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Zusammenfassung

Zweidimensionale (2D) Ubergangsmetall-Dichalcogenide (TMDCs) sind eine Klasse
von geschichteten Van-der-Waals-Halbleitern, die bemerkenswerte Eigenschaften auf-
weisen. Darunter fallen zum Beispiel eine optische Bandliicke, eine hohe Ladungstriger-
beweglichkeit, sowie abstimmbare elektronische Eigenschaften. Diese Eigenschaften,
insbesondere in TMDC-Heterostrukturen, machen sie attraktiv fiir kiinftige optoelek-
tronische Technologien wie Tunneldioden, Tunneltransistoren, Leuchtdioden und pho-
tovoltaische Zellen. TMDC-Bauelemente auf der Grundlage von Homo- oder Het-
erostrukturen kénnen aus mehrschichtigen Stapeln bestehen, wobei jede Schicht eine
andere elementare Zusammensetzung aufweist. Dies fiihrt zu Bauelementen mit un-
terschiedlichen Eigenschaften, welche auf die spezifische Anwendung abgestimmt wer-
den konnen. Angesichts des zunehmenden Interesses an diesem Bereich und der
Méglichkeit, TMDC-Bauelemente mit verschiedenen Eigenschaften und Zusammenset-
zungen herzustellen, besteht ein enormes Forschungspotenzial, welches interessante
Phénomene hervorbringen kénnte. In diesem Sinne zielt diese Arbeit darauf ab, die
elektronische Bandstruktur von WSes, einem wichtigen TMDC-Halbleiter, mit Hilfe
einer Kombination aus winkelaufgeloster Photoemissionsspektroskopie (ARPES) und
Dichtefunktionaltheorie (DFT) zu untersuchen und ein umfassendes Verstandnis fiir
diese zu entwickeln.

Die Untersuchungen in dieser Arbeit erfolgten mit Hilfe von Mikro-ARPES (u-ARPES),
welches eine Strahlgréfe im Mikrometerbereich nutzt, um Mikrostrukturen zu un-
tersuchen. Diese Mikrostrukturen beinhalten Bereiche von einschichtigem (SL) und
zweischichtigem (BL) WSeg auf Graphitsubstraten mit unterschiedlichen Verdrehungs-
winkeln zwischen dem SL WSes und Graphit sowie BL WSey. In den verdrillten SL
WSes /Gra-phit-Strukturen werden die von den Graphit 7-Béandern emittierten Elek-
tronen in die SL. WSes gestreut, was zum Auftreten von Mehrfachkopien fiihrt, die die
trigonale Symmetrie einer SL WSes widerspiegeln. Wir haben zwei verdrillte BL WSeo
mit Verdrillungswinkeln von ~ 28° und ~ 10° untersucht und konnten keine Anze-
ichen fiir Hybridisierungsliicken an den Kreuzungspunkten der Zwischenschichtbander
finden, die Vorlaufer der flachen Energiebénder bei kleineren Verdrillungswinkeln sein
kénnten. Auch fiir SL WSey /Graphit wurden keine solchen Liicken gefunden. In beiden
Féllen befindet sich das globale Valenzband-Maximum (VBM) am Kyyge,-Punkt der
Brillouin-Zone (BZ). Wir prisentieren auch die ARPES-Studien fiir den parallelen Im-
puls k| jenseits der ersten BZ. Unsere Ergebnisse zeigen die Visualisierung der charak-
teristischen Merkmale der einzelnen WSeo-Schichten separat in den Homo-Zweischicht-
Strukturen, die wir weiter nutzen, um den Verdrehungswinkel zwischen diesen SLs
abzuschétzen. Theoretische Dichtefunktionaltheorieberechnungen unterstiitzen die ex-
perimentellen Ergebnisse und zeigen, dass die Bildung von Hybridisierungsliicken in
WSey/Graphen, einem System, das dem experimentellen WSes /Graphit-System sehr
dhnlich ist, besonders vom WSes-Bandcharakter am Graphen-Dirac-Punkt abhéngt.
Zusétzlich zeigen wir Zirkulardichroismus mit Hilfe von winkelaufgeloster Photoemis-
sionsspektroskopie (CD-ARPES) einer WSes Volumenprobe, verdrilltem SL WSes /Gra-
phit und BL WSey /Graphit Strukturen mit verschiedenen Verdrillungswinkeln. Unsere
Ergebnisse zeigen signifikante CD-Signale im K-Tal sowohl in der Bulkprobe WSes als
auch in verdrilltem SL WSes/Graphit, wihrend in verdrilltem BL WSe, die integri-
erte CD-ARPES im K-Tal zusétzlich zur dichroitischen Signalasymmetrie bei I' noch
sichtbar ist. Die integrierten CD-ARPES in den K- und I'-Télern in allen drei Proben-
strukturen lassen sich auf den Bahndrehimpuls (OAM) bzw. geometriebedingte Effekte
zuriickfithren. Das dichroitische SL-Signal wird durch die theoretischen Einstufen-
Modellsimulationen gut beschrieben. Erste Tests zur Simulation dichroitischer Signale
aus verdrehten Doppelschichten durch eine inkommensurate Summe separater SLs sind
vielversprechend.

Durch die Vertiefung der elektronischen Bandstruktur von TMDC mittels u-ARPES,
DFT und CD-ARPES entschliisselt unsere Studie die komplizierten Eigenschaften von
WSesq, was unser Verstédndnis von TMDC-Halbleitern verbessert und innovative An-
wendungen in Tunnelbauelementen, Transistoren, LEDs und Photovoltaik fordert.
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Abstract

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) are a class of layered
van der Waals (vdW) semiconductors that exhibit remarkable properties, including an
optical bandgap, high carrier mobility, and tunable electronic properties. These prop-
erties, particularly in TMDC heterostructures, make them attractive for future opto-
electronic technologies such as tunneling diodes, tunneling transistors, light-emitting
diodes, and photovoltaic cells. TMDC devices based on homo- or heterostructures
may consist of multi-layered stacks, each layer with a different elemental composition,
resulting in devices with diverse properties. With increasing interest in this field and
the potential to fabricate TMDC-based devices with multiple configurations, there is
enormous potential for exploration, which could uncover interesting phenomena. In
this direction, this thesis aims to investigate and provide a thorough understanding
of the electronic band structure of WSeg, an important TMDC semiconductor, us-
ing a combination of angle-resolved photoemission spectroscopy (ARPES) and density
functional theory (DFT) techniques.

In this work, we employed ARPES with a micrometer focused beam spot size, com-
monly known as micro-ARPES (u-ARPES), to investigate microstructures containing
areas of single-layer (SL) and bilayer (BL) WSes on graphite substrates at different
twist angles between the SLL WSes and graphite and within the BL. WSes. In the
twisted SL WSey/graphite structures the electrons emitted from the graphite 7= bands
scatter in the SL WSey leading to the appearance of multiple copies, which reflect
the trigonal symmetry of a SL WSey. We investigated two twisted BL WSeq at twist
angles of ~ 28° and ~ 10° and found no evidence of hybridization gaps at the inter-
layer band crossing points, that could be precursors of the flat bands at smaller twist
angles. Similarly, no such gaps were found for SL WSey/graphite. For both cases,
the global valence band maximum (VBM) is at the Kyyge, point of the Brillouin zone
(BZ). We also present the ARPES studies for the parallel momentum k beyond the
first BZ. Our findings demonstrate the visualization of characteristics features of the
individual WSej layers separately in the homo-bilayer structures, which we further use
to estimate the twist angle between these SLs. Theoretical density functional theory
calculations support the experimental findings by indicating that the formation of hy-
bridization gaps in WSes/graphene, a system that closely resembles the experimental
WSegq/graphite system, is sensitively dependent on the WSes band character at the
graphene Dirac band crossing point.

Additionally, we present the circular dichroism in an angle-resolved photoemission
spectroscopy (CD-ARPES) study of WSes bulk, twisted SL WSes /graphite and BL
WSey /graphite structures with different twist angles. Our results show significant CD
signals at the K valley in both bulk WSey and twisted SL WSes/graphite, while in
twisted BL WSeq, the K valley integrated CD-ARPES is still visible in addition to
the dichroic signal asymmetry at I'. The integrated CD-ARPES at K and I' valleys
in all three sample structures can be attributed to orbital angular momentum (OAM)
and geometry-induced effects, respectively. The SL dichroic signal is well described by
theoretical one-step model simulations. Initial tests to simulate dichroic signals from
twisted bilayers by an incommensurate sum of separate SLs are promising.

By delving deeper into TMDC electronic band structure via pu-ARPES, DFT and
CD-ARPES, our study unravels the intricate characteristics of WSes, advancing our
understanding of TMDC semiconductors and fostering innovative applications in tun-
neling devices, transistors, LEDs and photovoltaics.
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Chapter 1

Introduction

Transistors have revolutionized the electronic industry since 1947, when the first
demonstrated version of a transistor as a speech amplifier was reported from Bell
labs [1-4]. Following Gordon E. Moore [5], who predicted that the number of
transistors on the computing chip would double every two years, the manufac-
turing of transistors has seen exponential growth. Successive decades acted as a
playground to design and develop compact, cost-effective, and efficient transis-
tors for commercial use. The refinement in high-quality silicon manufacturing
has further propelled this development, with some limitations. This includes the
size of transistors, which has seen a steady drop over few decades with added
integration of multiple electronic components on the same chip for generating
powerful electronic systems. After 52 years of the first commercially available
microprocessor [6], silicon finally ran out the room at the bottom and reached
a physical limit dictated by the quantum tunneling effect [7]. Hence, significant
measures are required to fulfill the overgrowing demand and development.

The field of materials science is emerging, wherein efforts are devoted to probing
already known materials while discovering new phases and related properties for
advanced electronics. From the broadly classified group of materials, the layered
systems have risen significantly to attention with intriguing properties. Specif-
ically, the layered van der Waals (vdW) materials are promising and reliable
contenders as the weak interlayer forces and strong intralayer covalent bonds
allow easy exfoliation, while keeping intact the layer morphology. An example
of this was first reported in 2004 by A.K. Geim and K.S. Novoselov [8], who
successfully exfoliated atomically thin graphene using a scotch tape and were
later awarded the Nobel Prize in Physics. Following this, numerous reports
were published on single layer graphene possessing novel properties with further
development of its use in commercial applications [9, 10]. Despite showcasing
exceptional physical properties and electro-elastic capabilities, its bandgap and

semi-metallic characteristics have limited its use in functional electronics [11-19].

1
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The exciting graphene discovery sparked a surge of research activity, which
swiftly expanded to other layered materials. Scientists described two-dimensional
(2D) semiconductors such as MoSs, WSey, and the wide band gap insulator BN,
to mention a few, in addition to graphene [20-23]. As a result, all basic building
blocks of classical electronics have 2D analogues. These layered materials can be
held together vertically or laterally to form hetero-structures (HSs) by weak vdW
forces to make so-called vdW HSs, also known as “atomic-scale Legos” [24,25].
Furthermore, twisting the two stacked atomic layers or mixing materials with
different lattice constants results in the emergence of novel physical features due
to confinement at lower dimensionality, providing an unprecedented platform for
the development of novel quantum materials and device design [26-31].

At the moment, we are in the midst of the electronic age’s transition stage.
Future electronic technology will necessitate small size, high-speed, low-power
transistors beyond the silicon-based electronics. After understanding the ma-
nipulation of the electronic charge, global attempts are being made to include
and utilize the spin degree of freedom of the electron in order to create effi-
cient devices. Spintronics (which employs electron spins) [32-35], valleytronics
(which uses electron orbital moment as an extra degree of freedom) [36,37], or
a combination of the two approaches can be used by vdW materials to create
electronic devices [38-40]. We are still in the early stages of 2D material research
and development, and many basic and engineering problems must be overcome,
before these materials can be used in industrial applications. Aside from sig-
nificant gains in processing power and efficiency, plans for using vdW materials
to construct a new generation of solar cells [41], light-emitting diodes (LEDs),
displays, and sensors have been presented [42-44]. All critical components of
a working device or circuit can be potentially integrated in a single membrane,
allowing for highly flexible, foldable, adaptive, and wearable electronics.

The thesis is organized as follows:

e Chapter 2 discusses the basic conceptual framework used in this thesis. It
includes the explanation of the formation of the electronic band structure,
photoemission spectroscopy that supports the main experimental method
used, density functional theory (DFT), and characteristics of vdW ma-
terials, as well as the effect of spin-orbit coupling (SOC) on valley-based
physics.

e Chapter 3 gives a description of the fabrication process of the 2D mate-
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rials and their vdW HSs using mechanical exfoliation and the dry transfer

technique.

e Chapter 4 gives an overview of the selected micro- angle-resolved photoe-
mission electron spectroscopy (u-ARPES) beamlines based at synchrotron

facilities worldwide.

e Chapter 5 presents the u-ARPES studies on vdW HSs based on a twisted
single layer (SL) and twisted bilayer (BL) configuration of WSes lying
on a graphite flake. Our primary objectives were to determine the po-
sition of the valence band maximum and investigate bonding and an-
tibonding hybridization between WSe, bilayers at the I' bands, as re-
ported previously [45,46]. We integrated experimental photoemission re-
sults with band structure calculations to address these aspects. Notably,
we observe band replicas in experimental Fermi surface maps from twisted
SL WSe,/graphite. We also experimentally demonstrate photon energy-
dependent intensity modulation of hybridized bands in twisted WSe, bilay-
ers. Furthermore, we determine the twist angle between the WSe, mono-
layer and graphite flake using the position of the main 7 band replica of
graphite. We visualize the characteristic features of individual monolayers
in homo-bilayers beyond the first Brillouin zone (BZ) to determine the

twist angles of homo-bilayer structures.

e Chapter 6 presents the circular dichroism investigation in angle-resolved
photoemission spectroscopy (CD-ARPES) on a twisted SL, BL, and bulk
WSe, crystals. CD-ARPES measurements were performed with a mo-
mentum microscope at the NanoESCA, Elettra. This chapter focuses on
K wvalley induced dichroic signals. We reported the combination of CD-
ARPES experiments and DFT calculations, demonstrating that circular
dichroism at K valleys of WSe, is due to pronounced valley orbital polar-

ization.

e Chapter 7 provides the summary and outlook of the presented results.






Chapter 2

Background and Literature Review

This chapter provides an outline of the fundamental theoretical notions that un-
derpin this thesis. The study of crystals and their characteristics is the primary
focus of solid-state physics. In addition to the crystal structure, the electronic
characteristics of a solid are of particular importance. Therefore, the electronic
band theory, its relevance in solid-state physics, and the experimental and com-

putational methods used are discussed in detail.

2.1 Electrons in solids

One of the most significant achievements in condensed matter physics was Felix
Bloch’s formulation of band theory, which allowed a quantum mechanical expla-
nation of delocalized electrons in crystals [47]. According to the Bloch theorem,
the wave function for an electron in a periodic potential has a form of Bloch

waves [48]

B(r) = e u(r) (2.1)

where k is the electron wave vector in the reciprocal space, r is a position
vector, and u(r) is a function with the translational periodicity of the lattice
with u(r) = u(r + R), for all vectors R of the Bravais lattice of the crystal. The

Bloch waves are solutions of the single-electron Schrédinger wave equation

Hl(r) = { T V)| 190) = B (9l (r)) 22)

where, n is a band index identifying the discrete energy eigenvalues E,, (k)

Eu(k) = Eu(k + G) (2.3)

5
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E, (k) are themselves periodic with the reciprocal lattice vector G. For a given
value of k, a set of discrete energy eigenvalues can be obtained. This continuum
of quantum mechanical states with the same n forms an energy band, and E,, (k)
shows the dispersion relationship between the energy and momentum within the
band. Since the band structure is periodic in G, drawing the bands simply in the
first Brillouin zone (BZ), which is the unit cell in the reciprocal space associated
with the given crystal lattice, is sufficient. Within the first BZ, there is an
equivalent solution for every k vector. The ranges of allowed electron energies
in a material are referred to as allowed bands. Besides that, certain energy
ranges between two allowed bands may also exist that are completely devoid
of any electronic states, and these regions are known as forbidden bands or
band gaps [48] as shown in fig. 2.1(b). The band theory explains many of
the electrical, optical and thermal characteristics of solid and has become an

essential foundation for the study of modern solid-state physics.

(a) (b)

First
BZ

Energy [a.u.]
Energy [a.u.]
R
S
o
[0)e]
-

-I3Tl/a >2|Tl/a —r[)a 0 T[I/a 2n‘/a 3Tll/a —3lrt/a —21I'[/a —n/la 0 T[I/a 2rt/la 3T[/Ia
Momentum Momentum

Figure 2.1: Electronic band structure of electrons in a periodic potential. Left
panel represents periodic zone scheme of the band structure in a solid, with the
dashed line representing the region of the first BZ while right panel shows the
the opening of gaps at the BZ edge and in the center due to the lattice potential.

Since electrons are Fermions, the electronic ground state of the system shall
fulfill the Pauli exclusion principle, meaning each electronic state can only be
occupied by one electron or two with opposite spins. For metals at T=0K, the
highest occupied state is referred to as the Fermi level Fr or the Fermi energy;

in equilibrium at finite temperature electrons are distributed according to the
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Fermi function, which determines the probability that an available energy state
E will be filled with an electron at a particular temperature. The Fermi function

is derived from Fermi-Dirac statistics and has the following form

FE) = —— . (2.4)
(e* 8T +1)

The electronic band theory can be used to categorize materials into metals, insu-
lators, or semiconductors. In case of metals, the Fermi level, which distinguishes
between the occupied and unoccupied states, cuts through the allowed electronic
states, leaving them only partially filled. An arbitrarily small amount of energy
is required to excite an electron at the Fermi level into an unoccupied state,
resulting in a gain of non-zero total momentum in the form of an electric cur-
rent flow. In case of an insulator, the Fermi level is located within the bandgap,
which separates the filled electronic states called the “valence band” from the
entirely unoccupied ones called the “conduction band”. The bandgap can only be
bridged with a substantial amount of energy (if at all feasible), resulting in lim-
ited conductivity. When a significant number of electrons overcomes the band
gap as a result of thermal excitation, the material is classified as a semiconduc-
tor. Small amounts of impurities can be added to pure semiconductors to alter
their conductivity. This is referred to as doping. Even materials with relatively
large band gaps can be classified as semiconductors, if acceptor or donor states
can be created near the valence band (p-type) and conduction band (n-type) via

doping.

2.2 Photoemission spectroscopy

The electronic band structure of a crystalline solid can be related to its physi-
cal properties such as electrical conductivity, optical behavior, magnetism, and
chemical properties. The photoemission electron spectroscopy (PES) has be-
come one of the most important methods in solid-state physics during the last
several decades, allowing experimental imaging of the electronic states. It is
often used to investigate the surface and bulk electronic structure of solid-
state systems, including ferromagnets, superconductors, semiconductors, and
two-dimensional systems such as graphene and transition metal dichalcogenides

(TMDCs). In the following, a brief overview of the recognized standards of pho-
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toemission theory will be given. A more in-depth treatment can be found in

available dedicated textbooks [49-52] and review articles [53-56].

2.2.1 Photoemission process

The photoelectron spectroscopy approach is based on Heinrich Hertz (Karlsruhe)
and Wilhelm Ludwig Franz Hallwachs’s (Dresden) [57,58] discovery of the pho-
toelectric effect in the late 19th century, in which ultraviolet (UV) light causes a
current flow through a solid. For many reasons, the observations appeared to be
inconsistent at the time. First, the number of photoelectrons might be increased
by increasing the light intensity, but the kinetic energy of the emitted electrons is
not. Second, light with a frequency lower than a certain threshold cannot excite
photoelectrons, regardless of how bright the light is. Third, the kinetic energy
of the photoelectrons increased with the light frequency, but was independent of
light intensity. Fourth, electrons are emitted instantaneously after illuminating
light on the sample surface, as opposed to the classical treatment, in which atom
require some time to absorb enough energy before emitting electrons.

The conventional electromagnetic theory of light cannot explain all these find-
ings. Albert Einstein [59] was able to address these issues in 1905 by postulating
the quantum nature of light as an explanation. He proposed that the light is
emitted, travels, and is eventually absorbed in discrete packets called photons
with energy hv, for which he was awarded the Nobel prize in Physics in 1921.
Einstein postulated a formula for the kinetic energy of the photoelectrons from

a bound state in a solid:

Ekm = hl/ — Ebm — QZS (25)

where Fy;, is the kinetic energy of the emitted photoelectrons, hv is the energy
of the incoming light, where v is the photon frequency, and h is the Planck’s
constant (~ 4.135 x 1071 eVs), ¢ is the work function of the material (typically
4-5 eV for most materials), i.e., the minimum energy required to excite an
electron out into a vacuum, and FEy;, is the binding energy of the electron inside
the solid relative to the Fermi energy E'r that needs to be provided to release
the electron from the nucleus [49].

When an electron is excited by a photon of the energy hv, the binding energy

FE; and material work function ¢ must be overcome in order for the electron
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to exit the solid. Although the binding energy cannot be directly measured, the
information is stored in the kinetic energy distribution of the emitted photoelec-
trons for monochromatic excitation, according to eq. 2.5. In practice, the sample
and the analyzer are electrically connected to the same potential so that their
chemical potentials are identical. Hence, in most of the cases determining the
work function of the material is unnecessary; only the work function of the ana-
lyzer must be known. Depending on the energy of the incoming photons, there
are two types of photoemission spectroscopy investigations. In X-ray photoemis-
sion spectroscopy (XPS), photons in the X-ray spectrum (few 100 eV- few keV)
are used to excite core levels at higher binding energies. The core level spectrum
appears as a distinct line due to the discrete energy levels at which the atoms
are bound, reflecting the unique chemical state of the material. Photons in the
UV range, on the other hand, are used to excite valence electrons (ultraviolet
photoemission spectroscopy (UPS)), which employ energies ranging from 5 to ~
200 eV. This approach is used to investigate electrons that are more delocalized
and loosely bound, hence forming the electronic band structure of the material.
Nowadays, X-ray photons can also be used to measure the electronic bands [60]
and there are other types of photoemission spectroscopies such as ambient pres-
sure photoemission [61], hard X-ray photoelectron spectroscopy (HAXPES) [62],
time-resolved ARPES [63] and spin-polarized ARPES [64] available, too.

