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Abstract
The discovery of graphene has opened a novel research direction focused on the properties of 2D
materials. Transition metal dichalcogenides (TMDCs) were quickly identiﬁed as important materials due to the great variety of electronic properties that they manifest – properties that are
markedly diﬀerent from graphene’s. For example, semiconducting TMDCs undergo an indirectdirect band gap transition when thinned to a single layer (SL); this results in greatly enhanced
photoluminescence, making those materials attractive for applications in optoelectronics. Furthermore, metallic TMDCs can host charge density wave (CDW) and superconducting (SC)
phases, which are fundamental for understanding condensed matter physics. Nevertheless, the
synthesis of high-quality SL TMDCs still remains challenging.
In this thesis we present epitaxial growth methods developed in our group to obtain largearea, high-quality SL TMDCs. We demonstrate the synthesis of SL MoS2 , WS2 and TaS2 on
Au(111), Ag(111) and graphene on SiC. The morphology and crystal structure of the synthesized
materials is characterized by scanning tunneling microscopy (STM) and low-energy electron
diﬀraction (LEED). The electronic structure of SL TMDCs is directly studied with angle-resolved
photoemission spectroscopy (ARPES) and x-ray photoelectron spectroscopy (XPS) techniques.
Experimental results are compared with density-functional theory calculations (DFT), both for
a free-standing layer and for a layer adsorbed on a metallic substrate.
The electron energy dispersion of semiconducting MoS2 synthesized on Au(111) is found to be
aﬀected by the substrate interaction. The bands in the center of surface Brillouin zone (SBZ) are
found to be strongly hybridized with Au d-bands. Nevertheless, the dispersion around corners of
the SBZ remains largely unaﬀected and exhibits a sizeable spin-splitting. We ﬁnd that in WS2
substitution of Mo with heavier W atoms leads to enlarging of this eﬀect and simultaneously
reduces the hole eﬀective mass.
We further study substrate eﬀects by investigations of SL TMDCs grown on graphene/SiC and
on Ag(111). We ﬁnd only a weak interaction between SL MoS2 and graphene, which leads to
a quasi-freestanding band structure, but also to the coexistence of multiple rotational domains.
Measurements of SL WS2 on Ag(111), on the other hand, reveals formation of interesting in-gap
states which make WS2 metallic.
Low-temperature STM studies reveal suppression of CDWs in SL TaS2 /Au(111). We attribute
this eﬀect to substantial doping originating from the substrate. Recent theoretical calculations
suggest that doping might be caused by band hybridization, rather than charge transfer through
the interface.
Last but not least, we study the eﬀect of the well-known herringbone reconstruction on the
electronic structure of Au(111). We ﬁnd the Fermi contours to be strongly modiﬁed, but only
for measurements taken in higher order SBZs. We propose a simple structural model which
explains the observations.

Resumé
Opdagelsen af grafen har åbnet en ny forskningsretning, som fokuserer på 2D materialers egenskaber. Overgangsmetal dichalcogenider (TMDC’er) blev hurtigt identiﬁceret som værende vigtige
materialer takket være den bredde vifte af elektroniske egenskaber, som de kan udvise – egenskaber som vel at mærke afviger markant fra grafens. Eksempelvis undergår halvledende TMDC’er
en overgang fra et indirekte båndgab til et direkte båndgab, når deres tykkelse mindskes til et
enkelt lag (SL). Dette medfører kraftigt forøget fotoluminescens, hvilket gør disse materialer
meget attraktive til brug i optoelektronik. Desuden kan metalliske TMDC’er have ladningsdensitet bølge (CDW) og superledende (SC) faser, som er af fundamental vigtighed for forståelsen
af faststof fysik. Det til trods er syntesen af højkvalitets SL TMDC’er stadig en væsentlig
udfordring i feltet.
I denne afhandling præsenterer vi epitaksial syntese metoder, som vi har udviklet med henblik
på at opnå store ﬂader af højkvalitets SL TMDC’er. Vi fremviser synteser af SL MoS2 , WS2 og
TaS2 på substrater af Au(111), Ag(111) og grafen på SiC. Morfologien og krystalstrukturen af
de fremstillede materialer karakteriseres ved brug af scanning tunnelering mikroskopi (STM) og
lavenergi elektron diﬀraktion (LEED). Den elektroniske struktur af SL TMDC’er bliver undersøgt direkte ved hjælp af vinkelopløst fotoemissionsspektroskopi (ARPES) og røntgen fotoelektron spektroskopi (XPS) eksperimenter. Eksperimentelt opnåede resultater sammenlignes med
densitetsfunktionalteori (DFT) beregninger for både fritstående lag og materialer adsorberet på
et metallisk substrat.
Det vises, at den elektroniske energidispersion af halvledende MoS2 syntetiseret på Au(111)
påvirkes af substratinteraktionen. Båndene i den centrale del af overﬂade Brillouin zonen
(SBZ) hybridiserer kraftigt med d-bånd fra Au substratet. Alligevel forbliver energidispersionen
omkring hjørnerne af SBZ’en praktisk taget uforandret og udviser en betragtelig spinsplitting.
Vi har desuden eftervist, at WS2 , hvor Mo erstattes med W atomer, udviser denne eﬀekt i en
forstærket grad og samtidig har en reduceret eﬀektiv hul masse.
Vi har studeret substrateﬀekter i dybden ved at undersøge SL TMDC’er syntetiseret på grafen/SiC
og på Ag(111). Vi ser kun en svag interaktion imellem SL MoS2 og grafen, hvilket medfører en
kvasi-fritstående båndstruktur samt sameksistensen af ﬂere rotationelle domæner. Målinger af
SL WS2 på Ag(111) afslører imidlertid dannelsen af interessante tilstande i båndgabet, som gør
WS2 metallisk.
Lavtemperatur STM studier afslører en undertrykkelse af CDW’er i SL TaS2 /Au(111). Vi
tilskriver denne eﬀekt til betydelig doping med ophav i substratet. Teoretiske beregninger har for
nyligt indikeret, at dopingen kan være forårsaget af båndhybridisering fremfor en ladningsoverførsel igennem grænseﬂaden.
Slutteligt studerer vi eﬀekten af den velkendte sildebensrekonstruktion på den elektroniske struktur af Au(111). Vi ser, at Fermi konturerne modiﬁceres kraftigt forudsat, at målingerne fortages
i højere ordens SBZ’er. Vi foreslår en simpel struktural model, som forklarer disse observationer.
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Chapter 1

Introduction

The aim of this introductory chapter is to establish a general context for the work presented in
the thesis. Firstly, the historical background of research in the ﬁeld of 2D materials is presented.
Secondly, the group of transition metal dichalcogenides (TMDCs) is brieﬂy overviewed. Finally,
the ending sections of this chapter are devoted to the structure and properties of semiconducting
and metallic TMDCs.

1.1

2D materials

For many years, it was believed that 2D crystalline materials cannot exist at ﬁnite temperatures
due to the divergence of ﬂuctuations, destroying the long-range order. This viewpoint was
supported by great authorities in physics, such as Peierls [1], Landau [2] and Mermin [3], which
paradoxically slowed down research progress in the ﬁeld. It was much later realized that those
theoretical predictions strictly apply only for inﬁnite crystals. In addition, a rippled structure
can permit stability in 2D materials [4, 5].
Today, the most famous 2D material is single-layered graphite, called graphene. The ﬁrst theoretical calculations of graphene’s electronic structure dates back to 1947 [6]. The signatures
of graphene ﬂakes were identiﬁed in low-energy electron diﬀraction (LEED) and Auger spectroscopy experiments on single crystals of platinum [7, 8] and nickel [9] two decades later.
Initially, graphene was treated merely as an unwanted contamination originating from the carbon segregation during crystal cleaning procedures. The true advent of graphene research took
place in 2004, when Novoselov and Geim used scotch tape to mechanically exfoliate single layers
from bulk graphite crystals. Despite initial rejection, their work was eventually published [10]
and led to a huge scientiﬁc interest. Graphene turned out to be a fertile ground for studying exotic physical phenomena such as a wide variety of quantum Hall eﬀects (QHEs) [11–14]
and the Klein paradox [15–18]. Moreover, investigations of graphene have been motivated by
application-desired properties, such as extraordinary mechanical strength and electrical conductivity [19, 20]. Highlighting the importance of Novoselov and Geim’s work, the Nobel Prize in
Physics was awarded to them in 2010 [21], just six years after their initial publication.
Soon after the ﬁrst exfoliation of graphene, it was realized that other layered materials can
be isolated in a similar way. NbSe2 and MoS2 were among the ﬁrst materials, apart from
graphene, to be isolated in the single-layer limit [22]. Those materials are members of a large
group of compounds, called transition metal dichalcogenides (TMDCs), which exhibit a wide
range of electronic properties [23]. This means that with a substitution of a transition metal
in TMDC, one can engineer the band structure to some extent. Some of the properties of
TMDCs are complementary to graphene’s. For example, it is challenging to open a sizable
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Figure 1.1: (a) The number of scientiﬁc publications issued over the last decade containing “MoS2 ”
in the topic. (b) Number of citations of the articles in (a) per year. Search done using the Thomson
Reuters ISI Web of Knowledge database [38].

bandgap in graphene [24, 25], while SL MoS2 is an intrinsic semiconductor [26]. Furthermore,
the spin-orbit coupling (SOC) is negligible in graphene, as it is composed exclusively of light
carbon atoms, but in case of a heavy-atom TMDC like WS2 , the large SOC leads to a signiﬁcant
splitting of both valence and conduction bands, making it an attractive graphene-analog for use
in spintronics [27].
Large scientiﬁc interest in studying 2D TMDCs was sparked in 2010 with the observation of an
indirect-direct band gap transition that occurs when a MoS2 crystal is thinned to a SL [26, 28].
Since then, the number of articles published in the ﬁeld of TMDCs has been almost doubling
every year, as can be seen in Fig. 1.1. Probably the most studied SL TMDCs, to date, are
molybdenum dichalcogenides, which are attractive materials for electronic applications such as
transistors [29, 30], diodes [31], photoemitting devices [32], solar cells [33] and memristors [34].
In case of the tungsten dichalcogenides, much stronger spin-orbit coupling is expected than in the
case of the Mo-based analogues, and the properties just enumerated should thus be more stable
at room temperature [27, 35, 36]. Finally, metallic TMDCs have recently received considerable
attention due to the observation of both superconductivity (SC) and charge density wave (CDW)
in SL NbSe2 [37].
Many proposed approaches to characterizing the electronic properties of SL TMDCs, as well
as many potential applications, require large area and high quality samples. The present work
introduces methods for the epitaxial growth of MoS2 , WS2 and TaS2 on Au(111), Ag(111) and
graphene/SiC. The growth and structure are studied by scanning tunneling microscopy (STM),
low energy electron diﬀraction (LEED) and core-level spectroscopy. The high quality of SL
TMDCs obtained in this procedure permits an investigation of the electronic structure by angleresolved photoemission spectroscopy (ARPES). Obtained results suggest that similar growth
methods can also be applied for the synthesis of other SL TMDCs.

1.2

Bulk transition metal dichalcogenides

The properties of 2D TMDCs are inherited from their 3D parents to a large extent, so it is
insightful to start a discussion with an overview of the well-known bulk TMDCs. An excellent
review covering this topic can be found in Ref. [23]. There exist about 100 TMDCs, out of which
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around 40 have a layered structure (see Fig. 1.2). Layered TMDCs consist of a layer of transition
metal atoms (M) sandwiched between two layers of chalcogens (X), forming a MX2 compound.
While the intralayer M-X bonds are predominantly covalent, the interactions between MX2
sandwiches are only of the van der Waals type, which makes them easy to cleave and makes
intercalation easy between adjacent layers.
The metal atoms provide four electrons for the bonds with the two chalcogens, which leads to
oxidation states of +4 for M and -2 for X. The lone pair of X electrons terminates the surface,
making MX2 stable and chemically rather inert. The coordination of the transition metal inside
MX2 can be either trigonal prismatic (H) or octahedral (T). In bulk, diﬀerent stacking orders
can be realized; the most common ones are presented in the inset of Fig. 1.2. Usually, the most
stable polymorph is found to consist of two 180◦ rotated layers of the trigonal prismatic MX2 ,
and this is commonly called the 2H phase (digit indicates the number of MX2 layers inside a unit
cell). Apart from the common AB stacking sequence present in the 2H phase, also ABC order
can be realized (3R phase). Finally, some of the TMDCs can crystalize in metastable phases, in
which the coordination of X atom is diﬀerent than trigonal prismatic. These include both the
octahedral (1T) and the distorted octahedral (1T’) phases.
The plethora of transition metals forming layered TMDCs, combined with their polymorphism,
results in a wide range of possible electronic properties. While most of layered TMDCs are
semiconductors in the 2H phase (groups 4,6,7,9,10), group 5 dichalcogenides are metals hosting
SC and CDW states [39, 40]. Semimetallic MoTe2 and WTe2 are quite interesting, as those
materials are predicted to be previously over-looked type II Weyl semimetals [41, 42]. Furthermore the largest to date non-saturating magnetoresistance was observed for WTe2 crystals [43,
44].
Molybdenium and tungsten dichalcogenides have been extensively studied, and used in industrial
applications, such as high-temperature dry lubricants, and catalysis. In the metastable 1T phase
those materials are metallic. However, 2H crystals are indirect band gap semiconductors with
a gap of ca. 1.3 eV. Drastic changes in the electronic properties can be achieved by extracting
a single layer of these materials. This results in a semiconductor with a direct band gap in the
visible-light spectrum, having promising applications for optoelectronics.
Prototypical systems of semiconducting (MoS2 and WS2 ), as well as metallic (TaS2 ), materials
has been chosen for the studies described in this thesis. The following sections are devoted to
the theoretical predictions describing those materials in a single layer limit. For the sake of
brevity, the 1H preﬁx is dropped, except where it has been necessary to contrast that structural
phase with others (e.g., 1T or 1T’).

