a duration below 100 fs into both storage rings. The electrons
travel in a vacuum chamber that has magnetic bending and focusing elements that steer
them into circular, nearly closed paths [95,96]. The guide field focuses the electrons
towards an ideal orbit, causing them to undergo radial and vertical oscillations (betatron
oscillations) around this path. The system of magnetic lenses that guide and focus the
electron beam is called the lattice. The choice of lattice determines the emittance, beam
brightness, transverse coherence, beam lifetime, and the number of insertion devices that
can be accommodated in the straight sections [94]. For the 1.5 GeV and 3 GeV rings, a
double bend and 7 bend achromat lattices are used, resulting in a horizontal emittance of
6nmrad and 0.3nmrad, respectively [96]. These low emittances are essential to achieve
a high brilliance. As the electrons circulate, they lose some energy through synchrotron
radiation, which is then compensated by gaining energy from a radio frequency cavity
or multiple cavities working together. Although both storage rings offer coherent and
intense synchrotron radiation across a wide spectral range, the 1.5 GeV ring, where this
thesis research is conducted, is specialized to provide better performances at low energies,
where most surface science is performed.

4.1.2 Undulator

The synchrotron radiation used at MAX TV’s experimental end stations is produced in
insertion devices, either undulators or wigglers, located on the straight sections of the
storage ring [96]. Both undulators and wigglers are made up of a periodic arrangement of
magnet poles that causes the stored electron beam to oscillate transversely to the direc-
tion of motion of the beam and emits synchrotron radiation [97]. The Bloch beamline at
MAX IV, where the research of this thesis is conducted, employs a quasi-periodic APPLE
II (Q-APPLE II) type elliptically polarizing undulator (EPU) [98H100|. It consists of 28
periods of vertical and horizontal pairs of glued permanent magnets spanning a length of
2.6 m. With a period length of 84 mm and a minimum magnetic gap of 14 mm, it achieves
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a minimum photon energy of 7.45 eV for horizontal linear polarization. Notably, the undu-
lator offers horizontal, vertical, and circular polarization capabilities, making it adaptable
to a broad range of experimental techniques. The beam size achieved at the center of
the Bloch insertion device measures 185pm x 13pm (horizontal and vertical lengths,
respectively). Additionally, adopting a quasi-periodic magnet configuration shifts higher
harmonics away from integer multiples so they do not pass through the monochromator.
This helps reduce higher-order contamination of the photon beam at the cost of a slightly
reduced intensity of the first harmonic [101].
Important to understanding the undulator’s performance and spectral properties is its
strength parameter, defined as
_eADBy

2TMeC’

(4.1)

where A, is the undulator period, By is the peak field of a sinusoidal magnetic field on
the undulator axis, e is the electron charge, m, is the electron rest mass, and c is the
speed of light in vacuum [97]. This parameter correlates the peak field with the electron
momentum, and by varying By, which is usually done by adjusting the magnetic gap,
it is possible to change the resonance wavelengths [96]. Consequently, it influences the
energy and polarization characteristics of the generated photon beam. If K is small,
the oscillation amplitude of the motion is small, and the radiation displays interference
patterns that lead to narrow energy bands. Conversely, for large K, the oscillation am-
plitude is large, resulting in a broader spectrum of emitted radiation. In this case, the
device is called a wiggler. As mentioned before, Eq. assumes a sinusoidal magnetic
field. However, since the Q-APPLE II undulator has a non-sinusoidal magnetic field, the
peak strength, By is replaced by an effective magnetic field, B.gz. With By = 1.10T,
the effective strength of the Q-APPLE II undulator is K.z = 8.65 [98]. During the de-
sign and construction of the undulator, these parameters were chosen to offer optimized
performance for ARPES measurements in the lower photon energy range.

4.2 Bloch beamline optics

This section discusses the optical layout of the Bloch beamline, including mirrors and the
monochromator, depicted in the schematic overview in Figure 4.1l While the beamline of-
fers a photon energy range of 10 to 1000 eV, these optical elements offer optimal operation
at under 220eV [99-101]. Additionally, performance metrics such as energy resolution,
photon flux, and spot size are discussed.

4.2.1 Optical elements

M1 - toroidal mirror Positioned 14 meters after the source, M1 serves as the first
optical element, collimating the beam vertically and focusing it horizontally onto the exit
slit, designed to manage the bulk of the heat load.

Monochromator The Bloch beamline utilizes a collimated plane-grating monochro-
mator (¢cPGM), positioned two meters after M1, which introduces a vertical beam offset
of 42mm. The monochromator offers several grating options, but the one used in my
work is the 800 L/mm (lines per millimeter) grating.

13
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10 15 20 25 30 35 40 (m)
Undulator M1
2.875 m long EPU with M2
mm period length for Toroidal mirror
variable polarization Collimates the beam M3
vertically and focuses Monochromator
the beam horizontall
o V. Selects 2 HaIEoNTanes, Cylindrical mirror ES
at the exit slit of energies using a
| > d Focuses the beam
p.ane mlrror (N_IZ) an vertically at the exit slit " : v ’
diffraction grating (G) Ellipsoidal mirror M4

Focuses the beam ¥
onto the sample

Figure 4.1: A schematic image of the optical layout of the Bloch beamline and the distances
between the components. The X-ray is generated by a quasi-periodic elliptically polarizing undu-
lator (EPU). M denotes the different optical mirrors, G is the grating used on the monochromator,
and ES is the exit slit. The image is taken from [99).

M3 - cylindrical mirrors Positioned one meter after the monochromator, M3a and
M3b are cylindrical mirrors that focus the beam vertically onto the exit slit of branch A
and branch B, respectively.

Exit slits The exit slits of both branch lines, positioned 10.2m after the M3 mirrors,
regulate the energy resolution, total flux, and beam size by adjusting the horizontal and
vertical slit openings and their longitudinal position along the beam.

M4 - ellipsoidal mirrors The final optical elements on each branch line, M4a/b,
positioned 10 m after the exit slit, refocus the diverging beam leaving the exit slit to the
sample position in the analysis chamber with a demagnification of 10:1.

4.2.2 Performance characteristics

Energy resolution The Bloch beamline’s energy resolution is determined by multiple
factors, including, but not limited to, the photon energy, the grating, and the exit slit
width. The total energy resolution can be described in terms of the resolution due to the
beam source AFEg and the exit slit AEg; as [102]

AE = \/AE? + AE2, . (4.2)

The resolution due to the exit slit exhibits a linear dependence with its width. Con-
sequently, at wider openings, the energy resolution is primarily determined by the slit
width. However, the beam source resolution is independent of the exit slits, being pri-
marily defined by the electron and photon source widths. Therefore, at small slit width,
the total resolution becomes diffraction-limited due to the photon source size. This is
clearly illustrated in Figure , where the analytical equation (Eq. of the total
beamline resolution is plotted only as a function of the exit slit width, and other parame-
ters are kept fixed. Reducing the slit width to improve the energy resolution is therefore
only useful up to a limit, at which minimal improvements are obtained at a significant
cost of beam intensity. Moreover, the resolution is roughly proportional to the square of

14



4.2. BLOCH BEAMLINE OPTICS

the photon energy. The expected resolution in the standard mode of operation, based on
ray-tracing, is shown in Figure for two exit slit widths. Under specific conditions,
the beamline can reach an energy resolution of 1 meV at 21eV or 2meV at 63eV. Higher
resolution can be obtained by adjusting the grating or the monochromator configuration,
albeit at the cost of intensity.

