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Abstract

This thesis deals with the 2D material graphene, which has been the subject of intense
research in recent years due to its unique properties. The main focus is on different
ways to tune the properties of graphene. Several approaches to modify the properties of

graphene are investigated, focusing on intercalation and twisted bilayer structures.

The intercalation with Bi and Se is studied using the Normal Incidence X-ray Stand-
ing Wave (NIXSW) technique, which reveals the vertical structure of these systems,
from which some electronic properties can be deduced. For the intercalation with Bi,
the two phases (o and f3) are discussed. For all samples, the results show a successful
decoupling of the graphene from the substrate (SiC(0001)), with van-der-Waals bond

distances of Bi and Se to graphene and covalent bond distances to the substrate.

Epitaxially grown samples are also discussed for twisted bilayer graphene. Two 30°
twisted bilayer graphene samples are grown using the surfactant-mediated growth tech-
nique presented by Bocquet [[1]] and are investigated with respect to the different anneal-
ing temperatures during the growth. A temperature difference of only 50 K results in a

very different structure and thickness of the graphene layers.

Besides the epitaxial growth, twisted bilayer graphene is also prepared by exfoliation
and stacking for scanning tunneling microscopy (STM) and transmission electron mi-
croscopy (TEM) investigations. A sample with a twist angle of 1.2° reveals in STM the
shift of van Hove singularities and the possibility of doping the sample through the STM
tip. For TEM, different transfer methods are investigated, including the use of different
polymer stamps and different TEM grids (Cu grid, sapphire glass, and SiN wafer). De-

spite progress in the sample preparation, further studies are needed to find a suitable
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transfer method and to realize the TEM investigations of twisted bilayer graphene.
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Zusammenfassung

Diese Arbeit befasst sich mit dem 2D-Material Graphen, das in den letzten Jahren auf-
grund seiner einzigartigen Eigenschaften intensiv erforscht wurde. Der Schwerpunkt
liegt auf einigen verschiedenen Moglichkeiten, die Eigenschaften von Graphen zu op-
timieren. Es werden mehrere Ansétze zur Modifizierung der Eigenschaften von Graphen

untersucht, wobei der Schwerpunkt auf Interkalation und Twisted-Bilayer-Graphen liegt.

Die Interkalation mit Bi und Se wird mithilfe der NIXSW-Technik (Normal Incidence
X-ray Standing Wave) untersucht, womit die vertikale Struktur dieser Systeme bestimmt
werden kann. Aus dieser vertikalen Struktur lassen sich Riickschliisse auf einige elek-
tronische Eigenschaften ableiten. Zwei Proben, die mit Bi interkaliert wurden, werden
aufgrund ihrer unterschiedlichen Phasen (o« und 3) diskutiert. Die Ergebnisse zeigen
fiir alle Proben eine erfolgreiche Entkopplung des Graphens vom Substrat (SiC(0001)),
wobei van-der-Waals-Bindungsabstéinde von Bi und Se zu Graphen und kovalente Bin-

dungsabstinde zum Substrat bestimmt wurden.

Epitaktisch gewachsene Proben werden auch fiir Twisted-Bilayer-Graphen diskutiert.
Zwei 30° Twisted-Bilayer-Graphen Proben wurden unter Verwendung der von Bocquet
[1] vorgestellten “surfactant”-vermittelten Wachstumstechnik geziichtet und im Hin-
blick auf die unterschiedlichen Gliihtemperaturen wihrend des Wachstums untersucht.
Ein Temperaturunterschied von nur 50 K fiihrt zu sehr unterschiedlichen Strukturen und

Dicken der Graphenschichten.

Neben dem epitaktischen Wachstum wird Twisted-Bilayer-Graphen auch durch Ex-
folieren und Stapeln hergestellt, um Untersuchungen mittels Rastertunnelmikroskopie

(STM) und Transmissionselektronenmikroskopie (TEM) durchzufiihren. Eine Probe mit



Contents

einem Twist-Winkel von 1,2° zeigte im STM die Verschiebung der van-Hove-Singula-
ritaten. Auflerdem war es moglich, die Probe durch die STM-Spitze zu dotieren. Fiir
TEM wurden verschiedene Transfermethoden getestet, darunter die Verwendung ver-
schiedener Polymerstempel und verschiedener TEM-Gitter (Cu-Gitter, Saphirglas und
SiN-Wafer). Trotz der Fortschritte bei der Probenvorbereitung sind weitere Studien er-
forderlich, um eine geeignete Transfermethode zu finden und Twisted-Bilayer-Graphen

im TEM zu untersuchen.
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1 Introduction

The relentless pursuit of faster, more efficient, and smaller electronic devices has consis-
tently pushed the boundaries of materials science and engineering. For multiple decades,
silicon-based semiconductors have constituted the foundation of the digital age, facili-
tating the exponential growth that was predicted by Moore’s Law [_2]]. However, as the
physical limits of silicon-based architectures are increasingly approached, including is-
sues with heat dissipation and current leakage at smaller scales, the necessity to explore
alternative materials and novel structural designs has become more urgent than ever [3].
It is imperative to comprehend the landscape of advanced material structures to facili-

tate the redefinition of the capabilities of future computer chips.

Among the various materials that have been the subject of significant research in recent
years, graphene has been identified as a particularly promising candidate. Graphene, a
single layer of carbon atoms arranged in a hexagonal lattice, possesses an extraordinary
variety of properties, including exceptional electrical conductivity with high electron
mobility, superior thermal dissipation, and remarkable mechanical strength [4} [5]]. These
characteristics render it an optimal subject for the investigation of next-generation elec-
tronic components. Initial challenges, particularly the absence of a natural band gap that
would allow facile on/off switching, have historically prevented its widespread adoption
in digital logic [6, [7]]. However, recent breakthroughs in the field of engineering have
reignited significant interest in this material. Specifically, the development of functional
graphene semiconductors has led to a resurgence of interest in the potential applications
of graphene in various technological domains. A body of research has emerged demon-
strating methodologies for inducing a band gap in graphene. The methods employed
include controlled growth on silicon carbide (epitaxial graphene), strain engineering,
and chemical functionalization, which enable its operation as a semiconductor [[7-9].

Furthermore, the electron mobility of graphene has been shown to be three orders of
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magnitude larger than that of silicon, the prevailing material in microelectronics today
[15,[TOH12]). The distinctive electronic and thermal properties of graphene, in conjunction
with its enhanced synthesis and integration, position it as a pivotal material on the verge
of a transformative impact on the design of computer chips. This advancement has the
potential to yield devices with unparalleled speed, energy efficiency, and miniaturization
[13, [13]]. The exploration of graphene’s role is not merely an incremental improvement;
rather, it represents a potential paradigm shift in the fundamental building blocks of

computing.

In order to engineer graphene effectively for the demanding requirements of the micro-
and nanoelectronics industries, it is indispensable to have a comprehensive understand-
ing of its fundamental physical, electronic, and chemical properties. Graphene, a single
atomic layer of the carbon allotrope graphite, consists exclusively of carbon atoms ar-
ranged in a hexagonal structure, forming what is known as a honeycomb lattice. It is
noteworthy that each carbon atom within this lattice is sp?>-hybridized, which results
in the formation of strong o bonds in the plane with three neighboring carbon atoms,
thereby establishing the material’s robust two-dimensional framework. It is imperative
to note that the remaining unhybridized 7t orbitals extend perpendicularly out of the
plane, overlapping to form delocalized 7t and 7t* bands. These bands approach the Fermi
energy, at which point they exhibit a linear dispersion relation, a characteristic of mass-
less Dirac fermions. At the K point, the characteristic Dirac point occurs at the point
of intersection between the conduction and valence bands, while the energy dispersion

forms the distinctive Dirac cones [j5 [14].

In addition to its intriguing band structure and resulting properties, the scalable produc-
tion of graphene is of paramount interest for producing material suitable for various ad-
vanced applications, such as high-frequency transistors, supercapacitors, solar cells and
photocatalysts [6, [15]]. The earliest method, mechanical exfoliation, yields high-quality,
defect-free graphene flakes, typically up to 100 nm in edge length [4]. While not ac-
cessible to mass production, the merits of mechanical exfoliation and dry transfer lie
in its capacity to carefully arrange diverse two-dimensional materials at predetermined
twist angles. This facilitates the fabrication of van-der-Waals heterostructures with pro-

grammable electronic properties, a requirement for fundamental research into emergent



quantum phenomena, including, but not limited to, superconductivity and correlated in-

sulating states, particularly in the context of “twistronics” applications [[14}, [[6H23]].

Another significant approach to synthesizing graphene is epitaxial growth. One such
method involves the annealing of various carbon species, including amorphous carbon
and ethylene, on metal surfaces [24H28]. A more popular and technologically rele-
vant method is the thermal decomposition of silicon carbide (SiC). In this process, a
graphene-like layer is formed on the SiC surface through the desorption of Si atoms.
Further annealing can produce multiple layers of graphene on the SiC(0001) substrate.
This method holds particular promise for the large-scale, high-quality production of
graphene layers directly on semiconducting or semi-insulating substrates [29H34]]. This
approach enables seamless integration with existing silicon-based microelectronics [35),
36].

Other notable synthesis methods include chemical vapor deposition (CVD) and bottom-
up synthesis of graphene nanoribbons (GNRs). CVD is regarded as a highly scalable
method for producing large-area graphene films on metal catalysts (e.g., copper or
nickel) through the decomposition of carbon-containing gases [[15], 37H42]]. Bottom-up
synthesis enables the precise, atomic-scale growth of GNRs with controlled widths and
edge structures [43-H45]].

When contrasting the various preparation methods, a significant benefit of the epitax-
ial growth techniques lies in their ability to achieve a high level of cleanliness due to
the use of ultra-high vacuum (UHV) conditions. However, a primary drawback associ-
ated with these methods is the constrained control over the twist angles or the stacking
of different two-dimensional materials. Although twist angles and stacking of different
materials can be easily achieved using exfolation techniques, there are two major draw-
backs to exfoliation and stacking. On the one hand, the sizes of the resulting flakes and
regions of interest are limited to the wm range, and on the other hand, the cleanliness of
these stacks is not competitive with in-vacuum synthesis or growth due to residues left
over from polymer transfers. Notably, cleanliness has greatly improved by new transfer
methods [46, 47]. In this work, only mechanical exfoliation and stacking, as well as

epitaxial growth on SiC have been applied to the research of graphene.
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In addition to the synthesis of graphene samples, the manipulation of graphene prop-
erties is also essential. The investigation has so far focused on three distinct research
areas. First, epitaxially grown graphene on SiC can be intercalated with various ele-
ments to decouple the graphene from the underlying substrate. Successful intercalations
have been performed with antimony [48, 49|, bismuth [50], copper [51]], germanium
[152], gold [53] 54]l, hydrogen [31} 55]], indium [56], lead [57-59], oxygen [60, 61]], and
tin [62]. These intercalants often change the doping level, but also influence other prop-
erties. For example, the charge-carrier type can be tuned by the amount of germanium or
gold [52],53]]. Induction of superconductivity in graphene by intercalation with lithium

has also been observed in the past [63].

Second, interesting physics can also be observed when two monolayers of graphene are
twisted against each other. Very small twist angles, especially the so-called magic angle
(=~ 1.05°), have been studied extensively both experimentally and theoretically. [[18}[19}
21, 22,,16471]] Here, the appearance of van-Hove singularities was observed. In twisted
bilayer graphene (TBLG), a van-Hove singularity emerges when the misaligned Dirac
cones from each graphene layer ’cross” or hybridize, thereby creating saddle points in
the electronic band structure where the density of states experiences a pronounced in-
crease. The energy of these singularities can be adjusted by modifying the twist angle
between the layers [69] [72H74]]. In addition, superconductivity was observed for magic-
angle TBLG [16| [21]]. However, not only small angles are of interest, but also large
twist angles in the range of 20° to 30° have attracted attention. In particular, theoretical
studies have predicted interesting phenomena in large twist angle samples. On the one
hand, corner states with fractional electron charges are predicted by Park et al. [[75],
while Pal et al. [76] propose the existence of an alternating structure of gapped and
non-gapped regions within the moiré pattern. For a twist angle of 30°, an experimental
route to produce TBLG in an epitaxial manner has recently been demonstrated. Here,
the 30° angle can be achieved by thermal decomposition of SiC in a partial pressure of
borazine, which rotates the top layer with respect to the subsequently grown graphene

layers below [|1]].

The following thesis will present five different methods for investigating the altered



properties of graphene. Initially, epitaxial graphene on SiC(0001) is intercalated with
bismuth. As demonstrated in previous research conducted by Sohn et al. [50], the ex-
istence of two different phases, designated as « and {3, has been established. It has
thus been determined that these two phases are distinguishable based on their respective
properties. In particular, the presence of a metallic band structure has been identified in
the «-phase, while the (3-phase demonstrates an insulating band structure. The structures
of both phases, particularly in the vertical direction, remain uncertain. The aim of this
work is to determine the structure and characterize the bonding from Bi to both graphene
and SiC. This objective is accomplished by conducting a series of X-ray standing wave

(XSW) experiments on the two phases of Bi-intercalated graphene on SiC(0001).

Secondly, building upon our established methodology, previously applied to the bismuth-
graphene system, the next project now shifts focus to the intercalation of graphene with
selenium (Se). The primary objective is to precisely determine the vertical structure of
the selenium within the graphene lattice, thereby yielding critical information regarding
the bonding configuration of the intercalant. In accordance with previous studies, the
XSW technique will be used once more for the highly precise determination of this ver-
tical atomic arrangement. The objective of this research is to provide insights into the

bonding character of Se-intercalated graphene.

In the third project, the epitaxial growth of graphene remained the primary focus. How-
ever, in contrast to intercalation, samples with TBLG were grown and investigated. The
mechanism and synthesis procedure have previously been demonstrated in the literature
[[1, [77]]. The precise role of the annealing temperature during graphene growth remains
to be elucidated. It is yet to be determined whether the temperature can be adjusted to en-
sure the presence of a single twisted graphene layer on top of a single buffer layer, with-
out the formation of additional partial layers. Consequently, the prepared samples were
examined through the use of low energy electron diffraction (LEED), angle-resolved

photoemission spectroscopy (ARPES) and low energy electron microscopy (LEEM).

In the fourth project, TBLG was prepared using the exfoliation and stacking method,
an alternative to the epitaxial growth method. The objective of this study was to exam-

ine a graphene sample with a twist angle of 30°. As previously stated, the theoretical
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framework predicts an alternating pattern of gapped and non-gapped regions [[76]]. The
objective of this study was to utilize scanning tunneling microscopy (STM) and scan-

ning tunneling spectroscopy (STS) to investigate these differing regions.

The last project is complementary to the previous one. Instead of preparing TBLG sam-
ples for the investigation in STM, different ways of transferring TBLG onto a substrate
suitable for transmission electron microscopy (TEM) were explored. The goal was to
be able to measure the predicted corner states with fractional electron charges [[75].

Unfortunately, the work within this thesis was limited to the preparation.



2 Methods

2.1 Normal-Incidence x-Ray Standing Wave

In 1964, Boris W. Batterman was the first to demonstrate the application of an X-ray
standing wave (XSW) field in the study of the properties of single-crystal surfaces. He
built on previous research to develop a method that utilized XSW, which was first used
in 1969. The purpose of this method was to ascertain the precise locations of foreign
species. Initially, this novel technique was utilized sparingly by scientists specializing
in the study of surfaces. However, its utilization increased significantly following the
development of synchrotron radiation sources. These sources provided the brightness
and capacity for modification in the method required for more sophisticated XSW ex-

periments [[78},[79].

At present, XSW is a useful technique for making exact measurements of structures.
These include, but are not limited to, determining the height and location of adsor-
bates on a surface and providing precise vertical coordinates of adsorbates relative to
the substrate lattice planes [80]. One such type of XSW, known as normal incidence
X-ray standing wave (NIXSW), is frequently employed. The X-ray beam is oriented
perpendicularly to the crystal surface and exhibits a variable photon energy [78 [81,
82]]. However, the experimental setup for XSW can be adapted to accommodate a va-
riety of shapes, depending on the particular application and the characteristics of the
sample under investigation. These alternatives include Total External Reflection XSW
(TER-XSW), in which the standing wave is formed at a low angle for the study of
structures with low density above reflecting interfaces [83]]. Grazing Incidence X-ray
Standing Wave (GIXSW) is another such technique that utilizes the concept of grazing
incidence. In this scenario, the standing wave is formed by the interference of beams

that are incident, specularly reflected, and specularly diffracted. This property renders it
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advantageous for applications such as depth profiling and characterizing nanoparticles

on surfaces [83]].

The chemical shift observed in X-ray photoelectron spectroscopy (XPS), a technique
frequently employed in conjunction with XSW, facilitates the differentiation between
atoms of disparate elements. Furthermore, it has the capacity to discern variations in the
positional arrangement of atoms within a singular element. Fluorescence spectroscopy
can be utilized as an alternative to photoemission to differentiate between disparate
elements. In this study, NIXSW was employed in conjunction with photoelectron spec-

troscopy to investigate the adsorption heights of intercalants in graphene.

A more thorough examination of the NIXSW process reveals the necessity of an X-ray
standing wave as a prerequisite. Consequently, the monochromatic X-ray beam impacts
the surface at normal incidence, and for specific energies, an X-ray standing wave field
is generated due to the interference of the incident and reflected beams. This is the case if
the energy of the X-ray beam satisfies the Bragg condition. The corresponding energies

are also referred to as Bragg energies (£p)

nA = 2d sin(6) 2.1
he
=5 2.2)
nhe
Bs =35 sin(6) @3)

Here, n is an integer value, d is the distance between two lattice planes, h is the PLANCK
constant, c is the speed of light, 6 is the angle of the incident beam and \ is its wave-
length. Thus, precise control and tunability of the X-ray beam energy is essential to ful-
fill the Bragg condition for diverse materials. Therefore, synchrotron radiation sources

are the optimal choice for experiments involving NIXSW [82]].

The generated X-ray standing wave field has an intensity of [|84]



2.1 Normal-Incidence x-Ray Standing Wave
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where E, and Ej; are the complex amplitudes of the incident and reflected beams, re-
spectively. ko and ky; are the corresponding wave vectors, while H is the reciprocal
lattice vector of the used Bragg reflection (hkil). 7 is the real space vector, and | Eo|°
is the intensity of the incident beam. The reflectivity R is defined as the ratio of the

reflected and incoming beams

_ 1Bul’
| Eof?

(2.5)

Since the frequencies of the incoming and the reflected beam are same, the reflectivity

R can be used to express the ratio of the intensities of the reflected and incoming beams

E )
—L = VRe®, (2.6)
Ey
where ¢ is the phase between the incoming and reflected beams. The combination of
the equations 2.4] and 2.6] results in [[84]

. =2 ,
I = |14 VRe@2700|" — 1 L R 4+ 9V/Recos <¢ - QWHF) . 2.7

The scalar product between the vector H and the position vector 7 defines the spatial
variation of the XSW field. The XSW field intensity remains constant in the direction
perpendicular to H, while parallel to H, the XSW field shows a periodic modulation
with a spacing of dj;;, which is the distance between successive Bragg planes with
the Miller indices (hkil). This leads to the equation Hi = z, where z is the coordi-
nate perpendicular to the Bragg plane. The attribution of these coordinates to actual
atomic positions is possible through the use of a detection method known as photoelec-

tron spectroscopy (PES). Typically, core-level electrons are known to undergo excitation
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and subsequent release from the atom when exposed to an external photon source, such
as UV light or X-rays. In this instance, the excitation is facilitated by the X-ray standing
wave field. The energy of the released photoelectron is dependent on the core-level as

well as the surrounding of the specific atom [85), [86].

When taking this photoemission process into account, z reflects the atomic position.
However, this atomic position varies due to thermal vibrations and surface disorder.
Therefore, a distribution, f(z), of positions is used, where the integration of f(z) over
dz equals 1. For simplification and easier fitting, two parameters are introduced: the

coherent position, PCH, and the coherent fraction, FCH [[78]]. This results in

I =1+ R+2F*VRcos (¢ — 27PH). (2.8)

The coherent position gives the vertical position via

2 =dpu (n+ P, (2.9)

where n is an integer. Given that the coherent position provides the position within the
wave field, it can only be defined between O and 1, where 0 and 1 are directly on the
Bragg plane. The same is true for the coherent fraction, which gives a value for the ver-
tical order of the species. FX' = 0 refers to a complete vertical disorder, while 7 = 1
reflects a perfectly ordered species in the vertical direction. These two parameters can
then be plotted in a polar coordinate system, where P is the angular position and FH

is the radial position. This plot is called an Argand diagram [82]].

The coherent positions and coherent fractions resulting from equation 2.8]are only valid
as long as the dipole approximation is legitimate. This dipole approximation is based
on the assumption that the X-ray wave field is uniform across the atom. Consequently,
the photoelectron yield is proportional to the square of the electric field at the atom’s
center, and thus proportional to I [87]. This approximation is valid under the condition

that the wavelength of the standing wave field is considerably larger than the atom size.

10
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However, for higher X-ray energies, corresponding to shorter wavelengths, this sim-
plification becomes invalid, requiring the consideration of so-called non-dipolar effects
[8O]]. Van Straaten et al. [88]] introduced the correction factors Si and S7, as well as the
phase . This changes eq. 2.8 to [84] [88]

I =1+ SgR+2[S;| F*VReos (¢ — 2nPH + ). (2.10)

One possibility to perform an XSW experiment is to ramp the photon energy through the
Bragg energy. Alternatively, the angle of incidence relative to the crystal lattice plane
can be varied. Here, the ramping through the photon energy is discussed. At each step,
an X ray photoelectron (XP) spectrum and the reflectivity are measured. The different
peaks in the XP spectrum are fitted with CasaXPS [89]]. The peak intensity at each en-
ergy step is then plotted against the photon energy, resulting in a so-called yield curve.
This yield curve can be fitted using eq. 2.10|using the dedicated Torricelli software [84]
90]. The resulting coherent position and coherent fraction are then plotted in the Argand

diagram.