The sudden approximation

In general, the photoemission process is a complex phenomenon, because when
an electron is removed from the system, the rest of the system will respond to
the photoelectron’s behavior. Thus, we need to consider the interacting electron
picture and employ a many-body approach. A commonly used approach to
theoretically describe such a many-body process is to assume that the excitation
and the escape of the photoelectron from the exciting area are considerably faster
than the relaxation of the system. This approximation is known as sudden
approximation, and it simplifies the problem to a single-particle problem in a
stationary environment [49]. One of the sudden approximation’s drawbacks is
in the low kinetic energy range, which is related to the low electron speed, since
their escape time is closer to the relaxation time and the fact that local potential

fluctuations caused by the electron-hole become increasingly significant [53, 65].



Background and Literature Review 10

The photoexcitation of the electron is estimated as an instantaneous process
using the sudden approximation method. In this limit, the system is considered
in a one-electron-problem that is excited by the photon with the energy hv from
its occupied initial state |i) to an unoccupied final state |f) with binding energies
E; and EY, respectively. The transition probability from the |i) to |f) electronic
states is given by the Fermi’s Golden Rule [66]

2m
- |

Provp = M i) P5(Ey — B, — hw) (2.6)

Here, H,, is the photoexcitation perturbation Hamiltonian, and the ¢ function

incorporates energy conservation.

It is evident from equation 2.6 that the probability of the photoemission process
is always dependent on a pair of |i) and | f) states, with the associated transition
matriz element, My_,; being essentially determined by the symmetries of the

electronic wave functions and the perturbation Hamiltonian #,

My = (fH,l7) (2.7)

For low photon flux densities, H, can be estimated within the linear response

theory and takes the form

My =~ (74 pli (238)

A is the vector potential, and p is the electron momentum operator. For the
photon energies within the UV and soft X-ray ranges, the wavelength of the
electromagnetic field is typically assumed to be large compared to interatomic
distances. It implies that the vector potential A can be assumed to be locally
constant, which leads to the so-called dipole approzimation and the matrix ele-

ment becomes

My ~ f%AO(Ef — E) (| P ) (2.9)

Here, Ag is the amplitude of the vector potential, P is the electric polarization
vector of the photon and the wave functions of the initial and final states are 1);

and ¢, respectively. From equation 2.9, M;_,; can be analyzed with respect to
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the symmetries of initial and final states as well as the polarization of the light
to define dipole selection rules [54]. They may be used to qualitatively evaluate

photoemission spectra in terms of allowed /forbidden electronic transitions.

However, the photoemission model given above is just a single-electron model.
Real electronic systems are made up of many electrons that interact with one
another. To approximate the many-particle case, a single-particle spectral func-
tion A(k, E) can be introduced. The probability of removing and adding a
single-electron with energy E and wave vector k to the N-electron system is
given by A(k, E). Both of these concepts may be represented in terms of the
complez self-energy X(k, F) term, which accounts for the renormalization of the
electron energy (ReX) [67] and the finite life time (/mX).

1 Im(k, E)
7 [E— € —ReX(k, E))? + [ImX(k, E)J?

Ak, E) = — (2.10)

Here, € represents the energy of the non-interacting electrons.

2.2.2 Angle-resolved photoemission process

To fully understand the electronic band structure of the material, the binding
energy of photoelectrons must be evaluated as a function of their momentum.
In the 1960s, it was realized that a momentum-dependent band structure could
be mapped from the emission angles distribution of the photoelectrons and the
energy dependence of the photoemission spectra [68]. Nowadays, the polar ()
and azimuthal () emission angles of the emitted photoelectrons can be precisely
measured. For this purpose, the key technique used is angle-resolved photoe-
mission spectroscopy (ARPES). As the name implies, ARPES directly measures
the kinetic energy of the photoelectrons as a function of the emission angles.
ARPES has become a powerful tool for revealing crucial information on the
electronic band structure and many-body interactions in many materials due to

significant advancements in recent decades 69, 70].

It is critical to distinguish between three separate electron wave vectors for all

the following considerations:
e k;: Before excitation, the initial state wave vector of the electron in the
solid

o k;: After excitation, the final state wave vector of the electron in the solid
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e K=p/h: the momentum vector of the electron emitted into vacuum!

Figure 2.2(a) depicts a schematic design of the experimental apparatus utilized in
the ARPES experiment. It consists of a photon source, a hemispherical analyzer,
and a 2D multi channel plate (MCP) detector. A gas discharge lamp, laser, or
synchrotron radiation can all be used as photon sources. The typical beam
spot for gas discharge sources is in order of 1 mm?; at synchrotron nowadays,
there is a possibility to reduce the beam spot to few hundred nanometers by
using special focusing optics. Concerning the analyzer, it acts as an angle-
resolving energy filter. With the availability of the 2D detector, the dispersion
along the hemisphere projects an energy window on one dimension and the
angular distribution of photoelectrons images via electron lenses orthogonally
onto the second dimension of the electron detector. As illustrated in fig. 2.2(a),
the in-plane momentum may be changed by rotating the sample around ¢ and
¢, respectively. This setup allows one to analyze the kinetic energy of the
photoelectrons as a function of the angular distribution along the analyzer slit

direction.

It is sufficient to measure Ej;, and emission angles ¢ and ¢ to determine the
momentum vector for the individual components in spherical coordinates in

vacuum are as follows:

1

K, = ﬁ\/QmEkmsinﬁcosgp (2.11)
1

K, = ﬁ\/QmEkmsinﬂsmgo (2.12)

1
K, = ﬁ\/ZmEkmcosﬁ (2.13)

h
Where A = — is the reduced Planck’s constant, ¥ and ¢ are the emission angles

T
of the photoelectrons, and m is the electron rest mass.

One can assume the momentum component K, is parallel to the sample surface
and the slit entrance direction. Then the second component, K, is orthogonal to
the K, and parallel to the sample surface, while the third momentum component,

K., is the sample normal. The goal is to reconstruct the electronic dispersion

"'Within this thesis, the terms “wave vector” and “momentum” will be used interchangeably
for simplicity. K :% connects the wave vector K and the mechanical momentum p. All

momentum/wave vector values will be presented in wave number units: k[A=1].
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relation F(k) inside the material using momentum conservation and eq. 2.5

from the measured quantities.
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Figure 2.2: Panel (a) shows the schematic of a typical ARPES experiment [71].
Panel (b) depicts the energy diagram for the photoemission process where an
electron (orange sphere) in a solid is excited by photon energy (hv). The kinetic
energy (Ey) of the electron is given as a function of the excitation energy (hv),
binding energy (Ep), and the work function of the material (¢). Panel (c)
illustrates the initial and final momentum vector inside and outside the solid
with the parallel components conserved while the perpendicular component is
not conserved. Reproduced from [49,69].

2.3 The three-step model

Several theoretical models have been proposed to describe the photoemission
process in experiments. In 1964, Berglund and Spicer proposed a phenomeno-
logical description in which the photoemission process is subdivided into three
steps. Within this model, optical excitation between two Bloch states (i.e, initial
and final) in sample bulk, propagation of the photoelectron towards the sample
surface and escape of the photoelectron into the vacuum are all addressed sep-

arately. The three-step model is the simplest theoretical way to qualitatively
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characterize photoemission in a single-electron picture. Photoemission has been
refined, resulting in a one-step process that is less transparent [72]. In one-step
model one considers excitation between the initial single-electron Bloch state
and the so-called “time-reversed low-energy electron diffraction (LEED) state”,
which is free-electron-like in a vacuum while decaying into the crystal.

The individual steps of the three-step model will be reviewed further in the

following sections:

15t step: Optical excitation

The first step occurs within the solid and its band structure. In the initial stage
of the three-step model, electrons are excited from their stationary ground Bloch
state |i) = |E;, k; ) of a valence band to a final Bloch state |f) = |Ey, kf ) of
a conduction band. Given that energy and momentum must be conserved, the

following relationships hold:

ky = Fi + kg + G (2.15)

Experiments are often carried out with photon energy of less than 100 eV, which
corresponds to a photon momentum, k,, = hv/c =~ 0.051 A~'. For many mate-
rials, the typical size of the BZ is approximately 7 /a, corresponding to a length
scale of 1 A='. Thus, the momentum carried by the photon is in the UV or
soft X-ray regime is small compared to the typical BZ size. Neglecting K,
this leads to the momentum conservation within the reduced zone scheme, i.e.
lc—; = E) + 8, with the direct (vertical) transitions. By adding the reciprocal
lattice vector G, the momentum conservation is preserved. Various G provide
a variety of propagation directions and, as a result, various emission angles for

the same initial state |i).

21d step: Propagation of photoelectron inside the crystal

The second stage of the photoemission process describes how the excited photo-
electron in the final state |f) propagates through the crystal towards the surface.
The transmitted photoelectrons are subjected to elastic and inelastic scattering
interactions, including electrons, phonons, and defects, resulting in a substan-

tial reduction in their undisturbed propagation range. The average distance
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between two inelastic scattering processes is described by the inelastic mean
free path (IMFP) of the electrons. This scattering is commonly characterized as

an exponential damping law with an inelastic mean free path (\):

I(d) = Iyexp (—i) (2.16)
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Figure 2.3: Plot depicting the universal curve of inelastic mean free path of
photoelectrons as a function of their kinetic energy inside the material. A solid
line represents the empirically calculated universal curve and experimental data
points of the IMFP of diverse materials. The mean free path for the relevant
energy is about few A [73],

I(d) is the photoemission current attenuation as a function of path length d. The
experimentally determined IMFP of several materials and the phenomenological
universal curve are shown in fig. 2.3. According to equation 2.16, 95% of the
probed photoemitted electrons comes from a ~ 3-A depth due to the exponential
I(d) decay. This is also known as the PES probing depth or maximum escape
depth. This significantly influences PES as an experimental approach, making it
very sensitive to surface conditions. Because of the limited escape depth, ARPES
is always performed in an ultra-high vacuum as even surface contaminations in

the atomic monolayer domain substantially influence the experiments.
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The general shape of the IMFP curve as a function of the kinetic energy of
the excited electrons is universal for all materials. For ARPES experiments,
a typical incident photon beam has an energy range of ~ 6 eV - 200 ¢V with
a mean free path of a few angstroms (= 1A - 2OA). Therefore, even if the
X-ray beam penetrates further into the crystal, the elastic photoelectrons are
emitted mostly from the first layers of the sample surface. The inelastically
scattered electrons contribute to the photocurrent with a broad and featureless
background (referred to as secondary-electron background), whereas elastically
scattered electrons can produce sharp peaks that can be related to the initial
state electronic structure of a material.

At low kinetic energies (~ 5 V) in the universal curve, electrons cannot ex-
ceed the work function and exit the sample; the energy scale is linked to the
Fermi level, implying that the extremely low energy range cannot be detected in
photoemission. Furthermore, the IMFP curve exhibits a steep rise here; it also
predicts a probing depth of 1 - 10 nm; thus, the actual escape depth in ARPES
experiments is often unknown, and the steep increase at lower energies is still

debatable.

34 step: Escape of photoelectron into vacuum

The last step in this model describes the escape of photo excited electrons from
the surface to the vacuum, where the transition of the photoelectron from the
final state |f) within the crystal to the free-electron plane wave state |v) in
vacuum takes place. This step relates the measured emission angles and electron
momentum in vacuum |K) to the initial crystal momenta |k).

The major difficulty in defining this step is that the surface is in the normal
direction, and the potential barrier by the work function of the crystal vio-
lates translation symmetry. These issues can be handled by assuming that the
momentum component parallel to the surface is conserved within a reciprocal
lattice vector Gy in the surface Brillonin zone (SBZ). This is a reasonable as-
sumption, because the surface does not disrupt the crystal symmetry of the
parallel components. However, more than one value of k; might contribute to
the photoemission signal at the same emission angle. In addition, it is reason-
able to assume that the surface potential barrier has the same symmetry as the
surface lattice and that its gradient is predominantly perpendicular.

As a result, the parallel components of the wave vector, i.e., k; and k,, remain
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good quantum numbers during the surface transition, while the electron wave
vector component normal to k; does not. Thus, the parallel initial electron
momentum may be easily calculated from the observable values FEy;, and 9

(emission angle of the photoelectrons).

2m .
Kpo || + Kpy)) = K = K = \/ﬁsm@ (2.17)

Going to larger ¥ angles, it is possible to probe the electrons with kj ly-
ing in higher-order Brillouin zones. However, to investigate the entire three-
dimensional (3D) electronic band structure (E(k)), the perpendicular compo-
nent of k£ must also be identified, which is not at all straightforward. A common
method for determining k is to utilize the free-electron final-state (FEFS) model
where the final state is approximated as a free-electron state. Since the photoe-
mission process occurs in the presence of a crystal field, this is merely a rough
estimate. At high photon energies, this model becomes more realistic, because
the electron is subjected to less impact from the crystal field. Although the
free-electron model is a rough approximation, it has shown to be a useful tool

for determining band information along the k. axis.

For the final state, it is assumed that the potential may be approximated as
constant. By introducing the phenomenological inner potential Vg, it is possible
to map the final state directly to the state of the emitted electron. Within
the formalism of the FEFS model, and making use of Ey = FEy;, + ¢ and

h2(kﬁ + k%)
Ep(k) = ————

approximated as follows

— FEjy, and equation 2.17, the perpendicular component is

- \/ Qh—n;(Ekcos?(Q) V) (2.18)

The inner potential Vj = Ey + ¢ corresponds to the energy distance between
the lowest energy level of the valence band Ej and the vacuum level. The in-
ner potential complicates the 3D band structure mapping, because it can only
be empirically determined using a tunable light source, such as a synchrotron.
There are several schemes for determining V;, including optimizing the agree-
ment between experimental data and calculations, searching for symmetries and
periodicity in observed data points via experimental band mapping, and purely

theoretical band structure calculations of all electronic states. It should be em-
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phasized that the nearly-free electron approximation for final states is predicted
to work well for materials with a simple spherical (free-electron-like) Fermi sur-
face, such as alkali metals, as well as at high-energies, where the crystal potential

is a negligible perturbation.

This thesis will mainly focus on the electronic band structure of twisted monolay-
ers and bilayers of transition metal dichalcogenides, notably WSe,. Monolayers
and bilayers of WSey are two-dimensional system; thus, there is no dispersion

along &, .

2.4 Spin-orbit coupling in solids

The term spin-orbit coupling (SOC) describes the interaction between the spin
S of a particle and its orbital momentum L around the nucleus, which leads to
many interesting phenomena in the electronic structure of solids, such as the
emergence of spin-polarized states in non-magnetic materials [74]. This effect
exists in atoms and solids, including 2D materials. In the study of spintron-
ics, the SOC is an important effect that plays a crucial role from a technical

standpoint [75].

(a) (b) B

Figure 2.4: Panel (a) shows an electron moving around a nucleus as observed
from the nucleus’s reference frame. Panel (b) illustrates, in the reference frame
of the electron, that the nucleus seems to be revolving about it. As a result, an
upward-directed magnetic field is experienced by the electron.

Briefly, we first explain SOC in atoms as shown in fig. 2.4. Within the classical
picture, in the rest frame of the electron, the nucleus orbits around it. Since the
nucleus is a charged particle, its orbiting motion generates an effective magnetic
field that interacts with the electron. The energy of the electron varies depending
on the direction of the spin with respect to the effective magnetic moment. This

results in the lifting of the energy degeneracy as a consequence of the SOC.
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In solids, one should differentiate between core levels and dispersing energy levels
while discussing the SOC effect. At the core level, the electronic states have
no dispersion and are isolated by significant potential barriers, implying that
they contribute insignificantly to the neighboring atoms. Thus, core states can
be considered similar to atomic orbitals. In the framework of a non-relativistic
approximation to the Dirac equation, SOC can be expressed by the Hamiltonian

ﬁsoc of an isolated atom:

e? Z
2megm?2c? 3

Hsoc = £(L.S); € (2.19)

where £ is the SOC strength linearly related to atomic number Z and inversely
proportional to the atomic radii r. This helps to explain the strong SOC in
core levels (several eV) and a considerably smaller influence on weakly bound,
dispersive electronic bands (few hundred meV). The Hgoc implicitly includes the
relationship between spin S = 50’ and orbital momentum L=r x p. Equation.
2.19 assumes a spherically symmetric potential, whereas, for delocalized states,

the symmetry is defined by the crystal structure.

In general, the symmetries of the system are crucial for the electronic band
structure. An infinite crystalline solid can be time-reversal symmetric as well
as spatial inversion symmetric where the electron spin can be defined as ({, 1).

These symmetries can lead to following constraints on band energies:

time-reversal: E(T,E) :E(i,fl;;)
k

- E(t, k)= E(l, k ,
inversion: E(1,k) = E(T,—k) }:> (T, k) (. k) (2.20)

The presence of inversion symmetry in combination with time-reversal symme-
try leads to Kramers degeneracy. Within a centrosymmetric crystal, Kramers
degeneracy governs that each Bloch state E(T, E) is degenerate with a corre-
sponding state E({, E) in the absence of a magnetic field, with the two states
having the same energy. This is because time-reversal symmetry implies that the
Hamiltonian describing the system is invariant under a reversal of time, which
means that the energy levels must be symmetric with respect to spin. Moreover,
SOC is capable of lifting this degeneracy between spin-up and spin-down states,
making it a promising source of spin-polarized electronic states. The emergence
of spin-polarized electronic states via SOC necessitates the breaking of inversion

symmetry. The inversion symmetry can be violated by either the bulk crystal
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structure itself or a structural asymmetry such as a surface or an interface. In
non-magnetic crystals, such as WSey, MoS,, in the presence of the time-reversal
symmetry, spin-polarized electronic states can be achieved by violating inver-
sion symmetry through SOC. This violation of inversion symmetry generates
a difference in energy between spin-up and spin-down states, leading to spin
polarization. The combination of Kramers degeneracy and SOC is critical for
understanding the electronic properties of materials, and can give rise to topo-
logically non-trivial electronic states.

The role of the crystal symmetry in the context of SOC is one of the key cha-
racteristics of WSes, which are central topics of this study. In reciprocal space,
however, one finds the time-reversal invariant momenta (TRIM), which are the
points that can be connected to themselves via both a time-reversal operation
and a reciprocal lattice vector. In general, TRIM (I';) points in the bulk are
characterized by -I';=I";4+G where G is a bulk reciprocal lattice vector. The
periodicity of the reciprocal lattice forbids breaking of time reversal symmetry
at TRIM points. In the bulk BZ, the I" point is always a TRIM point of any
crystal structure, since k = 0 cannot be reversed under time-reversal symmetry.
The crystal structure determines the specific TRIMs. To illustrate this situa-
tion, let’s consider the M and K points of the hexagonal BZ of WSe;. The M
point is a high-symmetry point that lies on the edge of the hexagonal BZ. It is a
TRIM point because it is connected to itself under time-reversal symmetry via
the reciprocal lattice vector G, which is the shortest vector that connects equiv-
alent points in the BZ. In contrast, the K point in the hexagonal BZ of WSe,
is not a TRIM point because it is not connected to its time-reversed partner,
K’, via a reciprocal lattice vector. The time-reversal operation changes the sign
of the wavevector, so the wavevector at K is opposite in sign to the wavevector
at K’. Therefore, K and K’ are not connected under time-reversal symmetry.
These TRIM points have important implications for the electronic properties of

materials.

2.5 Density functional theory

The main technique used in this study is ARPES, which allows a relatively
direct, experimental access to the electronic band structure of the material.

Comparing the experiment to a detailed theoretical description of the electronic
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structure, on the other hand, may frequently widen the knowledge acquired from
the experiments. All of the ARPES data reported in this study are compared
to ab-initio calculations based on density functional theory (DFT), which are
performed at Peter Griinberg Institut-1 (PGI-1) Forschungszentrum Jiilich by
Dr. Hyun-Jung Kim and Dr. Gustav Bihlmayer. This section will cover the
fundamental ideas of DFT.

2.5.1 The Kohn-Sham equations

To characterize the state of a many-body system with N number of interacting
particles, one must compute the many-body wave function. The main problem
associated with this task is the complexity of the quantum mechanical treatment
of many-body wave functions, which becomes numerically demanding and is
not manageable even by high-power computers. Thus, the first approximation
which is always employed is the Born-Oppenheimer approzimation |76], where
the kinetic energy of the nuclei can be neglected, considering the nuclei to be
frozen due to the large mass difference between electrons and nuclei. This is the
first step towards an effective description of a system of interacting particles,

before the electronic band structure can be calculated.

Density functional theory is a popular and commonly used many-body approach
for calculating electronic structures. To simplify the problem, DFT uses the
Hohenberg-Kohn-Sham theorem, which states that (i) the N particle ground
state wave function ¢ (ry,72,...,7n) and the potential V(r) are uniquely de-
termined by the particle density distribution n(r) and (ii) the total energy can
be expressed as a functional of the electron density Fi,; = FE[n(r)], which is
stationary under first order density and energy variations [77,78]. This leads to

the Schrodinger-like equation for the eigenstates ¢;(r) of the auxiliary system:

—%vu\/(r”e? / :(jg,dr/—s- 5E§;[8()T)] 6i(r) = aipi(r)  (2.21)

where, %VQ, V(r), and €? [ %d'r' are the kinetic energy and Coloumb inter-
0Eqzc[n(r)]

on(r)

potential and includes all the electron-electron interactions and correlations. In

actions (e-e, n-e) terms. The last term is called the exchange-correlation

equation 2.21 ¢; is the Lagrange multiplier for the minimization problem and
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¢;(r) for the quasiparticle wavefunctions.

Provided that the E,.[n(r)] functional is known, one can identify the density that
zeroes the functional derivative of the energy with respect to n(r) by minimizing
the energy. The reality is, we don’t know what the E,.[n(r)] functional is [79].
Therefore, establishing good yet efficient approximations of the energy functional

is the main quest in DFT.

2.5.2 Approximation for the exchange-correlation energy

functional

The exchange-correlation (XC) functional does not have an accurate analytical
form. A rather simple and remarkably good approximation is the so-called local
density approzimation (LDA) [80,81], which replaces the exact functional [E,.]
by

EEPA(y) = / n()eEPA () dr (2.22)

Where ¢£P4 (n) is a function, but not a functional of the density. This function
is employed locally at each position 7 in eq. 2.22, with the value approximated
by n = n(r) of the density at this point as a homogenecous electron gas. Al-
though LDA is a reasonable approach for the system with slowly varying densi-
ties throughout the space, it has been demonstrated that adding a local density
gradient improves the computation in general. By accounting for density gra-
dient dependences, the integrand in eq. 2.22 may be generalized to systems
with higher inhomogeneous densities [82,83]. This approach is known as the

generalized gradient approzimation (GGA):

xc

ECGA(n) — / n(r)eS9A (n(r), Tn(r))dr . (2.23)

VASP

All the DFT calculations in this thesis were done using the Vienna Ab initio
Simulation Package (VASP) code package [84,85], which is based on projector
augmented wave potentials [86]. VASP is a pseudopotential program, it provides

a less accurate description of the solid electronic structure, including exchange
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interaction and SOC, but it is significantly faster than the linearized augmented
plane wave (LAPW) methods such as e.g. FLEUR [87] or WIEN2K [88].