Photon flux Photon flux at the Bloch beamline ranges from 10'° to 10** photons per
second depending on energy resolution, spot size, and photon energy choice. Figure [4.3
illustrates flux variation with photon energy and experimental settings. With a minimum
spot size of 100 pm x 100 pm, flux can be increased by approximately fourfold by widening
the vertical exit slit gap to 800 pm. Below 200eV, flux follows the first harmonic of the
undulator, while above this value, the undulator gap closes to a fixed value, utilizing its
broadband wiggler-mode output.

Spot size The Bloch beamline delivers a minimum photon spot size of 8 x 10pm at
normal incidence. However, since most samples are measured closer to normal emission
than normal incidence, the horizontal footprint of the beam on the sample is typically

(a) <b> 25

e Exit slit 'hgap' 100um
35 " " Exit slit *hgap' 50um .
800 lines/mm grating
30-|E=21eV C4=2.25 20
— source contribution .
254|..-- exit slit contribution
— total 1s !
< 2.0 —
% 3z :
5 1S L]
w 1.5 = .
< % °
_____________ 10 -
1.0+ .
L]
L]
0.5 .
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0.0 | | | Iy
®
0 50 100 150 200 o
Slit width (um) e
0
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Figure 4.2: @ The slit width dependence of the energy resolution [102] and (]EI) the photon
energy dependence based on ray-tracing for a 800 L/mm grating and a cg of 2.25 [100).

10%
1013; 92 L/mm
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10° - S S
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Figure 4.3: Overview of how the flux varies with photon energy for each grating mode. The
image is taken from the Bloch beamline documentation [100].
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enlarged by approximately 35%. The refocusing method at Bloch relies on a single el-
lipsoidal mirror (M4) to directly image and demagnify the beam from the exit slit to
the sample position. Consequently, the sample position should remain stationary when
changing photon energy. It’s important to note that with a 100 x 100 pm exit slit, a spot
size of 10 x 10 um is achieved at the sample position with 10:1 demagnification. However,
using a 50 x 50 pm exit slit does not result in a spot size of 5 x 5pm due to limitations
imposed by slope errors in the M4 mirror. Nonetheless, this design ensures stable and
reproducible sample positioning across the entire energy range.

4.3 Bloch end station

The Bloch beamline is split into two branches, the A-branch, dedicated to general ARPES,
and the B-branch, specialized for spin ARPES applications. The research conducted for
this thesis was exclusively carried out on the A-branch, thus the following discussion will
focus on this branch. The A-branch consists of a series of ultra-high vacuum (UHV)
chambers, including a load-lock, storage, scanning tunneling microscopy (STM), analysis
chamber, two preparation chambers, and a radial distribution chamber that interconnects

all chambers (see Figure [100}[101].

Analysis chamber The experimental setup at the A-branch beamline includes an anal-
ysis chamber capable of maintaining a low base pressure in the upper 10~ mbar range.
With a double p-metal liner, it ensures a residual magnetic field within the chamber
of less than 0.1pT [101,[103]. The chamber is equipped with a DA30-L hemispherical
analyzer from Scienta-Omicron and a 6-axis Carving cryomanipulator from Specs. The
manipulator has a linear and angular precision of sub 1um and 0.1°, respectively, and

e —

Figure 4.4: Overview of the A-branch endstation, highlighting all the UHV chambers. The
photon beam enters from the left in this image. The image is taken from the Bloch beamline

review .
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can maintain a sample temperature range of 19 to 400 K during measurements. Addition-
ally, the system allows for in-situ cleaving of top-posted single crystal samples and alkali
metal (Rb, K, Cs) deposition, although simultaneous deposition during measurements is
not supported. The ultimate energy resolution of 1.8 meV is not practically achievable
due to a combination of residual grounding issues and the necessity to use higher pass
energies (5 — 20eV) at the kinetic energies typically employed. However, total energy
resolution better than 10 meV is routinely achieved and can be pushed below 5 meV when
needed.

Sample preparation chambers The end station is equipped with two preparation
chambers operating within the low 10719 mbar range, designed for sample treatment and
growth. These chambers offer access to a sputter gun, LEED, and various heating options
such as resistive heating (up to 900 °C), electron beam heating (up to 1400°C), and direct
current heating (up to 1200°C) [101,[104]. Additionally, a new and specialized electron
beam heating system was installed in one chamber, designed to reach temperatures as high
as 2000 °C, as shown in Figure [4.5a) specifically added for the research conducted in this
thesis. To facilitate silicon deposition for the research purposes of this thesis, a silicon
wafer was also integrated into one of the preparation chambers, shown in Figure [£.5b]
Furthermore, the chamber includes a port for introducing gases such as ethylene, which is
used in this research. Cryogenic sample cooling is available for temperature control, with
the capability to reach temperatures as low as 80 K using liquid nitrogen cooling and 40 to
50 K using liquid helium. The chambers are equipped with 4-axis manipulators, thickness
monitors, and free ports with valves for mounting sources without venting. These features
allow for a personalized sample preparation.

Figure 4.5: @) Electron beam heating system that has heated the sample to about 2000°C
and (]E') a silicon wafer heated up to emit and deposit silicon on the sample.
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Chapter 5

Sample preparation

The TaC(111) crystal utilized in this study was provided by Princeton Scientific, with a
miscut angle of 0.1°. The crystal was prepared in a hat shape with a polished surface of
2mm in diameter, a base measuring 3 mm, and a height of 2mm. To securely position the
sample tantalum wires were wrapped around it and spot-welded to the sample holder at
the beamline. Bartynski et al. [105] found a treatment of the TaC(111) surface involving a
10-minute sputter followed by repeated flashes to 2000 °C, that resulted in a well-ordered
and stoichiometric surface region.

Initial investigations focused on identifying and removing any surface contaminants.
Starting with a low temperature (c.a. 1000°C) anneal, an XPS spectrum, called a survey
spectrum, shown in Figure provides an overview of the elemental composition of the
sample and aids in the identification of surface contaminants. The survey spectrum sug-
gests that all major contaminants have been removed by the annealing except for oxygen
(the presence of hydrogen can not be directly determined since it lacks core electrons).
The O 1s core level peak shows the presence of a surface oxide.

To remove the surface oxide, the sample was annealed several times, reaching tem-
peratures up to 2000 °C. Figure [5.2] shows the change in the Ta 4f and O 1s core levels
before and after this high-temperature anneal. This clearly shows the successful oxide
removal, as the O 1s core level has almost vanished. For the subsequent measurements
presented in the thesis, the O 1s core level reduced even further and often could not be
distinguished from the background signal.