2.1.1 Experimental Setup

The NIXSW experiments shown in this work have been performed at the 109 beamline
at the Diamond Light Source (DLS) in Didcot, UK. The complete setup is shown in
side and top view in Fig.[2.1] Additionally, a photograph of the UHV system is depicted
in Fig. 2] The end station itself consists of 5 different chambers, with two prepara-
tion chambers, two load locks and the main chamber. Both preparation chambers have
sputtering and annealing capabilities, as well as potential evaporators for sample prepa-
ration. The second preparation chamber also provides a Low Energy Electron Diffrac-
tion (LEED) device for a quick verification of the preparation parameters. The two load
locks are used to transfer samples into the UHV system. The most important part of the
system is the main chamber. It is connected to the preparation chambers as well as to
the branch from the synchrotron itself. Before the photons arrive in the main chamber,

the beam energy can be selected using different monochromators. Both hard X-ray and

11
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(a) Side view
preparation
chamber 1

preparation
chamber 2

synchrotron
’ / —
\ Beam energy
\ selection

- soft X -ray

fluorescence

hard X-ray

(b) Top view

synchrotron
’ / —~—
\ Beam energy
\ selection

— soft X -ray

fluorescence

hard X-ray

preparation
chamber 2

Fig. 2.1: Schematic drawings of the 109 beamline at the Diamond Light Source syn-
chrotron. (a) Side view and (b) top view of the end station. In the top view, the
load lock of the main chamber and the preparation chamber 1 are not shown
for clarity, as they would be depicted on top []E[]

soft X-ray photons are possible and both are focused onto the same position within the
main chamber, where the sample is positioned on a five-way manipulator (not shown in
Fig.[Z-I). The resulting photoelectrons are detected by a hemispherical electron analyzer
(VG Scienta EW4000 HAXPES), while the reflected photons are detected on a fluores-
cence screen. In addition to the synchrotron photon source, an ultraviolet (UV) lamp is

installed for standard Ultraviolet Photoelectron Spectroscopy (UPS) measurements.
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2.1 Normal-Incidence x-Ray Standing Wave

Fig. 2.2: Photo of the 109 beamline at the Diamond Light Source synchrotron. The view
is from the opposite sitde as the side view shown in Fig. 21| (a).

The primary focus of the 109 beamline is the high-resolution study of the atomic and
electronic structures of surfaces and interfaces. Notably, the NIXSW technique has been
prioritized in the optimization process. Moreover, this beamline is currently the sole fa-
cility capable of performing XSW experiments under UHV conditions, a prerequisite
for surface investigation to prevent contamination. Furthermore, the utilization of UHV
is crucial in the examination of materials that are sensitive to either air or water. Conse-
quently, this beamline is particularly well-suited for the investigation of the intercalated
graphene samples discussed in Chapters 3 and 4, as some of these samples have demon-

strated sensitivity to air.
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2.2 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) was invented by Gerd Binning and Heinrich
Rohrer, who won the Nobel Prize in Physics in 1986 [92, 93]]. STM makes use of the
quantum tunneling effect, which describes the ability of a particle to tunnel through a
potential barrier instead of overcoming it [94] O5]]. This effect can be used to achieve a
high lateral resolution (down to the atomic scale). To do this, a sharp metal tip (ideally
down to single atoms) is brought close to the surface of interest, while a bias is applied.
A schematic drawing of the STM setup is shown in Fig. 2.3] The tip is moved closer
to the surface until a certain set tunneling current is observed. By scanning over the
surface, the topography can be resolved, since the tunneling to the tip (or vice versa)
always occurs from the atom on the surface that is closest to the last atom of the tip
apex. However, one must be careful when referring to the topography as a simple height
profile in STM. The tip is not sensitive to atomic position, but to electron density, so
the resulting STM image is a mixture of the height profile and the electronic structure
of the surface under investigation. Depending on the sign of the of bias on the sample,
one sees either the filled electronic states (negative bias) or the empty electronic states
(positive bias) [96].

This high lateral resolution requires not only an atomically sharp tip, but also the ability
to move this sharp tip around in very small steps. Therefore, the piezoelectric effect is
used and the tip is mounted on a set of piezos. These piezos allow to move the tip into
each spatial direction (X, y, z) and are hence used to scan over the sample. In addition to
the fine step piezos, coarse step piezos are also important for a coarse movement of the
tip with respect to the sample. There is a coarse piezo in the z-direction to approach and
retract the tip, for example to safely change the sample or refill a cryostat. In addition,
some STMs have coarse step piezos in the scanning directions (X, y) to move around the
sample, e.g., if not the whole surface is covered with the desired species or if parts of
the surface are dirty or damaged. All these piezos are controlled by applying a voltage

to them, which is then translated into a lateral shift of the tip position [96]].

There are two different scan modes in the STM. The first is constant current, which

attempts to keep the setpoint tunneling current constant at all times. This is achieved by
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2.2 Scanning Tunneling Microscopy

X, ¥, Z piezo Feedback
r ol | Feedback|

Fig. 2.3: A schematic drawing of the general setup of a scanning tunneling microscope

moving the z-piezo slightly up and down. This feedback constantly adjusts the height
of the tip to maintain the set tunneling current. The height of the piezo reflects the to-
pography. This mode is relatively slow because the feedback needs some time to adjust
the height of the tip. The faster method is constant height, where the tip position is kept
constant and the tunneling current is recorded as the topography. The disadvantage of

constant height is that a flat surface is required, otherwise the tip may crash into the

sample [96].

2.2.1 Experimental Setup

The STM used is the Polar STM designed and manufactured by Scienta Omicron (for-
merly Sigma). A schematic drawing of the whole setup is shown in Fig. 2:4] This setup
contains three connected UHV chambers, the LoadLock, the preparation chamber and
the STM chamber. The LoadLock is equipped with a sample and tip garage for storing

and transferring samples and tips in and out of the instrument. In addition, a quick access
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T ~~LoadLock

Fig. 2.4: A schematic drawing of the Polar STM.

door and a wobblestick are mounted to assist with transfers. The preparation chamber
is connected to the Loadlock by a tube. The main object in the preparation chamber
is the x,y,z manipulator, which has a multiple sample and tip slots, including heating
stages, one for tips and one for samples. In addition, the preparation chamber provides
various options for sample and tip preparation. There is also a sputter gun for cleaning
single crystals and a sample oven for annealing to higher temperatures than are possible
on the manipulator. There are also two wobble sticks for transferring and repositioning
samples and tips. To move these into the STM chamber, the manipulator can be moved
all the way into the STM chamber.

The STM is mounted on a 4K cryostat cooled by liquid helium and nitrogen. Sample and
tip can be exchanged in the STM head using the mounted wobble sticks. Cryoshields
surround the cryostat to reduce the heat load from the rest of the chamber and ensure
stable, low temperature operation of the STM. A sample carousel is mounted around the
cryoshields, providing space for 18 samples and four tips. Since STM measurements are
sensitive to vibrations, the vacuum in the preparation and STM chambers is maintained

by ion pumps, while the turbomolecular pumps are only used for a single pump-down
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2.2 Scanning Tunneling Microscopy

and then shut-down. In addition, the entire setup is mounted on pneumatic vibration iso-
lators (vertical resonant frequency: <1.1 Hz, horizontal resonant frequency: <1.5 Hz),
which provide a good damping of external vibrations caused, for example, by persons

walking next to the setup or people talking in the laboratory.
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3 Bismuth-intercalated
quasifreestanding Graphene on
SiC(0001)

The results presented in this chapter are partly published in the following journal arti-
cle: S. Wolff, M. Hutter, P. Schidlich, H. Yin, M. Stettner, S. Wenzel, E. S. Tautz, F. C.
Bocquet, T. Seyller, and C. Kumpf, "Bi-intercalated epitaxial graphene on SiC(0001)”,
New J. Phys. 26, 103009 (2024) [98]).

The acquisition and analysis of the NIXSW data has been the author’s contribution in
this project. The paper was written by the author, S. Wolff, P. Schidlich and C. Kumpf.
The sample preparation and the acquisition and analysis of the XPS, ARPES and LEED
data was done by S. Wolff. The acquisition and analysis of the LEEM data was done by

P. Schidlich with assistance from H. Yin.

3.1 Introduction and Motivation

As previously stated in the general introduction, a primary objective of intercalating
epitaxially grown graphene on SiC(0001) is to break the strong coupling between the
zeroth-layer graphene and the substrate [99]], thereby potentially enabling its applica-
tion in computer chips. Furthermore, the intercalation of diverse elements into graphene
results in a spectrum of physical and chemical properties of the graphene layer, which
may hold significance for future applications [31}, 48463, (100, [I01]]. In most cases, the
intercalation of graphene leads to the electronic decoupling of the graphene layer from

the substrate [[101]], which reveals the 2D characteristics of graphene, i.e. the Dirac cone
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at the K -point. Furthermore, the doping level of the graphene can be changed [[101]], the
intercalant can introduce certain effects, such as superconductivity for Li intercalation

[[63]], via the proximity effect.

To date, most intercalation processes have been performed with single atomic elements
as intercalants. Promising candidates for intercalation are elemental Bi and Bi-based 2D
materials, such as BiySe; and BiyTes. Both BiySes and BiyTes are topological insula-
tors and heterostructures of them with graphene have been investigated in theory [[102].
Here, a strong proximity spin-orbit coupling in graphene is predicted [[102]. These het-
erostructure of BiySes and graphene even show a coexistence of superconductivity and
topological order in thin films [[103]]. For elemental Bi also an effect of the strong spin-

orbit coupling is observed when combined with NbSe, to a heterostructure [[104]].

The majority of studies on heterostructures with Bi, Bi;Se; and Bi,Tes and graphene
are either theoretical works or still rely on thicker films or exfoliation and stacking.
As previously stated in the introduction, these exfoliation techniques have significant
drawbacks. Consequently, a systematic approach is imperative for the synthesis of a
UHV-grown heterostructure of graphene with Bi, BisSes and Bi;Tes. A fruitful starting
point for the investigation with epitaxially grown graphene is the intercalation with ele-

mental Bi.

Therefore, this chapter will focus on the intercalation of epitaxial graphene on SiC(0001)
with Bi. In their work, Y. Sohn et al. [50] presented the possibility of intercalating
graphene on SiC(0001) with Bi. They found two different phases of the intercalated
layer, which differ in the amount of intercalated Bi. The higher-coverage phase (called
o phase) shows no specific LEED pattern other than that of the SiC substrate. Therefore,
it is either a closely packed layer of Bi atoms with a (1x1) periodicity with respect to
the SiC(0001) substrate, or a disordered layer. In Angle-Resolved Photoelectron Spec-
troscopy (ARPES), metallic bands are observed, in contrast to the lower coverage phase
( phase), which instead shows insulating and flat bands. This phase is (v/3xv/3)R30°
periodic to the substrate. [50]

In this chapter, the preparation of two samples, a x-phase and a (3-phase sample, is
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3.2 Sample Preparation

discussed. The two samples were characterized with XPS and ARPES [98,|105]]. To gain
further insight into the structure of both phases, NIXSW measurements were performed
on them to obtain interlayer distances, which can be used to investigate the bonding

character between the different layers.

3.2 Sample Preparation

The starting point of the preparation is a zeroth layer graphene (ZLG), also called buffer
layer, on Si(0001) sample, which was prepared by polymer-assisted sublimation growth
(PASG) as described by Kruskopf et al. [106]]. Thereby the SiC(0001) wafer is spin-
coated with a photoresist. During the spin coating process, a small amount of liquid
material is placed on the center of a flat substrate. The substrate is then rotated at high
speed, spreading the liquid by centrifugal force into a uniform film. The spin-coated
photoresist is removed during annealing. This preparation method increases the homo-
geneity of the resulting ZLG sample. Next, the samples are transported through air from
the induction furnace where the ZL.G was prepared to the UHV system. Here, a thick
layer of Bi is deposited on the ZL.G using a conventional Knudsen-type evaporator until
both the substrate and the overlying ZLG are no longer visible in the XP spectra. This
corresponds to a thickness of at least 30 nm. The ZLG then is intercalated by the Bi
on top by annealing at 350°C for 30 min, resulting in a Bi layer of the x-phase type
below the former ZLG. To obtain the 3 phase, further annealing at 900°C for 30 min is
required [50, 98]].

3.3 XPS and ARPES

The ZLG sample, the o phase and the 3 phase of the Bi-intercalated graphene layer on
SiC(0001) were characterized by XPS and ARPES to confirm the successful intercala-
tion and to determine the degree of intercalation and the doping of the graphene layer.
Starting with the ZL.G sample, which is the basis for comparison, the C 1s XP spectrum
is shown in Fig. 3.1](a) in the upper spectrum.

There are two peaks, one large and one small one. The larger peak is labeled SiC and
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derives from the bulk carbon. Fitting the peak with a Voigt peak shape, we find a peak
energy of 283.66 eV. The second peak with a higher binding energy derives from the
carbon atoms in the ZLG. One third of the atoms in the ZLG are still covalently bound
to the top Si atoms of the substrate, while the other two thirds of the ZLG are only in-
tralayer bound. Therefore, this peak must be fitted with two Voigt components reflecting
these different binding situations. The peak labeled S1 refers to carbon atoms bound to
the substrate and its fitted peak position is 284.76 eV, while the peak originating from
the purely intralayer bound carbon atoms is located at 285.17 eV (labeled S2). In addi-
tion to the C 1s XP spectrum, XP spectra were also recorded for the Si 2p core level.
For a Si 2p state, a Voigt doublet with an area ratio of 1:2 between the Si 2p; /, and the
Si 2p3); levels is expected, due to the spin-orbit splitting of 0.6 eV. This condition and
the same full width at half maximum (FWHM) were used as constraints in the fit of the

Si 2p XP spectra. Two species (two doublets) are required to fit the data. The result-
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Fig. 3.1: (a, b) C 1s and Si 2p XP spectra of the ZLG, «, and {3 phases of Bi-intercalated
graphene on SiC(0001). For the « and {3 phases, the components S1 and S2
are marked by yellow and red arrows, respectively. (c) ARPES data at the K
point of the graphene for the « phase. (d) Same as (c) for the [3 phase. [98]]



3.3 XPS and ARPES

ing fit is shown in Fig. 3.1] (b) in the top panel. The most dominant species is labeled
SiC (blue) and corresponds to the Si atoms in the bulk. The Si 2ps/, peak is located at
101.48 eV. An additional small doublet is needed to account for the small chemical shift
of the top Si layer, which is covalently bonded to the ZLG. The Si 2p3/, peak of the

surface Si atoms is shifted toward higher binding energies to 101.90 eV.

After the intercalation with Bi, the so-called « phase is formed. This leads to strong
changes in the XP spectra, both C 1s and Si 2p, see Fig. B.1] (a,b). There are five differ-
ent peaks for the C 1s. The three peaks used to fit the data of the ZLG sample are also
used here for the non-intercalated parts of the a-phase sample. In addition, there are
two dominant new peaks, one for the decoupled graphene and another for the substrate

atoms below the intercalated Bi atoms. The fitting parameters for all used components

Table 3.1: Fit parameters for C 1s and Si 2p core-level from both the «- and the 3-phase

samples.
species XP level binding peak shape Asym. Cut- error
energy (eV) off 3
S1 Cls 284.76 Voigt 0 0
S2 Cls 285.85 Voigt 0 0 0.42
Csic Cls 283.66 Voigt 0 0 ’
x Csicr Cls 282.83 Voigt 0 0
Co Cls 28469 Mahan 0042 14
SiC Si2p 101.34 Voigt doublet 0 0
SiC’ Si2p 100.48 Voigt doublet 0 0 0.17
Sic Si2p 101.76 Voigt doublet 0 0
Sip; Si2p 100.86 Voigt doublet 0 0
S1 Cls 284.76 Voigt 0 0
S2 Cls 285.85 Voigt 0 0 0.39
Csic Cls 283.66 Voigt 0 0 ’
B Csicr Cls 282.82 Voigt 0 0
Co Cls 28453 Maha 0042 14
SiC Si2p 101.34 Voigt doublet 0 0
SiC’ Si2p 100.45 Voigt doublet 0 0 031
Sip; Si2p 100.88 Voigt doublet 0 0 '
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for both phases are shown in Table3.1] The peak for graphene (G, blue) has an asymmet-
ric shape and is located at 284.69 eV. If this chemical shift is compared to the literature
value for highly oriented pyrolytic graphite (HOPG) (284.45 eV) [107]], the found peak
energy is close to the expected shift. The small difference of 0.24 eV between the peak
energy of the fit and the literature value indicates n-type doping of the graphene. The
peak for the intercalated substrate carbon atoms has a position in energy of 282.83 eV
and is therefore shifted by -0.83 eV with respect to the non-intercalated substrate car-
bon atoms. These significant shifts for both the graphene and the substrate atoms with
respect to the non-intercalated species indicate the successful intercalation of the ZLG
with Bi. The degree of intercalation D based on the C 1s XP spectrum in the center
panel of Fig.[3.1] (a) can be determined by the area ratio of the graphene peak (G) to the
sum of G and the two ZLG peaks (S1, S2)

1(G)

D= 1@ sy 1s2)

3.1)

which is D = 0.95 for the « phase. All determined D values for both phases are also
shown in Table[3.2] A D value of 0.95 means that 95% of the former ZLG is intercalated
with Bi and thus a good intercalation routine has been found. Besides using the ZLG and
graphene intensities to calculate the degree of intercalation, also the bulk C intensities
(SiC and SiC’) can be used. Two distinct SiC species have been identified: the bulk
carbon atoms of the intercalated regions (SiC’) and those from the non-intercalated
regions (SiC), remains of the ZLG. The degree of intercalation is determined by the

area ratio between SiC’ and the sum of SiC’ and SiC

~I(SiCY)
D= 150 1 1(sic) - (3.2)

with the peak intensities as shown in the middle spectrum of panel (a) of Fig. B.1] Here,
D =0.94, showing a very good agreement with the previously determined D = 0.95 of
the graphene and ZLG layer signals.

A third approach for determining the degree of intercalation involves the analysis of the
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Table 3.2: Degree of intercalation resulting from the three different methods for both
the «- and the {3-phase samples. For the 3-phase sample, only the value
based on the C 1s spectrum was determined [|105]].

core-level  calculation basis formula D(x) D(B)
Cls graphene and ZLG I(G)+II((SCITY§+I(52) 0.95 0.84
Cls (non-)intercalated bulk % 0.94

Si2p (non-)intercalated bulk T( SIC()SIC( é;j] ()ii];l()SIBI) 0.95

Si 2p XP spectrum of the o phase. As with the C 1s, the ZLG peaks (SiC (blue) and
Sic (yellow)) have been included in the fit for the Si 2p, as shown in Fig. B.1] (b). Addi-
tionally, there are two more features for the bulk Si atoms below the intercalated areas
(SiC’ (green)) as well as the top layer of Si atoms, which are bound to the intercalated
Bi atoms (Sig; (red)). The bulk component after intercalation is labeled as SiC’ and is
located at 100.48 eV and shows a shift of 1.00 eV to lower binding energies compared
to the bulk component of the ZLG sample (SiC). A comparable shift is evident in the
Si atoms directly bound to the Bi (Sig;), situated at 100.86 eV (shifted by 0.96 eV). The
intensities of the SiC, SiC’, and Sig; species in the Si 2p sepctra are related to the degree

of intercalation by

_ I(SiC’) + I(Sig;)
o I(SiC) + I(SiC’) + I(Sip;) - (3.3)

The degree of intercalation resulting from this method of determination is equal to that
of the carbon-based analysis, D = 0.95. All values for the degree of intercalation calcu-
lated for both the « phase and the (3 phase are shown in Table

To further prove the successful intercalation of the ZLG with Bi, ARPES investigations
were performed on the «-phase sample. The K point is of particular interest because

this is where the Dirac cone of graphene is expected. The ZLG shows no indication of a
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Dirac cone, but after intercalation the ZLG is successfully decoupled from the SiC sub-
strate and forms graphene. Hence, a Dirac cone with its characteristic linear dispersion
is observed. This is shown in Fig.[3.1](c). As it can be seen, the Dirac cone is not directly
located at the Fermi level, but is shifted towards a lower binding energy by 360 meV.
This indicates that the graphene is n-doped, in agreement with the previously observed

shift of the XPS peaks of the intercalated species.

The x-phase sample can be transformed to a (3-phase sample by annealing the sample
up to 900°C. Subsequently, XPS and ARPES investigations were performed to verify
the state of the sample and the degree of intercalation. The C 1s XP spectra are shown in
the bottom panels of Fig. [31] (a) and (b). The peaks S1, S2, Csic, SiC, SiC’” and Sig; are
nearly identical to those of the « phase, compare Table 3.1} A significant difference is
observed for the Cg peak. Its peak position is shifted by 160 meV towards lower binding
energies, which indicates a less strong n-doping of graphene compared to the « phase.
The degree of intercalation is determined similarly to the « phase. The result (D = 0.84)

shows a small deintercalation upon annealing the sample to obtain the (3 phase.

In the ARPES measurement, the Dirac cone is again observed, including its typical lin-
ear dispersion at the /& point, as shown in Fig. (d). The Dirac cone for the [3-phase
is located at -10 meV, which shows a very small p-type doping. This shift of the Dirac
point towards a higher binding energy is also consistent with the shift of the binding

energy of the graphene in the XPS experiments.

The C 1s and Si 2p XP spectra provide meaningful information about the sucess of the
intercalation, but no information about the intercalant layer is gained. Therefore, Bi 4f
XP spectra were also recorded for the ZLG (before annealing, with Bi on top), for the
« phase, and for the (3 phase. These XP spectra are shown in Fig. (a).