Despite all of DFT’s advantages and accomplishments, it is important to remem-
ber that it can only describe the undisturbed ground state of the system, which
leads to an inaccurate description of effects such as self-interaction, excitation,
and true many-body effects [89]. By definition, DFT is unable to accurately
simulate excited states, leading to a continuous underestimating of band gaps
in semiconductors and insulators. DFT, on the other hand, is very good for
describing the band structure of selected layered TMDCs. The only issue with
twisted TMDCs sample systems, such as WSe, /graphene and bilayer WSe, stud-
ied in this thesis, is that they require large moiré unit cells, which necessitate

a large number of atoms, as illustrated in fig. 2.5, and makes a computation

expensive.
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Figure 2.5: Total number of W atoms in Moiré superlattice for (a) twisted
WSe, bilayers and (b) WSe, on graphene as a function of twist angle 6 (in °©).
The lattice structure of twisted bilayer system is not periodic in general as a
function of twist angles as the periods of top and bottom layers are generally
incommensurate with each layer. Hence, we restrict some special angles that
two periods to be coincide resulting in a finite unit cell after rotation.

In this work, we are using the VASP code package, because it is a popular DFT

tool for comparing and analyzing photoemission and ARPES data, as well as
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investigating the initial band structure of the twisted TMDCs.
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2.6 An introduction to layered materials

Layered materials have extended crystalline planar structures held together by
strong covalently bonded atoms in-plane and weak out-of-plane Van der Waal’s
(vdW) interaction. Due to the weak vdW interaction, it is relatively easy to ob-
tain the single layer of the vdW material with minimal damage to the remaining
structure or the extracted layer. In 2004, A.K. Geim and K.S. Novoselov em-
ployed a simple scotch tape technique to produce an atomically thin layer of
graphene [8].

Graphene exhibited intriguing properties with significant potential for future
technologies [9, 10, 25]. It has received widespread attention in the scientific
community during the last decades. However, its semi-metallic nature and zero
bandgap characteristics limit its applicability in modern electronic applications.
Although various attempts have been proposed to open the bandgap in graphene,
such as chemical doping, nanoribbons, and double gating, they typically suffer
from inadequate bandgap size or reduced carrier mobility [11-19,90-92]. This
has prompted the scientific community to pursue the discovery of technologically
more relevant 2D layered semiconductor materials with potential applications
in solid-state physics, materials science, and engineering [20,21].

With their non-zero bandgaps, transition metal dichalcogenides that belong to
the MX, family (where M= W, Mo and X= S, Se) which has emerged as an im-
portant class of 2D materials that can overcome the bandgap challenge observed
in graphene [22]. Despite the discovery of a single layer of MoS, in 1986 (93],
little progress has been done in the field of low dimensional systems until the
successful exfoliation of free-standing graphene in 2004. At that point the world-
wide research efforts shifted to 2D materials [23] and additional materials, such
as h-BN, black phosphorous (BP), and many others, have been discovered with
a promise of a wide range of electrical properties.

Researchers investigate fascinating new physics and design new ultra-thin elec-
tronics by isolating 2D vdW materials or mixing and matching them to develop
novel structures. Exfoliated samples are still used in most of the research on
2D layered materials. One disadvantage that limits potential applications of
the exfoliated materials is the lack of scalability and reliability. Chemical va-
por deposition (CVD) appears to be a viable alternative to mechanical exfo-

liation that enabled large scale production of monolayer thin films. CVD has
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been widely accepted as a method to produce both vdW homo-structures and
hetero-structures [27], which can be used in a variety of prototype devices such
as transistors [94, 95| and solar cells [41, 96|, thus expanding the usage of 2D
materials in potential applications.

The study of low-dimensional TMDCs may have a dual benefit of addressing
potential device applications, while also offering a platform for discovering new
physical phenomena. For this reason, we have been encouraged to exfoliate and
investigate one of the most popular TMDC materials, WSes, and its twisted
homostructures on graphite that serves the purpose of the flat substrate. This
section of the chapter will provide a brief overview of the fundamental properties
of vdW materials, their homostructures, and motivation to select WSey as a

material of interest in this thesis work.

2.7 Transition metal dichalcogenides

TMDCs are vdW materials with the chemical formula, MX,, where M denotes
a transition metal and X stands for chalcogen elements [97]. Different TMDCs
compounds constitute different stoichiometries and crystal structures. There-
fore, depending on the combination of M and X, the resultant material can have
a wide range of electronic characteristics, including semiconductivity, insulating
qualities, and even superconductivity [20,22,98-100].

Monolayer TMDCs (X-M-X) are layered structures, which constitute of one M
layer, sandwiched between two layers of X atoms as a unit layer. Transition
metals and chalcogen atoms are bonded by strong covalent bonds within the
triple layer. The bulk TMDCs are formed by vertically stacking these triple
layers, with the chalcogen layer forming a weak vdW bond with the chalcogen
layer of the subsequent triple layer. Furthermore, the coordination of transition
metal atoms inside the TMDCs can be either trigonal prismatic or octahedral,
resulting in various structural phases.

Polymorphism is a key characteristic of TMDCs as they are available in different
polytypes. In their bulk counterparts TMDCs are generally available in three
polytypes that are 1-trigonal (1T), 2-hexagonal (2H), and 3-rhombohedral (3R)
in which the numbers represents the number of layers in the unit cell and the
letter identifies the type of symmetry. These polytypes are common to MoS,,

WSa, MoS,, and WSe,, sharing similar crystal symmetry, with WTey being
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Figure 2.6: Crystal structure of 2H-WSe,. Panel (a) shows the two monolayers
of WSey including the primitive unit cells. Panels (b & c¢) demonstrate side
and top view of 2H-crystal symmetry showing out-of-plane and in-plane lattice
constants. W atoms are depicted in green, while Se atoms are depicted in yellow.

an exception, as it is also recognised in a distorted 1T (Td) structure; also
labelled as 1T’ phase. The 2H and 3R phases are the characteristics of WSes
in which the 2H phase is thermodynamically stable. Typically, in such 2H-MX,
polymorphs, the two layers of trigonal prismatic MXs unit cells are arranged
in ABA stacking. In this scenario, the chalcogen atoms are situated at specific
position refered to as “position A”. This position represents where the chalcogen
atoms are located within distinct atomic planes and are aligned on top of each
other in a direction perpendicular to the layer. Another frequently observed
common phase is the 3R polymorph, which comprises three layers arranged in
ABC stacking. Both, the 2H and 3R have a centre of inversion, which exhibit
identical crystal symmetries; the only difference is the stacking order. As the
property of the material depends on the crystal structure, each polytype of
MX, exhibits varying electrical characteristics. For instance, while MoSy, WSes
made up of the most stable 2H phase are semiconducting in nature [101], the
WTe,, MoTe, systems exhibit semimetallic characteristics [102,103]. Figure 2.6
illustrates the crystal structure of the 2H-WSe,, which is the main focus of this

study.
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2.8 Atomically thin materials/ 2D TMDC

In the class of layered crystals, the weak vdW interaction between subsequent
layers, as opposed to the strong covalent bonding within the layer, indicates that
layers are not strongly coupled to one another in these crystals. This is important
as minimum external forces are sufficient to separate these layers. Graphite is
a well-known example of such vdW crystal structures. Upon exfoliation into
a single atom layer of graphene, its electronic band structure shows a linear
dispersion at K point, and the charge carriers can be described as massless
Dirac fermions [104]. Similarly, TMDCs at atomically thin regime demonstrate

new physical phenomena.

2.8.1 Crystal structure of a 2D monolayer

The monolayer limit of 3D TMDCs consists of a single unit layer described by
MXs,, in which a transition metal M is bonded to six nearest neighbor chalcogen
X atoms in a trigonal prismatic coordination. Figure 2.7 shows the crystal
structure of the monolayer: MX, (WSes).

(a) MX, (c) Top-view
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¥ 4 E
Q. Q. O
C @) O Ow Ose v z
Q £ 0 3
(b) Side-view v %
QO O O, O 3
VNN N NN 2 A 4
QO 0O §

FOd o 1T

Zig-zag termination

Figure 2.7: Crystal structure of TMDCs (WSe2) monolayer. Panel (a) shows
transition metal M atom (W) is trigonally prismatic coordinated with X atoms
(Se). Panel (b,c) show the side and top views of crystal structure demonstrating
the hexagonal structure with metal (green) and chalcogen (yellow) atoms. The
gray shaded region is the primitive unit cell constructed using the two primitive
lattice vectors ai, ag of magnitude a, which correspond to the lattice constant.

The real and reciprocal spaces of monolayer MX, are defined below. The real

space lattice vectors, denoted by orange arrows in fig. 2.7(c), can be represented
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as follows:

1 3
a=ax;az =a <2x + {y) (2.24)

The respective reciprocal lattice vectors have the form:

s 1 2m 2
bi=—|x——y|;by=—— 2.25
' < \/§y> RV (2:25)

In the case of 2H polymorphs, with a transition from bulk to monolayer, the
symmetry reduces from Dg;, — D3, and the space group changes from P63/ mmc
— P6m2 [105]. Both bulk and monolayer have mirror plane symmetry inside
the layer. More crucially, the inversion symmetry present in bulk is lost in the

monolayer limit, resulting in a non-centrosymmetric material.

In the 2D monolayer lattice of WSey, the two Se-atoms are equivalent since
the center of the monolayer is a mirror plane. Graphene has 6-fold rotational
symmetry. However, in WSes, the rotational symmetry is reduced from 6-fold
to 3-fold due to the different atomic basis. Figure 2.8 represents the comparison
of the 2D lattice of graphene and monolayer WSes in real and reciprocal space.
In this case, the orange hexagon represents the first BZ in both lattices. The
high symmetry point I' lies at the center of the BZ, M labels the mid-points of

sides, and K identifies vertices.

2.9 An introduction to vdW hetero-structures

As previously mentioned in section 2.8, one of the most notable characteristics of
TMDCs and other vdW materials is their weak interlayer bonding. In compari-
son to non-vdW crystals [107], the saturation of all the covalent bonds renders
the surface of vdW materials highly inert [108]. Therefore, graphite/graphene,
TMDCs, and various other layered materials have no covalent interactions with
the other materials at the interface. This makes vdW materials a potential
alternative for manufacturing hetero-structures with minimal impact on the
structural and chemical properties of individual component materials [109]. In
comparison to traditional semiconductor hetero-structures, they have several
benefits, including being lightweight, compatible with flexible substrates, while

potentially exhibiting competitive performance [110].
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Additionally, vdW hetero-structures are intriguing, because of their potential to
combine distinct properties of various materials in a device that retains its 2D
nature. They are built by stacking 2D materials on top of one another, and
the vdW forces acting between the atomically thin films are strong enough to
keep the stacks together. The strength of the interface interaction is influenced
by the alignment (or misalignment) of the crystallographic axes of one layer
with another. The possibility of forming various stackings of 2D atomic lattices
with different orientations and interface interaction strength provides tunable
physical properties. Combining different crystal lattices also means merging the

properties and formation of new artificial materials by a sequential transfer.

(a) Graphene-lattice

Brillouin Zone

,
VK

Brillouin Zone

M K/

Figure 2.8: Comparison of graphene and monolayer WSes like lattices and Bril-
louin zones. In (a) all 6 K-points are equivalent due to the presence of the
inversion symmetry, represented by green-colored C-atoms. Within the BZ, the
I'M and 'K’ lines (depicted by dashed black lines) act as mirror planes. In (b)
WSe, lattice has a two-atom basis, with green and yellow balls representing the
atoms. In the BZ, the mirror symmetry along 'K’ (dashed gray line) is broken
and the SOC divides the BZ corners into non equivalent K /K’ points allowing
for spin-polarized bands [106].
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Figure 2.9: Panel (a) shows schematic illustration of the vertical vdW hetero-
structures. Different types of atomic layers are stacked on the top of each other.
Panel (b) shows that one atomic lattice is rotated with angle 6 with respect to
the other.

The basis of such a hetero-structure creation is comparable to a “Lego” construc-
tion, in which each atomic layer serves as a Lego block shown in fig. 2.9(a). Fig-
ure 2.9(b) shows the 2D lattices of vdW materials having a relative rotation (6)
between them, which induces the moiré pattern. The moiré potential together
with interlayer coupling leads to the band modulation and yields rich novel

phenomena, e.g., superconductivity at magic twist angles in graphene [111].

One of two ways can be used to create vdW hetero-structures. The first in-
volves constructing different layers in a plane to create lateral hetero-structures,
whereas the second involves layer-by-layer vertical stacking of different layered
materials. The preparation of hetero-structures is shown schematically in fig.
2.10, with TMDC lattices as an example. In a standard synthesis procedure,
one layer of a 2D material is typically applied to the substrates first (see fig.
2.10(a)). The most critical stage is adding/transferring another layered mate-
rial on top of the first layer, either by traditional epitaxial methods [112,113]
or through a dry transfer approach (see fig. 2.10(b)). When the two layers are
linked in-plane, lateral hetero-structures form (see fig. 2.10(c)), and when one

layer is stacked on top of another, vertical hetero-structures are formed (see fig.

2.10(d)).

Hetero-structures made by combining different 2D materials have gained widespread
attention due to their unique properties. Some examples of such 2D mate-

rial based hetero-structure realized devices are WSy /MoSes hetero-structures for
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(C) Lateral hetero-structure

(a) (b)

(d) Vertical hetero-structure

Figure 2.10: Schematic depiction of the fabrication of the lateral and vertical
hetero-structures. Panel (a) shows the first TMDC layer on the substrate. Panel
(b) represents the assembly of the second TMDCs layer with the first one. Panel
(c) and Panel (d) represent lateral- and vertical- vdW hetero-structures, respec-
tively.

multi-functional optoelectronic device [114, 115], MoSs /WS, /Graphene hetero-
structures for ultra-fast and high-performance photodetectors [116,117], MoS,/-
WS, hetero-structures for spintronic devices, such as spin valves and magnetic
tunnel junctions [118,119] and so on. Moreover, the researchers also demon-
strated the fabrication of a vertical p-n junction thin field effect transistor based
on n-MoS,/p-WSey [120] and photodetectors based on PtSs/PtSes [121, 122].
These examples highlight the diverse potential applications of 2D material-based

hetero-structures and the growing interest in their development.

2.10 Electronic bandstructure of 2D materials

The electronic bandstructure of TMDCs can significantly change when the ma-
terial is thinned down to a monolayer. Several research groups have established
the indirect-to-direct bandgap transition in TMDCs theoretically [123-127] and
experimentally [128,129]. As an example, fig. 2.11 shows the calculated ba-
nd structures of MoS, of various thicknesses using density functional theory.
As can be observed in fig. 2.11(a,b), for bulk and bilayer, the VBM is positioned
at the I' point of the SBZ and the conduction band minimum (CBM) is in betwe-
en the I' and K points due to the interaction of S p, and Mo d? atomic orbitals
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[97,123,128,129,131], which results in an indirect bandgap. By contrast, in the
case of monolayer MoS,, CBM and VBM are present at the K points of the SBZ
(see fig. 2.11(c)) resulting in a direct bandgap. This is owing to the fact that
reducing the number of layers results in a decrease of quantum well states, which
is seen at the I' point. In a bilayer or multi-layer cases, it can be interpreted in
terms of bonding and antibonding interaction between out-of-plane orbitals, but
it is absent in monolayers. The emergence of the direct bandgap at the K point
has an impact on the physical characteristics of monolayer TMDCs. Other
TMDCs such as MoSe;, WSy and WSey show similar bandstructure

characteristics. The analysis of the electronic band structure of twisted SL and

Bulk (b) Bilayer

o

"2 indirect >

Figure 2.11: DFT calculated electronic band structures of MoSs in (a) bulk,
(b) bilayer and (c) monolayer form at high symmetry points. The direct and
indirect band gaps are indicated by the black arrows in each figure. The valence
band maximum (VBM) is set to 0 V. (d) Sketch of the band structure of 2H-
MoS,, showing the spin-orbit splitting of the valence bands edges at the K and
K’ points at the corners of the Brillouin zone. Blue and black cones represent
spin-up and spin-down, while red and blue arrow indicate valley optical selection
rules respectively. Adapted from [39,123,130].
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twisted BL. WSe, with graphite lattice is the central focus of chapter 5. The-
se sample structures contain different twist between the SL. WSey and graphite
as well as between the top and bottom layer of WSes.
In all the different cases shown in fig. 2.11, the spin-orbit splitting in the vicinity
of the K/K’ points in the valence band is nearly the same. Spin splitting occurs
in monolayers of TMDCs materials due to lack of inversion symmetry and SOC.
It also remains in the bulk, because the in-plane orbitals of K-points in subsequ-

ent layers do not interact substantially.

Figure 2.11(d) demonstrates the electronic band structure of monolayer MoS,. It
shows the spin splitting of the valence bands at K and K’ points at the corners of
the Brillouin zone driven by spin-orbit interaction. Since MoSs is non-magnetic,
time-reversal symmetry applies and the energy for K and K'must be degenerate
through E(1, B)=FE(], +k). Time-reversal symmetry is also acting on the orbital
angular momentum (OAM), therefore, K and K’ have opposite OAM. For this
reason, it is possible to excite electrons into a certain valley (either the K or K’
locations) with a specific spin using opposite helicities of circularly polarised light
[132]. The spin splitting of bands at K and K'is opposite due to time-reversal
symmetry. The schematic of the valley dependent excitation of electrons with
spin-up and spin-down polarization by left (0_) and, right (o) circularly

polarized light is shown in fig. 2.11(d).

It is important to note that the underlying physics of WSes, both in its bulk and
monolayer form, is similar to other transition metal dichalcogenides (TMDCs)
such as MoSy, WSy and MoSe,. The key difference between these compounds is
the magnitude of their SOC, which causes the splitting of the energy levels
between the spin-up and spin-down states. For instance, the spin-split energy
difference of the VBM at the K point in WSe, is about 500 meV [133], whereas it
is ~ 148 meV, ~ 180 meV, and ~ 425 meV in MoSe, [134], MoS; [135], and WS,
[136], respectively, owing to the larger SOC in WSes. This has significant
consequences for transport and optoelectronic properties, such as the generation
and manipulation of spin-polarized carriers. Since the dispersion of electrons at
the VBM has a significant impact on transport properties, it is intriguing to study
the band dispersion around the VBM. This makes WSes a promising candidate
for spintronics applications in the future, due to its larger spin splitting [105].

In addition to their unique electronic properties, these materials also exhibit
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excellent mechanical properties including high stiffness, strength, and flexibil-
ity [137,138]. This makes them ideal for applications in flexible electronics, sen-
sors, and nanoelectromechanical systems [129,139-141]. Furthermore, their high
optical absorption and emission properties, combined with their thinness, make
them promising candidates for optoelectronic applications, such as photodetec-
tors, solar cells, and light-emitting diodes [43,44,116,142-144]. The bandgaps of
these materials fall in the visible range, making them suitable for these applica-
tions. Overall, the unique properties of these semiconducting 2D materials make
them promising candidates for a wide range of applications [145-147]. The large
SOC, combined with their other desirable properties, make them attractive for
exploring novel electronic and photonic phenomena, and for the development of

next-generation electronic devices [148].






Chapter 3

Sample Preparation and

Characterization

3.1 Sample fabrication methods

Following the discovery of graphene in 2004, there has been a significant increase
in interest in the fundamental science and applications of two-dimensional ma-
terials, as well as their homo/hetero structural configurations [8]. Layered 2D
materials exhibit intriguing characteristics when thinned down to a single or few

layers, as discussed in previous chapters.

Rapid development of devices based on two-dimensional materials has depended
largely on mechanical exfoliation of bulk crystals using scotch tape and subse-
quent transfer to substrates. Over the last decade, this basic method has been
improved to increase the production and lateral size of exfoliated flakes. The
main techniques employed in this study are mechanical exfoliation and peel /lift
transfer. A comprehensive explanation of these techniques is presented in the

following sections.

3.1.1 Mechanical exfoliation

The development of the micromechanical exfoliation (the so-called scotch tape
method) technique was a crucial advantage in the success of graphene research.
Due to its simplicity and the fact that it avails high quality 2D materials, the mi-
cromechanical exfoliation is continued to be primary choice of technique among
researchers to procure 2D materials of known thicknesses. This process is quite
straightforward, as illustrated in fig. 3.1 [149]. The first step is to press the
adhesive tape on the desired crystal surface (a), then peel it off; during this pro-

cess, some of the top layers of the crystal are attached to the tape (b), and then

37
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Figure 3.1: Schematics of micromechanical exfoliation of a layered material: (a)
Adhesive tape is pressed onto the specified crystal. (b) Peel off the sticky tape,
allowing the top layers of the crystal to adhere to the tape. (c) The tape was
then placed onto the desired substrate, such as Si, TiO, and so on. (d) Keep
on repeating the same process in order to get the single layers of the layered
materials. Reproduced from [149].

press it on the targeted substrate (c¢). Typically, this technique must be done
multiple times to yield monolayers (d). The exfoliation method produces flakes
of varying sizes and thicknesses that are randomly scattered on the substrate

surface. Only a small percentage of all these flakes are atomically thin.

This technique produces the cleanest and finest quality samples as compared
to polyvinyl alcohol (PVA), wedge, and evalcite transfer methods, making it an
excellent choice for investigating new physics and novel device designs [150-152].
A subsequent issue following the exfoliation process of the atomically thin flake
is to locate them, which usually is accomplished using optical identification
[153-155]. This is a quick, non-destructive and reliable technique to locate 2D

flakes of interest.

Due to the low thickness, 2D material flakes, particularly TMDC flakes, are
sometimes invisible under the optical microscope; however, this issue can be
handled by utilizing a suitable thickness of SiO5 on Si [156-158]. For example,
MoS, monolayers can be detected more easily if the thickness of SiOs is 55 or
220 nm, providing an optical contrast of 60% for 500 nm wavelength illumina-

tion [159]. Previous studies showed that the contrast of the atomically thin films
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Figure 3.2: (a) and (b) show the optical micrographs of the mechanically exfoli-
ated WSe; flakes surrounded by thicker bulky flakes. Different thickness of the
flakes is shown by the varying optical contrast.

depends on the TMDC'’s layer thickness. Figure 3.2 shows optical images of a
WSes single layer surrounded by thicker flakes on Si substrate. The varying op-
tical contrast from flake to flake is clearly visible which is helpful to differentiate

flakes with different layer thickness.