1.3

Molybdenum and tungsten dichalcogenides

SL MoS2 forms a honeycomb lattice with the lattice constant of ca. 3.15 Å and the thickness
of 6.5 Å. Although the interaction between the SLs is quite weak in bulk, interlayer coupling
has an inﬂuence on the electronic structure. This can be seen in Fig. 1.3. For the single layer
case, the valence band maximum (VBM) and conduction band minimum (CBM) are situated
at K̄ points of the hexagonal surface Brillouin zone (SBZ). When the second layer is added on
top, extended nature of Mo d2z orbitals results in a splitting of the bands at Γ̄. Conseqently, the
VBM shifts to Γ̄, making a double layer an indirect band gap semiconductor. Addition of further
layers results in the shift of CBM into the middle point of the Γ̄-K̄ line, due to interactions of
S pz and Mo d2z orbitals. Change of the band gap character has a tremendous eﬀect on the
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Figure 1.2: Periodic table with elements forming layered TMDCs indicated by colors. Chalcogens
are marked with yellow, while transition metals with the other colors. The inset shows two types of
coordination: trigonal prismatic (H) and octahedral (T), together with three most common polymorphs.
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photoluminescence (PL). Quantum yield of the MoS2 photoluminescence was found to be two
(four) orders of magnitude larger for a single layer than for a double layer (bulk) [28].
Since all the interesting electronic transport eﬀects are governed by the electron dispersion close
to the Fermi level, it is insightful to study the band dispersion around VBM and CBM in detail.
At K̄, the main orbital contribution to the overall dispersion originates from Mo d orbitals. In
a simple two-band model, which preserves the C3h symmetry of the system, basis functions for
conduction ψc and valence ψv bands are given by:
|ψc  = |dz 2  ,


1 
|ψvτ  = √ (dx2 −y2 + iτ |dxy ),
2

(1.1)

where τ = ±1 is the valley index. The valence band wave functions |ψv±  are related to each
other with the time-reversal operation. To ﬁrst order in k (measured from ±K̄) and without
SOC, the k · p two-band Hamiltonian conserving the symmetry of the system is given by the
massive Dirac fermion model [45]:
H = at(τ kx σx + ky σy ) +

Δ
σz ,
2

(1.2)

where a is the lattice constant, t is the hopping integral and σ denotes Pauli matrices in the
basis given by Eq. 1.1. The τ dependence in the Hamiltonian leads to the valley contrast in
the orbital magnetic moment m and the Berry curvature Ω [46], which enables the realization
of valley polarization using electromagnetic ﬁelds. For instance, an in-plane electric ﬁeld gives
rise to the valley Hall eﬀect [47], in anology to the spin Hall eﬀect. The valley dependence in
m enables coupling of the valley pseudo-spin to the magnetic ﬁeld, which enables the control
and detection of valley polarization. This, theoretically, permits the use of the valley index in
information processing technology [48]. Furthermore, the valley contrasting m is a source of the
valley-dependent selection rules for circularly polarized light, which enables selective population
of a given valley by choice of light polarization (Fig. 1.4(c)). Large k-space separation between
the valleys provides a protection from intervalley scattering and results in a conservation of
the valley index during the radiative recombination process [49]. It should be noted that these
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properties are intrinsic solely to the lack of inversion symmetry; graphene with the staggered
sublattices also exhibits valley physics [50].
An important diﬀerence between SL MoS2 and graphene is a large SOC in the former. SOC leads
to the spin-split bands, as presented in Fig. 1.4(a)-(b). This is a consequence of the inversion
symmetry breaking, in resemblance to the Dresselhauss spin-splitting [51]. In a simple picture,
electrons have a higher density of states close to the Mo atoms, which induces a dipole moment
within the unit cell. Due to the mirror symmetry in the metal plane, the dipole needs to lie in this
plane and induce spin-polarization in the normal direction. The time-reversal symmetry requires
the opposite spin-polarization for K̄ and K̄’. The SOC contribution can be approximated as
the intra-atomic L · S coupling, which translate into HSOC Hamiltonian [45]:

1
HSOC = λτ (σz − 1)sz ,
2

(1.3)

where 2λ is the valence band splitting at K̄ and sz is the Pauli spin matrix. This means that the
spin conﬁguration is locked to the given valley. Consequently, a spin can be selectively excited
using the valley optical rules. This protects both spin and valley polarizations, as any spinﬂipping transition requires ﬂipping spin and valley simultaneously. Indeed, PL measurements
indicate long lifetimes (ps range) of valley excitons [52]. The presented system seems to be ideal
to study the internal quantum degrees of freedom (qDoF) such as spin, valley pseudospin and
their interactions.
Although Eq. 1.3 suggests that the spin-splitting is induced only in the VB, density functional
theorem calculations (DFT) suggest a small splitting in the CB as well [53]. This eﬀect can
be understood as a competition between the ﬁrst-order contribution from chalcogen atom orbitals and the second-order contribution from Mo orbitals [53]. The asymmetry of VB and
CB spin-splittings enables excitation of a given spin within the valley by choosing appropriate
photon energy (see 1.4(c)). Further corrections to the modeled band structure reveal anisotropy
of the VBM and CBM, giving rise to the characteristic trigonal warping of the constant energy contours [54]. This eﬀect is not directly connected to the SOC, as it is also present in
graphene [55].
The fundamental physics for WS2 (as well as for WSe2 and MoSe2 ) is very similar to that of
MoS2 . However, much larger overall eﬀects are predicted in the case of tungsten dichalcogenides,
as SOC is ∝ Z 4 . The spin-split energy diﬀerence of VBM (CBM) is as high as 420 meV (32 meV)
for WS2 in comparison to 145 meV(3 meV) for MoS2 , as shown in Figs. 1.4(a)-(b). A notable
diﬀerence between the two materials is expected around the conduction band minimum [56].
As previously mentioned, this eﬀect can be modeled as the competition of two eﬀects, which
results in the same spin orientation for VBM and CBM in MoS2 and the opposite in WS2 . Also,
in MoS2 the spin-split CBM has a lower eﬀective mass than its spin-partner, which results in
band crossings around K̄. This is not the case for WS2 , where bands stay clearly separated, as
shown in the insets of Fig. 1.4. Naively, the strong spin-orbit splitting of the bands can also be
expected to result in an increased band curvature near the top of the valence band and hence
to the reduced eﬀective mass; and indeed, WS2 is predicted to be the best material among all
of the TMDCs for a transistor channel, due to its low eﬀective hole mass [53, 57, 58]. Finally,
larger spin-splitting should make the spin physics eﬀects more stable at room temperature [27,
35, 36], which is important for future industrial applications.
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1.4

Tantalum dichalcogenides

The TMDCs of group 5 exhibit a metallic character at high temperature due to the presence of
an unpaired electron in d orbitals. However, these materials are prone to electron instabilities at
low temperatures, leading to metal-insulator transition with the onset of a charge density wave
(CDW) state. Bulk TaS2 has been a prototypical system for CDW studies due to the presence
of multiple CDW phases, persisting even at room temperature. 1T-TaS2 at temperatures higher
than 543 K is metallic and undistorted. Upon cooling, it transforms into the incommensurate
√
√
phase down to 347 K, nearly commensurate down to 183 K and commensurate ( 13 × 13)
for lower temperatures (Fig 1.5(c)). After heating the sample from the commensurate phase, an
additional triclinic phase occurs and the whole phase diagram shows a hysteresis with respect
to the temperature [60]. In case of 2H-TaS2 , there is only one CDW phase (3 × 3) observed [61],
with the onset transition temperature of 75 K (Fig 1.5(d)). Although those materials has been
studied for the last three decades, the exact mechanism causing the lattice distortions is still
largely unknown. Several mechanisms have been proposed, such as Fermi sufrace nesting [62],
electron-phonon interaction [63] and Van Hove singularities in the density of states [64], but the
conclusive determination has not been reached.
Interestingly, indications of CDW competition with low-temperature superconductivity (<1 K)
has been found for 2H-TaS2 [39]. On the other hand, CDW seems to coexist with superconductivity in the 1T phase [65]. Little is it known about how all these interesting phenomena
behave in the 2D limit. Quite recently, it was shown that both CDW and SC are realized in SL
NbSe2 [37]. In this case, the temperature of CDW formation was intact in the 2D limit while
the SC transition temperature was signiﬁcantly reduced. Lack of experimental results in the
ﬁeld was the main motivation for studying metallic SL TMDCs in this work.
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Thesis outline

Chapter 2 presents the experimental techniques used in this thesis. The emphasis is placed on
angle-resolved photoemission spectroscopy (ARPES), x-ray photoelectron spectroscopy (XPS),
and the underlying physical principles. Further, the experimental setup and the SGM3 endstation is described. Finally, scanning tunneling microscopy (STM) and low-energy electron
diﬀraction (LEED) techniques are brieﬂy discussed.
Chapter 3 is devoted to reconstruction-induced Fermi contour modiﬁcations that were observed on Au(111). ARPES measurements in the ﬁrst and higher order surface Brillouin zone
(SBZ) are compared. A simple structural model is proposed to account for the unexpected
observations.
Chapter 4 introduces methods of the SL TMDCs’ synthesis. The morphology and crystal
structure of the grown ﬁlms is studied using STM and LEED techniques. Further, the changes
in the SL TaS2 /Au(111) morphology due to diﬀerent synthesis methods are discussed.
Chapter 5 explores the electronic band structure of SL TMDCs. ARPES results of SLs
MoS2 ,WS2 and TaS2 grown on Au(111), Ag(111) and graphene on SiC are shown. The obtained results are compared to the density-functional theory (DFT) calculations. The substrateinduced eﬀects are discussed in detail. Finally, low-temperature STM/STS results, which reveal
the suppression of CDW in SL TaS2 /Au(111), are presented and discussed.

Chapter 2

Experimental techniques

The main focus of this chapter is angle-resolved photoemission spectroscopy (ARPES), as the
main experimental technique applied for studying the electronic band structure of SL TMDCs.
The underlying physics associated with ARPES and the speciﬁcations of the experimental setup
are discussed. Also, a very brief overview of the complementary techniques of x-ray photoelectron
spectroscopy (XPS), scanning-tunneling microscopy (STM) and low-energy electron diﬀraction
(LEED) is given.

2.1

Angle-resolved photoemission spectroscopy

ARPES is a widely used method of the solid state science, which enables to measure the electronic structure of a material in the direct way. Information about occupied electronic states
of the investigated material can be deduced from energy and angle distributions of photoelectrons generated through the photoelectric eﬀect [66, 67]. Furthermore, ARPES technique can
be used to study many-body interactions such as the electron-phonon coupling or electron correlations.
This section describes the underlying physics of ARPES in depth suitable for understanding
results of this thesis. Further information about the technique can be found in the vast literature
covering this topic [68–71]. Description of the experimental setup realization is presented in
Section 2.2.