In the upper part of panel (a) of Fig. the Bi 4f XP spectrum of the ZLG layer
with Bi on top shows the Bi 4f5/, and Bi 4f;,, Mahan doublet [108]] with an area ratio
of 3:4, which is included in the fitting routine. The binding energy of the Bi 4f7/; is
156.84 £ 0.05 eV, which is similar for all three different samples. Besides the position,

the peak shape and the total intensity give additional information. Regarding the peak
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Fig. 3.2: (a) Bi 4f XP spectra of ZLG after Bi deposition but before intercalation (top)
and of Bi-intercalated QFMLG after preparation of the « (middle) and 3 phase
(bottom) at 350°C and 900°C, respectively. Red arrows mark the shoulder of
the Si 2s peak located just outside the scan range. The spectra are shifted ver-
tically for clarity and normalized to the Bi 4f7/, peak. (b) The amount of Bi
Ap; in the sample (according to equation [3:4] black circles) and the degree of
intercalation D (equation 3] red crosses), plotted against the annealing tem-
perature of the sample. (¢) Amount of Bi Ag; on the sample as a function of
the energy of the Dirac point Ep, which is a measure of the graphene doping

level [@]

shapes, the ZLG with Bi on top as well as the « phase both show asymmetric peaks.
Hence, they are fitted using a Mahan doublet [[I08] with an asymmetry parameter of
0.102, compare Table 3-3] This peak shape is representative of the metallic character of
the Bi atoms [50]. When the sample is transferred to the (3 phase, the peak shape changes
to a symmetric shape, indicating that the metallic character of the Bi intercalant layer is
reduced and the layer becomes insulating, as it has been previously shown by Sohn et al.
with ARPES investigations [50]. Therefore, a symmetric Voigt doublet is used instead
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Table 3.3: Fit parameters for Bi 4f core-level from both the - and the (3-phase samples.

species XP level binding peak shape Asym. Cut- error

energy (eV) off x?)
o« Bi4f;,,  156.84 Mahan doublet 0.102  0.45 4.98
[8) Bi4f;,,  156.98 Voigt doublet 0 0 0.59

of the asymmetric Mahan doublet, as additionally shown in Table[3.3

Before comparing the amounts of Bi within the three samples, the Bi XPS intensities
must be normalized. This is was only done for the o- and the 3-phase samples. For the
ZLG sample with Bi on top, this normalization is impossible due to the thick layer of
Bi on top. This layer prevents the signal from the underlying ZLG or substrate almost
completely. Note, that the Bi 4f spectra in Fig. are not calibrated, but only the values
for Ag; in the panels (b) and (c). For calibration of the Ag; values, the intensity of the
Bi 417/, is divided by the intensity of the bulk C 1s signal. This yields the amount of Bi:

Igi 4t , (Bi")

Ag; = N
B I (SiC)

3.4)
This value Ag; is used to monitor the changes in the amount of Bi for different annealing
temperatures (350°C to 900°C). The change of Ag; with changing annealing tempera-
ture is shown in Fig. [3.2](b) by the black circles. For annealing temperatures from 350°C
to 450°C, a rapid loss of Bi is observed. This loss is attributed to the desorption of resid-
ual Bi on top of the graphene layer. It is noteworthy that the intercalated and residual Bi
cannot be distinguished in the Bi 4f XP spectra due to the lack of an observable chemical
shift. When the intercalated sample is annealed to higher temperatures, the amount of Bi
is further reduced, but the slope with annealing temperature is greatly reduced. This be-
havior is consistent with the change in the structure of the Bi layer, observed by Sohn et
al. in LEED studies. They found a change from (1 x 1) to (V3 x V/3) with respect to the
SiC(0001) substrate [50]. The (v/3 x v/3) reconstruction in the {3 phase can be achieved
by either one third or two thirds of the Bi atoms of the o phase. The exact percentage of

Bi atoms in the 3 phase compared to the & phase cannot be distinguished from the XPS
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Fig. 3.3: ARPES data at the K point of graphene for samples annealed at (a) 350°C, (b)
450°C, (c) 550°C, (d) 650°C, (e) 700°C, (f) 750°C, (g) 800°C, (h) 850°C, and
(1) 900°C. The position of each Dirac point is marked by a dashed horizontal

line. @]
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results because the exact annealing temperature at which no residual Bi is left on top
is not known. However, we observe that the degree of intercalation D does not change
proportionally to the loss of Bi atoms. This is shown by the red crosses in Fig. (b).
Here, even for temperatures up to 900°C, D is still larger than 80% and thus indicates
a good intercalation. The fact that the degree of intercalation remains nearly constant
while the amount of Bi gradually decreases suggests that the bonding configuration of
the Bi is undergoing a transition, becoming more likely to bind with multiple Si atoms.
This phenomenon supports the observed shift in the Bi’s character from a metallic to an

insulating state, as evidenced by XPS analysis.

The change in the intercalant layer also affects the electronic properties of the graphene
layer. As depicted in Fig.[3.2](c), the position in energy of the Dirac point changes with
the annealing temperature and thus with the amount of Bi. The EDMs for various an-
nealing temperatures are shown in Fig. B3] At an annealing temperature of 350°C (the
«-phase sample) the Dirac point is located at 360 meV. At higher temperatures the Dirac
cone constantly shifts towards higher binding energies, i.e. at an annealing temperature
of 700°C the Dirac cone is at 260 meV. It is noteworthy, that at no annealing temper-
ature the existence of two distinct Dirac cones is observed, although a mixture of the
two phases can be seen in LEEM [98]]. The shift in the Dirac cone shows a continuous

change in the doping from n-type to slightly p-type.

As previously mentioned, is the annealing temperature directly related to the amount of
Bi. The change of the energy of the Dirac point with increasing annealing temperatures
is shown in Fig. (c). In the regime of the green circles, the amount of residual Bi on
top changes. The behavior observed here, that the Dirac cone of graphene shifts towards
higher energies the more Bi is on top, has already been observed by Gierz et al. [[109].
On the other hand, if we focus on the amount of Bi in the intercalation layer, the black
circles (see Fig. [3-2](c)) show a constant shift of the energy of the Dirac cone with the
amount of Bi in the intercalation layer. The less Bi is intercalated under the graphene,
the higher the energy shift of the Dirac cone. The higher energy of the Dirac cone for the
{3 phase can be explained by the fact, that each Bi atom has to saturate more Si atoms
than in the o phase. This reduces the number of free electrons available for doping the

graphene layer. However, the continuous change in the energy of the Dirac cone is sur-
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prising, since it is known from LEEM studies [98]] that in the mixed regime, both the
« and {3 phases coexist. Therefore, for a mixed layer, two different Dirac cones with
changing intensity would be expected for the mixture of both phases. This continuously
shifting Dirac cone was also seen by Sohn et al. [50]] for this system, and was addition-
ally observed for In-intercalated graphene on SiC(0001) [56]. The different observations
in LEEM and ARPES could be explained if there is charge spillover from the o«-phase
regions to the 3 phase and vice versa. If this charge spillover has a decay length compa-
rable to the domain size of the different phases, only one averaged Dirac point would be
observed in ARPES. This averaged Dirac point would then depend on the ratio of the «

and 3 phases and shift in energy accordingly.

3.4 XSW

Having demonstrated successful intercalation and the transition from metallic to insu-
lating properties in the two phases, it is crucial to investigate the vertical structure. This
investigation is necessary to better understand how the intercalant bismuth (Bi) layer is
bound to the underlying SiC(0001) substrate and the decoupled graphene layer on top.
Specifically, it is necessary to determine the vertical bond length and identify the most
probable type of bonding (covalent, van der Waals, etc.). Consequently, the NIXSW
technique was utilized to ascertain the vertical distances between the layers implicated

in the sub-angstrom regime of the two phases.

In a first synchrotron beamtime, both an x-phase and a (3-phase sample were transported
in air to the Diamond synchrotron facility, as it was believed that all these samples were
insensitive to air exposure. To verify this, XP spectra of the two phases were recorded
after transport in air. The resulting XP spectra are shown in Fig. [3.4] as dark green dots
(o phase) and the blue solid line (3 phase). Note that these spectra were recorded un-
der hard X-ray conditions. Therefore, the peak resolution (and consequently, the peak
shapes) is less precise than that of the previously discussed soft X-ray spectra. The sam-
ples behave differently when exposed to air. While the 3 phase shows one doublet for
the Bi 4f region, the « phase consists of two doublets, one of which is shifted to higher

binding energies compared to the (3 phase. This second doublet indicates the presence
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Fig. 3.4: Bi 4f XP spectra of the three samples that were transported to the I09 beamline
at Diamond. The first oc-phase sample (green dotted line, hv = 2458.0 eV) and
the (3-phase sample (blue, hy = 2459.7 eV) were transported in air. The o-
phase sample shows signs of oxidation. Therefore, a second «-phase sample
(green solid line, hv = 2458.2 eV) was transported in vacuum. The following
discussion of the data refers to the non-oxidized o-phase sample. The spec-
tra have been normalized for better comparability. The binding energy of the
largest peak was set to the binding energy resulting from the XP results in the
pre-characterization.

of an oxidized Bi species in the o phase after transport through air. Whether the inter-
calation layer or residual Bi on top was oxidized during transport cannot be determined
from these XP data. To avoid the possibility of erroneous data due to an oxidized inter-
calant Bi layer, a second « phase sample was later transported to the Diamond beamline
in UHV for NIXSW measurements. The XP spectrum of the second «-phase sample is
additionally plotted in Fig. [3.4] (dark green line). The vacuum transported sample shows
no indication of oxidized Bi. As previously mentioned, the (3-phase sample was only
transported in air and no Bi was oxidized. Hence, the reason could be that the (3 phase
has a lower amount of Bi on the sample and was prepared by annealing at a higher

temperature. Therefore, the remaining Bi on top of the graphene could desorb before
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transport in air. Consequently, for the further analysis of the vertical structure, the data
recorded for the vacuum-transported «-phase and for the air-transported 3-phase sam-

ple are discussed below.

For NIXSW experiments, XP spectra and reflectivity curves are measured for the pho-
ton energy range around the Bragg energy. Starting with the o« phase, an example plot
of the XP spectra in the C Is region is shown in Fig. 3.3] (a). Two peaks are found,
one for the graphene in blue (284.15 eV) and one for the substrate carbon atoms in
black (282.17 eV). Note that these spectra were measured at a photon energy approx-
imately 10 eV below the Bragg energy (2448.3 eV). In this photon energy range, the
energy resolution is worse than for soft X-rays. Therefore, the peaks belonging to still
unintercalated regions could not be resolved here. The difference in intensity between
data recorded with soft and hard X-rays can be explained by two opposing effects. In
hard X-rays, the photon energy is much higher than in soft X-rays. This results in a
higher kinetic energy of the photon, allowing it to penetrate deeper into the sample and
increasing bulk sensitivity. In contrast, the different geometrical setup causes another ef-
fect. Only photoelectrons emitted under grazing angles are detected, resulting in higher
surface sensitivity in measurements using hard X-rays. Evidently, the geometric effect
is stronger than the effect of kinetic energy. Thus, the signal of graphene is enhanced,
while the intensity of the bulk signal is drastically reduced. In addition to the carbon
species, the other core levels of interest were investigated. The Bi 4f level is in the same
binding energy range as the Si 2s, and so both were investigated in one scan. Here, the
o phase shows the known doublet of the Bi 4f with its area ratio of 3:4 of the Bi 4f5, at
161.61 eV and the Bi 4f7/; at 156.30 eV. The Si 2s, similar to the C 1s XP spectrum, is
lower in intensity and has a binding energy of 151.24 eV.

These XP spectra are recorded for each photon energy step through the Bragg energy.
Then, for each spectrum, the signal from each atomic species is fitted separately and its
integrated intensity is plotted against the corresponding photon energy. These so-called
yield curves for one sample position are shown for all investigated species in Fig. 3.3](c)
shows the yield curves for one sample position for all investigated species.The yield
curves are displaced by 2, 4 and 5 in Fig. .5 (c), respectively. Additionally, also the

reflectivity of the sample is recorded. As described in the Chapter 2, these yield curves

33



3 Bismuth-intercalated quasifreestanding Graphene on SiC(0001)

a phase B phase
(d @

—
[V

Intensity
(arb. units) ~—

-
(@)
-
%)

Intensity
(arb. units)

286 284 282 286 284 282
Binding Energy (eV) Binding Energy (eV)

(®

-

—~
D

-~

Bi4f Bi4f " sios

Intensity
(arb. units)
Intensity
(arb. units)

Si2s
165 160 155 150 165 160 155 150
Binding Energy (eV) Binding Energy (eV)

—~
o

P

=

=
[e)]

N w B (&,

N

Normalized photoelectron yield
Normalized photoelectron yield

Reflectivity ﬁ Reflectivity f\
0 -- 0 --

-2 - 0 1 2 -2 - 0 1 2
hv - hvg aqq (8V) hv - hvg aqq (8V)

Fig. 3.5: (a, b) Exemplary hard XP spectra of the o-phase of the Bi-intercalated
graphene on 4H-SiC(0001) in the off-Bragg condition (hv =2448.3 eV, 10 eV
below the Bragg energy). A Shirley background was subtracted for both spec-
tra. (c) Resulting typical yield curves of the SiC(0004) reflection for the rele-
vant species. These yield curves are displaced by 2 (Bi), 4 (Csicr) and 5 (Cg).
(d, e, f) Same as (a, b, ¢) for the 3 phase, but on 6H-SiC(0001) (and hence
the SiC(0006) reflection). Here, the photon energy for the XP spectra was
2461.1 eV, which is slightly above the Bragg energy.
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Fig. 3.6: Argand diagram showing the fit results of both the « phase (a) and the (3 phase
(b). The data points reflect measurements at different positions on the sample.
The lines towards a larger data point represent the average of the species over
all measurements.
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can be fitted using equation yielding the two parameters coherent fraction (F)
and coherent position (PH). This procedure was performed for several positions on the
sample surface. The resulting coherent positions and fractions are plotted as individual
vectors in the so-called Argand diagram, a polar diagram, with the coherent position
as the polar angle and the coherent fraction as its length. The Argand diagram for the
o phase is shown in Fig. B.6] (a). For all species, the results of the individual measure-
ments are plotted as small dots with a cross as error bars for the coherent position and
fraction. For each species, the data points are hardly scattered, indicating a high homo-

geneity of the investigated x-phase sample.

The same analysis procedure was applied to the (3 phase. In Fig. B.3] (d) the C 1s XP
spectrum is shown. The main difference between the 3 phase and the « phase is the
change in the intensity ratio between the graphene and the bulk carbon signal, see
Fig. B.1] This effect is due to the reduced amount of Bi in the intercalant layer and
therefore less photon shielding by the Bi atoms. A similar effect is observed for the ra-
tio between the Bi 4f and Si 2s intensities in Fig. @] (e). However, in this case as well,
the Bi 4f intensity is generally reduced due to the lower amount of Bi. The peak posi-
tions are similar to the o-phase sample. The resulting yield curves do not show much
of a change either and thus the Argand vectors are also similar to those of the o-phase

sample.

The vertical structure can be determined from the coherent positions, a general model
for the layer arrangement and the Bragg distance, z = dpiy (n + PCH) (equation .
For the general model, the layers are arranged from bottom to top. For these two sam-
ples, the layers are bulk carbon, bulk silicon, bismuth, and graphene on top. Inserting the
experimental data for both phases gives the vertical yields. Thus, the interlayer distances
can be determined. The averaged coherent positions, coherent fractions, the used values
for n (an integer number) and the resulting vertical heights are listed in Table [3.4] Most
interesting are the interlayer distances between graphene and Bi as well as the distance
between Bi and Si. For graphene to Bi the distances are 3.59 A and 3.60 A for the « and
{3 phases, respectively. These two distances are identical within experimental accuracy.
The graphene-Bi distance is almost identical to the sum of the van-der-Waals-radii of
carbon and Bi (1.53 A (C) + 2.07 A (Bi) = 3.60 A) [110, |111]], while the theoretically
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Table 3.4: Averaged values for the coherent position P and the coherent fraction FX,
as obtained from several individual NIXSW measurements on the two dif-
ferent phases of Bi-intercalated graphene on SiC(0001). The height 2 is cal-
culated using the equation z = d5i°(n + PH(SiC) — PH(Si)), where n is
the number of Bragg planes between the considered atomic species and the
surface, and d§i€ = 2.52 A is the lattice spacing of the Bragg reflection used
(for both, 4H- and 6H-SiC substrate). A is the distance from two neighbor-
ing layers, calculated by the difference of their heights. Parameters used in
the fitting procedure: Deviation from perfect normal incidence £ = 3.5°,
averaged electron emission angle relative to the incident synchrotron beam
¢ = 80.9°, non-dipolar correction factors (applicable to s-state emission
only) ¢, = 1.022, Acys = —0.218, v§;,, = 0.707, and Agips = 2.645.
For details of the analysis procedure, see Refs. 84, 88]|

phase XPlevel PH FH n z (A) A (A)

Cgls  0.497+0.005 0.66 +0.05 3 6.2740.01 o0 0o

5 Bidfrp 0.072£0004 089 £0.04 2 268 £0.01 ooy
Si 2s 0.008+£0.002 1.01240.002 1 0.0 0,64+ 0.03
Cgiv 1s 076 £0.01 096 £0.05 0 —0.64+003 '
Cgls  0473+£0.009 0.67+£0.04 3 6.22£0.02 400 0 0g

8 Bidfrs 0.044£0.007 0.99+£0.02 2 2624002 oot (oo
Si 25 0.003+£0.002 1.03+£0.01 1 0.0 0,69+ 0.01
Csir 1s 076 £0.02  096+001 0 —0.624+0.01 '

calculated sum of the covalent radii (0.75 A (C) + 1.51 A (Bi) = 2.26 A) [[112]] is much
smaller. Thus, a pure van-der-Waals bonding between graphene and Bi is found, con-
firming the decoupling of the graphene layer from the substrate by the Bi intercalant.
The opposite behavior is observed for the distance between Bi and Si, where the mea-
sured distances of 2.68 A for the o phase and the 2.62 A for the 3 phase are both close to
the sum of the covalent bond radii (1.16 A (Si) + 1.51 A (Bi) = 2.67 A). [[112] The sum
of the van-der-Waals radii is 4.00 A(1.93 A (Si) + 2.07 A (Bi)). [110| [111]] Therefore,
it is very likely that the Bi is covalently bonded to the uppermost Si atoms, saturating
their dangling bonds. The difference between the two phases is relatively small, but an
experimental artifact seems unlikely, because both the graphene and the Bi atom posi-
tions are shifted by essentially the same value (0.06 A for Bi and 0.05 A for graphene).

This small difference could be due to the change of the adsorption site of Bi on top of
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Fig. 3.7: Ball-and-stick models of the vertical structure of the & phase (left) and the
phase (right).

the Si atoms. The exact lateral positioning of the Bi atoms with respect to the substrate
cannot be extracted from these data sets, but the vertical structure of both phases is re-
solved and is shown as a ball-stick model in Fig. 377} The lateral positioning of the Bi
is based on the model proposed by Sohn et al. [50], but still needs to be confirmed by

other methods.

3.5 Summary and Outlook

Two samples of Bi-intercalated quasi-freestanding graphene on SiC(0001) were suc-
cessfully prepared and characterized with XPS and ARPES. In XPS the successful and
complete intercalation was confirmed and in ARPES the decoupling of the former ZLG
to quasi free-standing graphene was proven by the appearance of a Dirac cone at the
K point. NIXSW was used to resolve the vertical structures for both the « and the
phase of Bi-intercalated graphene. Both have a high vertical order and are homogeneous
over the entire sample surface. The bond between graphene and Bi is of van-der-Waals
character for both phases, while the Bi-Si bond is covalent. While the differences be-
tween the o phase and the 3 phase seem small for the Bi-Si distance, this difference

is significant and not within the experimental error. The exact reason for this small dif-
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ference can only be speculated. Further investigations using density functional theory
may resolve this issue, but it may also be solved experimentally by using XSW imaging
[[113]. This technique exploits the fact that the coherent position and coherent fraction
can be considered as the phase and amplitude of the Fourier components of the elec-
tron density of the system under study. If a sufficient number of Fourier components
are measured, i.e. XSW data are recorded for a sufficient number of (inclined) Bragg
reflections, a Fourier back-transformation is possible, which yields the electron density
(in real space) of the atomic species under consideration. With this it is possible to ob-
tain a three-dimensional model of the structure. Thus, it may be possible to solve for the
exact lateral positions of the Bi atoms in both phases and gain further insight into the
differences between the two phases.
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4 Selenium-intercalated epitaxially
grown Graphene on SiC(0001)

The acquisition and analysis of the NIXSW data for the first sample has been the au-
thor’s contribution in this project. The acquisition and analysis of the NIXSW data for
the second sample was done by S. Wolff. The sample preparation and characterization
with LEED, XPS and ARPES was done by S. Wolff and is published in her dissertation
[[LO5]].

4.1 Introduction and Motivation

Similar to the discussed possibilities of heterostructures with Bi-based 2D materials, the
field of transition metal dichalcogenides (TMDCs) is also increasing in the last decades.
TMDCs are two-dimensional (2D) materials with diverse properties, including semi-
conducting and superconducting properties, depending on their composition and layers.
Monolayer TMDCs have direct band gaps, making them ideal for optoelectronic de-
vices such as LEDs and solar cells [114H118]. Combining TMDCs with graphene in
van der Waals heterostructures creates new functionalities. Graphene acts as a conduc-
tive channel or transparent electrode, and TMDCs provide the necessary bandgap and
strong light-matter interaction. This hybrid approach enables tuning of electronic and
optical properties, allowing for the creation of high-speed, light-manipulating devices
[119][120]. A combination of graphene and TMDCs could also be useful in spintronic
devices [|121]].

Heterostructures of TMDCs and graphene are so far realized by exfoliation techniques

[[122H124]], which have the disadvantages mentioned above. Therefore, the realization

of grown heterostructures by intercalating a ZLG sample with a TMDC material is
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very promising. Similar to the successful intercalation of gallium nitride [[125], grow-
ing TMDCs under epitaxial graphene on silicon carbide (SiC) could create large, uni-
form, layered systems with precise thickness control. This could significantly impact
graphene’s electronic properties and open doors to advanced electronics and optoelec-
tronics [[I18] [I121], [I264129]. One interesting option is to intercalate graphene with iron
selenide (FeSe), as a single trilayer of FeSe is already known to exhibit superconductiv-
ity [130].

Preliminary work on intercalating epitaxially grown graphene with molybdenum disul-
fide (MoS-) was conducted in T. Seyller’s group. However, this only resulted in partial
intercalation of the graphene. There were indications that the sulfur atoms were causing
the partial decoupling of the graphene layer [[105]]. Therefore, it is crucial to first achieve
intercalation with selenium in order to later add the metal component. The question then
arose as to whether the Se layer forms an ordered structure between the graphene and the
SiC substrate. Additionally, identifying the vertical bond lengths can reveal the nature
of the Se-graphene and SiC-Se bonds.

4.2 Sample Preparation

As a starting point, a ZL.G sample was prepared similar to the procedure described in
the Bi-intercalated graphene chapter (PASG assisted). The ZLG is transferred to a two-
zone furnace for the intercalation with Se. Tin diselenide (SnSe,) is used as a precursor
for the free Se atoms. This precursor is placed in the first zone of the furnace and heated
to 400°C. This causes SnSe, to decompose into gaseous Se and SnSe while the latter
remains in the first furnace, the gaseous Se diffuses into the second furnace, where the
ZLG sample is heated to 750°C. At this elevated temperature, Se intercalates into the
ZLG sample and quasi free-standing Se-intercalated graphene on SiC(0001) is formed.
The two-zone furnace is necessary to achieve the required degree of cleanliness and for

other experimental advantages, which are discussed in the work of S. Wolff [105]].
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4.3 Discussion

Both samples of Se-intercalated graphene on SiC(0001) were transferred in UHV to the
Diamond facilities and were investigated by means of XSW at the 109 beamline. The
measurement routine as well as the analysis procedure is similar to the one described in

Chapter 3 for the Bi-intercalated graphene sample.

For the first sample, an exemplary C 1s hard X-ray XP spectrum is shown in Fig.[4.T] (a),
where two peaks are observed. These peaks correspond to the decoupled graphene layer
(Cg) and the carbon atoms within the SiC substrate (Cg;c-). The graphene peak is colored
in blue and has a binding energy of 283.64 eV, while the substrate C 1s peak, colored
in black, is at 282.42 eV. In Fig. fi.1] (c) an example XP spectrum of the Si 2s region is
shown. Only one peak is observed, corresponding to the substrate Si atoms. This peak
is located at a binding energy of 151.64 eV. The expected core-level shift between the
Si atoms in the bulk and the Si atoms directly bound to the Se intercalation layer cannot
be resolved due to the 200-300 meV wide bandwidth [[I31]] of the hard X-ray beam at
the used 2.4 keV photon energy. The third XP spectrum shown in Fig. .| (b) shows the
Se 3s core level. Only one peak is included in the model used for fitting. All fit param-
eters are shown in Table fi.T] There could be indications of a high energy shoulder but
the recorded data has a too low signal-to-noise ratio to be able to clearly distinguish two
species here. The peak used is at 229.18 eV.