3.1.2 Dry transfer technique

Fabrication of sterile homo/hetero 2D layered structures is a critical step in
the device fabrication as unclean or non-uniform 2D structures tends to impact
device performances. Over the years, many conventional techniques have been
used, such as wedging, PVA, and evalcite transfer methods [150-152]. All of
these methods rely on the presence of an organic entity, most commonly a poly-
mer component. At the end of the transfer process, such polymer components
act as sacrificial materials in different solvents. As the wet chemical steps are
used throughout the fabrication process, eventually leaving behind an unwanted
organic entity such as long-chain molecules on 2D material surfaces even after
the exhaustive rinsing with different solvents. The presence of such undesired
products likely interfere with device functioning, therefore affecting its overall
performance. A dry transfer technique can be employed as an alternative that
can overcome the issue of contamination. These transfer techniques rely on a
visco-elastic stamp [161]. The stamp is made of commercially available visco-
elastic material (Gelfilm from Gelpak). It is a thin layer that is attached to a
glass slide to make it easier to handle [160].

Figure 3.3 shows the schematics of the dry transfer setup and steps required
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to prepare the stack of atomically thin layers [160]. Panel (a) depicts the ex-
perimental setup for transferring two-dimensional crystals, including an optical
microscope equipped with long working distance optical objectives and a three-
axis micrometer stage for precisely positioning the stamp. Panels (b-g) show
the steps to prepare the visco-elastic stamp and assembly of the atomically thin
layers on the top of each other. First, a bulk crystal is thinned down by us-
ing blue/scotch tape. The flakes are then transferred on the stamp using the
micromechanical exfoliation process (b). Next, the surface of the stamp is ex-
amined under an optical microscope to determine the atomically thin layer and
then turned upside down (c). Once the thin layer is identified, the targeted sub-
strate is positioned on the sample XYZ stage using double-sided tape, and the
transparent polymer stamp is attached upside down on the top of the targeted

substrate (d). After aligning the flake and the desired position on the substrate,

Microscope

(@) _ Microscc
Stamping stage ’ Long working-distance

Ae objective
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Glass sl de/
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Vi stic starT\p
(b) () (d)
Scotch —
tape  paxe —— «— Substrate
Polymer stamp—
(e) 6 (€9)

Figure 3.3: Deterministic dry transfer setup and process: (a)The experimental
setup for the all-dry transfer technique is depicted schematically. The proce-
dure involved in the preparation of the visco-elastic stamp and the deterministic
transfer of an atomically thin flake to a user-defined location are depicted in
(b-g). Reproduced from [160].
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the stamp is pressed against it (e). Afterward, it is very slowly peeled off (f). The
atomically thin layer is now transferred on the surface of the targeted substrate

at a predetermined position (g).

3.2 Fabrication of 2D hetero-structures

In this thesis, multiple 2D hetero-structures with different twist angles be-
tween the monolayers of TMDCs were fabricated and studied, for example:
MoS,/WSey /n-Si, MoS,/MoSs/graphite/n-Si, WSe,/WSe,/graphite/n-Si, Mo-
Ses/MoSe, /graphite/n-Si ete. In this section, I'll show one example of the fab-
rication process for 2D vertical van der Waals structures. Figure 3.4 shows the

sequential transfer process used for the fabrication of multiple hetero-structures.

Firstly, highly-oriented pyrolytic graphite (HOPG) was carefully exfoliated on a
n-doped Si substrate by the scotch tape method to obtain flakes with a thickness
ranging from 10-40 nm, as shown in fig. 3.4(a). The graphite flakes serve
the purpose of a flat substrate for the bilayer sample structures. Before the
transfer, the substrate (n-Si) must also be properly prepared in order to ease
the transfer of crystals from the tape. Typically Os plasma and heat treatment
are applied to improve the adhesion between the atomically thin layer and the
targeted substrate. In addition, n-doped Si substrates are ultrasonically cleaned
in specific solvents such as isopropanol, acetone, and ionized water for 15 minutes

intervals in each solvent and then dried with a nitrogen gun.

The bulk layered WSes crystal was exfoliated with scotch tape to obtain atomi-
cally thin flakes. Exfoliation of TMDCs onto poly-methylmethacrylate (PMMA),
polydimethylsiloxane (PDMS), or polypropylene carbonate (PPC) has a higher
success rate than exfoliation onto SiOs. Therefore, 2D WSe, flakes were trans-
ferred onto the PDMS stamp, which was adhered to the glass slide to ease its
handling for further processing. The transparent stamp helps us to identify the
optimal thickness of WSe, flakes using a transmission mode under the optical

microscope.

Once we identified the single layer of WSes on the PDMS stamp positioned on
the surface of the glass slide, we attached the glass slide on the three-axis manip-
ulator facing upside down and heated the desired substrate (n-doped silicon) up

to 75-100°C, facilitating the transfer process. Next, the exfoliated thick graphite
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flake on the n-doped Si substrate is mounted on the XYZ stage using double-
sided tape. By carefully aligning the transparent PDMS stamp, the WSe, flakes
are then transferred with a sub-micrometer resolution to a desired location on
the thick graphite flake fig. 3.4(b). We repeated the same process for transferring
the second monolayer of WSe, on the top of the WSe, /graphite/Si single layer
system. This way we obtained a bilayer structure: WSey/WSe,/graphite /n-Si
fig. 3.4(c). With this process, we prepared bilayer samples with different twist
angles between the monolayers of WSey. In our 2D sample preparation, we
used two methods: mechanical exfoliation and dry transfer technique. When

employing the dry transfer methodology, one can reach a yield of 100% when

(a) (b)

Bottom layer

Graphite

Figure 3.4: Sequential transfer of homo-bilayer of WSe, flakes: (a) Optical im-
age of a mechanically exfoliated graphite flake on an n-Si substrate. (b) Optical
image of the same flake following the transfer of a single layer of WSe, flake that
is referred to as the bottom layer. (c) Another single layer of WSe, is trans-
ferred onto the stack by employing another transfer step. The top and bottom
monolayers of WSe, are shown by the red and green dotted lines. (d) Optical
image of the twisted SL and BL WSe,/graphite/n-Si. This structure exhibits
two type of twist angles: between the graphite and SL. WSes and between the
top and bottom SLs of WSes, which are represented by the yellow and gray
dashed circles, respectively. (e) Schematic model of the sample configuration.
Different nanosheets are denoted by green, red, and black colors.
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transferring the sample on an atomically flat material, but the yield is reduced
on rougher substrates due to less adhesion between the 2D material and the
targeted substrate. Moreover, it significantly reduces contamination during the

sample preparation.

3.3 Strain induced bubbles

The topography of the transferred flake is characterized with the help of the
atomic force microscopy (AFM) technique. Prior to the AFM measurements,
the 2D vertical heterostructure is annealed at 300°C in ultra-high vacuum (UHV)
for 30 minutes. The annealing temperature and time are optimized to achieve
the self-cleaning effect; a partially understood diffusion process takes place in
the interfaces where contaminations segregate and form large pockets, leaving
seemingly clean areas of a few micrometers in between. These pockets are also
called “bubbles” and they can be easily detected in AFM measurements [162,163].

Figure 3.5 shows the AFM image of a WSe, flake transferred onto the Si sub-
strate (panel (a)) and thick graphite flake (panel (b)). As seen in fig. 3.5(a), a
number of bubbles is uniformly scattered throughout the silicon substrate sur-
face. This might be owing to the roughness of the SiO; underneath or to the

localized accumulation of a previously dispersed surface contamination, such

@ SL-WSez/Si ® g wse,/graphite

Figure 3.5: 2D TMDCs flake on different substrates: AFM images of WSey
monolayer on silicon (a), and graphite (b) substrate. The contamination are
aggregates in form of bubbles due to self-cleaning effect between graphite and
TMDCs interface. Bubbles and cracks are depicted by white and yellow arrows.
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as tape residues. Figure 3.5(b) shows that the surface area of the WSe, flake
placed on graphite flake is also covered with bubbles and wrinkles. However, we

observed that the density of bubbles is reduced as compared to Si substrate.

The bubbles are seen as white spots in the AFM images, which are measured on
SL WSe, /graphite, and BL WSe, /graphite, and the corresponding dark areas on
the optical image (see figs. 3.6(a,d,g). We observed that approximately 30-40%
of the produced hetero-structures have substantial areas free of bubbles and
wrinkles. This is the result of the self-cleaning effect between the graphite and
TMDCs interface [162,163]. Additionally, AFM measurements on the SL WSe,
and the graphite flake are also shown in panel 3.6(b,c), with the step height

matching the thickness of one monolayer of WSe,.

In the homo/hetero-structures, the vdW forces operating between the 2D ma-

terial and substrate seal the interface and aggregate interfacial contamination

(b)

X [um] X [um]

Figure 3.6: Bubbles trapped between 2D TMDCs (WSe,) flake and graphite:
(a) Optical micrograph of the SL. WSey and BL WSe, flake lying on the thick
graphite flake (fig. 3.4). (b,c) show the AFM image and height profile measured
on the edge of the monolayer flake of WSe, /graphite as indicated by black square
in (a). The AFM images measured at the SL. WSey and BL. WSe, parts of the
sample structure are shown in (d,g). (e,h) are AFM images of the bubbles
created by WSe, flake, which are shown by black squares in (d,g), and (fi)
show the bubble’s cross sectional profile. Black line in (e,h) indicates where the
profiles in (f,i) were measured.
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into the bubbles. The interface acts as an entrapment site to foreign aggregates
or contaminants, which are observed in the form of bubbles [164]. The con-
tents of these bubbles are likely to be water and hydrocarbons [165]. A thermal
annealing step further aggravates the diffusion of these contaminants to collate
into bigger air pockets leaving the surrounding region bubble-free, as shown in
figs. 3.5 and 3.6. The sterility of this bubble-free region at the interface remains
largely debated. For instance, while few studies have reported the formation of
larger bubble leaves the rest of interface clean and contaminant free [166], others
have demonstrated a possible coexistence of a thin fluid layer along with bubbles
at the interface [167-170]. For both cases presented in fig. 3.5 (SL WSey/n-Si
and SL WSe,y/graphite), the flat areas have a root mean square (RMS) surface
roughness of < 0.1 nm, which is limited by the accuracy of our AFM.

We notice only few bubbles at the interface between the monolayer of WSe, and
graphite (fig. 3.6(d)), although there is a big crack present. In contrast, the
surface of the bilayer of WSey (fig. 3.6(g)) contains numerous cracks, bubbles,
and wrinkles. Panels 3.6(e,h) are the zoomed-in AFM images of typical bubbles

and 3.6(fi) are the cross-sectional height profiles.

Bubbles and irregularities come in various shapes such as round, elongated, tri-
angular, pyramidal, etc. The radius of well-defined round and elongated bubbles
varies from 0.15 pm to 1 pm, and the height profile changes from 5 nm to 250

nm on the different surface regions of the WSe, flakes.






Chapter 4

Experimental Setup

4.1 Nano-ARPES beamlines

During the last few decades, the conventional ARPES experiments at syn-
chrotron facilities and homelab-based light sources have utilized beam spot sizes
of ~ 15-500 pm. As a result, ARPES experiments were unable to probe a large
number of engineered materials fabricated at smaller length scales (<10 pm)
[158,171]. Recently, several technologically important materials have been fab-
ricated at micron to nanoscale dimensions, such as the twisted bilayer graphene
[16,31]. It is quite challenging to realize these materials at larger length scales
without fractures or contaminants trapped between the layers. Further, many
single-crystal materials require surface cleaving prior to the ARPES experiments.
Cleaving does not necessarily result in large flat areas; the flat cleaved surfaces
might have varying crystal orientations. Therefore, an ARPES set up with a

smaller beam spot in the range of ~ 1-5 pym is required.

In general, there are two approaches available for probing the interplay between
geometrical and electronic structure in various sample geometries: “Momen-
tum microscopy”, and “nano-ARPES” techniques. For example, the NanoESCA
beamline at Elettra, Italy [172,173] is equipped with a commercially available
momentum microscope capable of obtaining spatially-resolved information about
the band structure. However, the availability of the beam spot size is in the range
of 10-20 pum, and by using field aperture, it can be further improve to 8-10 pm.
Despite this improvement, it is still challenging to measure small-scale samples,
which are typically less than 8 pm in size.

To address this challenge, u-ARPES and nano-ARPES techniques with ~ 1-
5 pm or smaller beam spot integrated with scanning microscopy have been
developed to identify and measure small-scale samples. However, there are some

issues when creating a photon beam spot of 1 um or smaller. For instance, the
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focusing optics requirement may limit the available photon angle of incidence
onto the sample and affect the extraction of the excited photoelectrons. The
focusing optics must be in close proximity to the sample surface to focus the
vacuum ultraviolet (VUV) or X-ray beam from the beamline within hundreds
of nanometers. On top, a larger focusing optics is required to obtain a larger
numerical aperture. These criteria can be in conflict with the ARPES detector

requirement, which needs a wide solid angle to sample a large momentum space.

Advanced setups of the ANTARES beamline at SOLEIL synchrotron and the
MAESTRO beamline at the Advanced Light Source (ALS) synchrotron offer
the advantages of combining a small beam spot, in the range down to hundreds
of nm, with spectroscopic imaging. Another feature of these beamlines is their
ability to excite electrons from the valence band or core levels using a wide
photon energy range. This provides the opportunity to determine precisely
different elemental compositions on the sample surface. Further, they also offer

controlled polarization of the light.
In this thesis, the majority of the experiments were carried out at p-ARPES

and nano-ARPES beamlines. This chapter will provide an overview of different
experimental setups used in our ARPES studies. Such ARPES experiments are
complex setups that require an UHV environment with pressure preferably of
the order of 1071° mbar or better. UHV systems need significant maintenance,
which comprises constantly running pumps such as turbomolecular pumps, ion
getter pumps, and titanium sublimation pumps. Sometimes, whenever the vac-
uum chamber was vented or polluted, the entire system requires baking at least
at 120°C. At synchrotron facilities, the storage ring, entire beamline, and the ex-
perimental end-station have a transfer path that connects all the chambers by a
UHV system. In events of leaks, venting has to be avoided, which is guaranteed
by multiple safety interlock systems. The UHV system complicates an access
to any manipulation within the chamber; therefore, bellows and magnetic cou-
plings or piezo-actuators can be used, allowing external manipulation and precise
sample movements. This implies that every component and approach used in
the ARPES experiment is crucial for precise sample measurements, which is
elaborated further in this chapter.

Since ARPES is a surface-sensitive technique, the quality of the sample surface
is critical for the experiments. In order to produce a clean surface for ARPES

experiments, the majority of samples are prepared in-situ. Therefore, all ARPES
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setups utilized in this study feature customized preparation chambers that are
directly connected to the photoemission experiments. These preparation cham-
bers are capable of performing typical UHV surface preparation procedures such
as heating for sample degassing, argon sputtering, and in-situ growth of thin
films. An alternative method for producing a clean sample surface is cleaving
a single crystal. To characterize the sample surface, the preparation chambers
also include the equipment to perform LEED and Auger electron spectroscopy

(AES).
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4.2 ANTARES beamline at SOLEIL

The beamline

The ANTARES (Analysis Nano-spoT Angle Resolved photo Emission Spectro-
scopy) beamline is located at the SOLEIL synchrotron in France [174]. The
storage ring operates in “Top-up” mode, which means a small amount of current
is injected periodically to maintain a constant beam current in the ring; here,
it’s 500 mA at 2.75 GeV electron energy. The beamline employs a tandem
configuration of two undulators to produce a soft X-ray beam with controlled
linear and circular polarization in the energy range from ~ 12 eV up to 1000 eV.
The nano-ARPES setup at the ANTARES beamline shares the classical design
of the ARPES experiments. The schematic of the beamline is represented in fig.
4.1.

The beamline consists of the following main components to provide a collimated
and homogeneous beam spot: pre-focusing mirrors, a plane-grating monochro-

mator (PGM), and post-focusing optics. The nano-ARPES end-station is equipped

ANTARES: Analysis Nano-SpoT Angle Resolved photo Emission
Spectroscopy Beamline

HU256 or HU60

undulators

% Pre-focusing

Mirrors

XY Scan
Controller
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Monochromator Exit Slits @ . : I Pinhole

Double PseudoWolter
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Figure 4.1: Schematic depiction of the ANTARES beamline. The first pre-
focusing mirrors collimate the undulator beam to a plane-grating monochroma-
tor with two gratings that can be exchanged by remote control. The PGM is
positioned to suppress higher orders of light with high resolving power. The
second set of mirrors is used to refocus the beam on the sample or the pinhole,
depending on whether a micro- or nanometer spot size is required. Reprinted
with permission from J. Avila, from [175].
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with a Fresnel zone plates (FZPs) focusing scheme together with an order sorting
aperture (OSA) mounted between the FZP and the sample in order to suppress
unwanted diffraction orders. The details of calibration of the beamline can be
found in [174].

The ANTARES end-station includes a scanning microscope that produces an
image one pixel at a time by raster scanning the X-ray beam across the sample
surface and at each point a spectrum has been taken with the MBS A-1 spec-
trometer with high angular and energy resolution, and with the deflector lens

and by selecting certain electrons from each point one can generate an image.

The experimental end-station

The experimental end-station of the ANTARES beamline is designed with a
fast entry chamber for transferring samples quickly from ambient to UHV en-
vironments, a preparation chamber, and an analysis chamber equipped with a

microscope, electron analyzer, and nano-spot focusing optics. In comparison to
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Figure 4.2: Illustration of the experimental geometry of the ARPES setup at
the ANTARES beamline. The angular distribution along the horizontal entrance
slit is imaged by the analyzer. 2D k-space mapping is achieved by rotating the
sample around the vertical manipulator axis. The incidence direction of the
X-ray radiation is indicated by green color.
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the conventional ARPES setups, the specimens at this beamline are mounted
on a high-precision sample plate, which will ensure their nanoscale alignment in
the x, y, and z directions. The ANTARES beamline is equipped with two sets of
motors: mechanical motors with a larger movement range with a resolution of ~
5 pm and piezoelectric motors with a smaller movement range with a resolution
of ~ 5 nm. An interferometric control can be used to reduce both thermal drift
and mechanical movements in order to ensure accurate nanometer scanning of
the sample [176]. Furthermore, the azimuthal (') and polar (©) angles can be
automatically scanned over a total range of 210° and 55-60°, respectively. The

beamline parameters are summarized in table 4.1.

With zone plates Without zone plates
Energy Range 45-1000 eV 12-1000 eV
Beamspot on the 400 nm @ 100eV 80 um @ 100 eV
sample
Polarization Linear horizontal and Linear horizontal and
vertical, elliptical vertical, elliptical
Energy resolution 25-30 meV @ 100eV 15 meV @ 100eV
Min. temperature at 60 K 60 K
the sample

Table 4.1: Spectroscopic features of the ANTARES beamline at SOLEIL.

The end-station features nano-focusing optics, also known as FZPs. With zone
plates, the energy resolution is in the range of ~ 25-30 meV with the beam
spot focused down to 400 nm at 100 eV photon energy, while without them, the
energy resolution is &~ 15 meV, and the beam spot is extended to 80 microns.
The ARPES chamber uses a multiaxis manipulator, which enables cooling down
to 60K with or without the insertion of the FZPs.

The ANTARES setup can be used in two operating modes: spectroscopic imag-
ing and spectroscopy with nano-spot, both of which make use of X-ray radiation.
In the imaging mode, angle-resolved or angle-integrated photoelectron spectra
are obtained when the sample position is changed, resulting in mapping 2D im-
ages of the electronic state of interest. In the spectroscopy mode, a detailed

electronic band structure is probed at a fixed sample position.
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The Fresnel zone plates

ANTARES is the world’s first commissioned nano-ARPES beamline, employing
FZPs focusing technology. FZPs can produce the smallest beam spot over a
certain photon energy range. In practical applications, FZPs are typically opti-
mized at a particular photon energy, and the ANTARES end-station typically
uses 100 eV or 60 eV.

Figure 4.3: Fresnel zone plate [177].

As previously discussed, in order to achieve a small beam spot, the focusing op-
tics and the sample must be very close to each other, which causes difficulties in
collecting the emitted electrons. To prevent this, the working distance between

the FZP and the sample can be extended by increasing the size of the FZP.

FZP lenses are made up of a set of equally spaced concentric rings, which al-
ternate between opaque and transparent zones. The light that strikes the zone
plate will diffract and constructively interfere at the focal point. The focal length
(f) of FZP is directly proportional to the photon energy, f=D A ry/ A, where
A is the wavelength of the incident X-ray, D is the diameter of FZP and A ry

is the size of the outermost zone width.

In this thesis, we performed certain ARPES experiments at the ANTARES
beamline using zone plate optics which allowed us to selectively probe the mi-

crometer sized 2D flakes. The details are provided in chapter 5.
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4.3 MAESTRO beamline at ALS

The beamline

The second-generation nano-ARPES instrument is installed at the MAESTRO
(Microscopic And Electronic STRucture Observatory) beamline in sector 7 at
the ALS, Lawrence Berkeley National Laboratory in the U.S.A. [178]. The ALS
storage ring operates in top-up mode with an electron energy of 1.8 GeV and
a current of 500 mA. To assure nanoscale alignment of the focusing optics, the
specimen at this beamline is mounted on a high-precision sample plate; a similar
technique as used at the ANTARES beamline [179].

MAESTRO: Microscopic And Electronic

LEEM+PEEM
Structure Observatory

u-ARPES £

Exit slit

4 Jaw nano-ARPES

Figure 4.4: Schematic depiction of the MAESTRO beamline at ALS. It consists
of various experimental end-stations including low-energy electron microscopy
(LEEM), photoemission electron microscopy (PEEM), p-ARPES and nano-
ARPES techniques [180, 181].

The experimental end-station and spectroscopic features

The MAESTRO beamline is equipped with a versatile experimental end-station,
as shown in fig. 4.4. It is divided into two main sections: preparation chamber
and analysis chamber. The preparation chamber is equipped with a glove box,
pulse laser deposition (PLD), and molecular beam epitaxy (MBE) techniques to
do in-situ sample preparation. The analysis chamber of the beamline consists

of state-of-the-art angle-resolved photoemission setups with different focusing
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optics.