The Ta 4f core level has two spin-orbit split components: Ta 4f7/, at lower binding

Ta 4f
S
]
; 01s
k=
§ l‘ Ta 4,01;2 Cls 0 2s
c M Ta 4psp Ta 4d Ta5p |

L
500 400 300 200 100 0

Binding energy (eV)
Figure 5.1: Survey spectrum (hv = 650eV) of the TaC(111) sample surface after annealing

to 2000 °C, providing an overview of its elemental composition. The presence of the O 1s peak
shows the existence of surface oxide.
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CHAPTER 5. SAMPLE PREPARATION

energies, and Ta 4f;/, at higher binding energies, further discussed in the main results.
After a 2000°C anneal, two components vanish; a large peak just above 24eV and a
smaller “shoulder” peak just below 23eV, with the former peak being identified as the

oxide peak. The latter peak will be discussed shortly and the other peaks will be examined
in the next chapter.

LEED patterns, shown in Figure[5.3| demonstrate hexagonal symmetry of the TaC(111)
surface, both before and after the oxide removal. However, the transformation from a 4 x 4

pattern to a clear 1 x 1 symmetry following oxide removal shows that a clean TaC(111)
surface has been restored.

Further characterization using spatial maps of the band structure and Ta 4f core level

revealed localized surface states, shown in Figure The spatial maps show the region
of interest (ROI) relative to a selected background region. In certain areas of the surface,
unique band structures are found that match exactly the surface areas where the lower
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Figure 5.2: Ta 4f (hv = 140eV) and O 1s (hv = 650eV) spectra shown after annealing the
sample to 1000 °C (blue) and then 2000 °C (orange), removing the surface oxide.
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Figure 5.3: LEED images of the TaC(111) surface before @) and after (]Eb removing the oxide
layer. The 1 x 1 pattern in red shows the hexagonal structure of the sample. The purple circles

indicate the 4 x 4 reconstruction of the surface oxide. The images were taken with an energy of
82 and 63 eV, respectively.
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binding energy shoulder peak, observed in the Ta 4f spectrum (Fig. , is present. Other
peaks in the Ta 4f core level are found to be uniform across the surface.

ARPES measurements of these surface bands show them along the M —I'—K path (Fig.
A photon energy scan (Fig. demonstrates the two-dimensional nature of these
bands since they are constant with photon energy. These surface states seem not to have
been previously reported in the literature, leading us to believe that they do not represent
the expected clean Ta-terminated surface. Currently, the structural origin of this surface
feature is unclear. Plausible origins include that these are either carbon-terminated or
carbon-deficient surface regions. In subsequent sample preparations, these surface states
became less frequently observed, leading us to not pursue further investigation of it.

|
=

Relative intensity (red/black ROI) 10 M r M
) j

It
o

,(b

o
wn

=
o
L

Binding energy (eV)
w

=
3
204 O & 21
e
(| [T} \ﬁ
25 g
[=)]
3.0 £ 3
T T T o
1.0 0.5 0.0 .‘%
ky (A1)
a4
5= ; .
- 1.0 0.5 0.0 0.5 1.0
E) -1
p ky(A=1)
2 s ¢
g e |
14
5 2 -
£ ]
5 2 f—
o
c
T 31
£
T T T T T T aa] T T T T T
24.00 23.75 23.50 23.25 23.00 22.75 100 110 120 130 140 150
Binding energy (eV) Photon energy (eV)

Figure 5.4: @) Surface spatial map showing the contrast between the surface valence bands
(hv = 60eV) and the background in (]ED Surface spatial map showing the contrast between
the rightmost peak of the Ta 4f core level (hv = 140eV) and the background in (d). Measured
band structure in the I'—M and I'— K directions (hv = 58 eV). The valence and core level spectra
were measured at hv = 60 and 140 eV, respectively. @) hv resolved cut at M (hv = 95—151¢V).
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Chapter 6

Results

6.1 Clean TaC

After achieving a good sample surface, the investigation is shifted towards understanding
the measured Ta 4f core levels. A fit of the measured spectrum is depicted in Figure
for a photon energy of 100eV. The energy resolution of the fitted spectra presented
in this thesis ranges from 10 to 44 meV. The observed spin-orbit split doublets revealed
a 1.91 £ 0.01eV separation between the lower energy Ta 4f;/, and higher energy Ta
4f5 /5 components. This finding aligns with prior studies, which found the separation to
be within the range of 1.91 — 1.95eV [45,/105]. The reason for the increased width of
the 4f;» components could be caused by additional decay channels of the de-excitation
processes that lead to a broadening of its Lorentzian contribution. This broadening has
been observed for the 4f core level in other period VI metals due to so-called Coster-Kronig
processes [106].

(@) Ta 4f, hv=100 eV A (b) PO
- e B seeeomenenen  AM tna A | \
= Measured spectrum —J//\“@
| —— Fitted spectrum -
= | == surface (s) 2 —’/ \f
~ | [ Cdepleted (D) - 340 eV
2| == Buk (8 fry
E [ Background 2 '/
B 3 Residuals 3 280 eV
= =
\/ 200 eV
\
—J 100 eV
26,0 255 250 245 240 235 230 225 24 23 22
Binding energy (eV) Binding energy (eV)

Figure 6.1: @) Ta 4f core level fit at measured at hv = 100eV along with the residuals (not to
scale) between the fitted spectrum and the measured intensity. @ Spectra of the Ta 4f7/ core
level at various photon energies. The spectra have been normalized to the most intense, central
peak.
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The primary Ta 4f;/, peaks, denoted as S, D, and B, were measured at binding energies
of 22.99 £0.05eV, 23.26 £0.03 eV, and 23.59 £ 0.03 eV, respectively. The binding energy
axis was calibrated by measuring the Fermi level and setting it as zero. Analysis of the
fit yielded a Gaussian-Lorentzian ratio of 0.9 and a full width at half maximum (FWHM)
of approximately 190 meV for these peaks. Previous investigations have reported surface
and bulk peak positions within the ranges of 22.75 — 22.90eV and 23.35 — 23.56eV,
respectively, with a separation of 0.56 — 0.60eV [5,/45,/105,/107]. Notably, these studies
have consistently identified only two peaks. The reported bulk-surface separation suggests
that the B and S peaks (green and red, respectively) in Figure correspond to the
bulk and surface peaks, as they fit this separation. This leaves the origin of the central
peak, labeled D (blue), uncertain for now.

To validate the identification of the B and S peaks, the Ta 4f core level was measured
at increasing photon energies, as illustrated in Figure focusing on the Ta 4f7/,
component. With increasing photon energy from 100eV, the electron inelastic mean free
path increases, resulting in a greater contribution of electrons originating from subsurface
layers, namely the bulk [108]. Figure depicts the change in the area of the S peak
relative to the B and D peaks with increasing photon energy. Generally, the S peak
diminishes relative to the other peaks, agreeing with its previous assignment as a surface
component. This reasoning also identifies both the B and D peaks as bulk components.

A previous study has found evidence that the TaC(111) surface is stabilized through a
charge redistribution around the surface, screening the long-range electric field created by
the polar structure [45]. It suggests that the electron density at the first Ta layer increases,
which enhances the screening of the positively charged cores of the surface atoms. This
leads to a reduction in the Ta 4f binding energy, explaining the positioning of the red
surface (S) component in Figure [6.1a] Furthermore, prior research has found that in the
bulk, there is a charge transfer from Ta to C atoms so that the Ta 4f core level is at
a higher binding energy than for a pure tantalum crystal [33,/34]. This charge transfer
reduces with carbon concentration, leading to a reduction in binding energy. This hints
at the blue bulk (D) component corresponding to a substoichiometric Ta site, while the
green bulk (B) component corresponds to the stoichiometric Ta site. This possibility will
be explored in the subsequent section.