2.1.1

Photoemission

Photoemission is the process of emitting electrons due to the interaction with incoming photons.
The explanation of the photoelectric eﬀect was a milestone in quantum mechanics and led to
the Nobel Prize in Physics for Albert Einstein. The same principle is employed for ARPES
measurements, during which one illuminates a sample with a beam of photons and analyze the
energy-momentum distribution of the excited photoelectrons I(ϑ, ϕ, Ek ). The phenomenological
three-step model of photoemission provides an intuitive picture of the process (Fig. 2.1).
In the ﬁrst step, an electron is excited to the ﬁnal state by interaction with a photon. Energy
conservation demands that the kinetic energy of photoelectron Ek satisﬁes:
Ek = hυ − Ebin − Φ,

(2.1)

where hυ is the photon energy, Ebin is the binding energy of the initial state and Φ is the work
function of a material. Typical values of Φ stay in the range of 4-5.5 eV. Above equation shows
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that the photon energy needs to be at least greater than Φ for photoemission to occur. UV
light in the range of 5-100 eV is typically employed for ARPES measurements. Using light in
the x-ray regime (typically 0.1-2 keV) enables to excite electrons from non-dispersing core-levels
of an atom. X-ray photoelectron spectroscopy (XPS) provides valuable information about the
chemical composition and atomic environments found in the studied material.
In the second step, the excited electron travels to the surface, occasionally being scattered. For
UV light used for ARPES, the electron inelastic mean free path (IMFP) inside a crystal follows
approximately the universal curve and has values of only couple of ångstroms. This means that
only electrons close to the surface are eﬀectively probed. The inelastically scattered electrons
contribute to the background in the observed spectrum. Electrons excited with x-rays have substantially longer IMFP, which translates into the bulk-sensitivity of XPS measurements.
In the third step, the electron refracts at the surface as it leaves the material. The ﬁnal state
wave function needs to match a free-electron state in the vacuum. UV photons carry a negligible
momentum in comparison to that of electrons in a crystal, so emission momentum is imparted
by the lattice and comes in multiples of the reciprocal lattice vectors G. Optical transitions in
a crystal can be described as vertical transitions in the reduced-zone scheme (kf = ki ), but it
is useful to describe the photoemission process in the extended-zone scheme (kf = ki + G), as
illustrated in Fig. 2.1(b). Furthermore, the surface gives a boundary condition that breaks the
translation symmetry in the perpendicular direction (k⊥ ), so only the parallel component (k )
is conserved during this step (Fig. 2.1(c)).
In order to extract information about the crystal momentum of electrons, one can measure the
out-coming polar (ϑ) and azimuthal (ϕ) distributions of the photoelectrons. Assuming the freeelectron dispersion in vacuum for the ﬁnal state and neglecting the momentum of a photon, one
can derive:

k,i = k,f =

2me Ek
sin ϕ(x̂ cos ϑ + ŷ sin ϑ).
2

(2.2)

Information concerning the kz dispersion can be indirectly obtained by changing the photon
energy (hυ ∝ k 2 = k2 + kz2 ) and modeling the surface as a potential step barrier. However, for
2D electrons found in SL TMDCs this is irrelevant and Eqs. 2.1-2.2 constitute the recipe for the
transformation I(ϑ, ϕ, Ek ) → I(k , Ebin ), which, in the ﬁrst approximation, can be regarded as
the measured electronic band structure.

2.1.2

Spectral function

A photoelectron leaving a sample creates a photohole, which perturbs the remaining system. The
many-body system will try to ﬁll the empty state through the interactions between electrons
and the lattice. This will have an eﬀect on the observed line-shape of ARPES spectra. In
order to extract quantitative information about the many-body interactions, one can model the
remaining (N − 1)-body system as a quasiparticle and perform the perturbation calculus.
N can be factored into the
The N -electron wave function before and after photoemission ψi,f
k and the remaining photohole (N − 1)single-particle wave function of the photoelectron ψi,f
N −1
body system ψi,f :
N −1
N
k
= Aψi,f
ψi,f
,
ψi,f

(2.3)
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Figure 2.1: (a) The energy scheme for the photoemission process [71]. An electron in a solid (blue
sphere) is excited by a photon with the energy hυ. The observed kinetic energy of the photoelectron
depends on the excitation energy, the binding energy and the work function of the material. (b) The
kinematic diagram of the photoemission process within the three step model [71]. An electron from
the valence band is excited with the direct optical transition. The momentum supplied by the lattice
enables matching of the wave function with a free-electron ﬁnal state in the vacuum. The surface is
modeled by the potential step V . (c) Refraction of the photoelectron at the surface. (d) A schematic of
a typical experimental realization of ARPES. Electrons emitted from an azimuthal (ϑ) and a polar (ϕ)
angle are focused by electrostatic lenses onto the entrance slit of the analyzer. The electric ﬁeld between
two hemispheres enables one to discriminate electrons with a given kinetic energy. A multichannel plate
(MCP) multiply the number of ﬁltered electrons which further hit a ﬂuorescence screen. A charge-coupled
device (CCD) captures the produced image.
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where A stands for an antisymmetric operator used to satisfy the Pauli principle. The above
factorization is valid under the assumption that the photoelectron is removed from the system
without the interaction with the rest of electrons (sudden approximation) [71]. The light-matter
interaction is described with the Hamiltonian Hint :
e
(A · p + p · A),
(2.4)
Hint =
2me c
where A is the electromagnetic vector potential and p is the electronic momentum operator.
Application of the Fermi’s golden rule yields the rate of optical transitions ωif :



 
2π  N 
2π
k 2
N −1  N −1 2
N −1
ωif =
| ψf Hint ψiN |2 δ(EfN −EiN −hυ) =
|Mif
| δ(Ek +Em
| | ψm
−EiN −hυ),
ψ
 i


(2.5)



 N −1 2
N
−1
where term | ψm ψi
| is the density of probability that the photohole is left in the excited
k is the single-particle matrix elements holding the information about the electonstate m and Mif
photon interaction. The photoemission intensity observed in ARPES is then proportional to the
sum over all possible transitions, which after the inclusion of the Fermi-Dirac distribution fFD
gives:

k 2
|Mif
| A(k, Ek ),
(2.6)
I(k, Ek ) ∝ fFD (Ek )
i,f

where the photohole spectral function is given by:



N −1  N −1 2
N −1
| δ(Ek + Em
| ψm
− EiN − hυ).
A(k, Ek ) =
ψi

(2.7)

m

Above discussion shows that the ARPES intensity provides information about the photohole
spectral function. It is worth noting that this intensity is modulated by the matrix elements
describing the light-matter interaction, which depends on the polarization and the energy of the
incoming photons. The matrix elements eﬀects can even cause a complete suppression of the
ARPES signal [70].
A particularly appealing formulation of the spectral function can be found by employing the
Green’s function formalism. This approach leads to the spectral function given by:
A(k, ω) =

π −1 |Σ  (k, ω)|
,
(ω − (k) − Σ  (k, ω))2 + Σ  (k, ω)2

(2.8)

where ω is the binding energy, (k) is the single-particle dispersion, Σ  (k, ω) and Σ  (k, ω) are
the real and imaginary parts of the electronic self-energy, respectively. The electronic self-energy
describes the propagation of electrons in a solid analogously to the complex index of refraction
for light. Σ  describes how the band velocity v changes and Σ  reﬂects the ﬁnite quasiparticle
lifetime due many-body eﬀects. Eq. 2.8 indicates that constant-energy cuts through the spectralfunction, usually referred to as the momentum distribution curves (MDCs), are Lorentzians. For
a simple 1D linear dispersion (k) = vk, the Lorentzian is peaked around k0 = ω/v − Σ  /(v)
and has a full width at half maximum FWHM = |2Σ  /(v)|. Lorentzian proﬁles of MDCs are
valid under the assumption that there is no k-dependence in the self-energy.

2.1.3

Photoemission from core-levels

Although XPS is closely related to ARPES, photoemission from core-levels requires an additional
discussion. A fundamental diﬀerence between ARPES and XPS signals is lack of the momentum
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dispersion in the latter case. Binding energies of observed XPS peaks are characteristic for given
elements. Also, the energy diﬀerence of spin-split components for a given peak are well-known,
which can facilitate the peak assignment procedure. A careful analysis of the obtained spectrum
enables one to obtain a detailed chemical composition of a sample, including even a very small
(ppm range) amount of contamination. Furthermore, a local environment of a photo-emitting
atom inﬂuences the position and proﬁle of the corresponding spectral line. This can be utilized
to study structural phase transitions or changes in the electronic structure due to the interactions
with atoms nearby (substrate, intercalants or adsorbants). A splitting of main components can
indicate non-equivalent atomic positions in a crystal (e.g., surface reconstruction). CDW phases
can also be identiﬁed based on XPS spectra [72].
A complete description of all the processes accompanying photoemission from the core-levels
is quite complex. Firstly, apart from photoelectron peaks, also Auger peaks are present in the
XPS spectrum. These can easily be identiﬁed as observed kinetic energies of Auger electrons
are independent on the photon energy. Secondly, electrons with suﬃcient kinetic energies can
excite collective oscillations of an electron gas (bulk or surface plasmons). Those excitations can
be both intrinsic and extrinsic in nature and are manifested in the spectrum as satellite peaks
at the lower kinetic energy side. Further, outgoing electrons can excite valence band electrons
into higher energy states. As a consequence energies of photoelectrons are reduced and shakeup satellites emerge a couple eV lower than the main line. The valence band electrons can be
even completely ejected by the interaction with photoelectrons, resulting in shake-oﬀ features
broadening core-level peaks or contributing to the inelastic background. Finally, in case of a
high electronic density at the Fermi level, the conduction band electrons can be excited over the
Fermi edge due to the interaction with the core-hole. In a simple picture, creation of a corehole can be treated as the instantaneous switching-on a strong local potential. Due to a wide
spectrum of energetic excitations available to conduction electrons, this loss is quasi-continous,
in contrast to the majority of discrete features discussed above, and leads to an asymmetric
proﬁle of the XPS signal.
In practice, XPS lines are usually ﬁtted with diﬀerent proﬁles depending on the investigated system. A basic proﬁle is given by a Lorentzian, where the natural line width ΔE0 is related to the
lifetime of the core-hole with the uncertainty principle. A small contribution of the temperaturedependent lattice vibrations and an instrumental resolution can be included by convolving the
proﬁle with the Gaussian function. In case of metals with a high electron concentration at the
Fermi level, asymmetric line shapes are employed such as the function proposed by Doniach and
Šunjić (DS) [73]:

IDS (Eb ) =

Γ(1 − αDS ) cos

1
2 παDS

+ (1 − αDS ) arctan
1

[(Eb − Eb0 )2 + ( 12 ΔE0 )2 ] 2 (1−αDS )

2(Eb −Eb0 )
ΔE0

,

(2.9)

where Γ(x) stands for the Euler function, αDS ∈ [0; 0.5] is the asymmetry factor, Eb0 is the
binding energy of the respective core-level and ΔE0 is full width at half maximum of the corresponding natural (Lorentzian) line. For αDS = 0 IDS reduces to a simple Lorentzian, which
correspond to lack of interactions with conduction electrons. The DS proﬁle describes relatively
well the photoemission signal observed for many elements, but its usage is hindered by being
divergent. This means that usually one needs to introduce an arbitrary cut-oﬀ energy to extract the area. To deal with this problem, a very similar proﬁle was proposed by Mahan [74],
which is convergent. Also, more speciﬁc peak functions based on the joint density of states were
developed in order to study metallic TMDCs [75]. Examples of XPS line shapes are plotted in
Fig 2.2(a).
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Figure 2.2: (a) Line shapes commonly used for XPS ﬁtting. FWHMs of Gaussian and Lorentzian is set
to 0.5 eV and both of those proﬁles have the same area. The Voigt proﬁle is a convolution of both those
peaks. The asymetric DS proﬁle is calculated for αDS = 0.2 with ΔE0 = 0.5 eV. (b) The survey XPS
spectrum for SL WS2 grown on Au(111). The contributions from W, Au and valence electrons (VB) are
indicated on the graph.

Important aspect of the XPS data analysis is an appropriate treatment of the background. The
basic type of background function is a line or a small-order polynomial ﬁtted to the arbitrary
range on both side of the spectral line. This type of background is expected to result in a larger
error than more advanced background functions, but for spectra with high signal-to-noise ratio
this error may be tolerable. The most commonly used background function was proposed by
Shirley [76]. This semi-empirical approach is based on the assumption that the background is
composed of inelastically scattered electrons, whose number is proportional to the number of
electrons having a higher kinetic energy. This gives a recursive formula, which can be iterated
until the ﬁt converges. Intrinsic ﬂaw of the Shirley background is that it tends to symmetrize the
peak proﬁle, which might be inappropriate for the DS function ﬁtting. More physically realistic
model based on energy distribution of scattered electrons was developed by Tougaard [77]. This
approach, however, make the background in principle element-dependent. Some approximate
ﬁtting parameters are available for a wide range of elements [78]. A usage of the Tougaard
background usually requires ﬁtting over a large binding energy range around the peak position
in order to get a reasonable result, which might be problematic.
Much of valuable information can be extracted from the integral of XPS photoemission intensity
A. The contribution from a subshell i of an element X to the total area is given by:
∞

AXi =

0

W σXi (hυ)μi NX (z) exp −

z
dz ,
λX (Ek ) cos(θ)

(2.10)

where z is the distance normal to the surface, W is the experimental factor, σXi (hυ) is the total
photoionization cross-section, μi is the multiplicity of the state i, NX (z) is the density of atoms
X, λX (Ek ) is IMFP and θ is the emission angle. Moreover, the experimental factor W is a
function of the light intensity, the analyzed solid angle, the detection transmission function and
the angular asymmetry factor. In practice, W is very diﬃcult to accurately determine, but it
can be eliminated by taking a reference spectrum. In this work, the coverage of a grown layer of
W22 /Au(111) was estimated by taking the ratio between areas of W 4f and Au 4f peaks (see
Fig 2.2(b)) for an overview scan). The obtained results were found in good agreement with the
analysis performed using STM data of the same sample.