Depending on the spatial resolution, the spatially-resolved ARPES approach is
referred to as p-ARPES or nano-ARPES. The end-station at the MAESTRO
beamline is fitted with two ARPES chambers. One is u-ARPES equipped with
K-B focusing optics [182], and the other one is nano-ARPES with two additional
focusing optics (FZP, capillary) to perform p-ARPES and nano-ARPES stud-
ies [183-186]. We had been using the nano-ARPES chamber, which is equipped
with a multiaxis manipulator, allowing the precise positioning of the sample as
described in section 4.2 integrated with the cooling sample stage, which can
be cooled down to 40K by using liquid helium. In this chamber, two types of
focusing optics can be used to focus the beam spot from ~ 1-4 ym down to a
few hundred nm range, i.e., capillary optics and diffractive optics such as FZP.
FZPs are limited to single-photon energies, whereas capillary optics allow one to
choose of any photon energy within the available range [187]. The MAESTRO
beamline has various capabilities, but we have only used capillary focusing be-
cause of the high X-ray flux, which makes it fast and convenient. Some of the
spectroscopic features of the beamline are listed in table 4.2 and details could
be found in [188].

Chambers Analyzer | ALS Photon Energy ALS spot size
Range resolution
nanoARPES | R4000 80-1000 eV | =250 meV | HiRes Mode:
(nARPES) <120 nm using FZPs
LoRes/ HiFlux Mode:
<1-2 um using capillary

Table 4.2: Spectroscopic features of the MAESTRO beamline at ALS [188].

Capillary optics

At the MAESTRO beamline, soft x-rays can be focused to a small beam spot
using either zone plates or capillary optics. Some of the shortcomings of the zone
plate technology can be overcome by using the capillary mirror optics developed
by Sigray [189]. Capillary optics is in the shape of an ellipsoid, and the reflective
surface is coated with a metal, typically platinum (Pt). The inside surface of a

capillary is used to focus the incoming beam. It is necessary to block the center
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Figure 4.5: Illustration of the experimental geometry of the ARPES setup at
MAESTRO beamline [180].

beam in order to eliminate the non-focused portion of the beam. Figure 4.6
depicts the beam layout used to test the capillary optics. The capillary optic
is achromatic and has larger numerical apertures, allowing it to absorb a larger
X-ray beam, resulting in a 100- to 1000-fold increase in the X-ray flux as com-
pared to FZPs. A comprehensive description of how the capillary optic works
can be found in [187].

Sample
( . \ Capillary
MCP (

Detector

Figure 4.6: Beam layout used to test the capillary optics at MAESTRO beam-
line. Reproduced from [187].

The majority of the ARPES experiments in this thesis were carried out at the
MAESTRO beamline using capillary focusing optics. This was beneficial since
it allowed us to selectively explore different regions on the 2D flakes of WSe,
due to the focusing down to ~ 1-2 ym beam spot. Additionally, having a large
X-ray flux decreases the time needed to acquire 2D, 3D, or four-dimensional

(4D) datasets for our studies, which will be presented in chapter 5.
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4.4 NanoESCA beamline at Elettra

The beamline

PGI-6 operates the NanoESCA beamline at the Elettra synchrotron facility in
Trieste, Italy, that is equipped with a modified momentum microscope based on
the Focus NanoESCA concept. NanoESCA is a commercially available PEEM
that is designed to combine the high spatial resolution (better than 150 nm)
imaging with good energy resolution (better than 70 meV) to allow chemical

analysis at each point in the image [190].

An advantage of the NanoESCA setup is that the Eg;, versus k)| analysis can
be carried out in a way similar to standard ARPES by projecting the Fourier
plane rather than the real space image of the energy-filtered photoelectrons onto
the 2D detector, thus performing the so-called k-space microscopy. Utilizing the
photon beam spot of ~ 15 — 20 um diameter, the NanoESCA setup can be
used to selectively measure microscopic samples in the energy mode, making it

suitable for probing the electronic band structure of larger exfoliated flakes.

microscope
objective

APPLE Il undulators

ij phasegulation VLSgrating refocusing specimen
Teg phase shift entrance mirrors
(eg. hyafordircularpol) Pinhole  sits exit slit

(doubleslit)
plain mirror

monochromator

polarized mirror
radiation

Figure 4.7: Tllustration of the dual undulator beamline with micro-focusing at
Elettra synchrotron facility (adapted from [191]).

The NanoESCA beamline is engineered to provide a high photon flux density,
and the beamline scheme is depicted in fig. 4.7. A detailed characterization can
be found in the Ph.D. thesis of Marten Patt [191]. The essential parameters of

the NanoESCA beamline performance are summarized in table 4.3.
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Polarization Linear horizontal and vertical,
elliptical
Energy range 40-1000 eV

Beamspot on the sample | 15 pm x 10 um (Hor. x Vert.)
at 25° grazing incident

Table 4.3: NanoESCA Beamline specification.

The experimental end-station

The microscope consists of a first optical column that is placed in front of the
specimen along its normal direction and collects the photo-emitted electrons.
Following that, there is a double-hemispherical analyzer via which the extracted
electrons pass through retaining the image during the energy filtering process,
and a second optical column, that projects the electrons onto the 2D detector.
In addition, another detector is installed after the first optical column, as well as
a channeltron after the first hemisphere. Therefore, the NanoESCA microscope
may operate in three different modes: PEEM, energy-filtered PEEM mode,
channeltron, as shown in fig. 4.8 and further details can be found in [191].

The NanoESCA microscope can be adapted for momentum measurements. The
size of the probing area offers a good spatial resolution in momentum mode, be-
cause the beam spot can be focused to ~ 15-20 um. Moreover, a field aperture
can be used to reduce the probed region to ~ 8-10 um because it is positioned
inside the image plane, thereby reducing the field of view in real space. Figure
4.8 illustrates the microscope design. The performance of the NanoESCA mi-

croscope is summarized in table 4.4.

Lateral resolution > 100 nm
k, resolution ~0.04 A
Min T 40K with LHe cooling

Table 4.4: Performance parameters of the NanoESCA microscope.

The NanoESCA microscope can switch between real space and reciprocal space

mode by applying the voltage to the electrostatic lens in different combinations.

e Real space mode In real space mode, the spatial information of the

photo-emitted electrons is preserved by integrating over a range of emis-
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Figure 4.8: Panel (a): Photograph of the NanoESCA end station at the Elettra
synchrotron in Trieste, Italy. The preparation chamber is employed with in-situ
surface preparation and characterization techniques. The NanoESCA micro-
scope can be operated in a variety of modes, as shown in panel (b). Panel (c)
shows the scheme of the NanoESCA. Adapted from [191]).

sion angles at each point governed by the contrast aperture. This mode is
compatible in both PEEM and energy-filtered PEEM modes. This operat-
ing mode is used to perform laterally-resolved chemical mapping and work

function of the sample surfaces depending on the excitation light source.

e Reciprocal space mode In reciprocal space mode, the angularly and en-
ergetically resolved photo-emitted electrons are preserved while averaging
over a selective area of the sample. This operating mode uses predomi-
nantly energy filter configuration, which allows access to detailed informa-

tion on the electronic band structure of solid surfaces.
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With a NanoESCA microscope at an extractor voltage of 12 kV, the objective
lens has a wide momentum k| of acceptance, which helps to probe the entire
Brillouin zone of most materials, i.e., = 2 A~1. This improves the efficiency and
improved k-scale linearity of 2-D mapping of the entire BZ by eliminating the
necessity for sample rotation. At a momentum microscope, the spectrum can
be measured by scanning the in-plane momentum of the filtered kinetic energy
of the photoelectrons in a single shot and obtaining a three-dimensional data
stack I(k,, ky, Egin) by measuring many (k,, k,) images at different kinetic
energies. Thus, extracting intensity profiles from such image stacks can be used

to determine electronic band dispersion along any desired reciprocal direction.

In this thesis work, the NanoESCA beamline was used to conduct ARPES and
circular dichroism angular photoemission studies on monolayer, bilayer, and
multi-layer of WSe, flakes. The details of the experiments will be provided in
chapters 5 and 6.



Chapter 5

The Electronic Bandstructure of
Twisted Monolayers and Bilayers of
WSeQ

In the last few years, TMDCs have been one of the most studied vdW mate-
rials in 2D materials research, and particularly MoSs, MoSes, WSy and WSes
have gained much attention [192]. It is well known that in these vdW materials,
when thinned down to a monolayer, the change from an indirect bandgap semi-
conductor to a direct bandgap semiconductor occurs [129,193]. Moreover, this
transition has a direct impact on the optical and electric transport behavior of

the material.

The vdW interlayer interaction allows for the exfoliation and artificial reassem-
bling of various 2D materials into arbitrarily stacked hetero/homo-structures.
Assembling individual layers with different electronic properties facilitates the
idea of realizing artificial stacks of solids, so-called van der Waals hetero-struct-
ures (HSs) [25]. The HSs design enables the tailoring of band alignment at
various semiconductor interfaces [27,194] into different types of heterojunc-
tions [28,29,101,195,196]. This approach of material design comprises the super-
position of two crystal lattices with the same or different atomic registries, which
leads to the construction of a long-range periodic superlattice. It often gives rise
to a periodic moiré pattern potential, which can emerge either from the different
lattice constants or the twist angle. In particular, the twist angle between such
layers provides an adjustable degree of freedom compared to conventional ma-
terials. The strength of the moiré potential is typically in the range of several
meV, and lattice electrons interacting with this additional potential may exhibit
novel properties [30,197]. Many fascinating experimental achievements have

been published in recent years, and the resultant hetero/homo-structures pro-
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vide novel features and use beyond their 2D parent crystals [42,198-207]. This
diversity offers the opportunity to construct atomically thin electronics based
entirely on 2D materials [208-210)].

Among the TMDCs, we have selected WSey as a material of interest for this
thesis, because of the strong SOC of W atoms, which makes the spin splitting
in the valence band more significant in comparison to others. In recent years,
large synthetic single crystals from WSe; became available commercially, and the
crystals characterized in this chapter were purchased from the Dutch company
HQ Graphene.

This chapter is divided into two sections: the first section summarizes multi-
ple attempts to produce WSe, flakes on various substrates such as h-BN, SiO,,
and HOPG. This is followed by characterizing the WSe; mono/multi-layer sam-
ple structures to understand the influence of the substrate on its physical and
electronic properties. This helps us to optimize the parameters required for our
main ARPES experiments. In the second section, the electronic bandstructure of
twisted monolayer, twisted bilayer, and multi-layer WSe, flakes on HOPG flakes
were investigated using the y-ARPES technique in combination with DFT cal-
culations. The spotlight will be on the following issues in the twisted SL and
twisted BL structures: the valence band maximum position, determination of
twist angles, Dirac point replicas, photon energy dependence, and visualization
of monolayer features in BL structures. All of the ab-initio DFT [77, 78] calcu-
lations presented in this chapter were performed by Dr. Hyun-Jung Kim and

Dr. Gustav Bihlmayer at PGI-1 Forschungszentrum Juelich (FZJ).
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5.1 u~ARPES experiments at NanoESCA beam-
line

In this section, we study the effect of several substrates on exfoliated, atomi-
cally thin WSe, flakes by photoemission experiments, such as h-BN, SiO,, and
HOPG. Mechanical exfoliation is one of the most convenient ways for transfer-
ring a flake on different substrates for photoemission investigations. Thus, we
procured mono/multi-layer flakes of WSe, on different substrates with the help
of Dr. Sven Borghardt in collaboration with Prof. Beata Kardynal at PGI-9
Forschungszentrum Juelich. This group has expertise in fabricating monolay-
ers and few layer 2D systems using the mechanical exfoliation technique. Each
sample comprises a single twisted layer of a WSe, flake with a multi-layer part
attached to it. A detailed description of the exfoliation and transfer process of

the WSe, flake sample systems is presented in chapter 3.

Given the advantage of the NanoESCA beamline (NanoESCA end-station of
PGI-6 at ELETTRA, Trieste) in detecting and measuring homogeneous regions
on the sample surface at a micrometer scale (~ 10-20 pum) by offering real-
space imaging capabilities with microscopic control of the beam-spot, most of
the photoemission experiments presented in this section on the WSey samples
were performed there. Although the lab-based photoemission setups provide
higher resolution, their macroscopic beam spot makes them unfeasible to per-
form experiments on micrometers size (< 10-20 um) WSe, flake samples. All
measurements on WSe, samples presented in this section were performed with

a photon energy of 40 eV at T ~ 80K.

5.1.1 h-BN as a substrate

For the first understanding of the sample system within this study, we started
our studies by transferring SL. WSe, on a few layers of h-BN substrate. Figure
5.1 presents monolayer WSe, on h-BN| thus forming a SL WSe, /h-BN structure
on Si(001). The group of Prof. Kardynal has analyzed this sample structure
in photoluminescence (PL) studies by exciting it at 660 nm. The PL spectrum
shows the neutral and charged excitons, as well as low energy bands character-
istic for WSe, [211-213]. However, when the samples were examined in ARPES

experiments, we noticed a charging effect, ruling out the possibility of employing
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h-BN as a possible substrate for this research.
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Figure 5.1: Left: Optical micrograph of a WSe, monolayer (yellow) partly placed
on 30 nm h-BN (red) and partly placed on a Si(001) substrate. A multi-layer
WSe, flake (blue) creates an electrical contact between the monolayer WSe, flake
and the silicon substrate. The scale bar is 20 ym. Center: Spatial map of the
integrated photoluminescence signal of the WSes monolayer excited at 660 nm.
Right: Representative photoluminescence spectrum of the WSes monolayer.

5.1.2 SiO, as a substrate

Afterwards, the subsequent samples were fabricated by placing atomically thin
WSe, flakes directly on highly n-doped Si substrates with native SiO5. One can
consider the Si substrate as a feasible candidate for studying quasi-freestanding
layers [214,215]. However, the photoemission studies exhibit a different issue,
wherein the spectra acquired on such samples were of low quality. While the
spectral features for the WSes monolayer can be identified, they are not sharp
enough to clearly reveal detailed dispersive features as we expected to observe
from a WSey; monolayer. This is due to the presence of impurities introduced

by the multiple layer coating of adsorbates on substrate.

To resolve this, possible scenarios were considered; this included preparing sam-
ples in the UHV system before the photoemission experiments, using different
annealing temperatures, and sputtering with low energy argon ions. Despite
following this, the sample surfaces were not clean and homogenous enough to
exhibit a sharp, distinct band dispersion during the y-ARPES experiments. An-
other possible reason for this could be a high and varying surface roughness of

SiOs substrate causing corrugation and buckling of the WSe, flake.

Figure 5.2 shows an example where the monolayer WSe, flake is placed on top
of SiO,. Figure 5.2 (a) shows the optical micrograph of the SL WSe, /SiO,. The
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Figure 5.2: (a) Optical micrograph of a WSe, monolayer flake (yellow) and multi-
layer WSe, flake (blue dashed line) placed on a Si(001) substrate. The scale bar
is 10 pm. (b) PEEM image taken by a Hg lamp at the NanoESCA beamline
with a field of view of 60 pm. (¢) LEEM image of the optical micrograph taken
at an electron energy of 70 eV. (d,e) u-LEED images were acquired on monolayer
and multi-layer region on the WSe, sample, respectively. It shows sharp features
at multi-layer part indicating the 6-fold crystal symmetry. LEEM and p-LEED
experiments were performed at Jerzy Haber Institute of Catalysis and Surface
Chemistry, Polish Academy of Sciences, Krakow, in collaboration with Prof.
Nika Spiridis’s group. (f) Constant energy map (CEM) at E-Eypy = 0.4 6V and
(g) is the E(k) cut along K-T-K' on the monolayer part of WSes.

sample was introduced into UHV and degassed for two hours at 300°C prior
to performing photoemission experiments at the NanoESCA beamline. (b) The
PEEM image shows the intensity contrast indicating the monolayer and multi-
layer parts of the WSe, flake. In this particular experiment, the beam spot on
the sample is 15 x 20 pm in size and remains stable even after several hours.
Moreover, the field aperture of the PEEM can limit the field of view in real space
down to ~ 8 um. Therefore, in the ARPES mode, the monolayer and multi-
layer parts of the sample can be measured selectively. The WSe, monolayer
ARPES data is shown in fig. 5.2(f,g), measured at a photon energy of 40 €V to
achieve a combination of high surface sensitivity and high photon flux from the
beamline. Figure 5.2(f) is the constant energy map measured at E-Eypy=0.4

eV and fig. 5.2(g) shows the energy-momentum map along the K-I'-K’ direction
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on the monolayer region of WSes flake. This indicates that the VBM lies at K

and confirms that this is the monolayer part.

In order to resolve the difficulties with the ARPES experiments, an alternative
approach was adopted, where WSe, flakes were placed on thick HOPG flakes
that had previously been exfoliated onto the Si/SiOy substrates. HOPG is a
vdW material offering a viable alternative to SiO, for degassing at moderate
and high temperatures in UHV to provide a clean surface and interface. We will

discuss these results in detail in the next section of this chapter.
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5.2 u~ARPES experiments at MAESTRO and
ANTARES beamlines

All of the atomically thin WSe, sample structures used in this section were fab-
ricated in collaboration with Dr. Bernd Beschoten’s group at RWTH Aachen
University by Lars Rathmann and me. As already discussed in chapter 3, the
samples were prepared by mechanical exfoliation and dry transfer methods. Us-
ing this method, we prepared three SL samples and two different BL. WSes
samples, labeled as sample A, sample B and sample C'. Each BL sample com-
prises a twisted single layer of WSes/graphite (SL WSey/graphite) and twisted
bilayer layer of WSe,/graphite (BL WSe,/graphite).

The majority of photoemission experiments on the atomically thin WSe, sam-
ples presented in this section were performed at the MAESTRO end-station at
ALS, U.S.A. The samples were transported to the beamline in argon sealed gel
boxes where they were inserted into the y-ARPES UHV end-station with a base
pressure lower than 5 x 107! mbar. The samples were annealed at 300°C for
several hours prior to the measurement in order to desorb adsorbates. The u-
ARPES measurements were performed with capillary focusing primarily using a
photon energy of 147 eV and a beam spot size of approximately 1 pm [187]. The
data were collected using a customized hemispherical Scienta R4000 electron

analyzer. All measurements were taken at T ~ 40K.

In addition, the u-ARPES measurements were also conducted at the ANTARES
beamline of the SOLEIL synchrotron facility on sample A. Before the actual
measurements, we followed the same sample preparation procedures as those
used at the MAESTRO beamline. At ANTARES, by utilizing Fresnel zone
plate optics, the photon beam was focused below 1 um. All measurements there

were carried out at hv = 100 eV with linear horizontal light polarization and at
T ~ 100K.

Further experiments on atomically thin SL WSe, /graphite microstructure (sam-
ple C) were performed at the NanoESCA beamline of Elettra, Trieste, with the
beam spot size of 10-15 pum using a modified FOCUS NanoESCA momentum
microscope. Before the experiments, the sample was subjected to the same
preparation processes as at other beamlines. Homogeneous region on the sam-

ple surface was identified by using the PEEM in real space with a Hg lamp as
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an excitation source. Moreover, unlike traditional ARPES setups, a momentum
microscope scans the complete half-space emission without rotating the sam-
ple and enables high linearity in the kj, vs kj, maps. All measurements at
NanoESCA were taken at hv = 40 eV and at 80K.

5.2.1 Identification of SL and BL micro-regions

Figure 5.3(a) shows the schematic arrangement and 5.3(b), 5.4(a) the optical
micrographs of the SL WSe, /graphite and BL WSe, /graphite flakes structures at
different twist angles of sample A and sample B. They contain several interfaces
with varying twist angles between the corresponding 2D flakes. A graphite flake
was exfoliated directly onto a highly n-doped silicon wafer and served as an
atomically flat conducting substrate for the sample structures. The sample
region where any portion of the top WSes monolayer flake covers the bottom
monolayer flake of WSe, is the BL region. The areas of the overlapping regions
of twisted BL WSey/graphite and twisted SL WSe,/graphite flakes are denoted
by the gray and yellow dotted lines in figs. 5.3(b) and 5.4(a), respectively.

The micro-focused beam of photons has been scanned over the sample surface at
a photon energy of 147 ¢V in the same region as shown in the optical image in figs.
5.3(b) and 5.4(a) to identify each interface embedded in the sample by measuring
photoelectrons emitted from the valence bands at the momenta related to WSe,.
Thus, the energy-momentum dispersion maps can be derived from any region of
interest (ROI) on the sample surface. Figures 5.3(c) and 5.4(b) depict spatial
photoemission maps of the integrated valence band intensity in the vicinity of
Iy of a sample A and sample B. These maps assist us in distinguishing between
the distinct regions of the sample surface consisting of WSe, flakes and graphite
flakes.

Each sample contains multiple SL, BL, and multi-layer flakes that are experimen-
tally selected by focusing the micro-spot into the desired region. This behavior is
studied in detail by acquiring the energy-momentum dispersion plots at normal
emission (I'g) of the WSey BZ. These measurements were conducted by using
capillary focusing optics. The excellent efficiency of the capillary optics enables
us to capture the 3D data I( By, ks, ky) in about 45 to 55 minutes, depending on
the required signal to noise ratio. We present a collection of line-scan spectra for

11 points in sample A and sample B to illustrate that the experiments were car-
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ried out at adequate resolution. In figs. 5.3(c) and 5.4(b), the numbered white
and black boxes were used to illustrate the direction of the line-scan spectra and
the positions at which we acquired the data set.

Figure 5.3(d) depicts a set of ARPES maps at 11 boxes indicated in (c), demon-
strating that the microfocused beamspot can precisely select a desired area from
the sample, clearly distinguishing between SL (boxes 1-2 in (c), single band at
the VBM at I'y), BL (boxes 6-8, double band at I'y), and graphite (boxes 10-11)
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Figure 5.3: Characterization of sample A: (a) Schematic model of the sample
configuration. Different nanosheets are denoted by blue, red, and gray colors.
(b) Optical image of the twisted SL and BL WSey/graphite/n-Si, and (c¢) the
spatial photoemission intensity map of the integrated intensity of the valence
band near the I'y point of WSey. (d) Set of normal emission ARPES maps at
hv = 147 eV at white boxes indicated in (c). (e) Normal emission EDCs at
boxes 6 and 7.
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Figure 5.4: Characterization of sample B: (a) Optical image of the twisted SL
and BL WSe,/graphite/n-Si, and (b) the spatial photoemission intensity map
of the integrated intensity of the valence band near the T’y point of WSe,. (c)
Set of normal emission ARPES maps at hv = 147 eV at black boxes indicated
in (b). (d) Normal emission EDCs at boxes 7 and 10.

regions of sample A. Similar kind of measurements were observed in sample B
as shown in fig. 5.4(c) where boxes 3-4 indicate single band and boxes 6-8, 10-11
show double bands at the I'y. The double band near VBM at I'y results from

bonding-antibonding interaction between d.» and p, orbitals from the adjacent
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layers, and is a signature of a BL. Respectively a single band is a signature of
a SL. Therefore, the results of figs. 5.3 and 5.4 indicate that we were able to
exclusively probe either SL or BL regions by adjusting the position of the beam
spot on the sample. In figs. 5.3(e) and 5.4(d) we show Voigt fits of the normal
emission energy dispersion curves (EDCs) at different points on the same micro
flakes. For the BL regions, we identify binding energy shift of the order of ~
30 meV of a sample A from boxes 6 and 7. Similarly, in sample B the binding
energy shift from boxes 7 and 10 is ~ 130 meV. This suggests inhomogeneities
and local doping varying on the pum scale on the flake surface within the BL
region. The splitting between bonding and antibonding states at I' is between
0.48 and 0.52 eV at different positions of samples A and B. These values are
significantly smaller than ~ 0.6 €V in non-twisted BL WSe,y [45, 46,216, 217],

which suggests reduced hybridization in our twisted layers.