Figure shows ARPES measurements of the TaC(111) band structure at hv =
56 eV, tracing the surface Brillouin zone along the I' — M and I' — K — M symmetry di-
rections. All the following ARPES measurements are taken with a horizontal polarization
of the light and have an energy resolution from 20 to 50 meV. The size of the Brillouin
zone precisely matches a surface lattice constant of 3.15 A, consistent with previous stud-
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Figure 6.2: Changes in the area of the S peak relative to the B and D peak of the Ta 4f core
level as photon energy is varied.
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Figure 6.3: @) TaC band structure (hv = 56 V) measured along the T — M and I — K — M
symmetry direction of the surface Brillouin zone. Overlaid is the DFT band structure calculation
of a 31-layer Ta terminated TaC(111) slab. Photon energy scans at (IEI) K and () T show that
the bands are surface induced, as they are constant with photon energy. The surface-induced
bands are labeled 1 through 5.

ies [109]. Additionally, Figures and [c| shows photon energy scans performed at K
and I, respectively. Changing the photon energy essentially changes the perpendicular
component of the momentum space, which is related to the measured binding energy.
Since surface states, by nature, do not have a perpendicular component, they do not vary
with photon energy. Since the photon energy scans reveal bands that are constant with
photon energy, the bands must originate from surface-induced states. Anazawa et al.
identified four surface-induced bands within 2eV of the Fermi level, derived from the Ta
5d orbitals . However, only two of these bands are discernible in Figure band 1
around K, descending in both the I' and M directions, and band 4 centered around I,
extending to the Fermi level. Moreover, we observe two new surface states at K, bands 2
and 3, at deeper binding energies, along with band 5, a flat band at M at a binding energy
of approximately 2.5eV, which may be related to defects. Overlaid in Figure is a
density functional theory (DFT) calculation of a 31-layer Ta terminated TaC(111) slab,
done by Polley et al. . The calculation predicts two spin-split states close to the Fermi-
level at K. Only one of these bands (band 1) is observed in the measurements, although
it is not spin-split. Additionally, this band deviates from the calculations as it moves
further from the K-point, especially in the M-direction. This discrepancy could be an
indication that the TaC crystal does not have a perfect stoichiometry as the calculations
assume.

At this point, various attempts were made at forming a SiC monolayer by depositing
Si and annealing, all of which were unsuccessful. A possible explanation for this is that
the TaC crystal lacks carbon so there is no carbon diffusion to the surface and bonding
with Si. The higher intensity of the D peak compared to the B peak in the Ta 4f core level
(Fig. might be an indication of this if the theory that they correspond to different
local carbon compositions proves true. To test this the effects of carbon deposition are
examined.
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6.2 Carbon deposition and TaC stoichiometry

Building upon our study of the TaC(111) surface, I now focus on carbon deposition.
Although TaC is stable in a broad range of carbon concentrations, prior investigations
of the TaC(111) core levels often suggest a fully stoichiometric or nearly stoichiometric
surface region [5,45,/105]. None of these studies have reported the presence of the central
Ta 4f component (D peak) observed in the measurements presented here. This discrepancy
motivates us to investigate whether this additional peak is related to carbon deficiency.

To address this question, the sample was subjected to successive carbon depositions
via ethylene (CyHy) exposure. Heating the sample to approximately 950 °C induced the
TaC(111) surface to act as a catalyst, enabling the cracking of ethylene molecules that
results in the deposition of atomic carbon. The exposure, or dosage, is quantified in
langmuir (L), calculated by multiplying the gas pressure by the exposure time. One
langmuir is defined as an exposure of 107% Torr for one second, or equivalently 10~® Torr
for 100 seconds.

Figure illustrates the evolution of the C 1s and Ta 4f7 /5 core levels with increasing
ethylene exposures. The two bulk components of the Ta 4f;/, core levels retained binding
energies consistent with previous measurements. However, the surface component showed
fluctuation in the range of 22.92 — 23.02eV, indicating that surface modifications occur
during the exposure process.

The carbon 1s core level is known to have two components that correspond to the bulk
and surface environments. The core level of the C 1s spectra after a 10 L ethylene exposure

o v, WU S .. SN 7,

Intensity (a.u.)

-

284 283 282 24.0 235 23.0 225
Binding energy (eV)

Figure 6.4: @) C 1s (hv = 430eV) and (]Eb Ta 4f (hv = 140eV) core levels at increasing
ethylene exposures. The S, B, and D labels represent the surface, stoichiometric bulk, and
substoichiometric bulk environments of the TaC(111) crystal, respectively. The spectra are
normalized to their highest feature.
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was therefore fitted with two peaks, which is shown in Figure The fitting procedure
then estimates the widths of these peaks. The residuals in the fit have relatively small
variations across the whole spectrum indicating that there are no other major carbon
environments. From the fit, the two peaks were found to have a binding energy of 282.86
and 283.13 £ 0.06 eV. These binding energies align closely with those reported by Polley
et al., who attributed them to bulk and surface components, respectively [5]. Across the
various ethylene exposures, there is negligible change in the binding energy of either peak.

Regarding the Ta 4f bulk peaks, if the hypothesis where one corresponds to a stoichio-
metric region and the other to a carbon-depleted region is correct, I anticipate that their
intensities will vary inversely since they represent opposing atomic environments. Figure
illustrates the changes in the area of the Ta 4f B peak relative to the D peak with
increasing total ethylene exposure. The graph’s different colors indicate separate sample
preparations, which were conducted to remove deposited silicon forming SiC, as discussed
in the subsequent section. Additionally, it should be noted that all ethylene exposures
were conducted at a pressure of 1 x 10”8 mbar except for the 10 L exposure, which was
performed at 1 x 10~7 mbar. In general, we observe a relative rise in the intensity of the
B peak with increased ethylene exposure. Importantly, this trend is consistent within
each sample preparation. The temporary drop observed between 2.5 and 4.6 L exposures
may be due to initial variations in the C:Ta molar ratios induced by annealing during
the sample preparation. Despite efforts to maintain consistency in sample preparation,
some degree of variability is unavoidable. This variability extends to ethylene exposure
and cracking efficiency, which are influenced by surface temperature and potentially the
pressure at which ethylene is introduced. These factors could also account for the no-
table increase in the peak area ratio following the 10 L exposure. Overall, the observed
growth of the B peak suggests an increasing prevalence of its corresponding chemical
environment. This implies that the additional carbon diffuses into the sample, enhanc-
ing its stoichiometry. The next step is to deposit silicon with the aim of forming a SiC
monolayer.
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Figure 6.5: @) C 1s core level fit of spectra measured after 10L ethylene exposure at
hv = 430eV and 140 eV, respectively, along with the residuals (not to scale) between the fitted
spectrum and the measured intensity. @ The area ratio of the bulk (B) and carbon depleted
(D) Ta 4f peaks with increased total ethylene exposure. The different colors indicate that the
sample was annealed for a fresh sample preparation.
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6.3. SILICON DEPOSITION AND THE FORMATION OF A SIC MONOLAYER

6.3 Silicon deposition and the formation of a honey-
comb SiC monolayer

Following the 10 L carbon deposition, silicon was deposited onto the sample by heating a
Si wafer with a 7 A current for 10 minutes. Si atoms thermally evaporate when the wafer
gets hot enough, some of which deposit on the sample’s surface. Subsequently, the sample
was annealed at 920 °C for 3 minutes. The resulting LEED pattern, presented in Figure
6.6, shows a 1 x 1 surface structure similar to the clean TaC(111) surface. However, a
comparison with the LEED pattern of the clean surface (Fig. [5.3b)) reveals a reversal
in spot intensities at the same beam energy, indicating the formation of a new surface
structure.