2.1 Angle-resolved photoemission spectroscopy

2.1.4
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Acquisition and analysis of ARPES spectra

In order to acquire ARPES spectra, several conditions need to be fulﬁlled. The experiment needs
to be conducted under the ultra-high vacuum (UHV) conditions in order to reduce the scattering
of photoelectrons. Furthermore, even the small contribution from the Earth’s magnetic ﬁeld can
aﬀect the obtained results, so special μ-metal shielding needs to be employed to screen any
residual magnetic ﬁeld. The band mapping using ARPES requires a precise control of the angle
between sample and analyzer, which in UHV is challenging from the technical point of view.
The studies of SC or CDW usually requires low-temperature measurements, which pose further
technical diﬃculties.
The range of materials which can be studied with ARPES is limited. The sample needs to
be somehow conductive, in order to prevent it from the charge accumulation. The eﬀectively
probed area depends on the light spot size, which can put some constraints on the size and the
homogeneity of a sample. For instance, mechanically exfoliated layers are typically not suitable
for ARPES, because of their lack of uniformity.
Finally, a good energy resolution requires the precise control over the energy of light. To fully
exploit ARPES potential, one needs to use a variable-energy, highly monochromatic and brilliant
light source. This can be achieved by using synchrotron radiation.
A schematic of the typical experimental setup for ARPES measurements is presented in Fig. 2.1(d).
In modern setups 2D detectors are usually employed, enabling simultaneous measurements of the
kinetic energy and the incoming angle of photoelectrons. In addition, it is possible to map the
dispersion in the whole surface Brillouin zone (SBZ) by rotating a sample and stacking together
obtained images. The discrimination of the electron’s kinetic energy can be performed by a
commonly used hemispherical analyzer or by a time-of-ﬂight spectrometer. All of the presented
results in this thesis were acquired using the hemispherical SPECS Phoibos 150 analyzer, so the
discussion below is focused on this type of instrument.
The electric ﬁeld between the two hemispheres diverges electrons’ trajectories depending on their
kinetic energy. This is achieved in the mirror plane of the analyzer, also called the dispersive
plane (see Fig. 2.3(a)). Electrons reaching the analyzer’s electrostatic lens system are retarded
to the pass energy Ep . Two concentric hemispheres with the electrostatic ﬁeld between act as
band-pass ﬁlter, so only electrons within a small energy Ep ± ΔE can reach the detector. During
the experiment, one can control the size of the energy discrimination window by changing Ep as
ΔE ∝ Ep , whereas the position of the window on the energy scale can by manipulated through
the retarding ratio parameter r = Ek /Ep . The energy resolution of the analyzer ΔEA depends
on Ep :
Ep (S1 + S2 )
,
(2.11)
ΔEA =
4R
where S1 and S2 stand for entrance and exit slit widths, respectively, and R is the mean radius
of the analyzer. In order to achieve the best resolution, one needs to choose a low value of Ep
and a narrow slit. This, however, limits the energy range of the acquisition and the number of
electrons observed on the detector.
The non-dispersive plane of a hemispherical analyzer is employed for discrimination of the electrons emission angle ϕ distribution (Fig. 2.3(b)). The acceptance angle ±β can be selected
through the diﬀerent lens system operation mode. By changing the polar angle θ and the α,
one can choose an arbitrary cut through the whole emission hemisphere, enabling the band
mapping in whole BZ. The transformation into k-space deﬁned in Eq. 2.2 for the angles deﬁned
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Figure 2.3: (a) The dispersive plane of a hemispherical analyzer. The electric ﬁeld between the two
hemispheres causes deﬂections of electrons trajectories according to their kinetic energy, which enables
the band-pass ﬁltering. (b) The non-dispersive plane of a hemispherical analyzer. The electrons emission
angle ϕ, within the lens mode acceptance angle ±β, is projected onto the MCP, enabling the measurement
of the angular distribution of incoming electrons. The region of interest in the whole emission hemisphere
can be selected by changing the tilt angle α or the polar angle θ.

in Fig. 2.3(b) reads:



2me Ek
(cos α sin ϕ − sin α cos θ cos ϕ),
2

2me Ek
sin θ cos ϕ.
ky =
2
Based on that, the k-resolution Δk can be approximated by:
kx =


Δk =

2me Ek
cos ϕΔϕ.
2

(2.12)
(2.13)

(2.14)

The angular resolution Δϕ depends on the chosen lens mode; values of 0.1◦ can be reached. The
k-resolution is a function of the kinetic energy, Δϕ and ϕ itself. This means that one can easily
increase the k-resolution by increasing the emission angle and measuring the dispersion in the
higher-order BZ, or by using the low-energy light source. The best achievable k-resolution is
lower than 0.01Å−1 [69]. Apart from the angle-resolved modes, the lens system can be switched
to the spatially-resolved mode, where the electrons originating from the small emission angle
range are focused on the same place on the detector. This mode of operation is useful for the
light-source alignment or XPS.
In order to enhance the signal to noise ratio, a micro-channel plate (MCP) detector is usually
employed. Electrons at the end of their travel through the analyzer impinge on the regular
array of electron multipliers kept at the high voltage. The avalanche of electrons produced by
MCP is mapped on the phosphorous screen. Finally, the image of the photoemission intensity
is captured using a CCD camera.
During ARPES measurements some image artifacts are produced, which need to be borne in
mind. Spherical aberration, in which electrons having the same kinetic energy can appear
to disperse with the emission angle due to the hemispherical geometry of the analyzer; can be
compensated by using a curved entrance slit. One the other hand, chromatic aberration, causing
energy dispersion lines to be curved, needs also to be properly corrected. In this work correction
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for chromatic aberration was made after an image is acquired, using transformation software
supplied by SPECS.
Quantitative analysis of ARPES spectra demands taking into account extrinsic eﬀects accompanying the photoemission process such as the Gaussian broadening G(Δω, k ) due to experimental
resolution and secondary electron emission constituting the observed background I0 (ω). This
together with Eq. 2.6 gives:
I(ω, k ) = [A(k , ω)M (ω, k )fF D (ω)] ∗ G(Δω, k ) + I0 (ω),

(2.15)

where Δω is the total energy resolution, combining both the ligh-source and the analyzer’s
contributions. The cuts of constant energy (MDC) or constant momentum (EDC) are usually
ﬁtted using Lorentzian or Voigt proﬁles on top of a polynomial background. The measured
kinetic energy is transformed into the binding energy by ﬁnding the position of the Fermi edge
and using Eq. 2.1.

2.2

Experimental setup

All of ARPES and XPS measurements relevant to this dissertation, as well as the majority of the
growth, was conducted at the newly-built SGM3 endstation (ASTRID2 storage ring, Institute
for Storage Ring Facilities, Aarhus University). Some of STM results were obtained as a part of
collaboration with the group of Prof. Alexander Khajetoorians (Radboud University). The initial growth of SL MoS2 was performed in the laboratory of Prof. Jeppe Vang Lauritsen (Aarhus
University). The discussion below is restricted only to the SGM3 experimental setup.

2.2.1

ASTRID2 and SGM3 beamline

ASTRID2 [79] is a small electron storage ring with a circumference of ca. 45.7 m, operating at
the energy of 580 MeV (see Fig. 2.4(a)). The old synchrotron ASTRID, has been adapted to be
a booster ring for ASTRID2. This enables ASTRID2 to be run in the top-up mode. Moreover,
the upgrade from ASTRID to ASTRID2 decreased the horizontal emittance from 0.16 mm to
10 nm, resulting in a much smaller beam spot on a sample. The new design of ASTRID2 enables
to store up to 200 mA of an electron current. An overview of the ISA facility is presented in
Fig. 2.4.
The SGM3 beamline [80] is supplied with the synchrotron radiation by an undulator installed
on ASTRID2. An undulator is a device consisting of a movable array of magnets with alternating polarity. Electrons inside an undulator are forced to move in a curved trajectory, which
stimulates the emission of highly-collimated and polarized synchrotron radiation. The photon
energy can be varied continuously over a wide range by changing the gap between the magnets
inside the undulator. The light entering the beamline is focused on the entrance slit (ENS) by
the horizontal (HFM) and the vertical (VFM) focusing mirrors (see Fig. 2.4(c)). The selection
of the given light energy in the range of 10-150 eV also requires three interchangeable spherical
grating mirrors (SGM) together with the exit slit (EXS). The ﬁnal alignment of the light beam
is performed by adjusting the toroidal post focusing mirror (PFM). The spot size on a sample is
ca. 200 μm × 50 μm. The total energy resolution of the beamline depends on the size of EXS,
but typically it is better than 10 meV.
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Figure 2.4: (a) A visualization of the ASTRID and ASTRID2 synchrotrons. (b) The beamline arrangment in the ISA facility.(c)-(d) Side and top views on the SGM3 beamline, respectively. See text for a
detailed description. Images taken from [81].

2.2.2

End station

A part of the author’s Ph.D. project was devoted to setting up the measurement system and,
in particular, to developing the dedicated data acquisition software. A schematic of the SGM3
endstation is presented in Fig. 2.5(a). The setup consist of four chambers separated by valves.
The small chamber, called load-lock (LL), is used for introducing a sample to the UHV without
venting the larger chamber. The preparation chamber (base pressure 2 · 10−10 mbar) is used for
surface treatments of a sample, such as Ne+ ion sputtering or annealing. It also hosts the STM
instrument (Aarhus type) for the surface characterization. The main chamber (base pressure
7 · 10−11 mbar) is equipped with the LEED unit, the 5-axis manipulator and the hemispherical
analyzer. The sample stage is connected to a closed-cycle He cryostat, enabling to cool down a
sample to ca. 100 K. Recently, the manipulator has been upgraded to a new design in which all
six axes of motion are motorized and the sample stage is cooled by a more powerful He cryostat,
which enables reaching the temperature of ca. 50 K on a sample. Readings of the sample’s
temperature are performed with a K-type thermocouple attached to the back of a crystal. The
rotation of the manipulator, communication with the synchrotron and other peripheral devices
as well as data acquisition and analysis are done by dedicated software written in the IGOR Pro
by the author (Fig. 2.5(b)). This enables to perform automatic measurements to a large extent.
The growth of samples is done in the dedicated chamber (base pressure 2 · 10−10 mbar), using
an electron-beam evaporator (EBE-4, SPECS), or Ta ﬁlament, and a custom-built H2 S doser.
Transportation of samples for external STM measurements was performed using a home-built
UHV suitcase, which can be directly attached to the growth chamber. Non-evaporable getter
together with battery-powered ion pumping systems make the suitcase portable and convenient
to use.
The growth of low-dimensional materials and UHV cleaning of the substrates are quite timeconsuming tasks. In order to increase eﬃciency in cleaning and preparation of substrates, a sep-
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arate UHV chamber was also employed for the substrate preparation. This system is equipped
with computer-controlled piezoelectric leak valves and silicon evaporators. This enables to sputter and anneal crystals, as well as grow graphene on various substrates, in a fully-automatic
way. The software controlling the system was developed in the LabVIEW environment by the
author. Further experimental details can be found online [82].

2.3

Structural investigation techniques

During the synthesis of 2D materials, several growth parameters need to be optimized in order to
obtain desired results. Techniques such as STM or LEED reveal information about the structure
of an investigated system. This knowledge is invaluable in the process of ﬁnding the appropriate
growth recipe. Also, STM measurements probe the local electronic properties whereas ARPES
signal is spatiality-averaged over the area of a light spot, so those two techniques are in some
sense complementary. Sections below are devoted to the basic aspects of STM and LEED
techniques.

2.3.1

Scanning-tunneling microscopy

The principle of the scanning-tunneling microscopy (STM) operation is based on the electron
tunneling phenomenon. When a sharp tip is brought close to a sample, electrons can tunnel
through the vacuum barrier between the tip and the surface (Fig. 2.6(a)). Application of the
bias voltage between the STM tip and a sample Ut results in the measurable tunneling current
It , which is a function of the sample-tip distance d:
√
It ∝ Ut exp(−

8me Φ
d).