Additionally, sample A had been characterized at the ANTARES beamline
(SOLEIL synchrotron). As seen in fig. 5.5(a), utilizing nano-APRES in the
imaging mode, different regions of the WSe, flake can be distinguished. The
electronic band structure could be acquired using the nano-ARPES beamline in
spectroscopic mode, as shown in fig. 5.5(b,c), which depict the band dispersions
of the monolayer and bilayer regions. At the high symmetry I'q point, the mono-
layer region exhibits a single band at the local valence band maximum. In the
bilayer region, the band is split into two branches. The results observed at the
ANTARES beamline are in agreement with those obtained at the MAESTRO

beamline.

5.2.2 Photon energy dependence

=4

Figure 5.6(a) shows the photon energy dependence (Ej(k,)) map at the BL
region of sample A made from normal emission EDCs for hr between 80 and

150 eV, with the perpendicular momentum k; = /(Egin + Vo)2m/h2, and V, set

to 10 eV. The bonding-antibonding features near the local VBM at 'y (E} near
1 eV and 1.5 €V) are present at all probed k. Furthermore, these states exhibit
the expected intensity modulation due to the final state interference (the matrix
element effect), with no other states appearing in this range. This indicates
that we are exclusively probing the BL region. Qualitatively, the mechanism of

this modulation can be explained through the free-electron final state ARPES
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Figure 5.5: Band structure of different regions of WSe, flake by nano-ARPES.
Panel (a) shows the nano-ARPES image obtained by integrating intensity from
0.5 eV to 0.9 eV. Panels (b,c) show the band dispersion taken at hv = 100 eV
along the I'-K direction of the Brillouin zone from the two regions labeled in
panel (a) by green and orange dots.

model [56], where the normal emission free-electron final state (FEFS) matrix
element (e*/+#|U) for the two hybridized layers separated by a distance d is
modulated by the factor 1 4 e**+'¢. In more accurate models of photoemission,
one takes into account not only the radial part of the orbital wave function and
the selections rules [56], that will lead to further intensity modulation, but also
the proper inverse LEED final state [218].

A similar photon energy scan for sample B is reported in fig. 5.7. For sample
B, we did a photon energy scan from 80 to 150 eV with a 2 eV step width
to investigate what could change for different twist angles. However, we see
virtually the same findings as in sample A.

We plotted normal emission EDC profiles of the first two non-dispersive features
near the local VBM followed by a Voigt fitting to precisely determine the peak
positions as shown in fig. 5.6(b) and fig. 5.7(b) for both samples. At different
photon energies, we observed that the average splitting between bonding and
antibonding orbitals is in the order of ~ 450 meV. In the figs. 5.6(c) and 5.7(c),
we show selected EDC profiles obtained at two different photon energies for
each sample, where the spectra indicate a considerable energy shift between the
topmost valence bands. The selected photon energies for sample A were 130 eV
and 90 eV, while the selected photon energies for sample B were 146 ¢V and 88
eV. For the specified photon energies, sample A exhibits an energy shift of ~
60 meV, while sample B show an energy shift of ~ 30 meV. This effect can be
attributed to the inhomogeneity of the sample surface and operating conditions,

which enabled a slight beam drifting during the sample measurements.
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5.2.3 ARPES 3D data sets

Figure 5.8 shows an overview of I(Eg, k;, k,) data sets from Sample B. The
extended measured angular range allows imaging both I’y (center of the first
surface BZ, k, = k, = 0) and I'; (second BZ) points of WSe, in a single map.
The lower binding energy region shows K, points of the graphite substrate,
depicted by hexagons in maps at Fgp = 0.4 €V in (a-c). The binding energy
region at Ep = 0.8 €V and higher contains a mixture of graphite and WSey
bands, and in the maps at Eg = 0.8 eV we identify first and second BZs of the
WSe; layers through their respective I'y points.

Similar maps for sample A are shown in fig. 5.9. The details of the I'; region
for the B, WSe, of sample A are shown in Fig. 5.10. A faint intensity related
to the T'; hole pocket of the bottom WSe, layer can be identified in fig. 5.9(a),
and is depicted by the green circle in (b). The intensity ratio between top and
bottom layer I'; features is ~ 5/1, suggesting the inelastic mean free path of < 1
nm for WSe, valence electrons at our photon energy of 147 eV. Figure 5.10(c-¢)
show the Ep(k,) cuts through the I'; points of the top and bottom WSe, layers.
In (d) the faint shadow related to the hole pocket of the bottom WSesy layer
can be identified, and it is depicted by the green dotted line in (e). Neither of
these maps show the indications of the flat band formations due to the moiré

potential of the twisted BL.
Figure 5.8(d-f) show details of the maps at Ep = 1.2 eV. Due to the lack of

inversion symmetry, that results in a trigonal symmetry of the WSey monolayer,
the intensity of I'; points at neighboring BZs is strongly modulated, with the
signal from every second I'; nearly vanishing. This effect is similar to trigonal
LEED patterns measured on single-terrace terminations from TMDCs [135].
Interestingly, since the effect is observed in a SL, it indicates that it derives

from the direction of the topmost W-Se bonds.

Since the topmost valence bands at I' derive almost exclusively from the d.»
orbitals localized on the W sites and p, orbitals localized on Se, the effect can
be explained by interference within the FEFS matrix element (e’ | W), however,
for a quantitative description one would need to consider a more complete final

state.

We can utilize the clear trigonal symmetry of the CEMs to unambiguously assign

the twist angle as visualized in fig. 5.8(f) and 5.9(d) for samples B and A
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Figure 5.8: ARPES spectra from WSe, SL and BL of sample B. (a) and (b)
show maps from top and bottom SLs, and (c) from the BL. (d-f) show details
of the maps for top SL, bottom SL, and BL, respectively, at Ep = 1.2 eV. Red
and green dashed circles in (f) represent the positions of the I'; from top and
bottom layer, and black arrows depict the twist angle.

respectively. The detailed analysis is presented in the 5.2.5, and yielded ~ 28° for
sample B and ~ 10° for sample A. An accurate determination of the twist angle
from hemispherical analyzer CEMs is complicated by intrinsic non-linearities
in the angular scale, in particular, with the wide-angle mode (~ 36°) used in
this work. These issues originate mostly from the analyzer lens system, and are
difficult to systematically correct. We will further discuss them in the later part

of the chapter.
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Figure 5.9: ARPES spectra from WSe; SL and BL of sample A. (a) shows the
maps from the bottom SL and (b) from the BL. (c,d) show details of the maps
from bottom SL, and BL, respectively, at Fp = 1.2 eV. Red and green dashed
circles in (d) represent the positions of the I'y from top and bottom layer, and
black arrows depict the twist angle.
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Figure 5.10: (a) Details of the spectra from sample A near the I'; at Ep = 1.14
€V. (b) Same map as in (a) but with red and green circles indicating the positions
of T’y from top and bottom layers, respectively. (¢,d) Eg(k) cuts along the red
and green dashed lines indicated in (b), respectively. (e) Same as (d) but with
the guide line indicating the dispersion of the bottom layer I'; band.
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5.2.4 Copies of graphite K-point Dirac cones

The Fermi surface maps in figs. 5.8 and 5.9 show a set of dot-like features, which
stem from the graphite Dirac cone-like dispersions. These maps are shown in
detail in fig. 5.11, where one can see a set of intense dots related to the graphite
K, point and additional weaker dots, which we attribute to their copies. When
the electrons emitted from graphite are passing through the WSey; monolayer,
they can be diffracted leading to first and higher order copies in the CEMs.
These copies shall appear for all graphite bands, but they are most pronounced
near the Fermi level, where the K, points are sharp and no other bands are
present. Copies are further characterized to demonstrate their conical dispersion
through the CEM at Ep = 1 €V (panel (e)) and comparison between the E(k)
map at the zero order graphite K, point (fig. 5.11 (f)) and one of the first order
copies (fig. 5.11 (g)). Another case of such diffraction copies has been discussed
by Ulstrup et al. [219] for a similar interface of graphene/WS,. Compared to our
WSe, /graphite interface, in their case the sequence of layers is reversed, hence

electrons emitted from WS, I'y have been diffracted through the graphene layer.

Mathematically, the wave vectors of the copies can be computed through the
reciprocal space vectors of participating layers, Gy and Gg for WSe; and
graphite, respectively. We define the twist angle between graphite and WSe,

as 0 = arccos(%) and the moiré vector G,, = Gy — G¢. Following

Ggl
ref. [219] we obtain the angle of the copies as ¢, = arctan(ﬁ‘cj/‘cm) and
2 _ 1 cos
the length of their vectors |G,,| = W

Figure 5.12 shows the simulated results between the WSe, and graphite lattices.
We show a few examples of the twist angle ranging from 2° to 25° to depict the

position of graphite Dirac cones and their copies.

Figure 5.11(a-d) show the CEMs near the Fermi level (Ep = 30 meV) for the
bottom and top SL WSes structures of sample B (bottom and top refer to the SLs
of the BL WSey, see fig. 5.8(a-b)). Panels (b) and (d) show the same data as
(a) and (c), respectively, but with added simulated positions of the Dirac point
copies according to the above equations. We have used 6 = 7° for the bottom
SL (panel (b)) and 6 = 24° for the top SL (panel (d)) to obtain the best overall
match with the exeriment. Physically, the first order diffraction creates 6 copies
around each Ky, point of graphite, at a reciprocal distances of Gy,. Some of

these Gy vectors are plotted in Fig. 5.11(h) to clarify the arrangement of copies
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Figure 5.11: (a,b) Fermi level CEMs (Ep = 30 meV) for the bottom SL
WSes,/graphite in sample B. (c,d) Same for the top SL WSez/graphite. (e)
CEM for the top SL WSey/graphite at Ep = 1 eV. (f) and (g) show Eg(k,)
maps of zero order graphite K point and one of the copies along the trajectories
indicated respectively by yellow and red dashed lines in (c). Red arrows in (c)
and (e) identify selected copies of graphite K points, confirming conical shapes
of their dispersions. (h) Arrangement of copies related to (d) with indicated Gy
vectors of SL WSe,. Different color of the arrows reflect the trigonal symmetry
of SL WSes.
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Figure 5.12: Analysis of main graphite Dirac cone and its copies on SL WSe, and
graphite lattice:(a-x) show the possible orientations between these 2D lattices
from 2° to 25° twist angle. The black dots indicate the graphite Dirac cones,
and the red dots are their replicas.



The Electronic Bandstructure of Twisted Monolayers and Bilayers of WSes 80

near the zone center in fig. 5.11(d). Interestingly, in fig. 5.11 (d) only 3 out
of these 6 copies can be identified, which we attribute to the lack of inversion

symmetry in WSe; and the directional bonds, as discussed earlier.

Closer inspection of fig. 5.11 (b) and (d) reveals small discrepancies between
the experimental and computed positions of the Dirac copies. We argue this is
related to the non-linearities of the angular scale in the hemispherical analyzer
2D MCP detector, which might be further influenced by a slight off-axis mis-
alignment of the photon beamspot with respect to the analyzer lens axis. These
effects directly translate into momentum scale non-linearities. ARPES maps can
also be measured by an alternative spectrometer design, the so-called momen-
tum microscope [173]. In a momentum microscope, the rotational symmetry of
the reciprocal space around the sample surface normal is faithfully reproduced
through the cylindrical symmetry of the spectrometer lens due to the momen-
tum microscope design. Raw data exhibits a small binding energy shift of 20-50
meV throughout the 2D map, which in principle can be corrected, but has been

neglected here.
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Figure 5.13: Overview of sample C. (a) Optical micrograph of twisted SL. WSe,
placed on graphite with the entire sample structure lying on the top of n-Si. (b)
PEEM image of the sample taken with a Hg lamp at NanoESCA beamline at
Elettra, where twisted SL and bulk WSe, flakes are represented by the dotted
green lines and shaded green color regions, respectively. (c) E(k,) map at I’
indicating single band at normal emission.

We have performed momentum microscopy at the NanoESCA beamline at Elet-
tra synchrotron on sample C. Sample C' was also fabricated by mechanical
exfoliation and dry transfer techniques, and contained a SL. WSe, flake of 20 pym
lateral size on graphite as shown in fig. 5.13. It was essential to prepare such
large flake due to the photon beamspot of 15-20 um at the NanoESCA beamline.
Figure 5.14 shows the momentum microscope maps from sample C'. One can see

that the overall fitting of the Dirac copies is more accurate as compared to fig.
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5.11, and allows to establish the twist angle of ~ 17.2° between graphite and SL
WSe; in sample C. Again, the arrangement of copies has a trigonal symmetry,

in contrast to zero-order K, points which have a hexagonal symmetry.
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Figure 5.14: Maps measured on sample C' at the NanoESCA beamline with
p-polarized light at hvy = 40 eV at 80K. (a) CEM of SL WSe,/graphite at
Ep =0.12¢eV. (b) same as (a) but overlaid with Dirac copies calculated for 17.2°
twist angle between WSe, and graphite. (¢) CEM at Ep = 0.93 €V, indicating
the K points of graphite and WSe,. The measurement was performed by using
linearly p-polarized light at 40 eV and at T ~ 80K

In BL WSe, flakes of sample B, replicas of graphite K-point Dirac cones are also
present, although the intensity is relatively low in comparison to the twisted SL
WSey/graphite. Most of the copies on the Fermi surfaces of twisted BL struc-
tures are attributed to the top monolayer of the WSe, flake but the contribution
from the bottom layer, which is very small, is also present, as shown in fig. 5.15.
The copies contributed from the bottom layer are marked by a circle on the
Fermi surface of BL, and on the respective monolayer, it is marked by black
arrows, as shown in fig. 5.15(c,d). We observed here the fainted copies of the

graphite Dirac points. The color scale is saturated to highlight these copies.

In both twisted SL and BL, WSe, /graphite sample structures, the electrons emit-
ted from graphite near the Fermi level are focused in K, points, and we observe
diffraction of these electrons when passing through WSe,. The arrangement of
these replicas (sometimes called mini-bands [219]), which are basically umklapp
transitions due to the WSe, lattice vectors, can be explained as a final state
effect that would be present also in non-interacting layers. Essentially the same
process is expected when shooting the electron beam through a freestanding
SL WSe, or when performing a LEED scattering experiment. Accordingly, the

intensity of the copies follows the trigonal symmetry of a monolayer. Therefore,
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Figure 5.15: Constant energy cuts at Eg ~ 0.11 eV: (a,b) Fermi surface of the
top and bottom monolayer of WSe, of sample B. The color scale is saturated

to highlight copies of the main graphite Dirac cone. The k, and £k, scaling of

each constant energy map are in AL

the existence of such band replicas is an indication of neither a hybridization
between the layers nor of a moiré physics.

With the twisted BL WSe, /graphite sample structures, a variety of events could
occur. ARPES is a surface-sensitive technique; and probing the bottom layer
buried in the same sample structure is challenging. In typical ARPES experi-
ments, the photoexcited electrons have a mean free path of a few Angstrom (= 1
A-20 A). As a result, even if the X-ray beam penetrates deeper into the crystal,
the elastic photoelectrons originate primarily from the first layer; in our case, the
thickness of one monolayer of WSe, is ~ 0.9 nm. Another possibility is that the
photoexcited electrons from the graphite layer during their transmission towards
the sample surface are diffracted by the bottom WSes monolayer and could be
further diffracted by the top monolayer of WSe, as explained earlier, leading to

first and second order copies.

5.2.5 Visualization of the SL features in twisted BL WSe,

ARPES studies are often limited to mapping a limited portion of the SBZ, and
probing dispersions simultaneously in both the first and the second SBZ is not
performed routinely. Since the parallel momentum k) depends on the emission
angle ¢ and kinetic energy Ej;, as k| = ,/%Ekm sin @, there are often technical
limitations in reaching large enough 6 at low Ej;,, or the required resolution
at large Er;,. The size of the SBZ depends on the lattice constant a as 27/a;
therefore, for many materials, one needs to reach kj ~ 2 A~1 to map the second

SBZ, and this is, for example, out of reach using a helium discharge lamp with
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the He I line at hv ~ 21.2 eV. Also momentum microscopes exhibit a limit of
the maximum parallel momentum at higher Ej;, [173], which depends on the
high voltage applied between the sample and the spectrometer. The flexibility
of the MAESTRO beamline allows one to use hv = 147 €V for 3D I(Eyyp, ks, ky)
mapping, allowing us to reach the second SBZ of WSe, at moderate emission
angles of 6 ~ 20°.

Figure 5.16 shows the constant energy surfaces of twisted BL. WSe, /graphite of
sample A and B across first and second SBZs at Eg ~ 0.9 eV, where we were
able to visualize the intensity pockets at Iy and I'y contributing from both WSes
monolayers that constitute the B WSe, structures. The characteristic features
are labeled by the white (T), red (top flake, I'1z,), and green (bottom flake,

[y pottom ) dotted color circles, as illustrated in fig. 5.16.

(b) sample B

1.0 -1.0 0.0 1.0

K (&) K (&)

Figure 5.16: Panel (a) and panel (b) present the (k,, k,)-dependent constant
energy maps taken at Eg ~ 0.9 eV with the determined twist angles of sample
A and B. The red and green arrows connect I'y and I'1z0p, I'o and I'ipetom high
symmetry points of WSe, bilayer structures indicating the twist angle between
BL WSe;.

As a result of observation of the characteristic features from the top and bottom
monolayers, we were able to determine the twist angle between the BL. WSes of
sample A and B. For doing so, we utilize the band contours around the high
symmetry I' points on CEMs as illustrated in figs. 5.16, 5.17, and 5.18. We
mapped out the 3D I(Ep, k, k,) dispersion of each bilayer structures and their
respective monolayers. The vectors connecting I'y and I'izp, T'o and T'pottom
are determined by identifying the centers of the I' pockets, as illustrated in

figs. 5.17, and 5.18. The selection of the k coordinates of the high symmetry
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Figure 5.17: Sample B: (a,d,g) Constant energy contours at Eg ~ 0.9 €V taken
around T, T'izop and I'iporom respectively. (b,c,e,fh,i) Extracted E(k;), E(k,)
dispersions at different k, and k, cuts performed on all gammas, as indicated
by dashed red and blue lines in (a,d,g). A white circle marking in the (a,d,g)
indicates the center of for I'g, I'1¢op, and I'1potiom retrieved from 3D dataset.

[ points is based on a comprehensive examination of the complete (Ep, ki,
k,)-dependent intensity of BL WSe, structures. We analyzed E(k,) and E(k,)
dispersions across all the I" pockets originating from top and bottom monolayers
features in BL WSe, datasets of sample A and B as shown in figs. 5.17 and
5.18. Essentially, we used all the I' pockets visualized on the CEM from the
WSe, bilayers datasets. The intensity of the I'ipoiom is relatively low in sample
A, making it difficult to select the k coordinates. For this, we approximated the
coordinates from the monolayer dataset. The angle between the red and green
vectors corresponds to the twist angles, which we determine as 9.80° + 1° and
27.80° + 1° of sample A and B as shown in fig. 5.16.
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Figure 5.18: Same as fig. 5.17 but for sample A.

5.2.6 Orbital character and VBM estimation

To investigate the orbital character of the bands of the twisted SL and twisted
BL WSe,, the computed eigenstates from the DFT calculation can be projected
onto atomic orbitals. The results are shown in fig. 5.19. As can be seen, the
valence and conduction bands are primarily made up of p and d orbitals. The
local valence band maximum at I' is made from out-of-plane Se p, and W 5d 2
orbitals, which in the BL hybridize leading to bonding and antibonding-like
splitting to the uppermost band and at Ky have a mixture of in-plane d2_,2
and d,,, orbital characters. This is one of the mechanisms of the direct to indirect
band gap transition in few layer TMDCs. In BL WSe, this causes energies at
the local VB maxima at I' and K points to differ by ~ 0.2 eV [220], which is
different to BL MoS,, wherein the VBM is clearly at T' [221].

Figure 5.19 shows the calculated bands structures of a freestanding SL, and

aligned AA’ stacking derived from bulk 2H polytype, and AA stacking [220,222]
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with layers on the top of each other for a B, WSes,.

(a) sL wse, (b) BL WSe,-AA’ stacking (c) BL WSe,-AA stacking

2
s
o

Figure 5.19: Calculated orbital characters for the (a) freestanding SL, (b) AA’
(2H)-BL , and (¢) AA-BL WSes.

Figure 5.20 shows selected maps from the twisted BL of sample B measured
with p- (top row, panels (a-c)) and s-polarized light (bottom row, panels (d-
f)). As expected from the orbital character, the bands near I'y are more intense
for p-polarized light, due to their out-of-plane orbital character, fig. 5.20 (b).
Conversely, bands at Ky are more pronounced for s-polarized excitation, fig.
5.20 (f). The VBM of a 2H-stacked BL is at Ky [46], therefore, in the twisted
BL, where the interaction between the layers is weaker, the VBM is also expected
at Ky . This is indeed the case, as seen from comparing figs. 5.20 (b) and (f).
To determine the bands positions from the ARPES data, we plotted the EDCs
of the valence band dispersion at high symmetry I'y and K points of twisted
WSe, of sample B. As shown in fig. 5.20 (g,h), at the I’y and Ky points in
BL WSe,/graphite of sample B the local VBs lie respectively at Ep ~ 0.95 eV
and ~ 0.72 eV. The splitting between the bands at Ky point is ~ 0.48 eV in
agreement with the previous studies [45,46,223], where values between 0.47—0.5
eV were obtained. Due to their shape, these Ky bands are usually referred to
as valleys and, as mentioned earlier, are highly spin-polarized in WSe, [133].