Analysis of the core levels, as depicted in Figure reveals notable changes. New
peaks in the C 1s and Si 2p spectra emerge at binding energies of 282.38 4+ 0.06 eV and
99.93 £ 0.03eV (Si 2p3/» component), respectively. These values closely align with the

@

©

Figure 6.6: LEED image of a SiC monolayer on TaC(111) taken with a beam energy of 63eV.
The pattern reveals a 1 x 1 hexagonal structure of the sample, highlighted in red. The intensity
of the peaks is reversed relative to the pattern obtained from the clean TaC sample, seen in

Figure at the same energy.
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Figure 6.7: (a) C 1s (hv = 430eV), (b) Si 2p (hv = 140eV) and (d) Ta 4f (hv = 140eV) core
level fits of spectra measured after 10 L ethylene exposure and 10 min Si deposition, along with
the residuals (not to scale) between the fitted spectrum and the measured intensity. The Si core
level is split into the 2p3/5 and 2py /3 spin-orbit components at a lower and higher binding energy,
respectively. Similarly, the Ta core level is split into the 4f7/5 and 2p5/, spin-orbit components
at a lower and higher binding energy, respectively.
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binding energies observed for a SiC monolayer by Polley et al. |5] at 282.48 and 100.04 eV,
respectively. Note that the Si 2p core level shows two spin-orbit split components, with
the Si 2ps/, state at lower energies and the Si 2p, /; state at higher energies. Additionally,
the surface (S) peak of the Ta 4f core level shifts to 22.83 4+ 0.03 eV, consistent with the
value of 22.84 eV reported by Polley et al. The proposed sample structure, described in
Figure explains the origin of these components (excluding the D peak).

In addition to the main Si 2p peak (red), three minor peaks are observed, the origins
of which remain uncertain. However, elemental Si typically has a 2ps/, binding energy
of approximately 99.2 eV [110], closely matching the green component at 99.16 +0.03 V.
The blue lower binding energy peak could correspond to hydrogen-bonded silicon species
(Si monohydride or dihydride), potentially introduced during ethylene exposure .
Because we cannot verify that there are no trace amounts of oxygen, the remaining higher
binding energy peak in orange may belong to an oxide state. Nevertheless, the presence of
these residual peaks suggests that more Si was deposited onto the surface than is required
for SiC monolayer formation.
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Figure 6.8: @) Measured band structure of a SiC monolayer on TaC(111) at hv = 56€V.
(]ED High-resolution measurement, presented as a second derivative image, highlights the band
structure around K, obtained by integrating many spectra measured over hv = 24 to 90eV. A
DFT calculated band structure (red) has been superimposed on the measured bands and shifted
down by 200meV to align better with the K-point crossing at 2.35eV binding energy. Photon
energy scans at T and @) K with the labeled surface induced bands.
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The synthesis of a honeycomb SiC monolayer is strongly supported by ARPES mea-
surements of the electronic band structure. These bands are depicted along the I' — M
and I' — K — M symmetry directions of the surface Brillouin zone in Figure Photon
energy scans (Figs. and @) reveal a two-dimensional nature of these states. Remark-
ably, the observed band structure perfectly matches that measured by Polley et al. [5],
providing conclusive evidence for the formation of a SiC monolayer atop the TaC(111)
surface.

In Figure [6.8b a DFT calculation of the SiC band structure atop the TaC(111) sub-
strate (done by C. Polley, a colleague at the Bloch beamline) is superimposed on a high-
resolution second derivative image of the band structure around K. This comparison
reveals excellent agreement between calculations and measurements. However, to achieve
better alignment with the K-point crossing at 2.35eV, the calculated band structure has
been shifted down by 200 meV, resulting in slight misalignment of the upper bands. Al-
though the origin of this discrepancy is unknown, my best judgment is that it may be
resolved by using more sophisticated computational techniques.

Surface-induced bands around K display clear spin-orbit splitting, with approximately
230 and 240 meV splitting observed for the upper band and the lower set, respectively.
This phenomenon is supported by band structure calculations that consider the interac-
tion with the TaC substrate (see Fig. [2.3b). These calculations demonstrate that the
interaction induces hybridization of the m bands of the SiC layer with TaC surface states,
leading to pronounced spin-orbit splitting and a Dirac-like crossing at & approximately
2.35eV below the Fermi level [5]. The fact that these calculations account for essentially
all observations in the measured band structure gives unambiguous confirmation of the
2D SiC synthesis. This result allows us the opportunity to explore the limits of the growth
process and see how flexible the growth conditions can be.

6.4 Growth process and graphene formation

In this section, I aim to discover how adjustable the parameters of the growth process are
by observing step-by-step the deposition of an excess amount of carbon and silicon. The
preparation steps for this growth procedure are summarized in Table 6.1} Beginning with
a clean TaC(111) surface, the sample undergoes exposure to ethylene in three incremental
steps, each at a significantly higher dose than the previous. Subsequently, silicon is
deposited onto the surface in two increments. During the initial Si deposition, the sample
is examined both before and after annealing the surface to enable Si atom structuring.
Figure illustrates the evolution of C 1s, Si 2p, and Ta 4f7 /5 core levels throughout
each preparation step. The initial clean TaC(111) sample has spectra similar to those
measured in section [6.1] Following the 12L ethylene exposure, the Ta 4f bulk (B) peak
grows significantly at the expense of the D peak (Fig. . This suggests that carbon-
depleted sites are being refilled which increases the amount of Ta atoms that experience
a local stoichiometric environment. Since there is a fixed amount of Ta atoms, this must
lead to a reduction in the substoichiometric Ta environment and a less intense D peak.
Simultaneously, the intensity of the C 1s peak shifts to the bulk (B) component, which is
to be expected since the carbon amount in the bulk is increasing with the C deposition.
A new peak is also observed at 285.15 + 0.06 eV which grows significantly after an
additional 15 L ethylene exposure, bringing the cumulative dose to 27 L. This peak is
attributed to graphene since it aligns well with previous studies of monolayer graphene
on TaC(111) which report its position at approximately 285.1eV [109,113]. Furthermore,
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Table 6.1: Sample preparation steps showing how much ethylene was exposed to the surface
and the silicon deposition time. The numbers represent a cumulative amount. Ethylene exposure
occurred at a pressure of 10~ mbar and Si depositions occurred at 7 A wafer current.