The data and analysis of the second sample, the unpublished work of S. Wolff, is in-
cluded here for completeness. As for the first sample, exemplary XP spectra are shown
in Fig.[d.1] (d-f). Here, the fitting routine of the hard XP spectra is similar to the soft XP
spectra for sample characterization, as discussed in S. Wolff’s dissertation [[105]]. There-
fore, additional components (peaks) are used for the fitting of the three regions. This
was possible due to the increased signal-to-noise ratio, but the additional components
are not shown in the NIXSW analysis, because either the total intensity is too small or no
difference in their vertical positions to another species of the same element is observed.
For the exemplary C 1s XP spectrum (Fig. 1] (d)), in addition to the previously used
graphene (G) and substrate peak (SiC’), components for non-intercalated ZLG regions

(S1, S2 and SiC) for the two ZLG species and the substrate signal of non-intercalated
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Fig. 4.1: (a, b, ¢) Exemplary hard XP spectra of the first Se-intercalated graphene on
4H-SiC(0001) sample in an off-Bragg condition (hv =2468.3 eV, 10 eV above
the Bragg energy (2458.3 eV)). A Shirley background was subtracted for both
spectra. (g) Typical yield curves of the SiC(0004) reflection for the relevant
species. These yield curves are displaced by 1.5 (Se), 3 (Csicr) and 3.5 (Cg).
(d, e, f) Same as (a, b, c) for the second sample, (h) same as (g) for the second
sample.
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Table 4.1: Fit parameters for C 1s, Si 2s, Si 1s and Se 3s core-level from both samples.

species  XP binding peak shape FWHM Asym. error
level energy x*
(eV)
Csic Cls 282.42 asym. Voigt 0.555 1.2/1.0 537
1 . Ce____Cls 28364  asym Voigt = 0559 _20/30 ~
SiC Si 2s 151.62 Voigt 1.245 0 3.48
SiC Se3s 22903 Voigt 3045 0 158
S1 Cls 284.14 Pseudo-Voigt 0.626 0
S2 Cls 285.84 Pseudo-Voigt 1.283 0
Csic Cls 283.04 Pseudo-Voigt 0.754 0 12.31
Cgicr Cls 282.34 Pseudo-Voigt 0754 0
2 Ce Cls 28454  Pseudo-Voigt 0578 O
Siing Sils 1839.98  Pseudo-Voigt 0942 0 13.54
Sigrg __Sils = 1840.78  Psendo-Voigt 2410 0 S
Seint Se 3s 229.03 Pseudo-Voigt 2.898 0 6.53
Setop Se 3s 232.13 Pseudo-Voigt 2898 0 ’

areas were added.

Similarly, the fitting routine for the Si XPS core level spectrum has been adapted. It
should be noted that the Si s core level was investigated in contrast to the first sample,
where the Si 2s core level was used. For the Si s (Fig. @.1] (f)) two components were
used to fit the XP spectra. The dark green peak represents the intercalated area of the
substrate, labeled by Sij,, and the light green peak represents the non-intercalated re-
gions, labeled Sizy ;. The Se 3s XP spectrum is shown in .Fig. 1| (e). Here the situation
is slightly different, as there is no Se in the non-intercalated areas. Therefore, the inter-
calant Se is fitted by one peak, shown in violet and labeled Se;,;. A small shoulder can
be detected on the high binding energy side. It was previously assumed to be present in
the first sample, but it could not be resolved due to the low signal-to-noise ratio. This
shoulder is attributed to residual Se on top of the graphene layer, but the intensity of the

shoulder is very low, making a subsequent NIXSW analysis not very reliable.
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The yield curves, which are shown in Fig. f.1] (g) and (h), respectively, for both sam-
ples, are the corresponding peak integrals plotted against their kinetic energy difference
from the Bragg energy. After extracting these yield curves, the two fitting parameters,
coherent position (PCH) and coherent fraction (FCH), can be determined as discussed in
Chapter 2 and Chapter 3. Additionally, the reflectivity of the sample is shown. This anal-

ysis was performed for all the different sample positions, where NIXSW was measured.

The resulting coherent positions and fractions of all investigated sample positions stud-
ied are shown in the Argand diagram in Fig..2](a). The subsequent discussion of coher-
ent positions and fractions utilizes the averaged values for each species because single
measurement spots are limited in size and therefore can only reflect the specific vertical
position and vertical order at a certain position on the sample. If the averaged values of
several measurement spots do not show a large statistical error, it can be assumed that

the majority of the sample is showing this behavior.

For this first sample of Se-intercalated quasi free-standing graphene on SiC(0001), it
can be observed that the individual measurements for the carbon and silicon species
show very similar positions in the Argand diagram, indicating that the atoms are ho-
mogeneously distributed vertically over the sample. For the Se species, the scatter of
the data points is slightly larger, but still does not reflect a large discrepancy between

different regions of the sample.

The two substrate signals Si and Cg;c as well as the Se signal show a large coherent
fraction. While this is expected for a bulk species, for the Se layer it shows that the Se
atoms are very homogeneously distributed vertically across the sample. However, the
graphene signal shows an unusually low coherent fraction of less than 0.4, indicating
that the graphene layer is not homogeneously distributed vertically across the sample.

Possible explanations will be discussed later.

The Argand diagram for the second sample is shown in Fig. 2] (b). Here, a high coher-
ent fraction is observed for all components, with a very homogeneous vertical distribu-
tion. The coherent fraction of graphene is also around 0.7, which is a typical value for

an epitaxially grown graphene layer on SiC(0001), in agreement with literature [49, 57,
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Fig. 4.2: Argand diagrams of (a) the first Se-intercalated quasi free-standing graphene
on SiC(0001) and (b) the second sample.
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Table 4.2: Averaged values for the coherent position PH and the coherent F, as ob-
tained from several individual NIXSW measurements on the two samples of
Se-intercalated graphene on SiC(0001). The height z is calculated using the
equation z = d§i€(n + PH(SiC) — PY(Si)), where n refers to the number
of Bragg planes between the considered atomic species and the surface, and
di€ = 2.52 A is the lattice spacing of the used Bragg reflection. A is the
distance from two neighboring layers, calculated by the difference of their
heights. Parameters used in the fitting procedure: Deviation from perfect nor-
mal incidence & = 3.5°, averaged electron emission angle relative to the in-
cident synchrotron beam ¢ = 80.9°, non-dipolar correction factors (only ap-

plicable for s-state emission) 7. ,, = 1.022, Ac s = —0.218, 7§;,, = 0.344,
ASils = 2244, ’}/éizs = 0707, ASiZs = 2645, ’Yée:is = —0007, and
Ase3s = —1.133. For details of the analysis procedure, see Refs. [84, 88].
XPlevel PH FH n 2 (A) A (A)
Cq 1s 0.252+0.004 0.39 +0.04 3 5.66 + 0.01
| Se 3s 0.88 +0.01 0.89 £+0.08 2 2.21+0.04 ;‘21? i 883
Si 2s 0.008 £0.002 1.02 £0.03 1 0.0 0'61 1 0'02
Cgicr Is 0.766 £0.005 1.001 £0.006 0 —0.61+0.01 ' ’
Cg 1s 0.258 £0.004 0.72 £0.03 3 5.66 = 0.01 350 4+ 0.02
) Se 3s 0.868 +£0.007 0.88 +0.04 2 2.16 +0.02 2‘16 N 0'02
Si s 0.011£0.002 1.120£0.002 1 0.000 0.63 N 0'01
Cgicr 1s  0.7594+0.002 098 +£0.02 0 —0.6344+0.005 ’
98, [132].

Returning to the low coherent fraction of the graphene signal for the first sample, one
possible explanation is that the sample is not fully intercalated. This would affect the
coherent position and fraction of the graphene in the Argand diagram, since it would
be the sum of the partial vectors (vector multiplied by the percentage of the respective
area) for the fully intercalated sample and the ZL.G (non-intercalated). However, assum-
ing that the second sample is fully intercalated, the position in the Argand diagram of
the graphene of the first sample cannot be explained by a mixture of intercalated and
non-intercalated regions. If a signal or measurement point in the Argand diagram con-
sists of two components that could not be separated in the XPS spectrum beforehand,

then the measurement point is a mixture of the two “ideal” components (perfectly sep-
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arated in XPS). This mixture can be traced in the Argand diagram by adding the vector
proportions of both components, where the sum of the proportions equals one. This is
easily seen in the Argand diagram: the measurement point should lie on the straight
line between the points of the two components due to vector addition and the sum of
the proportions equaling 1. Since this is not the case for the graphene signal of the first
sample, a mixture of intercalated and non-intercalated regions can be ruled out. Another
possible explanation for the poor quality of the graphene layer could be the fact that
the sample was exposed to air for some time before being transported to Diamond. This
could have caused some degradation or oxidation of the sample, especially the Se layer.
The presence of atoms between the Se and the graphene would cause the graphene layer

to buckle, resulting in a lower coherent fraction.

For easier comparison, a detailed overview of the coherent positions, coherent fractions
and resulting vertical positions of all relevant species of both samples is shown in Ta-
ble 2] It can be observed that the coherent positions of the species are very similar
for both investigated samples and are always within the error of the method. The most

significant difference is evident in the coherent fractions of graphene.

From the coherent positions, the vertical positions can be determined. The resulting dis-
tances between the individual layers are shown in a ball-and-stick model in Fig. F.3] The
Se intercalation layer has interfaces with two other layers. First, the distance between Se
and the top substrate layer is 2.21(4) A and 2.16(2) A for the two samples, respectively.
These distances indicate a covalent bond character, because the sum of the covalent radii
is 2.32 A (1.16 A (Si) + 1.16 A (Se)) [[112] and the van-der-Waals distance would be
3.83 A (1.93 A (Si) + 1.90 A (Se)) [110]. Therefore, the resulting distance is 95% (93%)
of the sum of covalent radii. This value below the covalent distance can be explained
by the horizontal position of the Se with respect to Si. If Se is sitting not directly on
top of the Si atom, the vertical distance can be smaller than the covalent distance. The
opposite bonding situation is observed for the distance between graphene and Se. Here,
the theoretical covalent bond length is 1.91 A (0.75 A (C) + 1.16 A (Se)) [[112] and the
van-der-Waals bond length is 3.43 A (1.53 A (C) + 1.90 A (Se)) [110]]. The experimental
values for both samples of 3.45(4) A and 3.50(2) A are 101% and 102% of the van-der-

Waals bond length, respectively. This clear van-der-Waals distance is an indication of
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9900000000 -G 9900000000 -G

A 3.45(4) A at 3.50(2) A

1@ @ @ s 1O @ @ O s
2.21(4) A 2.16(2) A

Of 0.61(2) A Of 0.63(1) A

2t 2

A Ak

-6F -6k

QD se 90Cc @ si QD se 90Cc Qi

Fig. 4.3: Ball-and-stick model of the vertical structure of the second Se-intercalated
graphene sample.

the successful decoupling of the graphene layer from the SiC substrate.

4.4 Summary and Outlook

In summary, two samples of Se-intercalated quasi free-standing graphene on SiC(0001)
were prepared and investigated with NIXSW. The first sample showed a low coherent
fraction of the graphene layer, due to the inhomogeneous vertical distribution over the
sample. Since the low sample quality was most likely due to the prolonged contact of
the first sample with air (oxygen), this problem could be solved by preparing the second
sample. This shows high coherent fractions for all species. The resulting vertical struc-
ture could be determined and shows a van-der-Waals bond between the graphene and
the Se intercalation layer. The distance between Se and the substrate indicates a covalent
bond. The combination of the likely covalent bond between Se and Si and the van-der-
Waals distance between graphene and Se, indicating the decoupling of graphene from
the substrate, gives a strong indication that the Se intercalation layer saturates all dan-

gling bonds from the substrate Si.
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4.4 Summary and Outlook

One open question remaining for the Se-intercalated graphene on SiC(0001) is the in-
plane distribution of the Se atoms. It remains unclear whether the Se atoms form a (1x1)
reconstruction or are not ordered at all [[105]]. Hence, XSW imaging investigations are

planned to check for the positions of the Se atoms.
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5 Epitaxially grown twisted bilayer
Graphene on SiC(0001)

The results presented in this chapter are partly published in the following journal arti-
cle: H. Yin, M. Hutter, C. Wagner, F. S. Tautz, F. C. Bocquet, and C. Kumpf, "Epitaxial
growth of mono- and (twisted) multilayer graphene on SiC(0001)”, Phys. Rev. Materi-
als 9, 044003 (2025). [133]]

The sample preparation and the acquisition and analysis of the LEED and ARPES data
has been the author’s contribution in this project. The paper was written by the author,
H. Yin and C. Kumpf. The acquisition and analysis of the LEEM data was done by H.
Yin.

5.1 Introduction and Motivation

Most research on twisted bilayer graphene has focused on twist angles close to the
magic angle of 1.05° due to its interesting features, such as superconductivity [[16} [134].
In contrast, theoretical physicists have theorized a number of intriguing properties of
graphene that result from the presence of a substantial twist angle of 20° to 30°. For a
long time, it was believed that, for bilayer graphene with a large twist angle, the two
graphene layers behave more like two independent graphene layers. However, Pal et
al. [[76] discovered in their theoretical work that, contrary to this belief, a strong inter-
layer coupling is expected. This leads to three different phenomena. First, the strong
interlayer coupling, together with the specific geometry of the moiré pattern, leads to
geometric frustration. This geometric frustration forces electrons to localize within a
large-scale network of topologically protected states. Topological protection refers to

the stability and robustness of electronic states against minor disturbances within the
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system. Second, the geometric frustration and resulting electron localization lead to flat
bands forming in the electronic structure, demonstrating the electrons’ greater indepen-
dence from their momentum. This indicates the low kinetic energy of the electrons in
these flat bands. Third, the presence of these flat bands indicates that electron-electron
interactions dominate over the electrons’ kinetic energy. These strong interactions lead
to correlated physics, which can result in a variety of phenomena, including supercon-
ductivity, Mott insulating, magnetism, or heavy fermion behavior, for example. Based
on these results, they proposed separating the system into alternating gapped and non-
gapped areas [[16} 71}, {76} [134-137]].

Park et al. also explore interesting phenomena in large-angle TBLG in their theoretical
work [[75]]. The authors predict that TBLG is a higher-order topological insulator, which
leads to the formation of corner states — zero-dimensional (0D) localized modes at the
corners. The authors demonstrate that intervalley scattering opens a bulk gap in TBLG
at large commensurate angles, resulting in the occurrence of these topological corner
states at half filling. A key finding is that the emergence of these corner states is robust
and independent of specific large angles, provided that the underlying symmetries re-
main intact. TBLG is presented as a strong candidate for the experimental detection of
higher-order topological insulator phases, particularly because the corner states appear
at half-filling. Furthermore, the corner states are shown to be robust against disorder
[[75].

In order to experimentally observe the previously discussed theoretical findings, it is
crucial to reproducibly grow twisted bilayer graphene epitaxially on SiC(0001) with an
exact 30° twist angle [[1,[77, [I38H140]]. This twist angle precision can hardly be achieved
by mechanical exfoliation and stacking, which also has other potential risks, as it will be
discussed in the next chapter. Therefore, the question arises: How can epitaxial TBLG
be grown optimally, and what effect does the exact annealing temperature have on the
resulting sample quality? This chapter discusses the effect of a small change in an-
nealing temperature on the structure of epitaxially grown twisted bilayer graphene. The

changes in the two prepared samples are investigated using LEED, ARPES and LEEM.

54



5.2 Sample Preparation

5.2 Sample Preparation

For this investigation, two different samples were prepared using N-doped 6H-SiC(0001)
wafers from SITUS Technicals GmbH. The preparation was performed in four steps.
First, the wafer piece is thoroughly degassed at 880°C until the pressure in the UHV
chamber drops below 10~ mbar. In this case, 30 minutes were sufficient. Next, the
sample is annealed at 1050°C for 30 minutes to remove oxides and other contaminations
from the substrate. These annealing conditions are well-known and may vary slightly
depending on the experimental setup [|I41]]. Additionally, an external supply of silicon
(Si) atoms is needed to avoid the sublimation of silicon from the surface; this supply
can be achieved by heating a silicon wafer close by [1, 32, [142] [143]]. The successful
cleaning of the surface can be verified using LEED measurements. Fig. [5.1] (a) shows
the LEED image of this preparation step. A Si-rich (v/3 x v/3)R30° reconstruction can
be observed on SiC(0001), exemplarily. The spots are very sharp, indicating a clean
and well-ordered surface. Two spots of the substrate and two of the reconstruction are
marked by colored circles, respectively. The color assignment to the different structures
is shown in Table 5.1}

In the third step, the sample is annealed again at 880°C for 30 minutes, but with the
external supply of Si atoms, to create an even more Si-rich (3 x 3) reconstruction on
SiC(0001). These parameters were empirically found and have also been reported pre-
viously [}, [141]]. Deviating from these conditions can result in poorer quality of the
(3 x 3) reconstruction. A high-quality (3 x 3) reconstruction is essential for the sub-

sequent graphene preparation, as its quality influences that of the epitaxially grown

Table 5.1: Assignment of diffraction spots for LEED pattern in Fig.

Step Color Involved Structures Reconstruction
. Red SiC (Ix1)
FIrstSep yejiow Si on SiC (3 x 3)
Red SiC (Ix1)

Second Step Orange Si on SiC (V3 x V/3)R30°
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(a) (b)

Fig. 5.1: LEED patterns of the (a) (v/3 x v/3) R30° reconstruction and (b) (3 x 3) re-
construction on SiC(0001). Two substrate spots are marked with red circles
and two spots for the reconstructions are marked with yellow (a) and orange
(b) circles, respectively. LEED images were recorded at an electron energy of
100 eV.

graphene. The size of the terraces and the number of defects in latter grown graphene
can be affected by small terraces in the (3 x 3) reconstruction or by surface oxides
remaining on the substrate [32, 142, [143]]. Hence, it is important to check the LEED
pattern again (Fig. 5.1] (b)). In this case, the pattern shows very sharp spots, indicating
a well-ordered, clean surface. The substrate and reconstruction spots are marked again
with colored circles and their assignment can be found in Table[5.1] If the LEED pattern
of the (3 x 3) reconstruction does not show the desired quality, then the second and
third steps must be repeated until the surface quality seen in the LEED pattern is good.

In this case, only one cycle was needed to prepare both samples.

The difference in the preparation of the two samples is the last step, where the graphene
layers are grown. There are two routines of growing unconventionally oriented graphene
on SiC(0001) which have been shown by Bocquet et al. [[I]] and others [[77, [144]]. For
both procedures borazine is needed, because upon annealing it is forming hBN on the

SiC surface. This hBN is aligned with the substrate’s crystalline orientation (rotated
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by 0°), while conventionally grown graphene on SiC(0001) shows a 30° rotation with
respect to the substrate. This different alignment of hBN can be used to also influence
the rotation of the top-most graphene layer grown on SiC(0001). The first routine, which
is known as the “template method”, consists of two preparation steps. The SiC(0001)
is first annealed at around 1050°C in a borazine atmosphere to grow an epitaxial hBN
layer on SiC. The following annealing at a much higher temperature of 1600°C triggers
the replacement of the hBN layer by a graphene layer, while conserving the crystalline
orientation of hBN [[77}[144]]. The quality of the graphene layer is limited by the quality
of the previous hBN layer. Bocquet et al. [1]] demonstrated that this process can be im-
proved by performing this in one step. Instead of growing the hBN layer as a template,
the sample is directly annealed at around 1300°C in a partial pressure of borazine of
1.5 x 1075 mbar for 30 min. During the annelaing, the borazine molecules act more like
surfactants as there is no hBN layer formed due to the higher temperature, but they force
the formed graphene layer to be aligned with respect to the substrate (rotated by 0°) [1]].
In this work, two different samples were prepared using the surfactant method described
by Bocquet et al. [1]]. The only difference in the preparation of the two presented sam-
ples is the temperature during the annealing in borazine. The first sample was annealed
1330°C, while the second one was annealed at 1380°C. In the following the sample an-
nealed at 1330°C will be referred to as the low-T sample, and the sample at 1380°C as
the high-T sample.

The LEED investigations were performed with an OCI LEED (BDL8SO0OIR). For ARPES,
a Scienta VUV-5k He-lamp (He-I) was used to excite the photoelectrons, which were
then detected by a Scienta R4000 hemispherical analyzer.

5.3 LEED

To determine the presence and quality of graphene, as well as its orientation, both sam-
ples were examined using LEED. Additonally, the surface quality was inspected. The
resulting LEED patterns for both the low-T and high-T samples are shown in Fig.|5.2|(a)
and (b), respectively.

Regarding the LEED pattern of the low-T sample, seven different sets of spots can be
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(a) (b)

Fig. 5.2: LEED patterns obtained from the surfaces of both samples after the graphene
preparation. (a) low-T sample, and (b) high-T sample. The substrate spots are
marked by red circles, the Gr-R0° by cyan circles, and the Gr-R30° by dark
blue circles. The additional5.2} LEED images were recorded at an electron
energy of 100 eV.

identified and marked in different colors in Fig. [5.2] (a). The assignment of the spots,
and the corresponding reconstructions with respect to the substrate are illustrated in Ta-
ble

Two diffraction spots of the substrate (SiC(0001)) are marked with red-colored circles.
Note, that the (00) diffraction spot is not visible in the presented LEED images because
the electron gun of the LEED apparatus, the white obstacle in Fig. is blocking the
view. The other intense spots are marked in cyan circles and form an hexagonal pat-
tern. The cyan spots are aligned with respect to the red substrate spots in azimuthal
direction, but they have a larger reciprocal lattice vector. Therefore, the cyan spots can
be attributed to the unconventionally oriented graphene layer grown in the surfactant-

mediated method. Since this graphene layer is rotated 0° with respect to the substrate,
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it is named Gr-RO° in the following. It needs to be mentioned that the graphene layer is
incommensurate to the SiC substrate. The spots marked with blue circles have the same
reciprocal lattice vector length as the cyan spots, but are rotated by 30° with respect to
the substrate. Therefore, these blue circled spots can be assigned to a second graphene
layer, but with 30° crystalline orientation, or graphene-like zeroth-layer which is an in-
trinsic component located between the epitaxial graphene layer and the SiC substrate.
Hereafter, the conventional epitaxial graphene layer with a 30° orientation is referred to
as Gr-R30° and the graphene-like zeroth layer as ZLG-R30°. Only from the blue spots,
these two structures can not be distinguished [/1, 29, [30, (77} |144]].

Another hexagonal pattern can be observed around the SiC substrate spots, which is
marked by dark green circles. Additional to the hexagonal pattern around the substrate
spot, a triangular pattern closer to the (00) spot is observed. All these spots are part of
the (6v/3 x 6v/3)R30° reconstruction, which is due to the formation of the zeroth-layer
graphene. In the zeroth-layer graphene a third of the carbon atoms is still covalently
bonded to the substrate, which causes the reconstruction on the one hand to be com-
mensurate, but on the other hand, forces a corrugation onto the layer, because the two
hexagonal lattices of SiC and graphene do not fit in a commensurate way. This corru-
gation has also been observed in former STM and theory works, and was shown to be
a (6 x 6) reconstruction [29, 30, 145, |146]]. All the spots belonging to this corrugation
are on the (6\/§ X 6\/§)R30° grid, but not all (633 x 6+/3)R30° spots are (6 X 6).
The visible spots of the (6v/3 x 64/3)R30° which are also belonging to the (6 x 6) cor-

rugation are marked with light green squares additionally to the dark green circles of

Table 5.2: Assignment of diffraction spots for LEED pattern in Fig.