The bonding-antibonding gap at I', that is a signature of interlayer hybridization,
persists in our twisted BL WSey microflakes. Its large energy scale of ~ 0.4 eV
is in stark contrast to negligible hybridization between these bands near I' from
top and bottom layers, as demonstrated in fig. 5.10. This is likely related
to the directional character of the participating d,» and p. orbitals that form

out-of-plane o-like-bonds, but any interlayer in-plane hopping between these
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out-of-plane orbitals (which can be imagined as 7-like) is inhibited. Conversely,
the in-plane orbital character at Ky points would allow interlayer in-plane o-
like hopping, but this interaction is inhibited by the large interlayer distance of

these orbitals that are primarily located on a transition metal.

Figure 5.21(a) shows the same map as fig. 5.8(d), where the graphite Dirac cone
bands are located in the vicinity of the I'y of S WSe;. We have focused on
this region since the graphite Dirac bands are made from C 2p, and topmost

WSe, I' bands from W 5d.2 and Se 4p, orbitals that could potentially hybridize,

(a

<1

1

Intensity (a.u.)
Intensity (a.u.)

15 1.0 0.5 0.0 15 1.0 0.5 0.0
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Figure 5.20: Selected maps form the BL of sample B. Top row (a-c): CEM at
Ep =1 eV for p-polarized light. Bottom row (d-f): CEM at Eg = 1 €V for s
polarized light. Green dashed line in (a) shows the momentum trajectory for
maps (b) and (e). Blue dashed line (d) shows the momentum trajectory for (c)
and (f). Black dashed lines in (b) and (f) indicate the local VBM at I'g and K
points respectively. (g,h) EDCs of twisted BL WSe, of sample B taken at Ty

(b) and K (f).
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leading to avoided crossings. Previously, such avoided crossings were proposed in
monolayer graphene on MoS, [224] and in SL MoS, /graphene [225] through the
analysis of the second derivative u-ARPES spectra. Within our experimental
resolution, we observe no sign of such hybridization since the dispersion of the
WSe, I'y band is unaffected in the region where it crosses with the graphite Dirac
band. We took advantage of the "dark corridor" of the Dirac bands [226], where
the spectral intensity of one of the Dirac band branches is essentially turned off.
This avoids having an incoherent intensity sum of the two bands, allowing to

inspect any modification of the I'; band separately.

Figure 5.21(d) displays the E(k,) map of the Dirac band of graphite at a high
symmetry K, point. Graphite is typically made up of layers of graphene hav-
ing the Bernal stacking (ABAB), a sequence which is one of the most stable
polytypes [227,228]. In comparison to the ideal two-dimensional graphene, the
interlayer interaction in graphite induces the splitting of 7 bands. The splitting

between 7 bands at K, is ~ 600 meV. Within the measurement precision of ~

1.5

0.0 .
ky (A1)

Figure 5.21: Crossing between I'; and graphite bands in sample B. (a) CEM
at Ep = 1.2 eV; yellow dashed line shows the BZ trajectory for maps (b-c). (b)
E(k,) showing the region where graphite and I'y band cross; yellow dashed line
depicts the graphite Dirac cone dispersion. (c) Magnified region of the crossing.
Orange dashed line presents cut at graphite Dirac cone along k&, (d).
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50 meV, the quadratic touching point coincides with the Fermi level indicating

a minimal charge transfer between graphite and WSe, flakes.

5.2.7 Theoretical calculations

In order to understand our experimental observations on twisted SL, BL. WSe,,
our collaborators have carried out density functional theory calculations, in-
cluding van der Waals interactions. Figure 5.22 shows theoretical calculations
for the hetero-bilayer structure (WSey/graphene) with 0° and 21.79° hexagonal
supercells. The ratio of the experimental WSes to graphene lattice constants
is very close to 4/3, with only ~0.5% mismatch. Therefore, we modeled a
WSey/graphene heterostructure containing a 3x3 WSes and a 4x4 graphene
supercell [229]. The 2:1 ratio of these unit cells gives the twist angle of 21.79°,
we define it as (m,n) = (1,2). A single layer of graphene approximates our
experimental graphite substrate. Given the presence of heavy elements (W and

Se), SOC effects were specifically incorporated.

As shown in fig. 5.22 (a-b) for both aligned (0° twist angle) and twisted (21.79°
twist angle) SL WSe,/graphene, there are only minor differences in band posi-
tions, as compared to the freestanding SL. WSe, (green lines), in particular in
the region near the VBM. Figure 5.22 (c) shows a magnified region where SL
WSes and graphene bands cross for the case of 0° twist angle, where one can see
band crossings without significant hybridization gaps. Figure 5.22 (d) shows a
similar region, but for the case of 21.79° twist angle. In this case hybridization
gaps of the order of 50 meV can be resolved. This finding is probably related to
the band character of WSey at momenta where they cross the graphene band. As
shown in fig. 5.19(a), the band character changes from in-plane at the K point
into out-of-plane at I". In case of the fig. 5.22 (b) the crossing is further from
the K point, (as compared to fig. 5.22(a)), suggesting less in-plane character,
more hybridization, and larger hybridization gaps. This process is competing

with the interlayer distance, which is larger for the twisted SL. WSes /graphene.

Different stacking sequences in the WSey BL have been considered in previ-
ous work [220,222], however, besides the previously defined AA” and AA, their
nomenclature appears inconsistent. SL WSe,; has three-fold rotation axis Cjs
without inversion symmetry, therefore it has polarity in the in-plane direction

(along T'M reciprocal direction). For the bilayer, in the aligned case, there are
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two general options: the polarities of the adjacent layers face either in the same
direction (such as in the 3R bulk polytype) or in opposite directions (the 2H
bulk polytype). During the natural growth process, the in-plane shift between
the layers is naturally adjusted, however, in the twisted structures it becomes an
additional parameter. One can also imagine that at very small twist angle, the
twisted BL will contain large regions of stackings which differ only by that shift,
and that the regions of energetically favorable stacking will become larger due

to the atomic relaxation. Following ref. [220] at a small twist angle the structure

Energy [eV]
Energy [eV]

Energy [eV]
Energy [eV]

My, « 02 035 0.5 - Ky
-1.6
Ky <025 0.4 055 — Iy

Figure 5.22: Atomic model and theoretical calculations for aligned (a,c) and
21.79° twisted (b,d) SL WSey on graphene. The theoretical band structure is
deconvoluted onto the Brilloin zone of the freestanding SL. WSe,y. (e) and (f)
show magnified areas of the green boxes in (¢) and (d), respectively. Green
lines (in all panels) show the band structure of a freestanding SL WSe,, for
comparison.
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where the polarities of the layers are (nearly) aligned contains regions of AA,
AB, and BA stackings [230]. Out of these the AA is an energetically unfavor-
able stacking where layers are on top of each other, while AB and BA are two
variants of the 3R-polytype stacking. Similarly, for the anti-aligned polarities of
the layers, according to ref. [220] the small twist angle structure contains regions
of AA', A’B, and AB’ stackings, out of which AA’ corresponds to 2H, while the
other two are not typical in the bulk crystals.

We focus on AA and AA’ stackings as starting points for modeling twisted
bilayers, with the AA’ stacking being the same as in the most stable 2H polytype,
and AA being the two layers directly stacked on top of each other. Starting with
AA we considered situations when twisting is either around the center of the
W-Se hexagon, around the W atoms, or around Se atoms (considering the top
view of a BL). Starting with AA” we only considered twisting around the center
of the W-Se hexagon. We define (m,n) as the number of the unit cells from

the top and bottom WSe, layers, respectively, that make up the moiré unit cell.

1 m24+n2+4mn
2 m24n2+mn °

This relates to the twist angle 6 through cosf =
We have relaxed the twisted BL WSes structures defined above for several twist
angles with the resulting total energy differences and structural information
provided in Table 5.1. To reduce the complexity, SOC was not included in
these calculations. For the aligned layers, we find the difference 0 E between
the most energetically favorable and unfavorable stackings, AA’ and AA to be
40.25 meV per W atom in the unit cell. Since the twisted structures contain
regions of favorable and unfavorable stackings, their expected energy should be
approximately half way between those of aligned AA’ and AA. This is indeed
the case, however, as the twist angle becomes small, the energies become lower,
probably due to extended regions of favorable stacking. The average interlayer
distance dy_yw is larger for larger twist angles, which is again probably related
to the larger areas of energetically-favorable stacking for smaller twist angles.
Accordingly, the corrugation Ad due to the moiré pattern is smaller at larger

twist angles.

We also investigated the energy differences AE} ., for the layers where the
starting stacking is AA or AA’. We find that the difference in energy is smaller
for larger twist angles, with the structures starting from AA’ always being more
stable. At small twist angles it likely reflects the energy differences between 2H
(AA’) and 3R-like stackings, which form the areas of favorable stacking.
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Table 5.1: The calculated total energies and interlayer distances of twisted BL
WSe, for the stacking sequence where twisting is around the center of in-plane
WSes hexagons. In these calculations SOC was not included. Ny is the number
of W atoms per moiré unit cell. AFE is the energy difference between the AA
stacking rotated around the center of the hexagon, as compared to the aligned
AA (0 = 0) stacking; AE = E(AA) — Eipex(AA). AEiper = Eppec(AA) —
Ei hex(AA) is the energy difference, between the twisted AA’ and AA stackings
with the rotation axis at the center of the hexagon. The energies are given in
meV per W atom. The structural parameters (in A) are given for AA’ stacking
twisted around the center of the W-Se hexagon: dy _yy is the average interlayer
out-of-plane distance (along z-axis) between W atoms, while Ad is the maximum
out-of-plane difference of W atom positions within the layer, it represents the
corrugation due to formation of the moiré pattern.

0 Nw | (m,n) | AE | ABiper | dw_w | Ad
21.79° | 14 (2,1) | 1850 | -0.04 6.839 | 0.003
13.17° | 38 (3,2) | 18.73 | -0.10 6.842 | 0.017
7.34° | 122 | (5,4) |20.20 | -0.43 6.814 | 0.077
6.01° | 182 | (6,5) | 21.04 | -0.58 6.813 | 0.104
3.89° | 434 | (9,8) | 2256 | -0.76 6.768 | 0.132

0 | 2| Ly | 0 | -4025 | 6547 | 0

Figure 5.23 (a-c) shows the arrangement of BZs and theoretical band dispersions
for BLL. WSe, at the twist angle 13.17° with twisting around the center of the W-
Se hexagon starting with the AA’ stacking. Similarly, (d-f) presents the situation
for 21.79°. Therefore, in absolute terms related to the experimental results of
figs. 5.8 and 5.9, the twist angle is § = 60° — 13.17°(21.79°) = 46.83°(38.21°).
Our actual experimental system consists of BL WSe, /graphite, however, we omit
graphite to reduce numerical complexity. The bands are deconvoluted onto the
BZ of one of the layers. As compared to the bands of a 2H BL WSey shown
by green lines (see also fig. 5.19(b)), the difference near the VBM is mainly in
the reduced bonding-antibonding splitting of the bands at I" as indicated by the
white rectangle in fig. 5.23(b). Figure 5.23 (¢) shows the details of the region
where anticrossing hybridizations are observed, with the local gaps of the order

of 50 meV. We observed the similar results for the other twist angle 21.79°.
Both studied twisted BL WSe, samples exhibited a doubly split band at the

I' point, similarly to the non-twisted case. For both theoretically studied twist
angles of ~ 21.79° and ~ 13.17° the global VBM is located at the Ky, point,

and the splitting of the doublet at I" remains the same within our experimental
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Figure 5.23: Theoretical calculations for twisted BL WSe, at two twist angle
60°—13.17°(21.79°) = 46.83°(a-c)(38.21°)(d-f). (a,d) Black and blue lines depict
BZs of the two SLs and the network red lines the moiré BZs of the twisted layers.
(b,e) Band structure unfolded onto the BZ one of the SL WSe,. (c,f) Magnified
region depicted by the green rectangle in (b). For comparison, green solid lines
show the bands for the 2H BL WSe,.

accuracy.

In our photoemission experiments, we studied twisted BL WSes samples, as
discussed in previous sections, wherein a change in the alignment between two
lattices induces a moiré pattern. The periodicity of the moiré pattern leads to
a periodic change in the coupling between the layers. The potential landscape
within the moiré pattern gives rise to a mini-Brillouin zone, a phenomenon
first observed in van-der-Waals materials with twisted graphene bilayers [231],
and results in the formation of moiré Bloch bands. We expected to map the
moiré bands, but we did not observe any. On the other hand, the presence
of moiré bands may easily be demonstrated in theoretical calculations. They
are clearly recognizable, indicated by white arrows in fig. 5.23(b,e), since they

are prominent in the vicinity of high symmetrical points at the topmost valence



The Electronic Bandstructure of Twisted Monolayers and Bilayers of WSes 94

bands. Depending on the formation of the moiré superlattice, the band positions

of the moiré bands vary for different twist angles.

No indication of flat bands is present in our experimental ARPES maps, and our
calculations for twisted B WSes do not indicate any flat bands that are split-
off from the band structure of separate SLs. For moiré cells larger than in our
calculations, recent calculations by Kundu et al. [220] identify flat bands over
the ~ 50 meV energy scale for twist angle up to 5.1°. Small twist angles lead to
large moiré unit cells, and to large areas of relatively well-defined stacking areas
which exhibit significantly shifted band structures in the vicinity of T", as shown
in fig. 5.19(b-c). Our smallest experimental twist angle of ~ 10° for BL WSe,
of sample A is too large to allow for formation of experimentally observable
gaps between the bands, and in the experimental data small anticrossings might
be smeared out. So far no interlayer hybridization gaps have been reported in
1-ARPES from twisted TMDCs, and the only potential indirect indication of
the formation of a moiré potential is through the observation of multiple Dirac

copies near the Ky, in the graphene/WS,/WSe, heterostructure [232].
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5.3 Conclusion

In summary, we have described and critically examined properties of u-ARPES
spectra from several twisted WSe, flake samples on graphite substrates. We
established that valence bands maximum of WSe, lies at Ky in all studied mi-
crostructures. Hybridization effects between twisted BL WSey are manifested
in the bonding-antibonding splitting at I' that is readily observed in the ex-
periment, but does not translate into further emergent interlayer hybridization
gaps. Such hybridization gaps are also not observed in the studied twisted SL
WSe,/graphite. The Fermi level electrons emitted into the K, points diffract
when passing through the WSe, overlayer, forming sharp replicas whose posi-
tions can be predicted by combining the reciprocal vectors of WSes and graphite.
The characteristic features derived from the monolayers involved in the forma-
tion of the twisted WSey BLs are visualized on the constant energy contours.
By utilizing the band contours around the high symmetry I' points on CEMs,
the twist angle between BLL WSe, is determined. Experimental findings are sup-
ported by accurate theoretical DFT modeling with the inclusion of vdW forces,
which suggests that forming of hybridization in WSe,/graphite system sensi-
tively depends on the orbital character of the WSey at the crossing with the

graphene Dirac cone band.

This work paves the way for designing future experiments on twisted TMDC
bilayers at smaller twist angles, which would enable imaging their fascinating

predicted properties such as topologically non-trivial flat bands.






Chapter 6

Circular Dichroism in the
Bandstructure of Twisted SL, BL,
and Bulk WSe>

In an ARPES experiment, changing the photon polarization from non-polarized
light to linearly or circularly polarized light has a significant impact on the
measured photocurrent. Depending on different photon polarizations, dipole
selection rules result in different atomic cross-sections for the interaction of po-
larized light and matter. ARPES setups with a circularly polarized light source
are seen to be an ideal instrument for measuring information on valley-resolved
properties in two-dimensional systems. This section will provide a brief overview
of the circular dichroism in ARPES studies of twisted SL, twisted BL, and bulk
of WSe, flakes.

6.1 Circular dichroism in the angular distribu-

tion of photoelectrons

Circular dichroism (CD) is defined as the difference in response to left-handed
and right-handed circularly polarized light. The selective absorption of left-
handed circular polarization (LCP) and right-handed circular polarization (RCP)
by chiral compounds is well-recognized [233]. X-ray magnetic circular dichro-
ism (XMCD) studies, in which the difference spectrum of two X-ray absorption
spectra is obtained in a magnetic field, also employ dichroic signals. This ap-
proach enables researchers to examine the magnetic characteristics of an atom
and molecule and was first observed for the K-edge of iron [234]. It is also
possible to acquire information on orbital and, more indirectly, spin magnetic

moments. These measurements require the presence of two basic interactions:
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spin-orbit coupling, which couples the electron spin and orbital angular mo-
mentum, and exchange splitting, which arises from the interaction between the
electron spins [235]. In CD, dipole selection rules govern the optical transitions

in matter

Al =+1,Am; =0, +1 (6.1)

For example: In ferromagnets as reported in ref. [234], the XMCD response of
the electrons originating from the 2p, , state has 100% polarization when excited
by a photon with positive helicity, whereas electrons occupying the 2p; , state
have -50% polarization. However, it is important to note that the polarization
values can vary depending on a variety of experimental parameters, including the
energy and polarization of the X-rays, the sample orientation, and the details of
the experimental setup. For the same allowed transition, there is an asymmetry
between left and right helicities, because different photon energies are required
for the excitation [236]. Moreover, significant CD signals are observed in 3d
transition metals at the Ly 3 edge transition given that the d-electrons are the
primary carriers of magnetism. Details could be found in ref. [237]. The men-
tioned technique is not straightforward to apply to the band electrons, because
the atomic model is not a reasonable approximation here as it is in case of core

levels since the electrons orbitals are perturbated [238,239].

Even in the absence of a chiral sample and a magnetic field, the dichroism effect
can be seen. The light and matter-coupled system with a defined handedness is
the important need for a dichroic signal. The experimental geometry can induce
chirality even if the sample is not chiral. In theory, every crystal may exhibit
CD effects if the direction of photon photoelectron momentum ?, and surface

normal 77 and photon impact 7 are non-coplanar [240].

In ARPES experiments, the difference between photoemission spectra measured
by LCP and RCP polarized light is used to calculate the CD signal. The detected
signals are referred to as CD-ARPES. Polarization-dependent measurements can
reveal symmetry details about the initial states depending on the polarization of
the incident light [69,241]. For instance, initial states derived from a d orbital,
d.> orbital, can exhibit substantially different ARPES intensities. Recently,
there has been a lot of interest in employing CD-ARPES to assess certain initial
state features, such as OAM [242,243] or the Berry curvature [244]. Circular
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dichroism observed by photoemission is sensitive to the orbital angular momenta
of the electronic states and can be used to gather critical information about the
electronic structure [245]. In sample systems without inversion symmetry [246-
249], such as solid surfaces and monolayers of transition metal dichalcogenides
[250-252], the presence of OAM plays a critical role in determining the spin-
splitting observed at K and K’ in the BZ [105,133,250]. These inequivalent K
valleys lead to a valley Hall effect, which had been understood in terms of Berry
curvature [253-257]. Symmetries at these valleys may cause the Berry curvature
sign to change from K to K’ valleys in BZ. [250-252, 254, 258-260).

In CD-ARPES, the spectral asymmetry as a function of binding energy is de-
scribed by

A(E, f) — w
I+(E)+ I~ (E)

where the photoemission intensities with positive and negative light helicities
are represented by IT and 17, respectively.
It is critical to comprehend the origin of the CD data to make a meaningful inter-
pretation. The many factors that might induce circular dichroism, as mentioned
above, may superimpose onto each other and complicate the interpretation of
the collected data. The most accurate theoretical treatment of CD-ARPES is
based on relativistic band structure calculations and one-step model photoemis-
sion calculations [261]. Spin-orbit coupling is likely to play a significant role.
However, it is undoubtedly not the sole component, as graphene also exhibits a
significant CD effect [262,263]. Other parameters that influence the CD signal
include the geometrical configuration [240], and photon energy [264].

6.2 Circular dichroism in WSe,

In this work, CD-ARPES mapping of twisted SL, twisted BL, and bulk WSe,
has been demonstrated. All the CD-ARPES measurements were carried out at
the NanoESCA endstation at Elettra and data were taken with left-handed and
right-handed circularly polarized 40 eV photon light at T ~ 80K [265, 266].

As previously mentioned in chapter 3, all the samples were fabricated by me-
chanical exfoliation and dry transfer technique in collaboration with Dr. Bernd

Beschoten’s group. All samples were brought to the NanoESCA beamline in
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Figure 6.1: (a,c) are the optical micrographs of twisted SL and twisted BL of
WSe, placed on graphite, and the entire sample structure is lying on the top of
n-Si. (b,d) are the PEEM images of the samples taken with a Hg lamp, where,
twisted SL, twisted BL and bulk WSe, flake are represented by the dotted green
and gray lines and shaded green color region, respectively.

argon-sealed gel boxes. Prior to the CD-ARPES measurements, the samples
were annealed at 300°C. The microscopic control of the beam position and real-
space imaging capabilities at the NanoESCA endstation make it possible to
identify and measure different regions at the sample surface. The homogeneous
region on the sample surface was identified by using the PEEM in real space
mode with a Hg lamp as an excitation source. Furthermore, a k-space micro-
scope scans the reciprocal space without rotating the sample; thus, precisely the
same region is probed during the entire experiment, and the parallel momentum

scale is imaged faithfully, an advantage over traditional ARPES setups.

The SL and BL of WSe, are embedded in different samples, unlike previous ones
because, as shown in fig. 6.1(c) following the overlap of WSe; monolayer to pro-
duce twisted BL, the region belonging to the SL flake is extremely small, making
measurement difficult due to the beam spot, which is in the order of ~ 15 pm.
Figure 6.1 shows the optical and PEEM images of the twisted SL and twisted
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top

bottom

Figure 6.2: Scheme of the experimental setup: a circularly polarized light (40 eV)
is focused onto the bulk WSe, crystal at an angle of incidence of 65° with respect
to the surface normal, ejected photoelectrons are detected by the momentum
microscope. The dashed contour represents the two-dimesnional SBZ of 2H-

WSe, with the high symmetry points (K, T', K/, M).

BL of WSe, flake samples. The lateral size of twisted SL WSey/graphite/n-Si:
sample C and twisted BL Wsey /graphite/n-Si: sample D is in the order of ~ 15
pm. Each sample consists of different regions with different twists between the

atomically thin flakes.

6.2.1 Bulk-WSe,

Figure 6.2 shows the layout of the experimental geometry of the NanoESCA
momentum microscope. The momentum image shows the electronic states at a
constant energy Eg-Eygy = 0.7 €V. Photoelectrons are collected simultaneously
over the entire solid angle above the sample, allowing efficient measurements.
The experimental geometry is critical for the observation of a dichroic effect. In
our experimental scheme for bulk WSes, light is aligned with the crystal mirror

plane, which is along I'-M high symmetry direction.