(2.16)

For the typical values of a metal work function the tunneling current decays by ca. one order of
magnitude, when the distance increases by 1Å. Thus, electrons eﬀectively tunnel only through
single atoms of the STM tip apex, enabling reaching the atomic resolution. The precise movement control of the tip can be obtained by using piezoelectric motors, where the movement is
proportional to the applied voltage. Typically in experiments, the tip is raster-scanned over the
surface, while the proportional-integral-derivative (PID) feedback loop adjusts sample-tip distance to keep the tunneling current constant. This way the image of the sample’s local density
of states (LDOS) convolved with the LDOS of the tip is measured. By reversing the sample-tip
bias one can probe both occupied and unoccupied states. In the ﬁrst approximation, one can
relate the obtained image to the topography of the surface. An example of an STM image in
presented in Fig. 2.6(c).
STM can be used for a variety of applications such as nano-manipulation, tracking adsorption processes or observing chemical reactions at surfaces. The related technique of scanningtunneling spectroscopy (STS) provides local information about the electronic density of states,
by sweeping of the applied voltage while keeping the distance and position constant. However,
this requires a precise calibration and a careful analysis of the obtained results.
The tunneling process can be inﬂuenced by the chemical composition of the tip and its interactions with the sample. For very small tip-sample distances, chemical forces have a profound
eﬀect on the tunneling current. Just before the contact, chemical bonding can be formed which
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Figure 2.5: (a)A schematic of the SGM3 endstation consisting of four chambers. The load-lock chamber
(LL) is used for introducing samples to the system. The preparation chamber is used for preparing the
surface (Ne+ ion sputtering and annealing) and STM measurements. The measurement chamber (MC)
hosts the 5-axis manipulator, the LEED unit and the hemispherical analyzer. It is connected with the
ASTRID2 synchrotron through the post-focusing mirror (PFM) chamber. Electron-beam evaporators
and the H2 S doser are situated in the growth chamber. Transfer of a sample is done by the motorized
transfer manipulator and the magnetic transfer arms.(b) A screenshot of the data acquisition software
during ARPES measurement of the Au(111) surface state.
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Figure 2.6: (a) A visual representation of the STM technique. (b) The design of the Aarhus STM [83].
(c) STM image of graphene grown on 6H-SiC.

leads to modiﬁcations of the surface. Those modiﬁcations can be temporary as well as permanent. Moreover, a very high electric ﬁeld density in the neighborhood of the tip can also perturb
the studied system.
In this work the Aarhus STM was used (2.6(b)). It is a very compact design mounted directly
on a ﬂange and attached to the UHV chamber. The rough approach of the tip is realized by
the inchworm motor consisting of the piezoelectric tube with the three segments of electrodes
clamped on a SiC rod. Proper biasing of the segments ensures that the outermost segments
clamp/unclamp while the middle section expands/contracts. This enables the movement of
the rod in a worm-like manner during the approach. Precise movement during the scanning is
provided by the piezoelectric tube. The top plate is insulated both electrically and thermally
from the block by three quartz spheres. The sample holder is ﬁxed in place by springs. During
measurements, the whole STM is ﬂoating on light springs, which greatly decreases the mechanical
noise.
It should be noted that the neighboring synchrotron generates some electrical noise issues which
cannot be easily resolved. Also, Aarhus STM design is not optimally suited for low-temperature
measurements and all of the STM experiments at the SGM3 endstation were performed at room
temperature. For that reason, low-temperature STM measurements described in this thesis
were performed in the external laboratory, in a collaboration with the group of Prof. Alexander
Khajetoorians (Radboud University).

2.3.2

Low-energy electron diﬀraction

Information about the global surface quality can be obtained using LEED. This technique exploits the electron diﬀraction phenomenon to gather information about the surface composition,
quality and structure. Due to the low energy of the used electrons (10-300 eV), only the region
close to the surface is eﬀectively probed.
A typical LEED setup consist of an electron gun, a retarding grid and a ﬂuorescent screen
(2.7(a)). The retarding grid is used to focus and ﬁlter diﬀracted electrons, so that only elastically
scattered electrons reach the ﬂuorescent screen. For electrons arriving at the sample surface at
normal incidence, the Laue condition reads:
Δk = hb1 + kb2 , h, k ∈ Z.

(2.17)
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Figure 2.7: (a) A schematic of LEED operation. (b) LEED image of Au(111). Characteristic replica
spots are due to the herringbone reconstruction. (c) LEED image of S/Au(111) surface, where sulfur
absorption lifts the reconstruction

Thus, the projected distance from the electron gun axis to the spot produced on the ﬂourescent
screen is a simple function of the diﬀraction angle θhk and the sample-screen distance R:

dhk

kf,
= R sin(θhk ) = R
=R
kf



2
|hb1 + kb2 |.
2me Ek

(2.18)

Using the above results, it is possible to assign the obtained LEED pattern to the reciprocal
lattice vectors bi (Fig. 2.7(c)). One can also distinguish between the contribution from the
substrate and from the adlayer in order to obtain the information about their relative orientation
or the superstructures such as moiré patterns. A sample’s cleanliness can be judged from the
observed LEED pattern. For example, clean Au(111) surface reconstructs in the well-known
herringbone superstructure [84], which results in the observation of additional spots, as shown
in Fig. 2.7(b). A small amount of contamination might result in lifting-oﬀ the reconstruction,
which changes the observed LEED pattern (Fig. 2.7(c)). Also, adsorbates and defects can cause
the incoherent electron diﬀraction which increases the spot size. Based on such considerations,
one can judge the overall quality of the surface. In a more sophisticated approach, the spot
intensity is analyzed as a function of the electrons’ kinetic energy (I-V). This analysis requires
assuming some speciﬁc model of the surface and comparing the simulation with the obtained
LEED I-V proﬁle.
The LEED technique is especially useful for the structural studies of 2D materials. Due to their
atomic thickness, the LEED patterns of such materials consist of spots originating from both
the substrate and the epilayer, and this enables a direct comparison of the reciprocal lattice
vectors. As the substrate crystal structure is usually well-known, one can estimate the lattice
constant of a 2D material with an uncertainty below 1%.

Chapter 3

Surface reconstruction eﬀects on the Au
substrate

This chapter focuses on the Au(111) surface, as the main substrate used for the growth of SL
TMDCs. The unexpected modiﬁcations of the surface electronic structure of Au(111) due to
herringbone reconstruction are presented. ARPES measurements performed in the ﬁrst and
higher order SBZs are shown and compared with the simulated spectral functions. Structural
models of the herringbone reconstruction are thoroughly discussed.

3.1

Herringbone reconstruction of Au(111)

Au(111) is a quite unique system, as it is the only fcc (111) surface which exhibits a reconstruction
at room temperature. The so-called herringbone reconstruction (Fig. 3.1(a)) is a moiré-like
pattern, arising from the top-most layer being uniaxially compressed by ca. 4.55%, such that
23 lattice spacings of the top layer ﬁt on 22 lattice spacings of the second layer. This results in
a rectangular superstructure
unit cell, which is 22 times longer than the original lattice vector
√
in one direction and 3 times this lattice vector in the other. The surface atoms occupy FCC,
HCP and bridge positions (Fig. 3.1(b)) within the superstructure unit cell. Interestingly, the
atomic spacing of the top layer along the 11̄0 direction is not constant, but shows a small
variations (±0.1Å) around the mean value (2.75 Å) (Fig. 3.1(c)). The overall strain on the
surface is relaxed by ±120◦ rotation every ≈250 Å [84]. This reconstructed surface hosts a free
electron-like surface state [85] that has been intensely studied using angle-resolved photoemission
spectroscopy (ARPES) and scanning tunnelling microscopy (STM), revealing phenomena such
as spin-orbit splitting of surface states [86–88], quasiparticle interference in the presence of spinpolarised bands [89], surface state lifetimes [90, 91], and lifetimes in spin-split systems [92].
Despite the major surface reconstruction, ARPES data show only very minor eﬀects of the
atomic arrangement on the observed surface state dispersion [93] and cross-section [94]. This
is hard to reconcile with several indications from STM [95, 96] and theory [97, 98] that the
reconstruction has a non-negligible eﬀect on the surface state wave function.
Here we show that the surface reconstruction does indeed have a major inﬂuence on the dispersion
probed by ARPES, but only on the dispersion measured away from normal emission in a SBZ
center corresponding to a higher diﬀraction order. The uniaxial compression of the lattice
directly aﬀects the reciprocal lattice and thus the position of the higher order zone centers.
Together with the three rotational domains present on the surface, the measured dispersion
turns from a simple parabolic state with a circular Fermi contour to a complex dispersion
with constant energy surfaces resembling a trefoil knot. This dominating Fermi contour does

Surface reconstruction eﬀects on the Au substrate

<110>

(b)

domain wall
su
pe
rc
ell

n
sio
res
mp
co

(a)

bri FC
dg C
e
HC posi
P tion

10 nm

(c)

Separation (Å)

38

2.85
2.75
2.65
4

8 12 16 20
Atomic position

Figure 3.1: (a)-(b) STM image and a schematic of the herringbone reconstruction, respectively. (c)
The atomic separation along the compresion direction- 11̄0. Data taken from Ref. [84].

not simply consist of replicas caused by the overall moiré periodicity but rather by displaced
dispersions induced by the local lattice distortion.

3.2

Treifoil knot Fermi contour

ARPES data were taken at the SGM-3 beamline of the synchrotron radiation facility ASTRID2
in Aarhus. The energy and angular resolution were better than 30 meV and 0.2◦ , respectively.
The sample temperature was 100 K. The synchrotron radiation was linearly polarized in the ky
plane; incident direction and electron analyzer enclosed an angle of 50◦ . Au(111) surface was
cleaned by standard methods of sputtering in Ne atmosphere followed by annealing [86, 91].
The cleanliness and presence of the surface reconstruction were corroborated by STM.
Figure 3.2 illustrates the eﬀect of the herringbone reconstruction when ARPES data is taken in
a higher order SBZ for two photon energies, 42.5 eV and 61.0 eV. Data taken around normal
emission (Fig. 3.2(a)-(c)) show the expected free electron-like dispersion of the state with the
two spin-split bands clearly discernible and a Fermi contour consisting of two concentric circles,
in excellent agreement with earlier results [86, 91, 92]. Note that the bands are not quite as
clearly resolved as in some previous publications, notably in the direction perpendicular to the
slit of the electron analyzer (along ky ). This is mostly due to the high photon energy used here,
which results in an inferior k-resolution. While the periodicity of the moiré structure in other
systems has been observed to lead to weak replicas and band gap openings in ARPES data at
low temperature and with low photon energies around normal emission [93], this is not observed
here, presumably because these replicas are too weak.
Fig. 3.2(d)-(f) and (g)-(i) show a measurement of the electronic structure around the Γ2 point
in the adjacent SBZ where a much more complex picture emerges. The dominating features are
three versions of the original dispersion centred around diﬀerent points, with Fermi contours
forming a trefoil knot of spin-split circles, best seen in Fig. 3.2(d). This results deviates in
subtle but important ways from the previously discussed case of replicas induced by the moiré
superstructure [93], where one would expect the observation of one dominating dispersion and
six very weak replicas. By contrast, the trefoil knot contour can be explained by the local
uniaxial compression along 110 directions in three domains of the moiré superstructure. In
fact, the observed dispersions are not “replicas” in the sense of features resulting from scattering
by the moiré periodicity, but rather are the dispersions centred around the ﬁrst order reciprocal
lattice points of diﬀerent domains. This has the interesting consequence that two of the three
dispersions stem from one domain each, in contrast to the domain averaged dispersion around
Γ1 .
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Figure 3.2: Surface electronic structure of Au(111) measured at photon energies of 42.5 eV and 61.0 eV,
and calculated by a model spectral function. The photoemission intensity is shown as a function of
binding energy and/or crystal momentum (kx , ky ) along the cuts indicated in the sketches on top of the
ﬁgure, with zero ﬁxed at Γ1 for panels (a)-(c) or Γ2 (d)-(i); dark corresponds to high intensity. Panels
(a)-(c) show data taken at normal emission as dispersions through the SBZ center and as constant energy
contour at the Fermi energy. Panels (d)-(f) and (g)-(i) show the corresponding data taken around Γ2 ,
the center of the adjacent SBZ. (j) -(l) Model spectral function around Γ2 with cuts corresponding to
those in panels (a)-(i). The colored branches are centered on the ﬁrst order reciprocal lattice points of
the three domains. The (weaker) grey branches are additional replicas. (see Fig. 3.3). Note that the
blue and green bands in (k) and the green band in (l) do not reach to the same high binding energy
as the red dispersion because the cut is not taken through their center. The colored dispersions (only
symmetrical halves of each pair) are also shown as dashed lines on top of the data in (a)-(i)
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√
The accepted structural model for 22 × 3 reconstruction is given in Fig. 3.3(a) [84, 99]. The
key to understanding the ﬁndings in Fig. 3.2 is not this overall periodicity but the change in
the local geometry required to obtain it: As shown in Fig. 3.3(a) and (b), the compression
of the ﬁrst layer leads to a slight distortion of the lattice in this layer (in red) compared to
the underlying crystal (in black), giving rise to an oblique lattice in contrast to the underlying
hexagonal lattice. The corresponding reciprocal lattices for the ﬁrst layer and the underlying
lattice are given in Fig. 3.3(c).
Due to momentum conservation, the photoemission from solids always involves the latticeperiodic potential and the photoemission cross section connecting a ﬁnal state at wave vector kf
with an initial state at kf − b is proportional to Fourier coeﬃcient |Vb |2 of the lattice-periodic
potential (b is a reciprocal lattice vector) [100]. We therefore expect to observe the Au(111)
surface state not only around normal emission but around all reciprocal lattice vectors b with
a ﬁnite Vb . We call these points Γi . For the limiting cases of a surface state only located in the
ﬁrst layer (deeper layers), these Γi points would correspond to the red (black) reciprocal lattice
points in n Fig. 3.3(c) and one would expect to observe dispersions centered there.
If the surface state wave function follows both the periodicity of the truncated bulk and that of
the ﬁrst layer, the Γi points for the combined reciprocal lattice and the corresponding |VΓi |2 can
be obtained using the convolution theorem of Fourier transformation [101]. The |VΓi |2 can be
assumed to predict the relative intensities from the surface state dispersions. Fig. 3.3(d) shows
the position of the Γi points for the three rotational domains of the reconstruction as discussed
in Sec. 3.3. The area of the points corresponds to the value of |VΓi |2 . The color (RGB) encodes
the domain a particular Γi stems from. Black indicates contributions from all the truncated
bulk. This simple model predicts the presence of three strong dispersions along with two weak
ones. The three intense dispersions are centred on the Γi points of the ﬁrst layer reciprocal
lattice for the three rotational domains on the surface Γ2 , Γ2 , Γ2 . The weaker dispersions can be
considered to be replicas. This prediction is in excellent qualitative agreement with the results
in Fig. 3.2. Note that the kinematic diﬀraction pattern for the surface would be obtained in a
similar way and Fig. 3.3(d) is very similar to electron diﬀraction data from Au(111) [102].
The physical picture leading to the pattern in Fig. 3.3(d) is signiﬁcantly diﬀerent from that
previously used to account for the replica bands around normal emission. In Ref. [93], such
replicas are explained by an interaction of the surface state with the long-range moiré pattern.
The expected Γi points for this case can also be calculated, using the large scale moiré structure
rather than the nearly equal competing periodicities of ﬁrst and deeper layers (Sec. 3.3). The
resulting Γi points are shown in Fig. 3.3(e) along with their |VΓi |. Fig. 3.3(d) and (e) both
predict weak replica bands around Γ1 , consistent with the results of Ref. [93]. However, the
models are distinctly diﬀerent for the situation close to Γ2 . For an interaction with a large-scale
moiré structure, one would expect to observe six replicas around every reciprocal lattice point of
the undistorted lattice and the replicas around Γ2 would be even weaker than those around Γ1 .
While the intensity of the six moiré-induced replicas around each original reciprocal lattice point
is exactly symmetric in our simple model, this would not strictly need to be so in an ARPES
experiment because of k-dependent matrix element variations.
The ARPES results with only three prominent Fermi contours are clearly in much better agreement with the model in Fig. 3.3(d), as are the contours’ positions. We perform a more quantitative comparison by constructing a spectral function based on the superposition of dispersions,
according to the calculated Γi ’s in Fig. 3.3(d). The parameters for the dispersion are taken
from a ﬁt to the data around normal emission. The result of this is shown in Fig. 3.2(j)-(l)
with colors chosen such that the red, blue and green dispersions in the ﬁgure correspond to the
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Figure 3.3: (a) Structural model of the Au(111) herringbone reconstruction, showing only one domain.
The solid black and red lines give the unit cell of the truncated bulk and the ﬁrst layer only, respectively.
The dashed line denotes the reconstructed unit cell. (b) Relation between the lattice vectors a1 , a2 of the
truncated bulk and the lattice vectors a1 and a2 of the ﬁrst layer, arising from a uniaxial compression.
(c) Corresponding reciprocal lattice vectors. (d) Expected origins of surface state dispersions (Γi points)
for three domains with simultaneous periodicities according to the reciprocal lattices in (c). The marker
radius is proportional to |VΓi | except for the point around Γ1 which is scaled down by a factor of 2.
Regions around the origin and the ﬁrst reciprocal lattice point in the vertical direction are magniﬁed in
the insets. (e) Corresponding plot for simultaneous periodicities of the truncated bulk (black arrows in
(c)) and the overall moiré (Sec. 3.3).