Color Involved Structures Reconstruction
Red SiC (1x1)

Cyan Gr-R0O° incommensurate
Blue Gr-R30° incommensurate
Dark Green ZLG-R30° (6v/3x61/3)R30°
Light Green SiC + ZLG-R30° (6 x 6)

Purple ZL.G-R30° + Gr-R0° incommensurate
Brown SiC + Gr-R0° incommensurate
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the (6v/3 x 6/3)R30° reconstruction. There are two more sets of spots observed in the
LEED image (Fig.[5.2] (a)) which can only be explained by multiple scattering events.
The purple marked spots are caused by multiple scattering at the ZLLG-R30° and the Gr-
RO°, while the brown spots are caused by the multiple scattering at the Gr-R0° and the
SiC substrate. Both of these reconstructions are incommensurate because two layers in-

commensurate to each other are the origin of the two reconstructions [/1, 29,30, [77,|144]].

The spots of the substrate and the two kinds of graphene with different crystalline ori-
entation are also observed on the high-T sample. They are marked in the same way as
for the low-T sample (substrate: red, Gr-R0°: cyan, Gr-R30°: blue). One major differ-
ence to the low-T sample is the intensity changes of several spots: the substrate spots,
the spots of the (6v/3x6+4/3)R30° reconstruction, and the spots resulting from multiple
scattering effects. The reduced intensity of the spots from the ZLG-R30° could be either
caused by the decoupling of the ZLLG-R30° from the surface and hence the loss of the
ZLG-R30° layer or by the growth of additional graphene layers on-top, which result in
a damping of the signal from the lower-lying layers. If the sample is not intercalated as
it was exemplary shown in Chapter 3 and 4, the ZLG-R30° can not be converted into
a graphene layer without growing a new ZLG-R30°. Hence, the loss of intensity has to
be due to the growth of additional graphene layers on top. The growth mechanism upon
annealing of the SiC substrate always results in the existence of a ZLG. Therefore it can
be assumed that the amount of graphene on top of the SiC(0001) surface and the ZLG
is higher than for the low-T sample.

5.4 ARPES

In addition to the structural investigations using LEED, the electronic structures of the
two samples were examined using ARPES. The ARPES data obtained from both sam-
ples are shown in Fig.[5.3] Panels (a) and (c) show the energy distribution map (EDM)
of the low-T and high-T samples, respectively, at the expected position in K-space of
the characteristic Dirac cone of Gr-R0°. For the low-temperature sample, the charac-
teristic Dirac cone is observed, showing the typical linear dispersion close to the Fermi
level (0 eV). This Dirac cone clearly indicates the presence of a decoupled graphene

layer with rotational alignment to the substrate (0°). It is apparent that the intersection
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Fig. 5.3: (a, b) ARPES EDMs recorded at the K, and K3 points of the graphene layers
along the I' K’ direction of the low-T sample, respectively. (c, d) Same as (a, b)
for the high-T sample.

of the two branches of the Dirac cone is not precisely at the Fermi level, but rather at
an energy of approximately 300 meV. The shift towards lower energy indicates that the
graphene is n-doped [[I47]]. Upon closer inspection of the Dirac cone, it becomes appar-
ent that the intersection of the two branches is not a single point, but an elongated kink.
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This behavior has been discussed in the literature and is explained by electron-plasmon
and electron-phonon coupling [[148H150]. In addition to the kinks, it is also noteworthy
that both branches are clearly visible, albeit with different intensities. In the literature,
one branch is often barely observed in ARPES, the so-called “dark corridor”. Gierz et
al. demonstrated that the illumination of the dark corridor of graphene depends on the
polarization and energy of the photon beam used [[I51]]. The generated photons (He-I)
were primarily s-polarized due to the geometry of the ARPES apparatus. This resulted
in both branches being visible, with the branch farther from the T' point being more in-
tense [[151]].

The same region in K-space was investigated for the high-T sample. The EDM is shown
in Fig. @] (b), where the characteristic Dirac cone was also found. Therefore, it can be
concluded that a layer of Gr-R0° is also present on the high-T sample. The observed
doping level of Gr-R0O° for the high-T sample is slightly less n-doped, with the Dirac
cone located at approximately 200 meV. Notably, the Dirac cone of the high-temperature
sample is less intense than that of the low-temperature sample. However, the reason for
this difference is unclear at this point. One possible explanation is that a less homoge-
neous sample could result in less intensity of the Dirac cone. Another possibility is that
the intensity of photoelectron spectroscopy can vary for different samples due to slightly

different setups and the fluctuations in the He-lamp.

The electronic structure of both samples at the K, point was also investigated on both
samples using ARPES. The resulting EDMs are shown in Fig. [5.3] (b) and (d) for the
low-T and high-T sample, respectively. First, looking again at the low-T sample, a band
is observed. This band does not show linear dispersion, but rather parabolic behavior.
Therefore, it cannot correspond to a Gr-R30° layer on the sample. Most likely, the ob-
served band is from the Gr-R0° band close to the M point of Gr-R0°, which has the
same position as a Dirac cone from Gr-R30°. Note that the intensity of this band has
been enhanced by a factor of 15 compared to panel (a) for visual clarity. A completely
different picture emerges for the high-T sample. Here, the characteristic Dirac cone of
Gr-R30° is present. This cone clearly proves the existence of Gr-R30° on the high-T
sample. Note that the intensity was again enhanced by a factor of 15. This lower inten-

sity could indicate that Gr-R30° is below Gr-R0° due to damping of the photoelectrons
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by the top layer or that the amount of Gr-R30° is much lower than the amount of Gr-
RO°. Neither the ARPES nor the LEED results provide information about the number
of graphene layers with the two different rotations. Therefore, the two samples were

transferred to a LEEM apparatus to examine their morphology and layer number.

5.5 LEEM

LEEM images of both samples are depicted in Fig. [5.4] Each has a field of view of
30 um and represents the surface morphology observed on both samples over a larger
area (>200 pum). The surface of the low-T sample is highly uniform. Its dominant fea-
tures are parallel lines that extend continuously across the field of view. These lines are
identified as step edges, which define the boundaries of surface terraces on the SiC sub-
strate. The consistent parallelism and continuity of these step edges suggest an ordered
surface structure. Additionally, the surface of the low-T sample has a small number of

dark spots that are interpreted as isolated defects.

In contrast, the surface of the high-T sample demonstrates a greater degree of inhomo-
geneity. The image reveals variations in brightness and darkness on a sub-micrometer
scale, indicating spatial non-uniformities. Although the step edges are still visible, they
appear fainter and less distinct than those of the low-T sample. These step edges are
discontinuous and have a significantly higher density. This increased density and frag-
mentation suggest that the SiC substrate’s step morphology underwent more pronounced
restructuring or roughening during annealing at a higher temperature. Additionally, the
surface of the high-T sample has a higher density of dark contamination spots. These

spots are generally smaller than the defects observed on the low-temperature surface.

Further details about the regions with different contrast can be found in the LEEM-
IV curves, particularly in the number of minima within the displayed energy range.
The number of minima corresponds to the number of graphene layers on the SiC sub-
strate. Note that this assignment of minima to layers is only valid for epitaxially grown
graphene on SiC(0001) [31}[34, [I52H154]]. Hence, LEEM-IV measurements were used

to investigate the stacking configuration of the graphene layers on both samples at a
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(b)

low-T sample
high-T sample

Fig. 5.4: (a) Bright field (BF) LEEM image of the low-T sample, taken at an electron
energy (start energy) of 1.66 eV with a field of view (FoV) of 30 um. (b) Same
as (a) but for the high-T sample.

spatial resolution. In LEEM-IV measurements, LEEM images are recorded at various
electron energies, and then the intensity of each pixel in the stack of LEEM images
is plotted against the electron energy. First, the low-T sample will be discussed. The
LEEM image of the area selected for LEEM-IV is shown in Fig.[5.3](a). It has a smaller
section size of 9.0 x 7.5 um, and the energy range was set to 0 - 5.9 eV in 0.1 eV in-
crements. The image in Fig. 5.3] (a) is from the LEEM-IV stack at E = 2.5 eV from
the low-T sample. This energy was chosen because the terraces, step edges and defects
can be well distinguished. Note that the step edges are brighter than the terraces at this
energy. In addition to the homogeneous, dark grey terraces, dark and white lines and de-
fects are also observed at this electron energy (2.5 eV). The white lines originate from
the step edges of the SiC(0001) surface.

At each pixel of this LEEM image, a LEEM-IV curve with a starting energy from 0.0 to
5.9 eV was recorded. LEEM-IV data are usually processed by selecting several regions
with the same contrast, integrating them, and coloring the different regions for visualiza-
tion. However, this method often fails to accurately reflect the transition areas from one

region to another. To avoid this potential issue, the data was processed pixel-by-pixel.
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Fig. 5.5: (a) BF LEEM image of the low-T sample, recorded at £ = 2.5 eV. LEEM-IV
data (E = 0 to 6 eV) were recorded for this surface area. (b) False color image
showing the clustering of the LEEM-IV curves. (c-e) All LEEM-IV curves
measured for the surface area shown in (a). They have been assigned to three
clusters using the K-means algorithm. The white curves in the middle of each
cluster represent the average of all spectra assigned to that cluster. (f) Average
curves of the three clusters (red: cluster I, green: cluster II, blue: cluster III).

Afterwards the K-means clustering algorithm was implemented to process the LEEM-
IV dataset [[I53]. Further details on the implementation of the K-means algorithm for
LEEM-IV analysis can be found in Ref. [133]]. This K-means algorithm was used to
assign these curves to three clusters. The pixels corresponding to each data point were
colored according to their cluster assignment, as it is shown in Fig. 5.3](b). Most of the
pixels were assigned to cluster I (colored red). This cluster corresponds to the homoge-
neous, grey terraces seen in the BF-LEEM image. Cluster II (colored green) contains the

white defects and step edges, while cluster III (colored blue) contains the dark defects.

65



5 Epitaxially grown twisted bilayer Graphene on SiC(0001)

(a) BF LEEM (b) magnified image (c) averaged curves
l\ ) i T 5 FT T T T T B
@4
€
3
g3
kS
>
'E’ 2
2
£
Cluster | Cluster Il Cluster | E (eV)

Fig. 5.6: (a) A bright-field LEEM image of the same area shown in Fig. (a) but
recorded at an electron energy of 3.2 eV. At this energy, the contrast between
the step edges and the terraces is more pronounced. (b) A magnified portion
of the image in (a), indicated by the white rectangle, showing a vertical step
edge. The image size is 360 x 300 nm? (12 x 10 pixels). The colored dots mark
nine pixel columns, each containing ten pixels, oriented parallel to the step
edge. The red and green bars at the bottom of the image indicate which cluster
the pixels in the corresponding columns were assigned to in Fig. 5.3] (b). The
vertical dashed white lines mark the borders between clusters I (red) and II
(green). (c) Averaged LEEM-IV intensities from the marked columns in panel
(b). Neighboring spectra are vertically displaced by 0.3. The color coding cor-
responds to the colored dots in panel (b).

The corresponding false color image of the LEEM image is shown in Fig. 5.5 (b). This
cluster mapping shows a homogeneous sample across the terraces, as it was already ex-
pected from the BF-LEEM image.

The LEEM-IV curves in cluster I exhibit a shoulder at approximately 1.5 to 2.0 eV, as
well as an intense minimum around 3.2 eV. These features are characteristic of mono-
layer graphene grown on SiC. Therefore, LEEM-IV indicates that the majority of the
observed region is an unconventionally oriented single graphene layer (Gr-R0°) on top
of the ZLG-R30°.

To identify cluster I, it is neccessary to examine closer the areas where Cluster I borders
Cluster II. Therefore, Fig. 5.6 provides a closer look at one of these borders. Fig.[5.6(b)

is a zoomed-in image of Fig. B.6] (a), showing the area marked by the white rectan-
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gle. This image shows the transition from one terrace to the next via the step edge.
Two dashed white vertical lines mark the borders between the different assignment to
clusters I and II. To understand the change in LEEM-IV profiles across the step edge,
the corresponding LEEM-IV curves are shown in Fig. [0.6| (c). Note that the LEEM-IV
curves shown are averaged across each column of the image in Fig. [5.6] (b). The colors
used for the curves correspond to the marked spots in Fig. 5.6 (b). These LEEM-IV
curves do not show an abrupt change in profile, but rather a gradual transition from the
profile across the terrace. First one minimum is observed, then a mixture of a flat line
and two minima around the step edge, and in the end again the single minimum is seen
on the next terrace. These two minima suggest the presence of two graphene layers at
this point, which differs from the single graphene layer on the terraces. Therefore, it can
be concluded that growth of the second layer is beginning at the step edges and expand-
ing over a range of 150 nm. Note that the LEEM instrument’s resolution is much lower
than the pixel size shown, so this constant change does not result from a mixture of two
areas. Further experiments with longer annealing times have also shown that the growth
of the second layer continuously increases further away from the step edges. However,

before a complete second layer forms, a third layer starts to grow again at the step edge.

Cluster III represents the dark spots in the BF-LEEM image and corresponds to defects
in the terraces. The LEEM-IV curve of cluster III is a combination of the LEEM-IV
curves of cluster I and II. For the energy range of 2 to 4 eV, cluster III has the same min-
imum at around 3.2 eV as cluster I. However, the LEEM-IV curve of cluster III shows
the behavior of cluster II below and above this energy range. Note that Cluster III is
mainly visible in the LEEM image at an energy of 2.5 eV. This is not the case for most

other energies below 6 eV.

As it was already evident from the large-area BF-LEEM image shown in Fig. 5.4 (b),
the sample appears to be inhomogeneous. To understand the differences in contrast,
LEEM-IV measurements were also performed on the high-T sample. They were again
analyzed pixel-by-pixel and a clustering using the K-means algorithm was tried. How-
ever, the clustering of the different LEEM-IV curves into a physically reasonable num-
ber of clusters failed. Hence, pre-clustering into a manageable number of clusters was

performed (in this case, 100 clusters). These clusters were then manually assigned to
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Fig. 5.7: Results of the clustering of LEEM-IV curves recorded for the high-T sample
using the K-means algorithm. (a-f) Bundles of spectra that were sorted into six
different classes, indicating graphene stacks consisting of one, two, ... five and
more than five layers. The opacity of all curves is set to 0.01. White curves
represent the average intensity of each bundle. (g) Average curves of each
cluster (white curves from (a-f)). (h) False color representation of the surface
area that was selected for the LEEM-IV analysis.

fewer groups based on the number and energy position of their minima. Inaccuracies in
the clustering are, of course, possible when the assignment is done manually. This as-
signing resulted in a total of six clusters, one for each of the first five layers, as shown in
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Fig. 5.7 (a-e). The sixth cluster (Fig. 5.7 (f)) represents the areas, where the LEEM-IV
curves are flat. These curves do not allow an exact identification of the number of layers.

The average curves of each cluster are plotted in Fig.[5.7)(g) for better comparison.

The heterogeneity of the graphene layers was evident in the BF-LEEM images, but the
number of layers could only be determined through LEEM-IV analysis. In this sample,
the majority (= 55%) consists of two to four layers of graphene. The desired 30° TBLG
was observed on only close to 20% of the surface. This distribution of the layers can also
be well estimated by looking only at the false color image in Fig.[5.7] (h). It is apparent

that the high-T sample is much more heterogeneous than the low-T one.

In summary, the low-T sample shows a homogeneous Gr-R0° layer on top of the ZLG-
R30° layer with very small patches of a starting Gr-R30° layer starting from the step
edges. In contrast, the high-T sample shows a Gr-R0° layer with Gr-R30° layers of dif-
ferent thicknesses beneath. In general the high-T sample is very inhomogeneous. Note,
that the only difference in the preparation of the two samples is the difference in the an-
nealing temperature of 50°C. Therefore, it is crucial to exercise extreme caution when
annealing SiC substrates for graphene growth, as the exact annealing temperature signif-
icantly affects the resulting graphene layer(s). Further experiments on varying annealing
parameters have shown that it is impossible to produce a sample consisting of only one
layer of Gr-R0° and one layer of Gr-R30° using proper annealing parameters. In order
to obtain high quality epitaxially grown twisted bilayer graphene with a twist angle of
30°, intercalation, for example with hydrogen, of the low-T sample is a promising way
to achieve this [31},[55], (132, 156, [157]].
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6 Exfoliated Twisted Bilayer
Graphene

The sample preparation and the acquisition and analysis of the STM and STS data was

done by the author and S. Wenzel in collaboration.

6.1 Introduction and Motivation

Exfoliation and stacking is a popular method in fundamental research for the prepara-
tion of individual heterostructures. This is also true for twisted bilayer graphene (TBLG)
samples studied by scanning tunneling microscopy (STM). STM is a great tool for mea-
suring local changes in topology, and it also allows you to investigate density of states at
the measured position. A lot of work has been done on TBLG with small twist angles,
mostly close to the magic angle (=1.05°), showing that the general idea of studying
TBLG in STM is worth the effort. While there are many publications on small twist
angles [18}, |19, 21}, 22}, |64H71]l, STM studies on large twist angles of TBLG are still
lacking, especially in the range of 20° to 30°. There has been some work on the epitax-
ial preparation of 30° twisted TBLG on SiC using borazine as a surfactant as shown in
Chapter 5 and by Bocquet et al. [1]], but no exfoliated and stacked hetereostructure for
STM studies.

For a long time, the community expected that large twist angles would not show any
interesting physical phenomena. This belief has been contradicted by some theoretical
work in recent years. The first paper claiming interesting physics was published by Pal
et al. in 2019. [[76] According to them, when the twist angle is 21.78°, the Moiré pattern
shows a Kagome lattice and gives rise to two distinct regions, one being locally gapped

and the other one locally ungapped. This leads to the localization of the electrons. The
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localization of the electrons as well as the local changes in the band gap, indicate the
existence of topologically protected states forming a geometrically frustrated network
along the boundaries of the gapped and ungapped areas. This network leads to flat bands
around the band gap. A second theoretical work was published shortly afterwards by
Park et al. [75]], who also investigated a twist angle of 21.78° and found a different
phenomenon. They propose that topological corner states arise in TBLG. These corner

states should have fractional electron charges.

In STM, two of these phenomena are potentially observable. On the one hand, the local
change of gapped and ungapped regions can be studied with the high lateral resolu-
tion of a low temperature (LT)-STM. Here, potentially also the topologically protected
states are observed. On the other hand, scanning tunneling spectroscopy could be used
to show the rise of flat bands near the bandgap. Another possibility is to perform doping-

dependent experiments on a heterostructure sample.

In this chapter, the goal was to examine a large-twist-angle TBLG sample and to look

for both the gapped and ungapped areas as well as check for flat bands.

6.2 Materials and Methods

The method of exfoliation and stacking is applied in this chapter, which can be used to
assemble heterostructures. Therefore, the preparation of the sample used in this work
is described in detail. Here, a brief summary of the steps required is given, while the
desired heterostructure with its various layers is shown in Fig. For exfoliation,
the Si/SiO, wafer needs to be cut and cleaned, the graphite bulk material needs to be
thinned, and then the graphene is exfoliated onto the wafer. On these wafers, all the
desired flakes are searched for. The selected flakes are then picked up one by one with a
polymer stamp to transfer them to a STM-ready Si wafer piece with a gold structure on-
top. The final stack will be from top-to-bottom: graphene, graphene, hBN, graphite, Au,
Ti, SiOs, as can be seen in Fig. [6.1] The required steps to achieve this heterostructure
will now be discussed in detail. For the exfoliation and stamp production, supporting
photographs are shown in Fig.
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2x 1ML
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deposited
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Graphene
Graphene

Graphite
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Fig. 6.1: Schematic representation of the stack for STM. This plot is not to scale.

First, the cutting and cleaning of the Si wafer is described [158]]. The Si wafer with the
top 90 nm oxidized to SiO, is cut into small pieces, about 1 cm x 1 cm, using a diamond
cutter. The resulting wafer pieces are then cleaned in several steps. First, pressurized ni-
trogen is used to blow away loose residues from the cutting process. Second, the wafer
pieces are cleaned in an ultrasonic bath for 15 minutes using acetone as a solvent. They
are then transferred twice into isopropyl alcohol (IPA) to remove acetone residues. Fi-
nally, the wafer pieces are placed on a hot plate at 100°C where any remaining solvent

is blown off with pressurized nitrogen.

The exfoliation process is discussed here for graphene as an example. The process for
hexagonal boron nitride (hBN) is similar [|159]. Graphite bulk material is placed on a
Scotch tape. It is important to ensure that no part of the graphite protrudes from the
tape. These parts should either be pressed onto the tape or removed with tweezers. Then
another piece of Scotch tape is placed on top of the piece of Scotch tape holding the
graphite flake, and then carefully removed so that pieces of the graphite flake are on
both pieces of Scotch tape. This process is repeated several times with all of the avail-
able graphite material on the various tapes. The goal is to make certain areas of the
graphite so thin that they are partially transparent.

The Scotch tape with the semi-transparent graphite flake is then placed on one of the
wafer pieces that are removed from the hot plate at 100°C. The attached Scotch tape
is shown in Fig. [6.2] (a), where the small blue areas indicate the very thin areas of the
graphite (as indicated by the red arrows). It is then massaged using a semi-flexible piece
of plastic, such as the tip of a disposable pipette or a silicone thimble, for 30 s to 1

min, see Fig. (b), in order to support the homogeneous transfer of the graphene and
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Fig. 6.2: Photographs of the exfoliation and stamp fabrication process. (a) Scotch tape
with thin areas of graphene (marked with red arrows) placed on a fresh wafer.
(b) Massaging the graphene with the tip of a disposable pipette. (c) Heating
the wafer with the Scotch tape on the hot plate for 5 min at 100°C. (d) Peeling
off the scotch tape from the wafer. (e) Scotch tape with a hole (cyan circle)
after picking up the PC film (red rectangle). (f) PDMS drop on a microscope
slide. (g) Combining (e) and (f) to form the stamp, while placing the hole from
(e) onto the drop from (f). (h) Schematic drawings of the resulting PC stamp
(gray: objective glass, cyan: PDMS drop, red: PC film, black: Scotch tape with
hole); the top is a side view and the bottom is a top view.
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graphite parts from the Scotch tape to the wafer piece. These wafer pieces with Scotch
tape attached are then placed back on the hot plate for 5 min at 100°C, see Fig.[6.2] (c).
Finally, the scotch tape is carefully and very slowly removed, keeping a small distance
between the wafer and the Scotch tape, as shown in Fig. [6.2] (d). It is useful to employ

tweezers for both holding the wafer and removing the tape.