Due to optical selection rule criteria, circularly polarized light with either left or
right-handed circularity can provide different photoemission intensities, provid-
ing information about the orbital angular momentum of the material’s electronic
bands. The CD-ARPES has been widely used to study the modulation of the
photoemission transition matrix element [267-270]. Moreover, in certain cases,
CD-ARPES has been proposed to be related to the momentum-resolved orbital

polarization of the local Berry curvature [271].



Clircular Dichroism in the Bandstructure of Twisted SL, BL, and Bulk WSeqy

102

(a)

Eg-Eyay=0.3eV

(b)  EgEypu=0.3eV

()

Eg-Eyam=0.3eV

SN 1c 1 GG, b
" & t a " i) e
B ~ \ VTN
= <d C P G 1Y T
< ) @ > < g 5 KON e ‘f’Eut(r)
+ @ 7 A\ ) . b §
K KI'Cut(o)
x,fA") k,(DA" ' k,(DA") '
(d) 0.5 W K (ej 0.5 K K [f) 05 W W
C < GG Cul)
00 00 00
S
iy : N i \
hRLE, ARE) / FRREE A
15 1s 1
~s ™ :
k(A7) Ky (A") K (A7)
® K m ¥ < 0 I
25 05 25
Cr () GG cut(i)
0.0 0.0 00
& / \ g g \
& 104 FIREE REE o A
- a-
Ky (A7) (A K (")
(1)) N K K (k)” 4 X (|)4J5 K K
G L CeCl Cutll)
00 00 00
2y 5o 1A N /A
2 g 2 \
15 Wi 15
k(") k(A7) k(A
(m) K K (n) Ird X (0) I X
05 ! o5
CeCL Cutlo)
00 00
- -
AN /
154 154
Ky (&)
(p) (r I T ©
o] o Ce.C, : Cut(r)
iy RN
% = e
2 > 2 “
& ] / \
3] 3{" N / \ v
. .
k) WA e

Figure 6.3: Bulk WSes: Panels (a,b) show ARPES maps at Eg-Eygy = 0.3 €V
taken by RCP and LCP incident light respectively. The CD signal is depicted
in panel (c), with the hexgonal BZ represented by a black dotted hexagon and
the high symmetry spots are marked. The energy-momentum cut along vertical

(K'-K', K-K) and horizontal cuts (K’-M-K, K-T-K') are measured by RCP
and LCP incident light utilizing 40 eV photons is shown in panels (d,g,j,m,p)
and (e,hkn,q). Panels (fil,or) correspond to CD-ARPES signals along the

K'-K', K-K, K'-M-K, and K-T-K' cuts, respectively. Vertical and horizontal
cuts are indicated by dotted green and blue lines, respectively.
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CD-ARPES signals are mapped in momentum space with an intensity corre-
sponding to the difference between the intensity taken by RCP (Cg) and LCP
(CL), respectively, Icp= Cg-Cy. Figure 6.3(a,b) represents the constant energy
ARPES maps taken with the RCP and LCP incident light at a binding energy
(Eg) of 0.3 €V and fig. 6.3(c) shows the Iop signals.

As discussed in chapter 1, a single layer of WSey exhibits a broken inversion
symmetry; however, in the bulk form of 2H-WSes, the adjacent layers are rotated
180° with respect to each other, restoring the inversion symmetry. Since CD-
ARPES is a surface-sensitive experiment, the top layer contributes the majority

of the signal compared to the following sublayers in the actual experiments.

In bulk 2H-WSe,, layers are stacked such that K (K’) of one layer is at the
same momentum location as K'(K) of the following layer. As a result of the
recovered inversion symmetry, spin and valley symmetries are restored, and any
valley sensitive signal should vanish [105,251,272,273]. The in-plane nature of
the orbital character of the electronic states around K and K’, on the other
hand, strongly suppresses interlayer hopping along the ¢ axis and makes them
quasi-two-dimensional [272,274]. Nonetheless, the spin-split nature, as well as
the valley physics of each layer, is preserved. As already mentioned, the signal
predominantly comes from the topmost layer in CD-ARPES; which has broken

inversion symmetry and this is related to the “hidden spin polarization” [275].

As illustrated in fig. 6.3, the ARPES and CD-ARPES data are plotted along
vertical (K'-K’, K-K) and horizontal (K’-M-K, K-I-K') directions indicated
by blue and green dotted lines in fig. 6.3(c). We observed that in the vertical
cuts as shown in fig. 6.3(f,i), that the energy dispersion in both spectra looks
to be symmetric. Yet, the intensities vary strangely, indicating that there is
no symmetry. This is related to the symmetry breaking by the experimental
geometry and by the lack of the x-z (M,) mirror plane. However, following
on with a close interpretation of the CD data obtained from the K’-K' (see
fig. 6.3(f)) and K-K (see fig. 6.3(i)) cuts reveals striking similarities, if the
colors of one of the images are inverted. Here, the CD-ARPES signals retrieved
from the K and K’ valleys are nearly identical, but their signs, which the valley
index should dictate, are opposite. Thus, the sign is found to be the same for
the two spin-split bands most likely because they have the same OAM [276].
Accordingly, one can see that spin-split K bands of WSe, invert colors on the

left /right sides in horizontal cuts as shown in fig. 6.3(1,0). In this case the CD-
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Figure 6.4: Circular dichroism in momentum space at various energies Eg-Evpum
measured for the bulk WSe,. The radius of each constant dichroism map corre-
sponds to 1.9 A=1. The SBZ of WSe, is represented in Eg-Eypy = 0.3 €V, with
the high symmetry points designated by K and K'.

APRES signal is spin-independent, because CD-ARPES is sensitive to OAM
but not to spin-polarization. This suggests that the CD-ARPES data reflect
characteristics of the electronic structure that are opposite, but symmetric at
the K and K’ points of the SBZ of 2H-WSe,. Moreover, this is attributed to
the signatures of the momentum-resolved orbital moment contribution in two-
dimensional materials [271,277,278|.

Recently, following the analysis of Schueler et al. [271], Cho et al. attempted to
relate the CD-ARPES from the WSe; to a hidden Berry curvature and OAM ex-
perimentally [279,280]. Our findings are remarkably similar to theirs. However,
we note that extrinsic contributions to dichroism can come in via experimen-
tal geometry-induced symmetry breaking [56]. It is difficult to disentangle the

intrinsic and extrinsic contributions to the dichroic signal, yet it is critical for
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(a) SL-WSe,/Gr/n-Si (b) BL- WSe,/Gr/n-Si
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Figure 6.5: Panel (a) and panel (b) show the scheme of the experimental setup of
SL and BL WSe,/graphite/n-Si. A circularly polarized light (40 V) is focused
at a 65° angle of incidence with respect to the surface normal onto the graphite
K bands. The dashed contour represents the SBZ of graphite with the high
symmetry K points.

gaining meaningful knowledge about initial states.

Fig. 6.4 shows CEM maps at various binding energies near the VBM for bulk
WSe,. One can observe on experimentally recorded CEMs, that the photoemis-
sion intensity around each K and K’ valley is strongly anisotropic, resulting in
“croissant”-shaped patterns. This has recently been explained as the result of
the in-plane interference effect between photoelectrons emitted from transition

metal d-type orbitals [281].

6.2.2 Twisted SL and BL WSes

We also performed CD-ARPES measurements on twisted SL and twisted BL
WSe, lying on a graphite flake, which are labeled as sample C' and sample D
(see fig. 6.1). We had shown that the twist angle between SL WSe, lattice and
graphite lattice in sample C' is 0= 17.2° in chapter 5. The details of applied

method can be found in section 5.2.4 and [219].

In CD-ARPES measurements of twisted SL WSe,/graphite and twisted BL
WSe,/graphite sample structures, the graphite K points are aligned along the
beam direction, i.e., from bottom to top of the momentum maps, as seen in fig.
6.5. We measured the 2D momentum maps from the twisted single layer and
bilayer of WSe; at different binding energies, as shown in fig. 6.6. Features of
both graphite and WSe, are clearly visible in constant energy contours from SL
and from BL; there is a contribution from both monolayers on the momentum

maps. However, the features of bilayer WSey are not as sharp as those of the
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monolayer sample structures.

We compared our SL and BL WSe, /graphite experimental results to the one-step
photoemission calculations based on fully relativistic density functional theory.
The theoretical calculation is implemented in the fully Korringa-Kohn-Rostoker
(KKR) method. The theoretical calculations were performed by Prof. Jan Minar
and Dr. Jakub Schusser from the University of West Bohemia, Czech Repub-
lic. In our one-step photoemission calculations, we calculated constant energy
maps of WSe, monolayers at five different binding energies (0.3 eV, 0.4 eV, 0.5
eV, 0.6 eV, 0.7 eV) at two different angles (0° and 24.3°) with respect to the
light incidence, without the contribution of graphite. The estimated photoe-
mission signal on each constant energy map is layer-resolved and incorporates
all matrix element effects related to experimental geometry, photon energy, and
polarization state influence [218,282,283].

As previously described, the combination of the broken inversion symmetry
within each layer and the strong spin-orbit coupling, results in unusual momentum-
space orbital patterns. As shown in fig. 6.6, panels 6.6(a,c) show the experi-
mentally measured CD photoemission intensity, and panels 6.6(b,d) show the
calculated CD photoemission intensity.

We considered a 0° rotated WSe, monolayer to make the comparison with
twisted SL WSe,/graphite. In our experimental data set as shown in panel
6.6(a), we observed that at the I' points at all the energy contours the dichroic
signal is symmetric, and the valence bands around each K /K’ valley show the
same dichroic signal, which are the same negative/positive (red/blue) intensities
being in qualtitative agreement with our theoretical results (see panel 6.6(b))
marked by black arrows on the constant energy maps for selected regions.

To compare with the experimental CD-ARPES data for twisted BL WSes /graph-
ite, we used two isolated computed WSe, monolayers, which are rotated by
0° and 24.3° twist angles. To generate a reasonable dichroic signal from the
theoretical calculations, we performed an addition separately on respective Cpp,s
datasets and C,,,;,.s datasets corresponding to the differently rotated layers. We
are dealing here with two WSey; monolayers, so to make good visualization of
which layer is at the top and which one is at the bottom, we multiplied the
data set by 0.9 factor to adjust the transparency such that the top layer is 90%
weighted and the bottom layer is 10% weighted. Thus, the signal from the top

layer is more intense than the bottom layer. Finally, using CD= Cppys-Crninus,
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we generate the CD-ARPES signals.

As can be seen in panels 6.6(c,d) for twisted BL, WSes, there are some similarities
between theory and experiment. The dichroic signal at the I bands is the same in

terms of symmetry, which shows red/blue intensities indicated by black arrow
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Figure 6.6: Comparison between experimentally measured and theoretically cal-
culated CD-ARPES: Panel (a, ¢) show experimental observation on twisted SL,
twisted BL WSe,/graphite structures, circular dichroism in momentum space
was measured at various energies. On constant energy maps at Eg-Eygy = 0.3
eV, the BZ for SL, BL. WSe; is represented by green and dotted black hexagons
with high symmetry points (', K), whereas brown dotted lines represent the
BZ for graphite. All the corners of the BZs represent the K points. Panel (b,
d) shows the theoretical calculations on non-twisted SL WSes and twisted BL
WSe, layers. The radius of each constant dichroism map corresponds to 1.9 A=1.
Black arrows and ellipses indicate similarities between theory and experiments.



Clircular Dichroism in the Bandstructure of Twisted SL, BL, and Bulk WSeqy 108

on Eg-Evpy = 0.7 eV. Additionally, in our experimental data of twisted BL
WSe, /graphite, the dichroic signals coming from the K valleys are less sharp,
but we could observe the hint of red and blue intensities quite well. As shown
in fig. 6.6, Eg-Eypm = 0.4 €V presents the energy contour showing the different
color intensities belonging to the individual WSes, which is quite comparable
with our experimental results marked by ellipses on selected K points of WSes
BZs. Furthermore, at higher binding energies in the experimental data, the
dichroic signals from the K bands are not clear; however, we observe the well-
defined blue and red intensities scattered on the constant energy map, which
could be seen in approximately the same regions as in our theory calculations
(see panel 6.6(d)).

Furthermore, we plotted four energy-momentum cuts along with the high sym-
metry directions of the WSe, SBZ for twisted SL WSe, /graphite as shown in fig.
6.7, as we did for bulk WSe, (fig. 6.3). We observed that the top surface layer
in bulk WSe, has some CD-ARPES characteristics of a S WSe,. On the other
hand, for the twisted BL WSey (sample D), the dichroic signals are different
from the bulk WSey or SL WSesy, as depicted in fig. 6.8. In twisted BL WSe,,
we observed the features contributing from both WSe, layers and graphite at
the constant energy map Eg-Eypy = 0.2 €V as shown in fig. 6.8(c) indicated by
green and black hexagons with high symmetry points K, K’, I'. This is shown

in detail in the previous chapter.

In our experimental geometry, the photon beam has been oriented along the
graphite K points, as depicted on the constant energy map fig. 6.5(c) and fig.
6.8(c). Our sample structure is composed of two WSe, layers, with the top WSe,
layer BZ nearly along K point of the graphite lattice. Moreover, for the bottom
WSe, layer, there are dichroic features, which behave as if they have aligned
along the M-I'-M axis, which is the crystal mirror plane of the corresponding
WSe, SL along the beam, as illustrated by green and black hexagons in fig.
6.8(c). The M-I'-M high symmetry direction lies within the “reaction plane”
for that SL, meaning that the light propagation vector and M-TI'-M lie in the
same plane. We plotted five energy-momentum dispersion maps along with the
high symmetry directions, with two K’-K horizontal cuts belonging to one WSe,
layer, K-K, K'-K’' belonging to the other WSe, layer and K/M-I'-K'/M cut
sharing M points of one WSe, layer and K, K’ points of another layer.

We observed in fig. 6.8(f), which is measured along with K/M-T-K'/M cut, that
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Figure 6.7: SL WSe,/graphite: Panel (a,b) show ARPES maps at Ep-Eypum
= 0.3 eV taken by RCP and LCP incident light respectively. The CD signal
is depicted in panel (c¢), with the hexgonal BZ represented by a black dotted
hexagon and the high symmetry spots are marked. The energy-momentum cut
along vertical (K’-K', K-K) and horizontal cut (K’-M-K) are measured by RCP
and LCP incident light utilizing 40 €V photons is shown in panels (d,g,j,m) and
(e;hkn). Panels (f,i,l,0) correspond to CD-ARPES signals along the K'-K’,
K-K and K'-M-K cuts, respectively. Vertical and horizontal cuts are indicated
by dotted green and blue lines, respectively.
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the dichroic signals are asymmetrical around the binding energy 3 €V, the bands
which are red on the left-hand side are not of blue color on the right-hand side
indicated by black colored dashed circular line. This asymmetric dichroic signal
is attributed to the orbital angular momentum originating from the combination
of two twisted WSe, bilayers. Furthermore, in all the E(k) dispersion maps, the
electronic bands are not well-defined at high symmetry K and K’ points from
both the monolayer layers of the BL WSe, sample. Still, there are signatures
of graphite and WSes bands in the energy-momentum maps, as shown in fig.
6.8(d,e,g,h). Nevertheless, we observe blue and red color intensities at K points,

suggesting that the K valley integrated circular dichroism is still present in the

(a) Eg-Eygy~0.2eV (b) Eg-Eygy=0.2eV (c) Eg-Eygy~0.2eV
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Figure 6.8: BL WSe,/graphite/n-Si: Panel (a,b) show momentum maps taken
by RCP and LCP indcident light at Eg-Eyvgm = 0.3 €V. Panel (c) depicts the
CD-ARPES signals, with green and black hexagons denoting the BZ from both
WSe, monolayers, and blue dotted lines along high symmetry points of WSes.
Panel (d-i) show the E(k) maps.
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WSe, bilayer sample system.

In principle, one may expect signatures of hybridization with some new features
in CD-ARPES data, but disentangling such an effect would require further cal-
culations, which should include hybridized layers. The presented theoretical
DFT calculations do not account for hybridization, and any realistic calcula-
tions of CD-ARPES from twisted layers will be computationally demanding
because it would require large unit cells. Furthermore, the OAM is mostly ori-
ented out-of-plane in WSe,, but an in-plane component may appear in twisted
bilayers [284-287]. In twisted bilayer TMDCs, the orientation of OAM can be
influenced by a range of factors, including the twist angle, the number of layers,

as well as the applied magnetic and electric fields [288,289).
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6.2.3 Conclusions

This chapter reported circular dichroism investigation in the angular distribution
of photoelectrons on a WSe, transition metal dichalcogenide. We measured
twisted SL. WSes /graphite and twisted BL WSe, /graphite with different twist
angles, as well as bulk WSe,. The experimental results were compared to theo-
retical DFT calculations. We observed a significant circular dichroism at K
valleys of WSe,, which is primarily due to the pronounced layer-resolved valley
orbital polarization in bulk WSe, crystal despite being centrosymmetric, and
we observed similar behavior in twisted SL WSe,/graphite. Furthermore, the
K valley circular dichroism is still observable in the twisted bilayer system, and
also at the I' point, but there is an asymmetry in the dichroic signal around 3

eV binding energy.

These findings are significant not just for this fascinating and technologically
relevant material, but also for potential relation to the existence of recently
introduced hidden local Berry curvature [271,279,280].



Chapter 7

Summary and Outlook

A focused approach in exploiting vdW structures for advanced electronics can
reshape the future of currently available semiconductor materials. The ad-
vancement in tailoring material properties associated with band structure align-
ment has extended interest into probing layered vdW semiconductor materi-
als [27-29,101,194-196]. Such an approach can bring out specialized properties
in materials such as periodic moiré patterns, where the periodicity on semi-
conductor interfaces or hetero-junctions arises either from the different lattice
constant or the twist angles. In particular, the twist angle between such layers
provides an adjustable degree of freedom compared to conventional materials.
The strength of the moiré potential is typically in the range of several meV, and
lattice electrons interacting with this additional potential exhibit novel prop-
erties [30,197]. In recent years, several exciting experimental breakthroughs
have been documented, and the resulting hetero/homo-structures offer unique
features and applications beyond their 2D parent crystals [42,198-207]. These
attributes offer the opportunity to construct atomically thin electronics based
entirely on 2D materials [208-210]. Among the transition metal dichalcogenides,

we have selected WSes as a material of interest for this thesis.

In this thesis, the micro-angle resolved photoemission spectroscopy (u-ARPES)
experiments were utilized to study the mechanically restacked vdW hetero/homo-
structures, such as twisted SL and BL WSe; on graphite flake. We investigated
microstructures containing regions of SL and BL at different twist angles be-
tween WSey and graphite and within the BL. WSes. The WSes-related band
manifold exhibits shifts in the binding energy of the order of 30 meV when prob-
ing different spots separated by only 2-4 pm on the same microflake. This is
observed both for twisted SL and twisted B, WSey flakes, and indicates inho-
mogeneities and local doping varying laterally on the pm scale. In all cases, the

global valence band maximum of WSe, has been found at the Ky g, point of

113
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the Brillouin zone. Within this thesis, we investigated two twisted BL WSe, at
twist angles of ~ 28° and ~ 10° showing bonding and antibonding interlayer
hybridization at local VBM at I', and found no evidence of hybridization gaps
at the interlayer band crossing points, that could be precursors of the flat bands
at smaller twist angles. Hybridization gaps are also not observed in the studied
twisted SL. WSe, /graphite structures. In twisted SL WSey /graphite, Fermi level
electrons emitted from the graphite are sharply focused near their K,, points
in BZ, and when passing through the WSe, get diffracted to form band replicas
readily observed on Fermi surface maps whose positions can be predicted by
combining the reciprocal lattice vectors of graphite and WSe,. Utilizing this,
we determine the twist angle between the SI. WSe, /graphite. The combination
of experimental findings and DFT calculations allows the identification of inter-
layer hybridization at I" point and VBM at Ky g, point. The theoretical DFT
modeling, with the inclusion of vdW forces, suggests that forming of hybridiza-
tion in WSey/graphene system sensitively depends on the orbital character of

the WSes at the crossing with the graphene Dirac cone band.

We also experimentally showed photon energy-dependent intensity modulations
of the hybridized bands of twisted WSe, bilayers. The relative ARPES intensities
of these bands are different at different photon energies. In the twisted BL
spectra taken at different photon energies between 80 and 150 eV, the bonding
and antibonding splitting at [’y also exhibit similar photon energy-dependent
differences. We propose that these effects are related to the combination of
intrinsic and extrinsic effects. The former is due to the photoemission matrix
element effects that can be selectively sensitive to the regions of different local
doping at different emission angles and photon energies. The latter could be
due to the ARPES data collection technique that has been used, with possible
1-2 pum photon beam position shifts at different electron emission angles.

Additionally, we examined circular dichroism in the angular distribution of pho-
toelectrons on a 2H-WSey. Within this work, SL WSe, /graphite and twisted BL
WSe, /graphite structures with different twist angles, as well as bulk WSe,, were
measured. We reported significant CD signals at K valley in both bulk WSes
and SL WSe,y/graphite, while in twisted BL WSey, K valley integrated CD-
ARPES is still visible in addition to the dichroic signal asymmetry shown at I'.
The CD-ARPES results were modeled theoretically by one-step model photoe-

mission calculations, and they show qualitative agreement to the experimental
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data, however, further calculations with the interlayer hybridization included

would be needed to obtain a quantitative agreement.

The reported findings presented here indicate compelling evidence of the fun-
damental importance of WSe,, suggesting its use in the fabrication of a variety
of electronic devices, from transistors to optical sensors. As such, small twist
angle between WSes; monolayers alters its electronic band structure, thus in-
fluencing overall optical and electric transport behavior. Moreover, the results
presented here also provide a possible relation to the recently introduced hidden
local Berry curvature [271,279,280].

Overall, the results are encouraging, which can be further stretched to study
the modulation in hetero/homo-structures properties at smaller twist angles be-
tween atomically thin layers, which would enable imaging their fascinating pre-
dicted properties such as topologically non-trivial flat bands [290]. Other similar
TMDCs structures such as WS, and MoS, of various thicknesses and different
mechanically restacked hetero-structures such as WSey/MoSes, WSes /WS, can
also be included. Subsequently, the next phase of the research shall include the
study of spin-texture in twisted SL and BL structures of TMDCs which can open

up new possibilities for spintronics, valleytronics, and other related disciplines.
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