Prep. Ethylene Si d.ep. Notes
step exposure (L) (min)
1 0 0 Clean surface, several high
temperature anneals up to 2000°C
9 12 0 .Sample at 950°C
during ethylene exposure
3 97 0 'Sample at 950°C
during ethylene exposure
4 57 0 .Sample at 950°C
during ethylene exposure
5 57 925 Room temp.el.rature
Si deposition
Sample annealed
0 57 2:5 for 4 min at 950°C
7 57 5.0 950 °C substrate temperature

during Si deposition

the Ta 4f surface peak has shifted by about 90 meV, relative to the clean TaC(111), to
a higher binding energy of 23.08 & 0.03meV. This shift is likely induced by the new
graphene environment experienced by the Ta surface atoms. Through core level fitting,
the peak’s width was observed to increase in preparation step 2 which is indicative of more
than one Ta environment. This suggests that the graphene coverage is incomplete and
there are still surface Ta atoms exposed to the vacuum. In the next step, as the graphene
peak grew, the Ta surface peak returned to the previous width. This means that they all
share the same environment, indicating complete graphene coverage.

The fit of core levels at this preparation step is depicted in Figure[6.10a. The graphene
peak is labeled C=C for its sp? bonds. The FWHM of this peak is approximately 700 meV,
compared to about 400 meV for the B and S C 1s peaks. This type of widening occurs
when there are some variations in the atomic environment, potentially indicating that
the graphene is interacting with the substrate. This phenomenon has been identified as
the main factor leading to the broadening of the C 1s core level in graphene atop various
metals [114]. The reason for the broadening was a strong interaction between the graphene
and the underlying substrate, leading to strain-induced corrugation of the graphene and
thus carbon that sit at different distances to the substrate.

The core level fit (Fig. reveals the presence of two additional peaks at ei-
ther side of the main graphene peak. While their origins have not been experimentally
verified, comparisons to existing literature provide insights. The lower binding energy
peak at 284.39 + 0.06eV is tentatively assigned to hydrogen-terminated graphene edge
states or single bonded sp® carbon. This state, at lower binding energies relative to the
main graphene peak, has been observed in hydrogen-terminated graphene nanoribbons on
transition metal substrates [115,[116] and for C-C sp® bonds induced by defects [117,118].
Additionally, its proximity to the binding energy of suspended few-layer graphene at
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Figure 6.9: (a) C 1s (hv = 430eV), (b) Si 2p (hv = 140eV) and () Ta 4f (hv = 140eV)
core level of spectra measured after different preparation steps, described in Table The
peaks are labeled according to their structural origin. Gr, HC, and C-H indicate graphene
(C=C), honeycomb SiC, and carbon-hydrogen bonded environments, respectively, while S, B,
and D represent the surface, stoichiometric bulk, and substoichiometric bulk environments of the
TaC(111) crystal, respectively.

284.47eV [119] suggests the possibility of originating from second-layer graphene, al-
though the negligible ethylene cracking efficiency on the graphene surface makes this sce-
nario unlikely. The higher binding energy peak at 285.64+0.30 eV exhibits a broader width
compared to the other peaks, indicating an ill-defined carbon environment. This peak is
provisionally assigned as adventitious carbon (AdC) or C-vacancy sites in the graphene.
AdC is predominantly made of decoupled hydrocarbon (C-H) and sp* bonded carbon (C—
C) on sample surfaces and has been observed in the range of 284.08 — 286.74 ¢V [120H123|
Additionally, C-vacancy sites have been observed at higher binding energies relative to
the main graphene peak [118,/124].

Figure tracks the changes in the peak area of all Ta 4f components with each
preparation step. Thus far, the total area of the Ta 4f core level spectrum has been de-
creasing (see Fig. . Since there should be no change in the amount of Ta atoms, this
decrease is attributed to a burying effect of the newly formed graphene. As the graphene
covers the TaC surface, fewer electrons escape from the deeper Ta layers. However, follow-
ing an additional 30 L exposure (over a doubling of the total dose) no significant changes
are observed in the total area of the Ta 4f core levels, nor their shape (Fig. . This
suggests that the surface had already been saturated with graphene coverage, showing
that the graphene formation is self-limiting. Since the chemically active polar TaC(111)
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Figure 6.10: @ C 1s (hv = 430€eV) core level fit after a 27 L ethylene exposure (preparation
step 3, as is described in Table , along with the residuals (not to scale) between the fitted
spectrum and the measured intensity. The B and S labels represent the bulk and surface carbon
environments in the TaC(111) crystal, respectively. The C-H, C-C, and C=C labels indicate
carbon-hydrogen bands, and sp? and sp? carbon-carbon bonds, respectively, with the last corre-
sponding to graphene. Lastly, AdC signifies adventitious carbon, discussed in the text, and C
vacancies refers to vacancy defects in the graphene. @ Peak area for all components in the Ta
4f core level for all the different sample preparations described in Table (shown qualitatively
in Figure [6.9c)).

surface acts as a catalyst for cracking the ethylene into its atomic counterparts, when it
gets fully blocked, ethylene does not crack (at least not nearly as efficiently) and carbon
is no longer deposited.

Following silicon deposition at room temperature (preparation step 5 in Table , a
feature in the Si 2p spectrum appears, seen in Figure characteristic of a disordered
structure. This disordered silicon surface buries the underlying layers and thus decreases
the intensity of the other core levels, which is demonstrated in the drop in total area of the
Ta 4f core level, shown in Figure[6.10b] After a four-minute anneal at 950 °C, evidence of
SiC monolayer formation emerges. This is indicated by the band structure measurements
(discussed later) and the appearance of new C 1s (HC) and Si 2p (HC) peaks at the same
binding energies as the SiC peaks observed previously in Section

The other changes observed are the shift in the Ta 4f surface and graphene compo-
nents to lower binding energies (see Fig. . This suggests major changes in both
environments upon SiC monolayer formation which is well explained if the SiC mono-
layer formed underneath the graphene. This could be expected considering the lattice
matching between the SiC monolayer and the TaC surface, making it a more favorable
substrate for growth. However, stronger evidence for this is the shift of the Ta 4f surface
component to 22.83 £ 0.03eV which matches with the binding energy of the same com-
ponent in Section [6.3) where 2D SiC was formed on the TaC(111) surface. Moreover, the
binding energy of the graphene peak shifted to 284.31 +0.06 eV upon SiC monolayer for-
mation, approximately 100 meV lower than observed for single-layer graphene on a bulk
6H-SiC(0001) surface [125,/126]. Notably, this peak has an FWHM of about 300 meV, a
reduction of 400meV compared to the previous graphene peak. This narrowing of the
width and shift to lower binding energies are similar to quasi free-standing graphene on
iridium, where the C 1s core level is dominated by a single narrow component due to weak
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Figure 6.11: @) LEED image of graphene on the TaC showing a 1 x 1 hexagonal structure
of the TaC(111) surface (red), as well as two rotational graphene domains, one oriented along
the TaC(111) surface (blue) and the other rotated by 30° (green). Additionally, there is a 4 x 4
coincidence structure resulting from lattice matching of the graphene and TaC(111) surface. @
LEED image of a graphene after a SiC monolayer has formed underneath showing the same
pattern as before, with the exception that the coincidence lattice has disappeared. Both LEED
images are taken at a beam energy of 73eV.

substrate interaction [114]. These observations suggest that graphene is interacting less
with its environment, which is well explained if the SiC monolayer has intercalated at the
TaC(111)-graphene interface, decoupling graphene from the TaC(111) surface. Finally,
since the graphene layer remains at this step, carbon must have been extracted from the
TaC crystal to form the SiC monolayer.