Γ2 , Γ2 and Γ2 points in Fig. 3.3(d) and the grey dispersions correspond to the weaker replicas.
The three strong dispersions are superimposed on the data and good agreement is found. The
weak dispersions can also be seen, especially in Fig. 3.2(g), (h). The many bands and their
overlap can make the direct comparison diﬃcult but some of the details are better seen when
comparing the model to second derivatives of the photoemission data in Fig. 3.4(a)-(d). The
spectral function around Γ2 is dominated by three dispersions for all photon energies studied
here. The replica bands, represented by the grey dispersions, are very weak and only barely
observed for hν =61 eV. No dispersions at the “bottom” of the hexagon (i.e., closer to the Γ1
point, as would be expected for the dispersion resulting from the presence of the moiré) are ever
observed. The model of Fig. 3.3(d) also predicts that the two outer dispersions (around Γ2
and Γ2 ) should stem from diﬀerent domains, implying that there cannot be any gap openings
at the crossing points of the Γ2 and Γ2 parabolas, and this is conﬁrmed by the data presented
in Fig. 3.4(e).
The two scenarios in Fig. 3.3(d) and (e) are merely limiting cases and not mutually exclusive,
but the strength of the eﬀects is very diﬀerent. The competing periodicities in the ﬁrst and
second layer leading to the trefoil knot Fermi contour are present on a short range: If the
surface state wave functions are inﬂuenced by the ﬁrst layer periodicity, this immediately leads
to a signiﬁcant component in the Fourier spectrum. The eﬀect of the overall moiré periodicity,
on the other hand, may be weak because of the weak Fourier coeﬃcients for this modulation,
the ﬁnite number moiré periodicities in one domain and the ﬁnite quantum coherence of the
wave function [103]. On the other hand, both models predict six weak replicas around Γ1 and
the results reported here are therefore consistent with those of Ref. [93]. Even the observation
of initial state gaps between the centre dispersion and these replicas is not in contradiction to
the ﬁndings here - gap openings would only be prevented between neighboring replicas as these
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Figure 3.4: (a)-(d) Same ﬁgures as (e)-(f) and (h)-(i) in Fig 3.2, respectively, but showing second
derivatives of the photoemission intensity instead of the intensity as such. The dispersion of moiré
replicas is indicated by grey lines.(e) Surface electronic structure of Au(111) along the cut Γ2 -Γ2 (Γ-K),
as indicated in the sketch on top of the ﬁgure, measured at photon energy of 42.5 eV. The photoemission
intensity is shown as a function of binding energy and crystal momentum k with zero ﬁxed at Γ2 . The
colored dispersions are shown as dashed lines on top of the data. The inset is a magniﬁcation of the same
data and an intensity enhancement, i.e. no gap opening, at the crossing of surface states originating
from diﬀerent rotational domains.
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Figure 3.5: Surface electronic structure of Au(111) after lifting the herringbone reconstruction by
exposure to H2 S, measured at a photon energy of 61.0 eV. The photoemission intensity is shown as a
function of binding energy and / or crystal momentum (kx , ky ) along the cuts indicated in insets with
zero ﬁxed at Γ1 for panel (a) and Γ2 for panels (b)-(d); dark corresponds to high intensity.

stem from diﬀerent domains of the reconstruction.
Previous ARPES results from Au(111) have shown that the consequences of herringbone reconstruction can be detected but that the eﬀect is quite weak [93, 94]. This was in puzzling
contrast to results by STM [95, 96] and density functional theory (DFT) [97, 98] which show
that the surface state wave functions (or the Kohn-Sham orbitals) are strongly inﬂuenced by the
reconstruction. In particular, DFT can track the surface state wave function, showing a strong
localization of the state in the ﬁrst layers and a periodicity that follows both the ﬁrst and the
lower layers. We show here that this does also lead to a strong eﬀect in ARPES, but only as
regards the surface state in a higher Brillouin zone. The separation of the trefoil knot Fermi
surfaces is expected to increase still more when going to even higher order Γ points. It is also
worth noting that introducing the reconstruction in DFT shifts the surface state band at Γ in
binding energy from 350 to 490 meV, and thereby brings it into excellent agreement with the
experimental results. When the reconstruction is lifted, for example by sulphur adsorption (see
Fig 2.7), this binding energy is again reduced to 376(10) meV and the trefoil knot Fermi contour
disappears (Fig 3.5).
We note that the approach of calculating the maps in Fig. 3.3(d) and (e) by just two competing
periodicities is, of course, a simpliﬁcation. On a local scale, STM indicates a stronger binding of
the surface state electrons in the hexagonally closed packed regions between ﬁrst and second layer
[95, 96], suggesting a complex interplay between surface state and local structure. Moreover,
the compression of the atoms in the ﬁrst layer is not entirely uniform [84, 99]. However, an
estimate of this imperfect periodicity’s eﬀect on the expected diﬀraction pattern shows that
it only induces minor changes as discussed in Sec. 3.3. We also note that the simple picture
presented here does not account for ﬁnal state eﬀects.
An interesting consequence of our ﬁndings is that it is possible to observe the surface state
dispersion in a single domain, such as around Γ2 and Γ2 , instead of the average from all three
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domains around Γ1 or Γ2 . This opens the possibility to test the non-parabolicity of the state.
Indications of this eﬀect have previously been detected by STM on Cu(111) and Ag(111) [104]
and recently even by ARPES on Au(111) for the domain-averaged Fermi contour around Γ1
[105]. A more practical consequence relates to the importance of the Au(111) surface state for
the calibration of spin detectors. Such a calibration is routinely done using the surface state
around Γ1 [106, 107] but there might be advantages to using the dispersion of a single domain
instead.

3.3

Oblique unit cell model of the surface

We start the discussion of the model with an assumption that inter-atomic spacing is constant
and given by the mean value of 2.75Å. This leads to expressions for the top layer ai and projected
bulk ai lattices:

a1 = a(1, 0), a2 = a

a1 = a (1, 0), a2 =

√ 
1 3
,
,
2 2

(3.1)

√ 
a a 3
,
,
2 2

(3.2)

where a=2.88 Å and a =2.75 Å. Thus, corresponding reciprocal lattices are given by:

b1 = 2π

b1 = 2π



1
1
,− √
a a 3



1
1
,− √
a a 3





2
, b2 = 2π 0, √
a 3


,

(3.3)



2
, b2 = 2π 0, √
.
a 3

(3.4)

The three-fold symmetry of the underlying bulk is reﬂected by existence of rotational domains
of the top layer, which are taken into account in the model by 2π/3 and 4π/3 rotated bi .
The compression of the atoms in the top layer is, however, not uniform [84, 99] and it is interesting to ask how this aﬀects the model outlined above. We test this in the one-dimensional
model in Fig. 3.6. Fig. 3.6(a) juxtaposes a lattice manifesting the imperfect, position-dependent
periodicity previously discussed in Refs. [84, 99] (red line, with changing periodicity indicated
quantitatively at top of panel) with a perfectly periodic function (black dashed line). Fig. 3.6(b)
shows the corresponding Fourier transformations. The positions of the ﬁrst order Fourier components are the same for both cases. The imperfect periodicity leads to a loss of intensity in
the ﬁrst order Fourier coeﬃcients and to very broad side bands around their positions. The
consequence of this for the surface state dispersion is a weakening of the coherent dispersions
and a slight increase of the background. While the distortion is much bigger than typical atomic
vibrations, the result is thus similar to what is described by a Debye-Waller factor in X-ray
diﬀraction.
Another important question is what are the implications of the local strain picture compared
to the overall moiré periodicity model. In order to illustrate the diﬀerences we ﬁrst consider a
one-dimensional model in Fig. 3.7. The ﬁgure and the discussion are adapted from the recent
work on moiré structures of graphene by Zeller and Günther in Ref. [101]. We consider two
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Figure 3.6: Eﬀect of an irregular lattice spacing in the top layer. (a) One-dimensional model of the
non-uniform compression in the top layer with the interatomic distances given in . The black dashed
line is a periodic function for the perfect lattice. The red line is a quasi-periodic function tracking the
position of the top layer atoms. (b) Fourier transformation of the two functions.
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periodic functions f1 (x) and f2 (x), both of the form fi (x) = 1 + cos(ki x) (the actual values of
the Fourier coeﬃcients could be diﬀerent for the two functions but this does not matter for the
simple illustration here). The overall periodicity of the system shall be given by the product of
f1 and f2 . Fig. 3.7(a) shows this situation represented by the Fourier coeﬃcients F {f1 } and
F {f2 }, describing f1 and f2 , such that f1 represents the periodicity of the Au(111) truncated
bulk lattice parallel to the surface and f2 represents the long-range moiré periodicity periodicity
(with a small k2 ). If only one periodicity were present (either only the lattice or only the moiré),
the location of non-zero Fourier coeﬃcients would give the Γi points. When seeking the Γi points
for the product, we need to evaluate
F {f1 × f2 }(k) = F {f1 }(k)