Next, optical microscopy is used to look for thin flakes of the 2D materials on the wafer
pieces. The thickness of a flake can be identified by its specific color, especially the
green value (RGB) [[158} (160, [161]]. This green value can be extracted with the micro-
scope software. Several spots on the flake (e.g. G: 112) and on the bare substrate (e.g.
G: 121) are checked for this value. If the difference from the substrate to the flake in the
green value is about 7-8%, this indicates monolayer graphene, while multiples of this
percentage indicate bi- or trilayer graphene (exact values differ for different 2D mate-
rials) [[158}, [161]]. From all the identified flakes, the preferred ones for a specific sample
are selected and then prepared for transfer using a polymer stamp. To this end, a poly-

mer stamp must be prepared for the transfer and stacking process.

A microscope slide (as used in standard optical microscopy) is used as the basis for the
stamp. A drop of polydimethylsiloxane (PDMS) is placed on the slide to give the stamp
a certain curvature (compare Fig.[6.2](e)). This is made of PDMS because of its flexibil-
ity and transparency. However, PDMS is not well suited for the pick-up of monolayers
of graphene. Therefore polycarbonate (PC) was used as the transfer polymer contacting
the flakes. A 6 wt.% solution of PC in chloroform was first spin-coated onto a separate
microscope slide for 1 minute at 1500 revolutions per minute (rpm). The PC film was
then peeled off the glass slide by attaching a Scotch tape with a hole in the center, as
shown in Fig.[6.2](f). The hole in the Scotch tape with the PC film is then placed over the
top of the PDMS drop to cover the top curvature of the PDMS drop, while the Scotch
tape covers the rest of the PDMS drop, see Fig. (g). The PC stamp, the combina-
tion of microscope slide, PDMS drop and PC film, is now ready to be used, i.e. for the
transfer of 2D materials [[I58]]. Schematic side and top views are shown in Fig. [6.2] (h)

to further clarify on the specific layout of the stamp.

This PC stamp is then mounted into the manual transfer stage (commercial transfer stage
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Fig. 6.3: Photos of the glovebox (left) and the transfer stage (right).

from hq graphene), which is located inside of an argon-filled glovebox, both shown in
Fig. The transfer stage consists of an x,y,z stage for the sample, an x,y stage for the
stamp, and a microscope that can be moved in z direction and has three different lenses
(5x, 20x, 50x magnification). The temperature of the sample stage is controlled by a
commercially available controller. This setup is used to transfer the flakes and assemble
the desired heterostructure.

Before assembling the heterostructure, the environment of all desired flakes must be
cleaned to avoid picking up additional, unwanted flakes that are created in the environ-
ment during the exfoliaton process. This can be accomplished by using a stamp with a
polyvinyl chloride (PVC) film on top instead of a PC film. These PVC stamps can pick
up flakes and dirt without the need to melt, which is necessary for the PC film. There-
fore, the stamp is placed in the vicinity of the desired flake, the wafer is heated to 70°C,
then the contact area of the stamp can be moved around on the wafer to pick up or push
all flakes in contact away from the desired flake. In this way, all unwanted flakes can
be removed. At the end, the PVC film is removed from the stamp and a new PVC film
is placed instead to prepare the stamp for later cleaning tasks, Hence, each PVC film is
single-use. This type of stamp is not only used for cleaning, but is also often used for

stacking heterostructures, as in the newly discovered flip-technique by Jin et al. [46]].
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However, this technique does not work well with graphene monolayers, because in our
experience PVC tends to destroy monolayers and sometimes the pick up and drop down

does not work reliably.

For stacking, the flakes must be picked up in the reverse order (top down) of the final
stack to be investigated. The stacking order is shown in Fig.[6.1] Stacking starts with the
top layer, here a graphene flake. The stacking itself is done with the PC stamp under the
optical microscope of the transferstage. The first graphene flake is picked up by slowly
touching the wafer next to the desired flake with the PC film on the stamp at 90°C. The
sample is then slowly heated up to 130°C until the contact area of the PC film has rolled
over the flake due to the thermal expansion of the polymer. Once the entire flake is cov-
ered by the contact area of the stamp, the sample is slowly cooled to pick up the flake

and carefully lift the stamp from the sample surface.

This procedure is repeated for all the flakes that will form the desired heterostructure,
since the entire pick-up and assembly of the heterostructure is done with one stamp.
However, care must be taken to align the flakes. The substrate with next graphene flake
is rotated with respect to the first graphene flake on the stamp so that two long straight
edges of these graphene flakes have the desired twist angle with each other, in this case
30°. These long straight edges are either armchair or zigzag terminated, with the zigzag
termination being energetically favorable. [[162H164]] Therefore, it is assumed that the
desired twist angle can be achieved by visually judging the straight edges to obtain the

desired twist angle.

In the next step, a smaller but thicker hBN flake is placed under the twisted bilayer
region of the graphene flakes. The hBN flake is meant to act as an insulating layer be-
tween the twisted bilayer graphene and the surface that needs to be conducting in order
to perform STM experiments. The last layer is a large and thick graphite flake, which

acts as a flat support for the heterostructure.
The whole heterostructure is then placed on a Si wafer at 200°C, which is coated with

10 nm Ti and then 90 nm Au. Au is used because it interacts weakly with the 2D ma-

terials but is conductive, which is crucial for the STM experiments. The thin Ti layer
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supports the adhesion of the Au to the wafer. Since these deposited metal layers have
a quite high roughness (RMS of about 800 pm), the graphite flake is needed to reduce
the vertical strain on the graphene flakes and flatten the heterostructure. To remove the
remaining residues of the polymer-assisted transfer, the sample is progressively cleaned
in chloroform, acetone, and isopropyl alcohol. To first verify the successful assembly of
the heterostructure, the obtained sample is examined by optical microscopy. In Fig.
a large overview image of the Au pattern (light yellow) on the wafer (substrate is blue)
and the position of the deposited heterostructure is shown in panel (a), while a closer
view of the heterostructure is shown in panel (b). Here, the individual flakes of the stack
are all still visible, as indicated by the arrows and in case of the graphene by an outline.

Possible damage to the individual flakes during the transfer could also be observed.

Since the lateral resolution of the optical microscope is limited, the assembled het-
erostructure is additionally examined by atomic force microscopy (AFM) under ambient
conditions to check the quality of the transfer in more detail. The AFM images shown
in Fig. [6:3] were measured in contact mode. Panel (a) of Fig. [6.3] displays an overview
image of the assembled heterostructure on the Au-coated Si-wafer. The AFM image
shows the large graphite flake and the smaller hBN flake (indicated by the red arrow).
At this scale, the two deposited graphene monolayers are difficult to observe, but can
be identified by looking at the bubbles and edges of the flakes. This becomes clearer
in the enlarged image in panel (b) of Fig. [6.5] Here the edges of the graphene flakes

are marked by gray arrows at some positions. An important aspect is whether the hBN

SiO- / Si

hBN
20 ym

Fig. 6.4: Optical microscopy images of the twisted bilayer graphene on hBN het-
erostructure placed on the gold pre-pattern. (a) 5x magnification lens used.
(b) 100x magnification lens used.
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flake is completely covered by the graphene flakes. In addition, it should be ensured that
the graphene flakes are still in the correct position and do not show any damage. This
could cause the STM tip to come into direct contact with the hBN and potentially cause

a crash.

Besides the visible edges of the graphene flakes, contaminations, buckles and bubbles
are also observed. These, however, introduce potential interference with the subsequent
STM investigations. Therefore, two additional steps were taken to address these issues.
First, the assembled heterostructure was annealed in 1.3 bar of a mixture of hydrogen
and argon (4% H) at 400°C for 3 hours. This flattens the topmost flakes and removes
some of the impurities [163]]. To further reduce the remaining contaminations and bub-
bles due to the polymer-assisted transfer after annealing, the area shown in Fig. (b)
was scanned several times in contact mode (scan speed: 20 wm/s, setpoint: 3000 mV)
with the ambient AFM. Taking advantage of the tip moving over the surface, the dirt

particles are pushed to the edges of the image frame. Because the tip exerts pressure on

Graphene
Edge

0.0 ym 0.4pum 0.0 nm 150 nm

Fig. 6.5: AFM images of twisted bilayer graphene on hBN before annealing in H/Ar
atmosphere. (a) 100 um x 100 um field of view (scan speed: 60 pm/s, setpoint:
300 mV). (b) 20 um x 20 um field of view (scan speed: 12 wm/s, setpoint: 1000
mV).
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0.0 nm 150 nm 0.0 nm 80 nm

Fig. 6.6: AFM images of the twisted bilayer graphene on hBN (a) before and (b) after
annealing in H/Ar atmosphere. 20 pm x 20 pum field of view (scan speed: 12
pm/s, setpoint: 1000 mV).

the surface, the amount of bubbles in the graphene layers can also be reduced. Subse-

quently, the resulting sample was again examined by AFM under ambient conditions

(see Fig. [6.0).

Comparing Fig. with Fig. (b), a large piece of dirt on the left side has been re-
moved by annealing and AFM sweeping. In addition, the amount of bubbles and buck-
les has been greatly reduced. Finally, the desired quality of the obtained heterostructure
sample is achieved.

The assembled heterostructure needs to be grounded in order to study the sample in the
STM, to avoid charging effects and to drain the tunneling current in the STM. This is ac-
complished by bonding the Au pad on the Si wafer to the sample plate using Ag-epoxy
glue. Here, a two-component Ag-epoxy from Epoxy Technology (EPO-TEK H20E-FC)
was freshly mixed (ratio 1:1) and then applied to bond the Au pad with the sample plate.
The Ag-epoxy was then cured in the glovebox at 100°C for 1 hour. A photograph of the

grounded sample mounted on an Omicron sample plate is shown in Fig[6.7) (b).
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Y
Heterostructure

Fig. 6.7: (a) Photograph of the mounted and contacted sample during the transfer to the
UHV system. (b) Zoom in on the sample.

Fig. (a) shows the loadlock of the used STM chamber during the transfer of the
sample into UHV. In the center (blue arrow) the sample garage is visible and at the top
left the sample plate including the contacted sample (red arrow) is visible, while it is
grabbed by the wobblestick. In Fig. (b) the layout of the omicron sample plate is
shown, with the Si wafer with the assembled heterostructure on top (marked in red)
screwed to the sample plate. The small silver line on the bottom side of the sample
(marked in blue) is the Ag-epoxy that connects the Au pad on the wafer to the clamp
on the sample plate, thus grounding the heterostructure to the sample plate. The sample
itself was transported in air into the UHV system, and then transferred to the preparation
chamber and annealed at 230°C - 240°C for 45 minutes to remove any contamination
from the air transport. The sample was then transferred to the LT-STM chamber and was

ready for STM examination at a temperature of 6K.

6.3 Scanning Tunneling Microscopy

In the following, the STM investigations on the previously described sample are dis-

cussed. It is particularly important to note that the process of measuring STM on a het-
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Fig. 6.8: Photograph of the tip being close to the gold pad on the wafer, utilizing the
optical access of the used STM.

erostructure differs from that of studying a single crystal (with or without an adsorbate
on top) or an epitaxially grown sample due to the size limitation of a heterostructure,
increasing the difficulty of the STM investigations. Therefore, the procedure of placing
the tip over the heterostructure is discussed before the observations are described in de-
tail. The optical access of the STM machine used is shown in Fig. Here the tip is
approaching the gold pad, which has the highest contrast in the optical image (almost
white). Since the surrounding SiO, wafer is insulating, it is important to approach on
the gold pad to avoid physical contact between the tip and the wafer or heterostructure.

Otherwise, the tip and the heterostructure could be damaged.

Once the tip is safely approached, the routine of navigating to the heterostructure on the
gold pad begins. To facilitate this, the gold pad is designed in a stepped shape. This gold
edge can be scanned and followed until a corner is reached that shares some x- or y-
position with the desired heterostructure (originally planned during transfer and verified
by optical microscopy). Once the graphite is hit, large scans are made to clearly iden-

tify where exactly the tip is positioned by comparing distinct features in the previous
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recorded AFM image and the STM image. Before hitting the hBN edge with the tip, the
tip is retracted and moved towards the expected position of the graphene layers. This is
performed to avoid scanning the hBN edge itself. Since hBN can cause damage to the
graphene on top [23]], it may be exposed at the edge of the flake, so the tip could make
physical contact and in the worst case destroy the heterostructure, or the tip could pick
up insulating particles from the surface. If this happens, the tip must be re-prepared on
the gold pad with a certain distance to the heterostructure to avoid damage by pulsing

the STM tip, which can lead to loss of position.

On this sample, two different regions were investigated by STM: TBLG on hBN and
TBLG on graphite. Both regions are discussed separately, with a focus on TBLG on
hBN.

6.3.1 TBLG on hBN

In this section, the region of twisted bilayer graphene on hBN is discussed. Different
scales have to be distinguished, especially 6 nm x 6 nm and 40 nm x 40 nm. The first is
to look at a very small region and check for the topmost graphene layer. This is shown
in Fig.[6.9]panel (a) with a 6 nm x 6 nm field of view. Here the typical hexagonal pattern
of graphene can be observed with atomic resolution. To determine if the lattice vectors
are in agreement with the literature, line profiles along different crystal directions can

be used.

A typical line profile along a crystal direction is shown in Fig. [6.9] (b) as an example.
The distance of multiple maxima in this line profile is divided by the number of max-
ima to reduce the statistical error. This procedure was repeated for different lines, also
along other crystal directions. The averaged lattice vector of the three crystal directions
is (2.47 + 0.01) A. This value is in excellent agreement with the lattice constant of
graphene of 2.46 A recorded in literature [[166]. Besides the average lattice vector, the
measured lattice vectors along the three different crystal directions are identical, indi-

cating that there is no appreciable lateral strain on the topmost graphene layer.

In Fig. (a) a 40 nm x 40 nm STM image is shown. This larger area can also be
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Fig. 6.9: STM image of twisted bilayer graphene on hBN. 6 nm x 6nm field of view
(+100 mV, 50 pA), and line profile along the blue arrow in the STM image.

used to independently determine the lattice vector. If a Fast Fourier Transform (FFT)
of the STM image is calculated, the length of the graphene lattice can be determined
by measuring the distance of the graphene spots to the center of the FFT in reciprocal
space (b). This distance is then converted back to a real space distance (a)

_ 1
~ bsin (2

6

a

6.1)

This calculation yields a value for the graphene lattice of 2.46 £+ 0.6 pm, which is in
agreement with the result of line profile analysis. The results for the two different meth-
ods are additionally shown in Table

Regarding Fig. (a), the atomic resolution is not the only interesting feature. At a
larger scale, a hexagonal pattern with a higher apparent height can be observed in the
STM image. This pattern is attributed to the moiré of the top two layers, both graphene
layers. This moiré is induced by the twist angle between the two graphene layers. The

length of the moiré is characteristic for a certain twist angle. Therefore, the twist angle
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(a) Graphene-Graphene Moiré
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Fig. 6.10: (a) STM image of twisted bilayer graphene on hBN. 40 nm x 40nm field of
view (+200 mV, 100 pA), (b) STM image from (a) with FFT filtered image
overlaid, (c) FFT of the STM image in (a), (d) zoom in to the center of (c).
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Table 6.1: Measured lattice constants for graphene.

method lattice constant (pm)
line profile 2.47 +0.01
FFT 2.46 £ 0.06

0 of the twisted bilayer graphene on hBN can be determined using the expression [[167,
168]]

_ (I+6)a
- V2(1+0)(1 — cos()) + 62’ (6.2)

where A is the measured wavelength of the moiré pattern, § is the lattice mismatch
between the two layers, a is the lattice vector, and 6 is the twist angle between the two

layers. Rearranging yields

54+ 12002 — g2
g = M ) 6.3)

2X2(0 + 1)
In the case of twisted bilayer graphene, the lattice mismatch ¢ of both graphene layers

is zero. Therefore, the expression simplifies

A2 — g2

0= BV (6.4)
The moiré length A can be determined in two different ways, similar to the lattice con-
stant: First, the distance from one moiré maximum to the next can be measured using
the real-space image. Second, the distance can be determined from the FFT in recip-
rocal space. The reciprocal pattern of the moiré of both graphene layers is shown in
Fig. (c) by the inner hexagonal spots marked by red circles. The moiré length was
investigated in several images, both in real space and in the FFT, with partly larger field

of views and determined to be (11.6 = 0.7) nm, which corresponds to a twist angle of
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Table 6.2: Measured lattice constants for the moirés of graphene-graphene and
graphene-hBN.

moiré method moiré length (nm)
graphene-graphene real space 11.56 £+ 0.07
graphene-graphene FFT 11.64 + 0.07
graphene-graphene averaged 11.61 £0.07
graphene-hBN FFT 292 £0.01

1.2° between the two graphene layers. This determined twist angle is far from the de-

sired one, the reason and possible solutions will be discussed later.

A more thorough examination of Fig. (c) reveals that the hexagonal pattern exhib-
ited by the graphene-graphene-moire is slightly distorted. Two potential explanations
are posited. The initial observation is that the hexagon appears to be distorted solely
due to the low resolution of the FFT, which is constrained by the scan range of the STM
image. This phenomenon becomes evident upon examining the dimensions of each mea-
surement pixel in the FFT. An alternative hypothesis is that the lower graphene layer is
distorted, as only the top graphene layer was observed in Fig. This phenomenon

would also result in a distortion of the hexagon.

Also the additional hexagonal moiré, marked by black circles in Fig. (d), shows a
distortion. This moiré pattern is due to the twist angle between the lower graphene layer
and the underlying hBN layer. Here a moire length of (2.923 + 0.004) nm is determined,
resulting in a twist angle of 4.7°. This moiré is barely visible in the original real space
STM image. To make it visible, a filtering technique for STM images can be applied:
2D-FFT (Fast Fourier Transform) filtering. Here, only the intensity of certain regions in
the FFT is plotted in real space. In Fig. [6.10] (b), the STM image in Fig. [6.10| (a) has
been overlapped with the FFT filtered image, selecting only the moiré pattern belonging
to the graphene and hBN interaction. Looking at this overlapped image, it can be seen
that the minima and maxima of the graphene-hBN moiré are not distributed identically

on the maxima of the graphene-graphene moiré. Hence the graphene-graphene moiré
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Fig. 6.11: Moire simulation of TBLG on hBN with twist angles 1.2° between the two
graphene layers and 4.7° between the lower graphene and the hBN layer. The
strength of the hBN pattern is attenuated by a factor of 0.3.

and the graphene-hBN moiré are incommensurate with each other. The assignment of
the two different moiré patterns to the specific layers is based on their relative intensi-
ties. This is due to the fact that the STM intensity is strongly dependent on the height.
Therefore, the more intense moiré is attributed to the interaction of the top two layers

(the graphene-graphene moiré).

A more detailed understanding of the combination of the two moiré patterns can be
obtained by performing a simulation. Here the atoms of all three layers (graphene,
graphene, hBN) are plotted with their respective lattice constants and determined twist
angles. For graphene a lattice constant of 2.460 A was used, for hBN 2.502 A. The twist
angles are 1.2° and 4.7° for the graphene-graphene interface and the graphene-hBN in-
terface, respectively. The resulting image is shown in Fig.

The hBN layer intensity has been attenuated by a factor of 0.3 to reflect the intensity
ratio of the dominant graphene-graphene moiré to the graphene-hBN moiré, but still
keeping the intensity of the graphene-hBN moiré higher to visualize it more strongly

than in the experimental image. When comparing the simulated moiré pattern with the
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measured one, the incommensurability of the two moiré patterns in the measured pat-
tern is not observed in the simulated one because on all the graphene-graphene moiré
maxima, the minima and maxima of the graphene-hBN-moiré are similar. This effect
can be explained by the existence of a super-moiré in the experimental data due to the
overlap of the two moiré patterns [[I69]. This super-moiré is of much lower intensity and
has a larger moiré length. In the simulation this effect is not included due to the very
simple model of generating the moiré patterns. In addition, the simulation only reflects

the topography in a simple way, but does not consider any electronic effects.

In addition to the STM images, scanning tunneling spectroscopy (STS) data were recorded.
The data are discussed in terms of potential explanations for the observed peaks and
features. To gain a more detailed understanding of the underlying physics and explicitly
assign the observed peaks to specific physical phenomena, collaboration with a theo-
retical physicist would be necessary. However, this was beyond the scope of this thesis.
The potential existence of superconductivity could not be explored due to the limitations
of the available STM system, which had a base temperature of about 6 K. The critical

temperature observed for magic-angle TBLG superconductivity is 1.7 K [[16]].

First, a large energy range from -500 mV to +500 mV is shown in Fig. Two sets of
features are observed, one at approximately =200 mV and the other at approximately
0 mV. Both are marked with arrows in Fig. [p.12] These peaks are caused by van Hove
singularities due to the overlapping of the bands of the two graphene layers with a small
twist angle. These van-Hove singularities emerges when the misaligned Dirac cones
from each graphene layer “cross” or hybridize, thereby creating saddle points in the
electronic band structure where the density of states experiences a pronounced increase.
The more dominant feature around 0 mV is caused by the van Hove singularities near
the Fermi level, where the two Dirac cones cut each other, causing a van Hove singu-
larity. A similar effect occurs at a position about £200 mV away from the Fermi level,
resulting in so-called remote peaks [[L69]]. These van Hove singularities shift in their en-
ergetic position with changing twist angles because the Dirac cones of the two graphene
layers have different distances in K-space [[74]]. This behavior has been observed by Xie
et al. for a twist angle of 1.01° [I70]. The energetic position of the van Hove singu-

larity is another indication that the high intensity moiré comes from the two graphene
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Fig. 6.12: Scanning tunneling spectrum of TBLG on hBN in the range from -500 mV
to +500 mV. (Original spectrum was -1 V to +1 V, setpoint: 100 pA, lock-in
modulation: 20 mV, temperature: 6.2 K.)

layers, because assuming the twist angle of the graphene-hBN moiré for the graphene-
graphene moirfe, the van-Hove singularities would be expected at a higher energy of
approximately -500 meV and +500 meV [[74].

In the large range STS spectrum in Fig. the van Hove singularities around 0 mV
appear to consist of two peaks, one below and one above the Fermi level. It is impor-
tant to note that the interpretation of the number of peaks from this large range scan is
not straightforward due to the low energy resolution. Hence, a closer look at the energy
regime around the Fermi level is needed. Therefore, a series of STS investigations was
performed in the range from -100 mV to +100 mV while changing the setpoint of the
measurement. This was done for two spots at the maximum of the graphene-graphene
moiré. The STS series of the first spot is shown in Fig. [6.13] In addition to the STS
series itself, the various dI/dV spectra were fitted using only Gaussian peaks, as done by
Li et al. for a twist angle of ~ 1.2° [171]]. Additionally, the raw data of this STS series

is shown in Fig. [6.14] for comparison.
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Fig. 6.13: Scanning tunneling spectra of TBLG on hBN. The scan range is from -
100 mV to 100 mV. The original data and the fit are shown with a quadractic

background subtracted.