In the final preparation step, the amount of deposited silicon is doubled, yet minimal
changes are observed in the Ta 4f peak areas and other core levels. This suggests that the
surface has either reached or was near saturation with a SiC monolayer coverage. Like
graphene, the formation of a SiC monolayer seems to be a self-limiting process. This is
likely because the 7 orbitals of the SiC monolayer hybridize with the underlying TaC(111)
surface states, leaving no free bonds for a second layer to form.

The LEED image of the sample at preparation step 3 (see Table is shown in Figure
[6.1Ta] where graphene had formed on the TaC surface. In addition to the 1 x 1 structure of
the TaC(111) surface (in red), the LEED pattern shows two new hexagonal 1x1 structures,
corresponding to the two rotational graphene domains, in blue and green, respectively.
One of the domains is aligned along the TaC(111) surface and the other is rotated by 30°.
Moreover, a smaller hexagonal pattern (in purple) is suspected to be a coincidence lattice
between the graphene and TaC surface. This would imply that the graphene is strained
as it attempts to match the periodicity of the TaC surface, corroborating the core level
observation that suggests the same. The coincidence structure seems to have a 4 x 4
lattice with respect to the TaC(111) surface, indicating that it repeats every four periods
of TaC(111) unit cell and every five periods of graphene. With a TaC(111) surface lattice
constant of 3.15 A, this implies a coincidence lattice of 12.6 A and an expanded graphene
lattice of 2.52 A, compared to 2.46 A for non-strained graphene [127].

Figureshows the LEED image of the sample at preparation step 6 (see Table
where 2D SiC had formed underneath the graphene. The same hexagonal patterns are
seen for the SiC monolayer and graphene as previously. However, the coincidence lattice
has now disappeared, showing that the graphene is incommensurate with the substrate

32



CHAPTER 6. RESULTS

Marro Morrzo Mrac Marr3o

Krac Kgmo Mgrro Krac  Komo  Mrsc Mgrro I Grrz0
, IR
T _

ml
|

Binding energy (eV)
Binding energy (eV)
(=]

10 1

T T T T T T T T 12 —
15 1.0 0.5 0.0 0.5 1.0 15 2.0 2.5 0.0 0.5 10 15 2.0 2.5

k(A1) k(A1)

Figure 6.12: @) Measured band structure of graphene on a TaC(111) (hv = 100eV). (]EI) Higher
resolution measurement around the K-point, obtained by integrating over hy = 54 — 144eV,
with superimposed DFT calculated graphene bands. The graphene bands show two domains,
one oriented the same way as the TaC surface (blue), and the other rotated by 30° (green). The
calculated graphene bands are shifted down by 2.0 and 2.3eV for the non-rotated and rotated
domains, respectively, to align the o bands with the measurement.

and is thus no longer strained. This agrees with previous core level measurements that
suggest a weaker bonding between the graphene layer and its surroundings. Additionally,
by aligning several symmetry points in the ARPES measurements and reconstructing
the graphene Brillouin zone, the graphene was observed to change from a strained lattice
constant of about 2.5040.01 A (consistent with prior studies ) to the non-strained
constant of 2.46 & 0.01 A following the SiC monolayer formation.

ARPES band structure measurements of graphene on TaC(111) (preparation step
3 in Table are shown in Figure for both the ' — M and ' — K symmetry
directions. By identifying the 7 and o bands, the band structure reveals the presence of
two rotational graphene domains, one rotated 30° from the other. To compare with theory,
the DFT-calculated band structure (provided by C. Polley) of freestanding graphene is
superimposed on a second derivative image of the measured bands in Figure bl Due to
a strong interaction with the substrate, the calculated bands had to be shifted down by
2.0 and 2.3eV to align the o bands for the non-rotated and rotated graphene domains,
respectively. The comparison between theory and measurement shows that the 7 band
is significantly distorted, as it does not reach the Fermi-level. Previous studies have also
observed this for the same system [109,[113]. This distortion, along with the vanishing
of the Dirac-crossing indicates that the 7 band hybridizes with the TaC surface states,
demonstrating the strong interaction between the graphene and the TaC substrate.

Figure [6.13a] depicts the ARPES band structure measurements of graphene on 2D SiC
(preparation step 6 in Table . Again, by identifying the 7 and ¢ bands, the two ro-
tational domains of the graphene are observed. These measurements are accompanied by
the DFT calculated band structure of freestanding graphene and SiC monolayer coupled
to the TaC(111) substrate (provided by C. Polley), superimposed on the measured second
derivative band structure in Figure [b] This clearly distinguishes the origin of each band.
Since the 2D SiC bands match the calculations, it supports the description that the SiC
monolayer has indeed formed underneath the graphene. If it had formed on top, the band
structure would have changed since it is highly sensitive to the sample structure. Note
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Figure 6.13: @) Measured band structure of graphene on a SiC monolayer (hv = 100eV).
The graphene bands show two domains, one oriented the same way as the SiC (and TaC), and
the other rotated 30°. (IEI) Higher resolution measurement around the K-point (hv = 58eV)
with superimposed DFT calculated bands. The blue and green curves show the non-rotated
and rotated graphene bands and the red curves show the SiC monolayer bands. The calculated
graphene bands are shifted down by 0.4eV to align the o bands with the measurement, while
the SiC bands are shifted by 0.1eV to align the Dirac-like crossing at K.

that the calculated 2D SiC bands were shifted down by 0.1eV to align the bands at the
Dirac-like crossing at K, resulting in the misalignment of the upper bands, as was ob-
served previously in Section[6.3] With the formation of the SiC monolayer, the graphene 7
band now intersects the Fermi-level at K, more closely resembling free-standing graphene.
Moreover, the calculated graphene bands needed to be shifted down by only 0.4eV for
this sample. This provides further evidence of reduced coupling between graphene and
the substrate. Considering that the 2D SiC has no free bonds (they’re hybridizing with
the TaC surface), this conclusion is reasonable.

In summary, our investigation into the growth process of a SiC monolayer on the
TaC(111) surface has provided valuable insights into the growth mechanisms, specifically
concerning carbon dynamics. By exposing the sample to ethylene, C is adsorbed onto the
surface and then diffuses into the bulk. With continued ethylene exposure, the diffusion
of C into the bulk eventually slows down and instead bonds with other C atoms to form
graphene. Subsequently, when Si is deposited and the sample annealed, C diffuses back to
the surface and bonds with the Si to form a SiC monolayer. When graphene was present,
the 2D SiC formed underneath it, resulting in a more freestanding-like graphene.
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Chapter 7

Discussion

Previous investigations have consistently reported a charge transfer from tantalum to
carbon atoms within the TaC crystal |33,34,[107,[128,129]. This implies a reduction in the
number of electrons available to screen the positively charged tantalum core, increasing
the binding energy of the core electrons. As a result, it’s reasonable that both the surface
and carbon-deficient peaks have lower binding energies. Since they have fewer nearby
carbon atoms, less charge transfers from the Ta atoms and the core screening reduces.
This charge transfer model also explains why only the surface and stoichiometric bulk
C 1s components exist. Despite carbon deficiency impacting the tantalum environment,
each carbon atom always maintains its coordination with six tantalum atoms.