F {f2 }(k) =

F {f1 }(k − k  )F {f2 }(k  )dk 

(3.5)


where
denotes theconvolution of F {f1 } and F {f2 }. This is done graphically: Finite contributions for F {f1 } F {f2 } arise when F {f1 } is shifted by a k value such that ﬁnite Fourier
coeﬃcients in F {f1 } come into registry with ﬁnite coeﬃcients in F {f2 }. This
 is the case for
shifts by the colored arrows in Fig. 3.7(a). The resulting values of F {f1 } F {f2 } can also
be directly read from the ﬁgure by multiplying the lengths of the overlapping 
bars: For the
orange arrow it is 1 × 0.5 = 0.5 and for the blue it is 0.5 × 0.5 = 0.25. F {f1 } F {f2 } now
gives the Γi points for the combined system and, at this simple level of theory, the value of
the Fourier coeﬃcients represents the strengths of the expected dispersions. Replicas would be
found around the origin and around the higher order diﬀraction spots of the regular lattice and
the latter replicas would be weaker than the former.
Fig. 3.7(b) shows the same construction for a situation dominated by the simultaneous presence
of the two local periodicities. f1 again represents the periodicity of the Au(111) truncated bulk
compressed periodicity of
lattice parallel to the surface but f2 now corresponds to the slightly

the top layer. Following the identical construction of F {f1 } F {f2 }, we obtain only two Γi
values in the vicinity of the original single higher order spot of the lattice, not three. Moreover,
the Fourier coeﬃcients of the two have equal values in this model.
With this, we numerically calculate the equivalent of Fig. 3.7 in two dimensions in Figs. 3.8 and
3.9 and we present these results schematically in Figs. 3.3(d) and (e). As in the one-dimensional
model, the choice of the Fourier coeﬃcients Vb in f1 (k) and f2 (k) is arbitrary. Fig. 3.8 shows
the evaluation of the Γi and |VΓi | for the interaction of the truncated bulk lattice (periodicity
b1 and b2 , Fig. 3.8(a)) with the moiré periodicity in one direction (Fig. 3.8(b)). As in Ref.
[93], the moiré periodicity is modeled by only one Fourier component in the
√ long direction of
the moiré (22 times the lattice constant) and none in the short direction ( 3 times the lattice
constant). The convolution of the two images of Fig. 3.8(a) and (b) is shown in Fig. 3.8(c). It
leads to the presence of two weak spots around every position of non-zero Fourier coeﬃcient of
the lattice. These spots are weaker around higher order lattice points than around the origin.
Fig. 3.8(d) shows the summation of the result in (c) for all three domains present on the surface.
The result is consistent with the experimental ﬁndings in Ref. [93].
The corresponding situation for the simultaneous presence of the truncated bulk (b1 and b2 )
and top layer (b1 and b2 ) periodicities is shown in Fig. 3.9. If we choose the domain of interest
in the same way as in Fig. 3.3, the reciprocal vectors b2 and b2 are identical and therefore only
one intense spot appears around the position called Γ2 in Fig. 3.3. However, the convolution also
gives rise to two weak replicas close to this. For other ﬁrst order lattice spots (see second inset
in Fig. 3.9(c)), the ﬁrst order reciprocal lattice vectors are not the same for the top layer and
truncated bulk and thus two strong Fourier components appear but no additional weak ones.
Finally, when summing over all three domains, every ﬁrst order reciprocal lattice vector shows
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(a) overall moiré periodicity case
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(b) competing local periodicities case

k (arb. units)

Figure 3.7: One-dimensional model for the calculation of expected surface state dispersion origins.
(a) Situation for the simultaneous presence of truncated bulk lattice and overall moiré periodicity. (b)
Situation for simultaneous presence of the truncated bulk lattice and the slightly shorter periodicity in
the top layer. The arrows illustrate the convolution of the two functions. Each colored arrow corresponds
to a k movement that brings ﬁnite Fourier
 components in F {f1 } in registry with those in F {f2 } and
thereby leads to ﬁnite values in F {f1 } F {f2 } at this k.
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Figure 3.8: (a) and (b) Fourier coeﬃcients |Vb | for the truncated bulk lattice (b1 and b2 ) and the moiré
periodicity in one domain, respectively. The intensity is normalized to the zeroth order component and
mapped with the colors scale included in the ﬁgure. The peaks are, in some cases, diﬃcult to see and
therefore partly marked by circles around them. The regions around the origin and the ﬁrst reciprocal
lattice point in the vertical direction are magniﬁed in the insets. (c) Convolution of (a) and (b). (d)
Sum of convolution of (a) and (b) for the three possible domains on the surface.
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three high coeﬃcients in its vicinity and two weak ones. (Fig. 3.9(d)). Figs. 3.9(d) and (e) show
a schematic representation of these results in which the magnitudes of the Fourier coeﬃcients
are encoded in the size of the markers.
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Figure 3.9: (a) and (b) Fourier coeﬃcients for the truncated bulk lattice (b1 and b2 ) and the surface
layer lattice (b1 and b2 ), respectively. The intensity is normalized to the zeroth order component and
mapped with the colors scale included in the ﬁgure. The peaks are very narrow and therefore partly
marked by circles around them. The regions around the origin and the ﬁrst reciprocal lattice point
in the vertical direction are magniﬁed in the insets. (c) Convolution of (a) and (b). Here insets show
magniﬁcations around the origin and around two ﬁrst order lattice spots. For this particular domain
orientation, one strong Fourier coeﬃcients and two weak ones are found close to one of these points and
two strong ones close to the other. (d) Sum of convolution of (a) and (b) for the three possible domains
on the surface.

Chapter 4

Synthesis of single-layered transition metal
dichalcogenides

This chapter describes methods employed for the growth of SL TMDCs. STM measurements
showing morphology changes during the synthesis are presented. Crystal structure is discussed
based on LEED and STM investigations. Finally, the morphology of SL TaS2 /Au(111) grown
using two diﬀerent techniques is compared and discussed.

4.1

General growth procedure

Most of the research on 2D TMDCs has been performed on mechanically exfoliated samples [26,
28, 47, 108]. This approach, however, results in small ﬂakes (≈ 10 μm) with varying number of
layers and random orientations. Such samples are suitable for local techniques, such as electronic
transport or optical measurements, but not for ARPES, which probes a large area deﬁned by
the light spot size (≈ 200 μm). Further, transfer methods may lead to a surface contamination.
Recently, it was shown that large-area samples can be grown on a sapphire substrate using a
CVD approach [109]. Nevertheless, an insulating substrate hinders ARPES measurements due
to charging problems.
In order to synthesize the samples suitable for the envisioned ARPES studies, we adapted a
method of metal deposition under an H2 S pressure, originally developed for the growth of MoS2
nanoislands [110]. Modiﬁcations of the above method enabled us to grow high-quality samples,
covering a large area of the substrate. This approach turned out to be very robust, resulting in
successful growth over a large parameter space. Furthermore, the growth of multiple material
systems – including MoS2 , WS2 and TaS2 on the Au(111), Ag(111) and graphene/SiC substrates
– points to the method’s broad applicability.
Prior to SL TMDC growth, the Au(111) and Ag(111) substrates were prepared by standard UHV
cleaning procedure: sputtering in a Ne atmosphere followed by annealing the substrate up to
850◦ C. Graphene/SiC substrates were annealed up to 300◦ C to remove physisorbed species that
may have collected during exposure to air. During the growth, H2 S gas was introduced into the
UHV chamber through a home-build nozzle situated ca. 1 cm from the substrate, which locally
increased the pressure directly above the surface. Transition metals were evaporated through an
electron-beam evaporator while the chamber was backﬁlled with an H2 S pressure in the range of
2 × 10−5 − 5 × 10−6 mbar. After deposition, samples were annealed up to 450 − 700 ◦ C. Cycles
of deposition and annealing were repeated until the desired coverage was achieved, which was
monitored by STM in-between the cycles. In the following sections, we refer to this synthesis
procedure as the evaporator method. Optimized growth parameters for SL TMDCs on Au(111)
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can be found in Refs. [111–113]. The growth of WS2 on Ag(111) was performed using the same
parameters as in the case of WS2 /Au(111). Van der Waals epitaxy of SL MoS2 on graphene/SiC
is described in Ref. [114].
Despite excellent growth of SL TMDCs on these substrates we endeavored to improve the growth
process and made progress on a technique that involved dosing H2 S gas through a hot Ta
ﬁlament. Preliminary results [112] indicated that SL TaS2 grown with this method exhibited
domains of larger size. However, further studies that go beyond the scope of this thesis are still
needed. We hypothesize that in this case H2 S volatilized TaSx species that precipitated on the
substrate.
Determination of the grown phase (1H or 1T) of SL TMDCs is problematic based solely on STM
or LEED measurements. Nonetheless, band structures diﬀer substantially for those two phases,
according to DFT calculations. ARPES results presented in Chapter 5 revealed that all of the
TMDCs discussed in this work crystallize in the 1H phase.

4.2

MoS2 on Au(111)

A schematic of the growth procedure used for the synthesis of SL MoS2 on Au(111) is depicted
in Fig. 4.1(a). We ﬁnd that changing the growth parameters, such as the H2 S pressure or
the substrate temperature during the deposition, enables one to control the morphology of the
growing layer. It was shown that Mo dosed on Au(111) in UHV nucleate preferentially on the
bridge positions of the herringbone domain boundaries [110]. This allowed us to use the surface
reconstruction as a pattern for the synthesis of well-deﬁned arrays of triangular MoS2 nanoislands [110]. Such an interesting morphology requires the synthesis to be performed under a low
pressure of H2 S (ca. 10−7 mbar) to prevent a complete lifting of the reconstruction, and relatively
low temperature (400◦ C) to reduce the Mo mobility on the surface. The growth of continous
ﬁlms requires, on the other hand, increasing the Mo mobility by raising the temperature. However, Mo-Au alloying greatly increases for depositions carried out at higher temperatures [115],
which might result in decreasing the quality of the grown ﬁlm. We circumvent this problem by
maintaining an H2 S atmosphere during the whole growth process, in order to prevent the surface
from alloying. The cycles of deposition and annealing were found to produce samples fulﬁlling
the desired criteria of quality and coverage.
The morphology of SL MoS2 during the growth is presented in Fig. 4.1. The growth starts
with formation of relatively large MoS2 islands with triangular and truncated hexagonal shapes,
as seen in Fig. 4.1(c). Such islands are oriented with (0001) basal plane of MoS2 parallel to
the Au surface and are seen to be distributed over the entire Au surface, which in this case
reﬂects a total SL MoS2 coverage of ca. 0.3 ML. The high resolution STM image presented in
Fig. 4.1(b) reveals the atomically resolved lattice and the moiré structure of MoS2 . Only the
S atoms in the topmost layer of this S-Mo-S trilayer structure are imaged by STM and they
appear as bright protrusions in the STM micrographs [83]. The distance between these bright
protrusions is measured to be 3.2(0.4) Å, which agrees with the distance of 3.15 Å expected for S
atoms in the topmost layer. The incommensurability of the Au lattice (2.88 Å) and MoS2 lattice
(3.15 Å) gives rise to a moiré structure that manifests itself on the (0001) basal planes of MoS2
as clearly visible protrusions in a hexagonal pattern with a periodicity of 32.8 Å (denoted by
the double-headed arrow in Fig. 4.1(b)). Further attempts to increase the size of these islands
by increasing the Mo coverage did not lead to a more uniform SL MoS2 coverage, and it was not
possible to increase the annealing temperatures due to severe alloying of the Mo and Au that
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Figure 4.1: (a) Schematic depicting the process by which SL MoS2 nanoscale islands are grown on
Au(111). Mo is evaporated onto the Au surface in a H2 S atmosphere. Following Mo deposition, the
surface is annealed while the H2 S pressure is maintained. (b) High-resolution STM image of the moiré
lattice of MoS2 within the area demarcated by the green square in (e). The double-headed arrow marks
the moiré periodicity. (c) STM image acquired after one growth cycle showing hexagonal islands of SL
MoS2 (coverage is ≈0.3 ML). Continued growth leads to coalescence of islands and a gradual increase in
coverage as shown for (d) ≈0.6 ML and (e) ≈0.8 ML. The STM images are 65 nm × 65 nm except for
the atomically resolved STM image in (b) that is 6 nm × 6 nm. Imaging parameters are approximately
1.13 nA and -0.15 V.

occurs irrespective of the H2 S pressure. Instead of increasing the temperature and Mo coverage
in one step, the key to increasing the coverage of high quality SL MoS2 involves repeated cycles
of Mo evaporation and annealing in H2 S. This results in islands merging together at a MoS2
coverage of ca. 0.6 ML as shown in Fig. 4.1(d). Continued cycling of the growth process leads
to a further increase in coverage (ca. 0.8 ML) and the formation of a nearly contiguous SL of
MoS2 (see Fig. 4.1(e)).
The structural details of the ≈0.8 ML coverage MoS2 sample are further studied by LEED
in Fig. 4.2(a). A sharp hexagonal diﬀraction pattern with satellites surrounding each main
diﬀraction spot is observed, suggesting a clean, ordered, and extended SL of MoS2 . The satellite
spots are consistent with the moiré pattern observed in the STM images, indicating a large-area
presence of this pattern. To highlight the origin of each diﬀraction spot, we have added reciprocal
lattice vectors in Fig. 4.2(a). The main diﬀraction spots correspond to the MoS2 lattice while the
satellites are associated with the moiré, in analogy to the case discussed thoroughly in Chapter 3.
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Figure 4.2: LEED patterns acquired using electrons with a kinetic energy of 114 eV for (a) a high
coverage (ca. 0.8 ML) MoS2 on Au sample and (b) a clean Au(111) surface. The Au and MoS2
reciprocal lattice vectors are shown. In panel (a) the MoS2 on Au sample reveals six sharp ﬁrst order
spots in a hexagonal pattern and around each of these spots are six satellite spots also arranged in a
hexagonal pattern. The inset shows the details of one ﬁrst order spot. In panel (b) a similar LEED
image is shown for the clean Au(111) sample. The inset shows the ﬁrst order spots for three domains
arising from the herringbone reconstruction, as discussed in Chapter 3. (c) STM image of the surface
after one growth cycle of MoS2 in which distortions of the native herringbone are already visible. Image
parameters: 100×100 nm, 0.65 nA, -1.25V