The dI/dV spectrum, recorded with a setpoint of 50 pA, exhibits three distinct peaks and

two broad shoulders. The three peaks are at -7.86 mV (cyan), 10.97 mV (yellow), and
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28.47 mV (blue), while the shoulders appear to be further away from the Fermi level.
The Fermi level can be determined as the minimum between the two sets of peaks. For a
setpoint of 50 mA, the Fermi level is located at approximately 1-2 mV. 0 mV is indicated
by the gray vertical line in Fig. [6.13] The three peaks in the spectrum correspond to the
van Hove singularities. These observations were also made for the larger range scan
depicted in Fig. however, due to the low energy resolution of the instrument, these
peaks could only be discerned as two distinct peaks. The enhanced energy resolution
for the reduced scan range in Fig. indicates the presence of at least three distinct
peaks. Xie et al. demonstrated that van Hove singularities are divided into two peaks
each when they are at the Fermi level [[170, [I71]]. This phenomenon is also evident in
this case, where the positive bias side exhibits two distinct peaks, attributed to the split-
ting at Fermi. This splitting is attributed to electron-electron correlation, as evidenced
by recent studies [[170, [172].

This phenomenon is not exclusive to the positive bias side; it is also observed for the
negative bias side as the setpoint is elevated. As previously stated, modifying the set-
point results in a corresponding alteration of the distance between the tip and the sample.
It can be deduced that an increase in the setpoint will result in a decrease in the distance
between the tip and the surface. In a rudimentary model of a plate capacitor (E = U/d),
the effective electric field from the tip to the surface is inversely proportional to the dis-
tance. Consequently, local doping of the heterostructure is observed as the setpoint is
varied. This doping exerts a significant influence on the energetic position of van Hove
singularities. Xie et al. [[I70] demonstrated that external doping can effectively shift the
van Hove singularities from below the Fermi level to above the Fermi level. This phe-
nomenon was observed through the observation of the splitting of the singularities. In
this case, the doping strength is considerably weaker because no external doping was
applied; only the changing effective electric field of the tip on the sample was used. The
effect of this phenomenon can be observed by examining the transition from a low to a
high setpoint, as illustrated in Fig. [6.13]

At a higher setpoint, i.e., 300 pA, there has been an alteration in both the intensity and
position of the peaks in comparison to the spectrum at 50 pA. In addition to the shifts,

a fourth peak (colored purple) is clearly more pronounced on the negative bias side.
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Fig. 6.14: Raw data of the scanning tunneling spectra of TBLG on hBN. The scan range

is from -100 mV to 100 mV.

The observed phenomenon can be attributed to the splitting of the van Hove singularity,

which also occurs on the negative bias side. This splitting is a consequence of increased

doping, resulting in a different position relative to the Fermi level. The Fermi level un-

dergoes a shift from a slightly positive value to a significantly negative value, indicative

of the occurrence of doping. For this setpoint (300 pA), the peaks have their maximum
at -31.39 mV (purple), -21.57 mV (cyan), 14.14 mV (yellow), and 23.99 mV (blue).

Consequently, a total of four peaks are observed for the splitting of the van Hove singu-

larities, while the two broad shoulders are also fitted using a Gaussian peak type. The

presence of these two broad peaks is attributed to the presence of a lower-lying band,
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Table 6.3: Fit parameters for the STS series shown in Fig. |6.13|for the different peaks.

color peak shape FWHM (50) FWHM (5000 FWHM (avg.)
light green  Gaussian 18.71 23.60 21.16

purple Gaussian 23.55 22.57 23.06

cyan Gaussian 9.33 10.01 9.67

yellow Gaussian 8.29 12.28 10.28

blue Gaussian 11.90 11.25 11.52

dark green  Gaussian 25.90 31.20 28.55

which is responsible for the observed broad background.

The determination of peak positions and amplitudes, as determined by the fitting of the
data, is illustrated in Fig. @} For these fits, the full width at half maximum (FWHM)
was fixed to the average of the 50 pA and 500 pA setpoint fits, as listed in Table
This was due to the fact that the peak shapes underwent significant changes at these
extreme setpoints. The colors in Fig. correspond to the fits in Fig.[6.13

The present analysis primarily focuses on the two peaks on the positive bias side, where
the trend is most pronounced. The peaks on the negative bias side are less visible in
the raw data (Fig. [6.14), and their trend is more sensitive to the fitting parameters. As
demonstrated in Fig. [6.15](a) the majority of peaks exhibit a shift towards lower energy
levels as the setpoint rises. A notable exception to this trend is the yellow peak, which
initially increases in energy before reaching the 200 pA setpoint and aligning with the
predominant trend.

This comprehensive behavior can be attributed to tip-induced doping, wherein the STM
tip functions as a local gate. The varying setpoint has been demonstrated to alter the
induced electric field, thereby modifying the local electron concentration. The afore-
mentioned doping not only shifts the Fermi level but also renormalizes the electronic
band structure, thereby causing the van Hove singularities to shift in energy [[170]. The
anomalous behavior of the yellow peak and the significant change in its amplitude be-
tween the 100 pA and 200 pA setpoints (Fig. [6.13] (b)) may indicate a change in the
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Fig. 6.15: (a) Peak positions of the fit against tunneling current. The colors used corre-
spond the colors of the fits shown in Fig. (b) Same as (a) but showing
peak amplitudes instead of positions.

splitting of the van Hove singularities. This amplitude change is also evident in the raw

data, thereby confirming that it is not a fitting artifact.

The trends for the peak amplitudes are less clear, and the exact values depend more
on the fitting routine. The most significant observation is the anti-proportional behavior
exhibited by the yellow and dark blue peaks, which show that the dark blue peak’s am-
plitude decreases with increasing setpoint, while the yellow peak’s amplitude increases.
This opposing trend suggests the presence of significant electron-electron correlation at
the van Hove singularities in proximity to the Fermi energy [19, 171} [172]]. This corre-

lation serves as the underlying driving force for phenomena such as the unconventional
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superconductivity observed in TBLG, as evidenced by studies conducted by Jiang et al.
[19]], Inbar et al. [172]], and Cao et al. [[16} [134].

Another noteworthy trend is the increasing amplitude of the purple peak, which persists
alongside a constant light blue peak. This phenomenon can be attributed to the shift of a
lower-energy van Hove singularity into the Fermi level, resulting in enhanced splitting
due to correlation effects. However, this observation could also be a fitting artifact, as
these peaks are less distinct in the raw data compared to those at higher energies. The
anti-parallel behavior of the lower-band peaks provides further indication for the exis-

tence of the tip-induced doping effect.

Subsequent re-examination of the same position within the graphene-graphene moiré
at a different location on the sample yielded divergent results. The data were recorded
using a more extensive setpoint steps (20, 50, 100, 150, 200, 250, 300, 350, 400, 450,
and 500 pA). In order to ensure clarity and comparability with previous measurements
(Fig. [6-13)), only the spectra and corresponding fits for the same setpoints are shown in
Fig. [6.16] (a). However, all data points are included in the plots for peak position and
amplitude (Fig. [6.16 (b) and (c)). Furthermore, the raw data concerning all setpoints is
displayed in Fig. and the FWHM are listed in Table[6.4]

Two key phenomena are immediately apparent. First, the higher-energy side shows four
peaks instead of the previous three. Secondly, the shift of the peaks is considerably less
pronounced, suggesting a reduced doping effect of the tip. An examination of the spec-
trum, with a 50 pA setpoint, reveals the presence of three peaks on the negative bias
side. These peaks correspond to the splitting of the van Hove singularity at -24.18 mV
(purple) and -14.67 mV (cyan), as well as the broader, lower-lying band at -41.00 mV
(light green), which forms the background. These peak positions bear a resemblance
to those observed in the 100 pA measurement at the preceding location, suggesting a

modification in the doping process.
A notable distinction emerges in the positive bias domain, where an additional peak ne-

cessitates the adjustment of the raw data to incorporate four peaks. Two of these peaks

are attributed to the splitting of the van Hove singularity, and one is assigned to the
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Fig. 6.16: (a) STS of TBLG on hBN at a second spot. The scan range is from -100 mV
to 100 mV. The original data and the fit are shown without background sub-
traction, but for the fit a quadractic background was subtracted. (b) Peak po-
sitions of the fit aginst tunneling current. The colors used correspond to the
colors of the fits in (a). (c) Same as (b) but showing peak amplitudes instead
of positions.

lower-lying broad band. Given the absence of assignment to a fourth peak, a defini-
tive linkage between the two van Hove singularity peaks and specific positions remains

unattainable.
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spot. The scan range is from -100 mV to 100 mV.

In order to gain more insight into the fourth peak, it is necessary to consider the under-
lying hBN substrate. As previously mentioned, the hBN forms an additional moiré pat-
tern with the lower graphene layer. This pattern is incommensurate with the graphene-

graphene moiré, creating a super-moiré with a wavelength that exceeds the detection

limit of the STM.

As demonstrated by Wong et al. [169], this phenomenon has been observed to occur
for graphene-graphene and graphene-hBN twist angles of 0.93° and 1.65°, respectively.
Their research has demonstrated that the underlying hBN disrupts the layer degeneracy
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Table 6.4: Fit parameters for the STS series shown in Fig. |6.16 for the different peaks.

color peak shape FWHM (50) FWHM (500) FWHM (avg.)
light green  Gaussian 32.73 34.08 33.40

purple Gaussian 18.98 20.93 19.95

cyan Gaussian 11.21 15.19 13.20

yellow Gaussian 6.08 7.81 6.94

blue Gaussian 8.36 7.22 7.79

dark green  Gaussian 14.13 14.13 14.13

red Gaussian 35.41 36.51 35.96

inherent in graphene, thereby inducing a splitting of the bands. Theoretical studies have
predicted a strong influence of hBN on the band structure near the Fermi level, with a
significant dependence on the graphene-hBN twist angle [173]]. Therefore, a plausible
conclusion is that the different effects observed at this position are caused by the super-

moiré resulting from the underlying hBN.

As with the initial location, the peak positions and amplitudes are plotted against the
setpoint in Fig. [6.16 (b) and (c). For the peak positions, a slight shift towards lower
energies is observed as the setpoint increases. This trend aligns with the observations
from the previous location; however, the shift in the current study is less pronounced,

suggesting a less significant doping effect.

A lack of discernible trends is evident in the amplitude of the main peaks. The fitting
artifact, observable at a 100 pA setpoint, could not be resolved without a substantial
modification to the fitting method. This modification would have rendered the results

incomparable to the initial location.
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6.3.2 TBLG on Graphite

In addition to the TBLG region on hBN, a TBLG region on graphite was also found
on the heterostructure. In Fig. the STM shows a moiré with a moiré length of
8.5 & 0.3 nm. This moiré length corresponds to a twist angle of 1.7°. This twist angle
differs by 0.5° from the one observed for the TBLG on hBN.

0.0 nm 0.7 nm

Fig. 6.18: STM image of twisted bilayer graphene on graphite. 40 nm x 40 nm field of
view (+200 mV, 100 pA).

This difference in the twist angle is unexpected. For the same stacked graphene layers,
the twist angle should remain the same throughout the sample. This change in twist
angle could be due to the relatively high hBN flake (several nm), which therefore ex-
erts some strain on the overlying graphene flakes at the edges of the hBN flake. These
edges are the boundaries between the two observed moiré patterns and so the twist angle
between the two graphene flakes is altered by the hBN flake edges. In contrast to the
TBLG region on hBN, no second moiré due to the twisting of the graphite flake to the

graphene layers is observed.

A setpoint-dependent series of dI/dV spectra was recorded and analyzed for the TBLG
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6.3 Scanning Tunneling Microscopy
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Fig. 6.19: (a) STS of TBLG on graphite. The scan range is from -100 mV to 100 mV.
The original data and the fit are shown without background subtraction, but
for the fit a quadractic background was subtracted. (b) Peak positions of the
fit versus the tunneling current. The colors used correspond to the colors of
the fits in (a). (b) Same as (a), but showing the peak amplitudes instead of

positions.

region on a graphite substrate, similar to the procedure used for the hBN substrate. The

data, fits, peak positions, and amplitudes are displayed in Fig. [6.19, with peak shapes
and FWHM detailed in Table
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Fig. 6.20: Raw data of the scanning tunneling spectra of TBLG on graphite. The scan
range is from -100 mV to 100 mV.

The spectra remain constant despite changes in the setpoint, as evidenced by the stable
peak positions and amplitudes in Fig. [6.19)(b) and (c). The data is modeled using four
Gaussian peaks. Two prominent peaks are located at approximately -23 mV and 34 mV,
while two smaller peaks are found closer to the Fermi level at -5 mV and 5 mV. The
four peaks in the spectra correspond to van Hove singularities, which are caused by the

twisted graphene sheets and are additionally split at the Fermi level.

It is noteworthy that these van Hove singularities remain static on the graphite sub-

strate, thereby indicating the absence of tip-induced doping. This phenomenon can be
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6.3 Scanning Tunneling Microscopy

Table 6.5: Fit parameters for the STS series shown in Fig. |6.19 for the different peaks.

color peak shape FWHM (50) FWHM (500) FWHM (avg.)
green Gaussian 30.64 31.90 31.27

purple Gaussian 8.04 11.12 9.58

yellow Gaussian 11.77 6.69 9.23

blue Gaussian 34.67 32.82 33.75

attributed to the electrical conductivity of graphite, which effectively shields the TBLG
from the local potential changes induced by the STM tip. This behavior stands in con-
trast to the earlier findings concerning the insulating hBN substrate. In this case, a dis-
cernible trend with the shifting setpoint was identified, thereby reinforcing the assertion

that the tip-induced doping shifted the observed peaks of the van Hove singularity.

The broad background on the sides away from Fermi is also not visible, indicating that
the substrate (hBN or graphite) has a significant effect not only on the bands close to

Fermi, but also on the lower lying bands.

The selection of substrate material was found to be a pivotal factor in determining the
electronic properties of twisted bilayer graphene (TBLG), with discernible effects ob-
served for both hBN and graphite. The insulating nature of hBN permitted tip-induced
doping, thereby providing a valuable mechanism for exploring how van Hove singu-
larities and band structure shift in response to local changes in charge carrier density.
Additionally, the difference in the lattice constant of TBLG and hBN is likely the cause
of the super-moiré pattern, which has been identified as a contributing factor to the
observed splitting of the van Hove singularities. Conversely, the conductive graphite
substrate functioned as an effective ground plane, thereby shielding the TBLG from
the influence of the STM tip. This approach effectively mitigated the occurrence of tip-
induced doping, thereby ensuring the reliability of measurements taken at a constant
charge neutrality point. The absence of a broad background signal on the graphite sub-
strate further indicated that its influence extends beyond the bands near the Fermi level
to lower-lying bands. These findings underscore the notion that hBN serves as the more

suitable substrate for investigating doping effects and moiré-induced band modifica-
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6 Exfoliated Twisted Bilayer Graphene

tions, while graphite is better suited for stable, intrinsic band structure measurements

with only delocalized modifications.

6.4 Summary and Outlook

A TBLG sample was prepared by exfoliation and stacking and then investigated by
STM. In contrast to the desired large twist angle, the resulting twist angle was close
to the magic angle, with a value of 1.2°. The different physics observed in this work,
including the van Hove singularities as well as the doping effect of the tip, have already
been observed in the literature [[19, (74, |170, |171]]. The different authors have shown
these effects separately of each other, while in this work the combination of the phe-
nomena is observed and presented. In contrast to the literature, the fitting routine of the
van Hove singularities near the Fermi level was more sophisticated than the fit shown
by Li et al. [171]].

This work will be used in the future as an useful comparison to the originally planned
samples with a large twist angle of 20° to 30°. These future samples will focus on large
twist angles, as already planned for this work. The most likely reason for preparing a
small twist angle instead of the desired large one could be the by-eye judgement of
the long straight edges of the graphene flakes used. To reduce the potential problem of
confusing zigzag and armchair edges, and thus the chance of getting a twist angle that
differs by 30°, the graphene flakes must be chosen differently. The safest way is not
to use two different flakes, but to use one large flake and cut it into two pieces. Then
they can be picked up one after the other with a precise control of the angle. Since it is
experimentally quite challenging to find graphene flakes large enough and to cut them
without causing other damage to them, there is also the possibility of using flakes that
are very close together on the wafer used for exfoliation. The idea here is that both flakes
come from the same piece of graphite and therefore have the same orientation on the
wafer. Thus, the two graphene flakes would be picked up one after the other, while the
wafer piece in between would be rotated by the desired twist angle, similar to the cut
flakes.
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7 TBLG Preparation for (S)TEM by
Exfolation

The sample preparation was done by the author and S. Wenzel in collaboration. First
TEM tests were performed by O. MaBimeyer.

7.1 Introduction and Motivation

This chapter describes the preparation of TBLG samples for the investigation in trans-
mission electron microscopy (TEM) in the group of K. Volz at the University of Mar-
burg. The TEM investigations were carried out by O. Massmeyer in Marburg. The TEM
technique has been extended by a new mode of operation, the scanning (S)TEM. STEM
is able to achieve a higher resolution due to the different measuring mode. Here, the
electron beam is focused on a spot and this spot is moved around the sample surface
to obtain the image, whereas in standard TEM the entire sample surface is illuminated
at once. Therefore, STEM can go down to atomic resolution and still have the ability
to detect different atomic species due to its Z contrast (Z is the atomic number). In
addition, STEM can provide information about the chemical environment by using en-
ergy dispersive X-ray spectroscopy (EDS) or electron energy loss spectroscopy (EELS).
The most interesting feature for this project is the ability to measure charge localization
and electric fields [[174-H182]]. This can be used to gain further insight into large twist
angle TBLG. The capabilities of STEM provide a complementary technique to the in-
vestigation of TBLG in STM. At a twist angle of 21.78°, TBLG is expected to be a
topological insulator. Therefore, there are topologically protected corner states are ex-
pected for these large twist angles.[75]]. These corner states should appear at the edges
of the single graphene flakes and are expected to be detectable with STEM.
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7 TBLG Preparation for (S)TEM by Exfolation

To study TBLG heterostructures in (S)TEM, they must be placed on a TEM grid. This
is necessary to be able to detect the transmitted electrons. Therefore, the TBLG het-
erostructures are truly free standing in the TEM due to the design of the TEM grids.
The freestanding TBLG is therefore not influenced by the underlying substrate, as this
is the case in STM investigations. A disadvantage of these TEM grids is the difficulty
of transferring TBLG heterostructures onto them. Therefore, in this chapter the transfer
of exfoliated and stacked TBLG onto different types of TEM grids will be investigated
and discussed.

7.2 Different Approaches for Sample Preparation

Sample preparation involves exfoliation and stacking, as with the STM sample. Exfoli-
ating the required graphene flakes is done in the same way as described above for the
STM samples. The main difference is the substrate. Previously, it was an Au-coated Si
wafer; however, for the TEM samples, a TEM grid is needed. There are different types
of grids. Some grids have a series of holes, while others have thin areas. The sample of
interest is placed on these holes or thin areas. These holes or thin areas are necessary
because the TEM measures transmitted electrons. These electrons come from the mi-
croscope, scatter within the sample, and exit on the opposite side. If the substrate were
too thick, the electrons would not be able to pass through after scattering within the
sample. These grids are problematic when transferring heterostructures using a polymer
stamp. The issues with these grids during transfer will be discussed later. The following
describes different approaches and their results that were tested in this work. The main

difference between these approaches is the choice of TEM grid.

The first attempt to transfer TBLG to a TEM grid used a Cu grid. The heterostructure
was picked up similarly to the sample for STM, but with two differences. First, thick
hBN and graphite flakes are not needed under the TBLG. These would block the trans-
mitted electrons necessary for TEM. Second, the heterostructure for the STM sample
mainly uses standalone monolayer graphene flakes. In this case, one of the monolayer
graphene flakes must have an additional part with a height of a few nm attached to it.
This allows for easier tuning of the TEM focus to the correct focal point on the graphene.

Additionally, the presence of other graphene or graphite flakes in the surrounding area

106



7.2 Different Approaches for Sample Preparation

RN = | non-contact area

Fig. 7.1: Optical microscopy images of the transfer of heterostructures onto the Cu Grid.
(a) Image during the pick-up process (yellow circle is the contact area), (b)
image of the contact area on the Cu grid during the drop-down, (c) overview
image of the Cu grid after the transfer, (d) zoomed image of the deposited
flakes on the grid, the difference between the intact lacey carbon in the left
squares and the broken ones on the right can be observed.

does not pose a problem due to the localized nature of TEM measurements.

Fig. [7]] (a) shows an example of picking up part of the heterostructure, where thicker
graphite flakes are also located in the contact area of the stamp. Fig. [7.1] (b) shows a
step in the process of dropping these flakes onto the Cu grid. The dark line indicates the
edge of the contact area. The contrast difference between the center of the contact area
(lower right) and the non-contact area (upper right) is very small in the optical micro-
scope, which makes precise control of the stamp more difficult than with a Au-coated

Si wafer. The squares observed in the image are from the Cu grid. The grid consists of
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7 TBLG Preparation for (S)TEM by Exfolation

(a) (b) (c) (d)

Fig. 7.2: Photos of the sample holder: (a) empty bottom plate with the small recess for
the grid, (b) grid placed in the recess of the bottom plate, (c) top view of the
grid mounted in the sample holder, (d) side view of (c).

many square holes, and its mesh is 300, which corresponds to approximate hole widths
of 62 pum and bridge widths of 20 um. The mesh is the number of holes in one inch.
The entire Cu grid is covered with a film of lacey carbon, which is an amorphous carbon
film with irregularly large holes. This film’s purpose is to support the deposited pattern
between the Cu bridges. The entire grid is only 3 um in diameter. Due to its small size,
as well as its thinness and resulting mechanical instability, we had to design a special
sample holder to mount the TEM grid. The sample holder is shown in Fig. Panel (a)
shows the empty bottom plate. The bottom plate has a 0.02 mm deep recess in the cen-
ter to prevent the grid from moving during mounting. Panel (b) shows the grid loosely
placed in the recess of the bottom plate. Panels (c) and (d) show the fully mounted grid
in the sample holder from the top and side, respectively. This layout ensures that the
grid can be used as a transport substrate and held in position on the transfer stage. How-
ever, for stability reasons, the top plate has a thick edge that interferes with the standard
stamp layout. Therefore, an additional PDMS block is placed between the PDMS drop
and the microscope slide. This makes the stamp thicker and allows it to contact the TEM
grid. One disadvantage of this PDMS block is the reduced transparency when looking
through the stamp during transfer. This reduces controllability of the entire process,

from picking up to stacking to dropping the heterostructure.