A notable discrepancy between the findings in this thesis and prior research lies in the
identification of a third peak in the Ta 4f core level, corresponding to carbon-depleted Ta
regions. Earlier investigations consistently reported only two peaks [45,[105]. Through
fitting of the Ta 4f core level spectrum data presented by Anazawa et al. [45], a more
accurate fit was achieved by incorporating a third peak positioned between the surface and
bulk peaks. It’s worth noting that this additional peak would likely be subtle, particularly
given Anazawa et al.’s report of a 0.95 C-Ta molar ratio (TaCyg5), indicating few carbon-
deficient sites. While this doesn’t definitively confirm the presence of a third peak in their
data, it underscores the plausibility. The absence of this third peak in earlier studies may
be attributed to factors such as lower energy resolution or samples closer to stoichiometry.

Earlier investigations have documented a trend where the Ta 4f core levels shift to
lower binding energies with decreasing carbon content and as the crystal approaches lower
stoichiometry [33,34]. These studies attributed this shift to a reduction in charge transfer
from tantalum to carbon atoms, resulting in a decrease in the Ta 4f binding energy.
However, the core level measurements presented in this thesis exhibit no discernible shift
in binding energy for the bulk components. Consequently, I propose a hypothesis that
challenges the conventional interpretation: the observed shift in binding energy in older
and lower resolution measurements may instead reflect changes in the intensities of two
bulk components, corresponding to carbon-deficient and stoichiometric Ta sites.

Initial attempts to grow the SiC monolayer directly on the clean TaC(111) surface
failed, highlighting a potential barrier caused by carbon deficiency within the TaC crystal.
In my work, it became evident that enhancing the crystal’s stoichiometry through ethylene
exposure was essential for facilitating 2D SiC formation. Despite efforts, achieving com-
plete stoichiometry of the TaC proved difficult, as indicated by the continued existence of
the lower binding energy Ta 4f bulk peak. Notably, before reaching stoichiometry, carbon
began forming graphene, emphasizing the challenge of precisely controlling the carbon
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content at the surface. It appears that while the initial phase of carbon flow into the
crystal is fast, the process slows down as carbon vacancies are gradually filled.

Refinement of the ethylene exposure parameters, such as reducing the pressure and
extending the duration, offers promise for reaching stoichiometric TaC without causing
graphene formation. This strategy may give carbon sufficient time to enter the crystal
without bonding to surface C atoms and forming graphene. However, careful consideration
must be given to the surface temperature. While a temperature suitable for efficient
ethylene cracking is desirable, excessively high temperatures could worsen the escape of
carbon into the vacuum, undermining the desired result. Nonetheless, the persistence of
the C-depleted Ta 4f bulk peak did not limit SiC monolayer formation, implying that a
moderately high C-Ta molar ratio is sufficient.
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Chapter 8

Conclusion

This study investigated the growth process of a honeycomb SiC monolayer atop a TaC(111)
surface. First, the characterization of the clean TaC(111) crystal revealed that the Ta 4f
core level was split into one surface and two bulk components. The presence of a sec-
ond bulk peak motivated me to study the stoichiometry of the TaC crystal. To do this,
carbon was deposited onto the sample via ethylene exposure, which resulted in carbon
diffusion into the bulk, filling up C vacancies and thus enhancing the TaC stoichiome-
try. Subsequently, silicon was deposited and an investigation combining the measured
band structure and DFT calculations gave evidence for the formation of a honeycomb
SiC monolayer atop the TaC(111) surface. The role of ethylene exposure was essential, as
the SiC monolayer could not be formed without additional C deposition. The measured
band structure points towards a strong interaction between the SiC monolayer and the
TaC substrate.

After proving the SiC monolayer synthesis, the limits of the growth process were
explored. By depositing an excess amount of carbon, the formation of graphene atop the
TaC(111) surface was observed. Similar to the SiC monolayer, the graphene was found
to interact strongly with the substrate. Following the silicon deposition, 2D SiC forms
underneath the graphene. ARPES measurements then showed a graphene band structure
that more closely resembles freestanding graphene, indicating weaker bonding with the
substrate. Moreover, LEED images showed an initially strained graphene lattice that
relaxed after the formation of the 2D SiC underneath.

Most importantly, this study demonstrated a new way of growing a SiC monolayer
that has better control over the supply of constituent materials. These findings help
us understand the mechanisms driving the growth process on the TaC(111) substrate,
bringing 2D SiC a step closer to being used in future applications such as transistors or
optoelectronic devices.
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Chapter 9

Outlook

As I conclude the investigation, I now give an outlook of future research possibilities. One
direction is to image the sample surface with a scanning tunneling microscope (STM). It
provides high-resolution imaging at the atomic scale, allowing for direct viewing of surface
structures and defects. Moreover, STM and scanning tunneling spectroscopy enable the
characterization of the electronic properties of the SiC monolayer, such as the local density
of electronic states, band gap, and charge distribution.

Studying the behavior of the SiC monolayer under ambient conditions, as well as the
feasibility of annealing to restore its pristine state, provides another research opportu-
nity. By subjecting the SiC monolayer to controlled air exposure and varying annealing
temperatures, one can examine its stability and determine the threshold temperature to
successfully recover the monolayer. Furthermore, investigating the possibility of using
graphene as a protective layer could be beneficial. Given graphene’s high chemical and
thermal stability, it may effectively shield the SiC monolayer from degradation, useful for
practical applications. Additionally, studying whether the graphene can function as an
electrode on the 2D SiC could prove useful for implementing it into transistors.

Another logical research direction is to try to intercalate a layer underneath the 2D
SiC to decouple it from the substrate. Introducing elements like hydrogen, nitrogen,
boron, or even alkali metals between the SiC monolayer and the substrate may assist this
separation, allowing for independent structural and electronic characterization of the 2D
SiC. By detaching it from the underlying TaC crystal, one can investigate its properties
with less influence from the substrate, potentially revealing an opening of the band gap
at the K-point, as is predicted by band structure calculations. The next step would be
to transfer the SiC monolayer onto a dielectric surface to bring it a step closer to being
applied in electronic and optoelectronic devices [130]. Tuning the band gap to fit specific
applications such as for light-emitting diodes, lasers, or solar cells could then be done by
heterostructuring or doping the SiC monolayer with metal atoms [131].

Investigating the potential for proximity-induced superconductivity in the SiC mono-
layer is another interesting research direction [132]. With TaC exhibiting superconductiv-
ity at relatively high temperatures of 10.3 K [29] and bulk SiC at 1.5 K [133], it raises the
question of whether the SiC monolayer can acquire superconductivity through proximity
effects. By placing the SiC monolayer near a superconducting material like TaC, re-
searchers could examine whether superconducting behavior emerges in the SiC monolayer
at temperatures higher than its bulk counterpart.

Furthermore, the successful formation of a SiC monolayer on the TaC(111) surface
provides an opportunity for forming other mono-carbides that have been theoretically
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predicted, such as germanium carbide, tin carbide, manganese carbide, and niobium car-
bide [134-138|. Examining the growth and properties of these mono-carbides expands the
scope of two-dimensional carbide research.

I expect that the research and results presented in this thesis will contribute to a
future publication.
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