In addition to the sample holder, the polymer used for the TEM samples has also
changed. In this case, the polymer used for the stamp is not PC, but rather a nail polish

(Revlon Extra Life No Chip Top Coat). The nail polish is spin-coated and placed on
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the apex of the PDMS drop [[183]]. The PDMS is separated from the nail polish using
Scotch tape to prevent reaction between the two materials during heating. Unlike PC
films, nail polish does not require a large contact area to release the heterostructure,
which is a great advantage. This is crucial for reducing the force on these fragile TEM
grids. Therefore, one must be very careful when transferring to the TEM grid. To pick
up the desired flakes, the stamp is brought into contact with the flake and the surround-
ing substrate at 60°C for 10 min (Fig.[7.1](a)). Then, slowly and continuously, the stamp
is retracted. For placement, the Cu grid is also heated to 60°C and brought into contact
with the stamp. To release the structure, melt the nail polish film at 130°C and slowly
retract the stamp (Fig.[7.1](b)). To remove the nail polish, place the TEM grid in acetone
for one hour, then briefly dip it in IPA. The main difficulties with this transfer process
are that the stamp’s contact area on the grid is barely visible under the optical micro-

scope on the transfer stage, and the lacy carbon film can break easily during transfer.

The first transferred sample was only partially successful. The main problem was that
the TBLG was placed on the wrong side of the Cu grid, on the side opposite the lacey
carbon film. Additionally, it was unclear if the monolayers survived the transfer because
they could not be detected on the TEM grid due to their low optical contrast. The collab-
orators in Marburg could not resolve the regions of the monolayer. This was likely due
to the sample being on the wrong side and difficulties focusing on this part of the grid.
Another attempt on the correct side is shown in Fig. [} The images shown here are
representative of transfers onto Cu grids. A larger overview of the Cu grid after transfer
is shown in Fig. [7.1] (c). The brighter squares are where the lacey carbon film broke
upon contact, as indicated by the red arrows. The zoomed image (Fig. [7.1] (d)) shows
the larger graphite flakes, but no graphene monolayer. It is also not possible to visual-
ize the graphene monolayers on the right side by optical microscopy. Further attempts
to transfer graphene onto the Cu grid resulted in the lacey carbon breaking due to the
stamp’s force or the flakes not surviving the transfer. In addition to spin-coating the nail
polish, one can place a drop of nail polish on the apex of the PDMS drop. However, this
did not increase the success rate, so the Cu grid transfer method was abandoned, and

new options were considered.

The second attempt involved transferring the TBLG heterostructure onto sapphire glass,
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7 TBLG Preparation for (S)TEM by Exfolation

followed by transferring it using a poly-(methyl methacrylate) (PMMA) wet transfer
onto the TEM grid, which was performed by collaborators in Marburg. To transfer the
heterostructure onto the sapphire glass, we used the standard stamp layout described in
the STM chapter with a nail polish droplet on top. The typical cleaning routine for the
substrates first involved an ultrasonic bath with acetone and IPA, followed by UV-ozone
treatment of the sapphire glass. During UV-ozone treatment, UV light splits ozone into
reactive parts that oxidize residues on the surface, which can then be removed. Unfortu-
nately, this cleaning process was insufficient for cleaning sapphire properly. Therefore, a
cleaning polymer (Red First Contact Polymer) was applied, which efficiently removed
the residues from the sapphire glass. Transferring the heterostructure to the sapphire

glass was straightforward and effective.

Two samples are shown in Fig. [7.3] (a) and (c). One significant challenge was locating
the heterostructure in the optical microscope. Monolayers can only be observed within
a certain color range of blue light, as seen in both Fig. (b) and (d). The lighter blue
areas are graphene monolayers; however, as can be seen, the contrast is weak. Two trans-
ferred heterostructures were sent to Marburg for PMMA transfer onto the TEM grid. For
this transfer, the entire sapphire glass (with the heterostructures on top) was spin-coated
with PMMA. Then, the heterostructure on the PMMA can be separated from the sap-
phire by submerging it in water. To transfer the heterostructure with PMMA onto the
TEM grid, it must be lifted with the grid. Then, the PMMA is dissolved with acetone.
However, due to the small size of the exfoliated heterostructures, this step was unsuc-

cessful. Therefore, this method of preparing TBLG samples for TEM was abandoned.

The next type of TEM grid was the SiN grid. These grids have different layouts. The
first SiN grid layout is shown in Fig. [7.4] (a), with an enlargement shown in (b). Six
small holes in the middle allow examination of the heterostructure placed on top. The
attempted transfer is shown in Fig. [7.4] (c). Here, the contact area is clearly visible dur-
ing the transfer. Unfortunately, the middle part was not stable enough for the transfer.
The broken middle center part is visible as the black area in Fig. [7.4] (d), indicated by

the red arrow.

The next type is a SiN wafer with a thin (5-20 nm) square window. The heterostructure
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Fig. 7.3: Optical microscopy images of the transfer of heterostructures on to the sap-
phire glass. (a), (c) Images during the pickup process (yellow circle is the
contact area), (b), (d) Images of the deposited flakes onto the sapphire glass.
The contrast of the monolayer on the sapphire glass is rather weak.

is placed on the thinner part of the SiN grid. The purpose of the thin window is to enable
measurement through the thin amorphous SiN layer. To transfer onto the SiN grid, the
grid must be UV-ozoned shortly before the heterostructure is placed on it; otherwise, the
graphene layers will not adhere to the SiN and will be washed away during cleaning.
Generally, the interaction strength between graphene and the SiN grid is weak because
transferred monolayer parts of graphene roll up on the grid. This effect is observed
in Fig. [T4] (e), where the edges of the TBLG are thicker due to the rolled-up graphene
monolayers. Therefore, only the twisted region survives the transfer properly. The trans-
fer on such a SiN window also has a chance to break the SiN window (Fig. [7-4] (f)),

because this window has to be very thin in order to measure through. A sample of this
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@F . (b)

Fig. 7.4: Optical microscopy images of the transfer of heterostructures onto SiN grids.
(a) Large image of the layout of one SiN grid design, (b) zoom in to the center
of (a) showing the 6 small holes for TEM, (c) image during the transfer of the
heterostructure onto the holes. The dark brown circle at the edges indicates the
contact area. (d) Same section as in (a) but after the transfer. The central area
has been completely broken during the transfer process (the black areas are
broken off). (e) Optical microscopy image of a successful transfer on a thin
SiN window (f) Similar to (e), but the SiN window broke during the transfer.

type was examined by TEM in Marburg; however, the amorphous background of the
thin SiN was quite high, even though the transfer was already at the edge of mechani-
cal stability. Additionally, the carbon species (in this case, graphene) scatters electrons
weakly due to its small size (low atomic number). Therefore, the intensity contrast of
graphene is low compared to the background level [[176] 178} [180]. In a new attempt, a
nanoporous SiN grid was used instead. This grid has many small holes in the nanome-
ter range. Thus, the amorphous background could be ignored, as TEM measurements
could be performed on these small holes. However, these nanoporous structures were
not mechanically stable enough for polymer transfer of the heterostructure. During all

attempts, the nanoporous region broke during transfer or cleaning.
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7.3 Summary and Outlook

This work investigated three different types of transfers onto TEM grids. Transferring
directly onto the Cu grid with a lacey carbon film was unsuccessful. The lacey carbon
film is too fragile and tends to break during transfer. The forces of the polymer stamp are
probably too high for the strength of the lacey carbon film. Additionally, the deposited
heterostructure must be cleaned within the molten polymer, and it is sometimes simply
washed away. Other polymer transfer methods, such as the flip technique [46]], are not
applicable to this type of transfer onto the TEM grid. The PVC used has too small of
a contact area when releasing the heterostructure. Additionally, the heterostructure is
strongly bound to the PVC, requiring a strong interaction with the TEM grid. The com-
bination of the strong force due to the contact area and the bond strength between the

heterostructure and the PVC stamp renders this method unsuitable.

Transferring the heterostructure to sapphire glass is manageable, although the sapphire
glass must be prepared to ensure the heterostructure can be found later. However, subse-
quent transfer with PMMA from the sapphire glass to the TEM grid was unsuccessful.

The most likely reason is that the heterostructures are too small.

Finally, the SiN grids were used for the transfer test. Two problems arose during trials
on different types of SiN grids. First, the very thin SiN films and nanoporous SiN parts
are not mechanically stable enough to withstand the forces that occur during transfer
with a polymer stamp. The second problem was with the thin SiN windows, for which
the transfer worked with at least a decent success rate. These SiN windows exhibit a
significant amorphous background in TEM measurements due to the strong dependence
of TEM intensity on atomic number. This relationship creates a poor contrast difference
between graphene and SiN, making nice measurements almost impossible. One possible
solution is to prepare special SiN grids. For example, one could use a thick SiN layer
with small holes. This grid would still be strong enough and would not show a strong

background in TEM measurements.

For further experiments, another option is to use TEM grids similar to the Cu grid but

without a coating layer of lacey carbon or graphene. Rather than stabilizing the het-
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erostructures with these layers, the grid would require a much higher mesh with smaller
holes so that the grid is stable and the heterostructure lies on top of several holes. One
potential problem is that the contact area between the heterostructure and the grid would

be small, so the heterostructure could be washed away during cleaning.
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In this thesis, different approaches to modify the properties of graphene have been dis-
cussed. First, the intercalation possibilities of epitaxially grown graphene were explored
using NIXSW, with a focus on Bi and Se intercalation. In addition to intercalation, epi-
taxial graphene can be modified by twisting two graphene layers by 30°. Two different
samples were prepared that differ significantly in structure. To obtain a greater vari-
ety of twist angles, exfoliation and stacking techniques were applied to twisted bilayer
graphene. Near magic angle twisted bilayer graphene samples were investigated using
STM and STS. Additionally, different methods for preparing twisted bilayer graphene

samples for further TEM investigation were explored.

In chapter 3, the intercalation of epitaxial graphene on SiC(0001) with Bi was investi-
gated. Prior to this work, two different phases were detected. These phases differ in their
horizontal structure as well as in their electronic properties. While the o« phase shows
metallic bands and a (1x1) reconstruction of the Bi atoms with respect to the substrate,
the 3 phase has less Bi atoms in the intercalant layer (v/3xv/3)R30° reconstruction)
and insulating bands are observed. In this work, the vertical structure of both phases has
been studied by NIXSW. For both the  and 3 phases, a van-der-Waals bonding distance
from Bi to graphene was found, which is another indication of the successful decoupling
of the graphene from the substrate. While the 3 phase has a significantly lower amount
of Bi in its intercalant layer, all the dangling bonds of the SiC surface are saturated. The
bond distances also remain almost the same, with a slightly smaller distance for the 3
phase than for the « phase. Although this distance is only 0.05 A, the difference is not
due to a measurement artifact, since the height of the graphene is shifted closer to the
substrate by the same amount. The changes in the horizontal structure during the phase

transition could not be resolved yet.
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Chapter 4 discusses the second variant chosen for graphene intercalation. In this case,
the chosen element was Se, as in previous work on intercalating graphene with TMDC:s.
The vertical structure of Se-intercalated graphene on SiC(0001) was determined using
the NIXSW technique. The first sample investigated was homogeneous across its entire
surface. It exhibited high coherent fractions for all species except the graphene signal.
The poor coherence of 0.38 for graphene indicates buckling of the graphene layer. To
determine whether this low coherence is intrinsic to the system or due to sample quality,
a new, similar sample was prepared and examined. This sample did not exhibit a low
coherent fraction; rather, it exhibited a coherent fraction typical of graphene. The in-
terlayer distances were found to be within the range of covalent distances for the Se-Si
bond while maintaining the van der Waals distance between Se and graphene. As with
the Bi intercalation, this again shows the successful intercalation and decoupling of the

graphene layer on top.

In Chapter 5, twisted bilayer graphene was epitaxially grown on SiC(0001). Using the
surfactant-mediated growth technique presented by Bocquet et al. [[1]], a twist angle of
30° was achieved by annealing the SiC substrate in a borazine atmosphere. In this chap-
ter, it was shown that the exact annealing temperature in the graphene growth step is cru-
cial for the resulting quality and structure of the twisted graphene samples. Two samples
were grown at different annealing temperatures and showed different electronic proper-
ties in ARPES. The characteristic Dirac cone at the K of the lower graphene layer could
only be observed for the higher annealing temperature. LEEM and especially LEEM-
IV show a very different picture for the two samples, while the low-T sample is very

homogeneous, the high-T sample shows a mixture of different graphene thicknesses.

Chapter 6 showed the preparation and analysis of twisted bilayer graphene using exfo-
liation and stacking. The original goal was to create a large twist angle, close to 30A°.
However, the sample studied had a twist angle of only 1.2°, which is close to the magic
angle. Two significant findings emerged from this study: the shift of the van Hove sin-
gularities and their splitting at the Fermi level, as well as the ability to dope the sample
by adjusting the electric field of the scanning tunneling microscope (STM) tip. These
effects have been observed in previous studies, but never on the same sample. Addition-

ally, the fitting routines used to detect van Hove singularities were not as sophisticated.
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Future experiments will aim to prepare samples with a large twist angle and compare

their properties with those of the small twist angle sample investigated here.

Chapter 7 discusses various approaches to preparing twisted bilayer graphene for in-
vestigation using TEM. Since TEM involves transmitting electrons through the sample,
the heterostructure must be placed on a grid or a very thin substrate. This can lead to
stability issues with the substrate or grid, as well as poor adhesion of the graphene to
the substrate. This work describes three different transfer methods. All transfers used a
polymer stamp made of nail polish. The first substrate used was a Cu grid with a lacey
carbon film. The problem with this method was that the lacey carbon film was fragile
and often broke during the transfer process. The second attempt involved transferring
the heterostructures onto sapphire glass and then transferring the flakes onto a grid using
a wet PMMA transfer. While the preparation of twisted bilayer graphene and its depo-
sition onto sapphire is effective, the PMMA transfer has a low success rate. Finally, we
investigated transferring onto SiN wafers. In this case, monolayer parts of the graphene
do not stick to the SiN; instead, they roll up. Second, SiN substrates in TEM are usu-
ally examined through a thin film of SiN, which results in an amorphous background.
For high atomic number atoms on top, this problem is minimal, but graphene consists
only of carbon atoms and therefore has poor contrast with the SiN background. Addi-
tional investigations and new ideas are needed for possible future TEM investigations

of twisted bilayer graphene to obtain a suitable sample.
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10 Appendix

10.1 Coronene and DBBA as 0D- and 1D-Graphene

The interest of the scientific community in interfaces has been huge in the last years.
The fundamental works help to understand the properties of interfaces and therefore
optimize technical applications, especially those based on the interface between metals
and organic molecules, like organic light emitting diodes [[184-186]], organic field-effect
transistors [[187H189] and organic solar cells [190-192]]. Despite the various works on
organic-metal interface, as for example on on-surface syntheses [193]], on adsorption
strengths [[194] or on metalation reactions [[195]], the potential temperature dependence
of the adsorption height is lacking comprehensive studies. The adsorption height - dis-
tance between metal surface and the molecule - plays a crucial role for various prop-
erties like the interaction strength, charge transfer as well as the energies and lifetimes
of interface states [196H199]. Especially for the interface states, Armbrust et al. have
predicted a temperature dependence of the energies and lifetimes for a carbon layer on
Ag(111) and compared the resulting distances to experimental data [196]]. However, a
more systematic, experimental study on the temperature dependence of the adsorption

height is needed to further understand the surface interaction.

In this work, the investigations of the temperature dependence of the adsorption heights
for two model systems have begun prior to the covid-19 pandemic. The model sys-
tems were chosen to reflect so-called ”0D” (zero-dimensional) - and ”1D”-graphene.
For ”0D” graphene, the molecule coronene was chosen, because coronene consists only
out of carbon six-rings, as depicted in Fig. [I0.1] (left), which limits its extension in all
directions. Moreover, its growth and structure is studied on various metal surfaces [200],
201].. In contrast, di-bromo-di-antracene (DBBA, compare Fig. [[0.1] (right)) performs

an on-surface reaction at elevated temperatures and can form 1D graphene nanoribbons
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Br

Fig. 10.1: Structure formula of coronene on the left and DBBA on the right.

[202204]. For even higher annealing temperatures also 2D graphene can be formed.

Therefore, these two molecules were chosen as model systems.

First, the preparation of coronene on Cu(111) is prepared and investigated with XPS in
order to check for the amount of coronene on top and its behavior upon annealing. Sec-
ond, the same is performed for DBBA on Cu(111). It is noteworthy, that the here shown
data, is very preliminary work since the project was first paused and the cancelled due
to the limitations of the covid-19 pandemic. Hence, no beamtime experiments could be
scheduled within a reasonable timeframe. The beamtime at Diamond Light Source is
necessary to measure the adsorption heights of the model systems at various tempera-

tures and hence extract the temperature dependence of these adsorption heights.

The coronene on Cu(111) sample was prepared in the following way. The Cu(111) crys-
tal was cleaned by alternating cycles of sputtering with Ar ions and annealing to 450°C.
The cleanliness of the Cu(111) surface was checked by means of XPS (survey, C s,
Br 3p, Cu 2p, O Is). Then the coronene molecules were evaporated, using a commercial

Knudsen cell evaporator, at 208°C for 30 min.

For characterization of the coronene layer on Cu(111) XPS investigations have been per-
formed. In Fig.[I0.2] a heating series of a coronene layer is shown. This means, that the

sample was first investigated by XPS, then annealed to 100°C and investigated again by
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XPS. This was performed for several heating steps (100°C to 240°C in steps of 20°C).
The most interesting core-level for coronene is obviously the C 1s. Here, the temperature
dependence of the coverage can be investigated. Additionally, one gains insight whether
the chemical surrounding of the coronene is changed upon annealing to increasing tem-
peratures. The raw XP spectra of the several heating steps is shown in Fig. (a),
showing one intense peak at a rough binding energy of 284.5 eV. To get more insight
into the change of intensity of the peak, this peak has been fitted using a shirley back-
ground and a convolution of a gaussian and a Doniach-Sunjic profile for the peak. Here,
the gaussian is representing the broadening of the signal due to the experimental setup,
while the Doniach-Sunjic profile is taking care of the samples properties. This model is
used for asymmetric peaks [[205]. This fit model is shown in Fig. (c) exemplary for
the XPS signal of the sample annealed to 160°C. This fit model has been applied to all
the C 1s spectra measured for the different annealing temperatures. The resulting fits as
well as the raw data are shown in panel (d). Here, the same colors have been used as in
(a), but the spectra have been vertically offset for clarity. From these fits, the integral of
the peak can be extracted for all annealing temperatures. The temperature-dependence
of the peak integral is plotted in Fig. (d). It can be observed, that annealing above
100°C leads to a reduction of the carbon signal. The most likely explanation is that
the coronene molecules start to desorb from the Cu(111) surface at these temperatures,
which continously happening until the endpoint of this investigation at 240°C, where

roughly half of the coronene molecules is still present.

For DBBA, the sample preparation was similar to the one described for coronene. The
only difference is that the DBBA molecules were evaporated at 260°C for 10 min. As
it was done for coronene, also for DBBA a heating series was performed. The used
annealing steps were 100°C, 200°C, 250°C, 300°C, 350°C, 400°C, 500°C and 600°C.
First, the C 1s XP spectra are shown in a similar way, as it was done for coronene, in
Fig.[[0.3] When regarding the peaks, the corresponding fits as well as the temperature-
dependence of the peak integrals, the resulting data has a less clear trend. This might be
on the one hand due to the occuring on-surface reaction, and therefore changing bonding
situations, and on the other hand, more likely, due to the preliminary state of the inves-
tigations. Especially, the change in peak integral towards higher amounts of carbon on

the Cu(111) surface when annealing from 400°C to 500°C is physically not reasonable,
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because the reduced amounts of the former annealing steps is usually attributed to the
desorption of molecules [202}, 203}, [206]].

Additionally to C 1s XP spectra, the Br 3p XP spectra have been recorded for a few
of the annealing steps, as shown in Fig. [[0.4] They give insight on the state of the
on-surface reaction, because upon connecting of two DBBA molecules towards the
graphene nanoribbon, the Br atoms are removed from the molecules and desorb af-
terwards. The Br 3p XP spectra have been measured for 50°C, 100°C, 250°C, 350°C
and 600°C. As it can be seen in Fig. [[0.4] (a) the spectra have a bad signal-noise ratio
due to the limited measurement time. The data were fitted using again the convolution
of Gaussian and Doniach-Sunjic profiles, but for the background a constant background
subtraction was chosen. While the constant background probably does not reflect the
physical background, the recorded data do not allow a more detailed description of the
background because it has a bad signal-to-noise ratio and more importantly the investi-
gated binding energy range is not far enough. Therefore, the supposed background has
still a contribution from the bromine peak. Therefore, one needs to address the peak
integrals shown in Fig. [[0.4] (d) with care. One thing, which can be extracted, is that the
Br content on the surface drops to almost zero at an annealing temperature of 600°C. A
slight decrease of Br atoms could be observed at 350°C although one needs to be careful

due to the high uncertainties mentioned before.

In summary, preliminary XPS investigations have been performed on both coronene
(as 0D) and DBBA (as 1D). For coronene, a clear trend upon annealing the sample is
observed. The molecules start desorbing at temperatures above 100°C. For DBBA, the
situation is more complex. While also a small loss of carbon is observed, the data is
fluctuating way more and therefore prevent an extraction of clear trends and explana-
tions. The most clear point is the loss of all Br atoms after annealing to 600°C. For more
detailed information and for a potential resumption of the project, better XP spectra
(longer measuring times) as well as smaller annealing steps would help to gain further
insight on the needed preparation for investigations of the temperature-dependence of
the adsorption height at the Diamond Light Source using NIXSW.
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Fig. 10.2: C 1s heating series of coronene on Cu(111) with XPS. (a) C 1s XP spectra
for annealing temperatures from 45°C to 240°C, (b) same spectra as in (a),
but with a Shirley background substracted (as dots) and the peak fitted to it
(as a line) offsetted in y-axis for clarity. The colors are the same as in (a).
(c) Exemplary fit of one spectrum (160°C) showing the shirley background
as well as the asymmetric gaussian-lorentzian peak, (d) plot of the integral of
the peak versus the annealing temperature.
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Fig. 10.3: C 1s heating series of DBBA on Cu(111) with XPS. (a) C 1s XP spectra for
annealing temperatures from 50°C to 600°C, (d) same spectra as in (a), but
with a Shirley background substracted (as dots) and the peak fitted to it (as
a line) offsetted in y-axis for clarity. The colors are the same as in (a). (c)
exemplary fit of one spectrum (160°C) showing the shirley background as
well as the asymmetric gaussian-lorentzian peak. (d) Plot of the integral of
the peak versus the annealing temperature.
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Fig. 10.4: Br 3p 3/2 heating series of DBBA on Cu(111) with XPS. (a) Br 3p 3/2 XP
spectra for annealing temperatures from 50°C to 600°C, (b) same spectra as
in (a), but with a constant background substracted (as dots) and the peak fitted
to it (as a line) offsetted in y-axis for clarity. The colors are the same as in (a).
(c) Exemplary fit of one spectrum (160°C) showing a constant background
as well as the asymmetric gaussian-lorentzian peak. (d) Plot of the integral of
the peak versus the annealing temperature.
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