A separate LEED image of the clean Au(111) surface is shown for comparison in Fig. 4.2(b). In
this case, the hexagonal arrangement of the satellite spots, compared to the high coverage MoS2
sample, is rotated with respect to one another by 30◦ (see insets of Fig. 4.2(a)-(b)). Since both
diﬀraction patterns are acquired using electrons with a kinetic energy of 114 eV, the absence
of the Au satellite features in the high coverage MoS2 LEED data of Fig. 4.2(a) suggests that
the herringbone reconstruction is lifted underneath the MoS2 adlayer. These same Au spots are
also absent in LEED measurements of the MoS2 sample acquired at diﬀerent kinetic energies.
Indeed, the lifting of the native Au reconstruction is also supported by the STM image in Figure
4.2(c) which shows triangular looplike distortions of the regular herringbone reconstruction even
after only one MoS2 growth cycle. These perturbations are similar to previously reported STM
data of Au thin ﬁlms grown on Ru(0001) which suggest that such triangular-like structures are
amenable to relieving strain in stacked hexagonal layers [116]. Indirect evidence of this lifting
is seen for a small number of MoS2 islands that appear brighter than the rest and still display
a moiré pattern, such as the brighter island in Fig. 4.1(c). This increase in apparent height is
exactly consistent with the 2.3 Å height of an extra layer of Au atoms beneath the SL MoS2
island [117]. Such small extra Au islands are expected to be generated by the lifting of the
herringbone reconstruction, as this reconstruction has a higher density of atoms (4.5%) in the
ﬁrst layer compared to the truncated bulk surface [118]. Interestingly, some of the grown islands
exhibit characteristic large defects appearing as dark pits in Fig. 4.1(c). A combined STM and
AFM study has revealed that these are regions of free-standing MoS2 , lacking the Au support
due to the redistribution of the surface atoms [119].
Our STM images of the high coverage samples frequently reveal additional features atop SL
MoS2 , which are evident from Fig. 4.3. We assign the irregularly shaped clusters highlighted
by the green circle in Fig. 4.3(b) to amorphous Mo clusters, which may result from insuﬃcient
sulfurization during the growth cycles. Perhaps more interesting is the feature marked by the
blue circle, which shows the formation of a BL MoS2 island. A STM image of such an island
is shown in Fig. 4.3(d). In contrast to the SL islands, the basal plane of the BL appears ﬂat
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Figure 4.3: (a) Model illustrating the bulk interlayer spacing of 6.15 Å in the 2H-stacking of S-Mo-S
layers. (b) STM image of ca. 0.8 ML MoS2 on Au(111). Additional features are observed, speciﬁcally
amorphous Mo clusters (green circle) and small islands of BL MoS2 (blue circle). Image parameters: 171
nm × 49 nm, 0.27 nA, and -1.23 V. (c) Apparent height of BL MoS2 , relative to the underlying SL MoS2 ,
extracted from the line proﬁle acquired along the white dashed line in the adjacent STM image. (d)
STM image highlighting the diﬀerence in apparent height of the BL MoS2 compared to the surrounding
SL MoS2 areas. Image parameters: 36 nm × 34 nm, 0.40 nA, and -1.16 V. (e) STM image of MoS2 on
Au(111) with an estimated BL MoS2 coverage of 0.25 ML. Image parameters: 175 nm × 175 nm, 0.19
nA, and -1.16 V.

in the center of the island; a moiré is absent, and it is diﬃcult to obtain atomic resolution.
The apparent height of the BL islands relative to the underlying SL islands is 5.2(0.3) Å, as
indicated by the line proﬁle in Fig. 4.3(c). This value is comparable to the bulk interlayer
spacing of 6.15 Å in the 2H-stacking of S-Mo-S layers [120] (see Fig. 4.3(a)), supporting the
assignment of these features to BL and not multilayer islands. As the number of growth cycles
is increased, we foster the formation of more and larger islands of BL MoS2 . In the STM image
shown in Fig. 4.3(e), the BL regions appear brighter than the surrounding darker SL MoS2 ﬁlm.
Upon close inspection of the STM image, the SL MoS2 still manifests a moiré pattern that is
unaﬀected by the presence of the BL MoS2 islands. Here, the BL MoS2 covers an estimated ca.
25% of the surface. The contours of the BL MoS2 islands are notably more irregularly shaped
than SL MoS2 islands for a similar coverage; see Fig. 4.1(c) for comparison. Given that in BL
regions, the interaction between the second layer of the BL MoS2 and the underlying SL MoS2
ﬁlm is weaker than the interaction between the SL MoS2 and the underlying Au substrate, we
might expect to see growth of islands with many diﬀerent rotational domain orientations. The
irregular shapes of the BL islands suggests that such islands may not seamlessly merge together
during subsequent growth cycles and will indeed make the synthesis of large domains of high
quality multilayers of MoS2 more challenging.
The STM images also reveal the presence of distinct line defects, as shown in Fig. 4.4(a). These
line defects are boundaries between two opposite rotational domains of the 3-fold symmetric
MoS2 lattice on the unreconstructed Au(111) surface lattice. Similar line defects have been
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Figure 4.4: (a) STM image of a line defect at the boundary between rotational domains. STM imaging
parameters: 10 nm × 10 nm, 0.52 nA, and -0.88 V. The moiré unit cell and ball model are overlaid
to highlight the atomic character of the line defect. (b) Schematic of the line defect arising from the
coalescence of two oppositely oriented domains. The absolute orientation of the domains could not
be determined from the STM data, and therefore both possible scenarios for mating edges are shown
and separated by the light blue diagonal line. The Mo-edge and S-edge are simply labeled Mo and
S, respectively. The dashed (black) and solid (gray) outlined triangles are added to illustrate the two
diﬀerent rotational domains. Ball model color code: yellow: S, blue: Mo, gray: Au. STM images of SL
MoS2 samples acquired at room temperature (c) before and (d) after exposure to air. The surface quality
is essentially the same after the exposed surface is gently annealed to ca. 200◦ C. Imaging parameters:
(c) 35 nm × 35 nm, 0.33 nA, and 0.78 V and (d) 35 nm × 35 nm, 0.28 nA, and 1.00 V.

observed in scanning transmission electron microscopy measurements of CVD-grown MoS2 on
SiO2 [121]. The MoS2 islands are either terminated in the 1010 or 1010 directions. These
terminations are referred to as the Mo-edge and S-edge, respectively. Joining islands with the
same domain orientation, which is equivalent to the meeting of two diﬀerent edge types, will
result in the formation of a continuous SL of MoS2 . However, structural domain boundaries
arise when domains of diﬀerently oriented MoS2 , or correspondingly the same edge types, meet
during the growth process as shown in Fig. 4.4(a). It is not clear from the STM images which
type of interface is present for each individual line defect as only the upper layer of S atoms
is imaged by STM [122]. Hence, both possible interfaces are shown in Fig. 4.4(b) separated
by a light blue line. The 60◦ rotational domains are neither expected to inﬂuence the LEED
pattern (although they would aﬀect the relative spot intensities), nor would they have an eﬀect
on the overall electronic structure of SL MoS2 due to the hexagonal symmetry of the reciprocal
lattice. However, the presence of line defects suggests that domains rotated by 60◦ coexist in
our sample, and this is of crucial importance as it implies that the high symmetry points K and
K  in the SBZ from diﬀerent rotational domains coincide in laterally averaging techniques such
as ARPES.
It is worth mentioning some interesting propertis of the MoS2 edges. While the basal plane
is quite inert, the edges are highly catalytically active and of great interest for industrial process such as hydrodesulfurization [123]. The under-coordinated edges are also predicted to be
metallic [124] in contrast to the semiconducting basal plane. It is likely that a relatively strong
interaction between the SL MoS2 and the Au(111) substrate is mainly restricted to the edges.
This hypothesis is corroborated by the unusual mobility of Au nanoislands grown on the bulk
MoS2 , which can be moved using a STM tip [125]. We have not observed a similar behavior for
SL MoS2 nanoislands grown on Au(111). Finally, the inertness of the basal plane make the SL
MoS2 stable under ambient conditions. Fig. 4.4(c)-(d) present STM images of a sample before
and after exposure to air for couple of hours, respectively. No major modiﬁcations to the surface
were found and the samples could be cleaned of adsorbates by gentle annealing (200◦ C).

4.3 MoS2 on graphene/SiC
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One of the consequences of reduced dimensionality in SL TMDCs is the reduced dielectric
screening leading to the giant exciton binding energies (ca. 1 eV) [126, 127]. This eﬀect, however,
might be greatly diminished by the presence of a metallic substrate. Furthermore, the electronic
transport measurements and device applications require the substrate to be insulating to some
extent. Using the growth techniques already described, we achieve in situ van der Waals epitaxy
of SL MoS2 on graphene/SiC which overcomes above issues and elegantly removes the need for
additional transfer steps to change substrate. Van der Waals epitaxy relies on the relatively
weak coupling between the adjacent 2D materials and does not require that their crystal lattices
match. This is in contrast to standard epitaxy methods. Graphene has proven to be a suitable
template for such an approach, as exempliﬁed by the successful growth of other low dimensional
systems on graphene such as III-V semiconductor nanowires [128] and thin ﬁlms [129] as well as
topological insulators [130]. MoS2 and other TMDCs have been grown by CVD methods using
suitable carrier gases in furnace systems on either CVD graphene on copper [131] sapphire [132]
or graphene transferred onto SiO2 [133]. Alternatively, high-quality epitaxial graphene on SiC
substrates have proven to be a good template for van der Waals epitaxy of MoS2 and WSe2 in
CVD furnaces [134, 135].
The growth of MoS2 on graphene/SiC started with preparation of the substrate. This was
performed by Jill Miwa in a seperate UHV chamber by direct current annealing of SiC under a
mild ﬂux of Si [136]. Graphene (G) grown using this approach is decoupled from the substrate
by a layer of carbon atoms which saturate the dangling bonds of Si [137]. This layer is commonly
refered as a buﬀer layer. The STM image in Fig. 4.5(a) shows the clean G/SiC surface along with
the characteristic SL graphene lattice, which can be atomically resolved (see inset in Fig. 4.5(a)).
We observe also the regions of buﬀer layer in our samples. The presence of such buﬀer layer areas
is a key element in the growth of MoS2 , which we follow in its initial stages in Figures 4.5(b)(f).
Evaporation of Mo was carried out using a Mo ﬂux and duration that gives the submonolayer
Mo coverage shown in the STM image in Fig. 4.5(b). Without H2 S, the Mo appears as small,
bright, rounded clusters. The G/SiC substrate is held at room temperature during evaporation,
which ensures a low Mo mobility, thereby preventing the formation of large Mo aggregates.
Interestingly, on the graphene areas, the Mo clusters are found to mainly decorate the edges of
the graphene. This is in sharp contrast to the dense ﬁlm of Mo clusters that can be seen inside
the buﬀer layer regions (denoted B in Fig. 4.5(b)), thereby making the buﬀer layer easier to
distinguish from graphene. The preference for adsorption on the buﬀer layer is ascribed to its
higher reactivity, which has also been conﬁrmed via molecular adsorption patterns observed on
G/SiC [138]. In a ﬁrst attempt, the Mo-decorated surface was annealed for 1 h at ca. 800◦ C in
a H2 S pressure on the order of 10−5 mbar. This promotes the growth of nanosized MoS2 islands,
which are located predominately in the buﬀer layer regions in this initial growth stage, as seen in
Fig. 4.5(c). The STM image in Fig. 4.5(d) shows an atomically resolved MoS2 island where the
atomic spacing is found to be 3.1(0.3) Å. This island can be seen to already extend onto a singlelayer graphene area. Repeating such a growth cycle leads to a gradual increase in the size of
islands, as seen in Fig. 4.5(e). The island structures and edge shapes deviate substantially from
the hexagonal structure and straight edges expected for a free-standing island in thermodynamic
equilibrium [139]. Such irregular edges have also been observed for MoS2 nanoclusters grown
on a highly ordered pyrolytic graphite (HOPG) surface, where their occurrence was attributed
to defects that act as pinning sites during the growth [140]. The elevated temperatures during
growth are likely to increase the mobility of these defects such that they migrate to the edges
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Figure 4.5: (a) STM image of the graphene/SiC (G/SiC) substrate. Inset: Atomic resolution image of
the graphene lattice within the area marked by the blue square. (b) Sample surface after evaporation of
atomic Mo (Mo/G/SiC). Buﬀer layer (B) and SL graphene (G) areas are distinguishable via the diﬀerent
distribution of adsorbed Mo. (c) MoS2 nanoislands grown in B regions after annealing at 800◦ C in a H2 S
atmosphere. (d) Atomic resolution image of a 6 nm wide MoS2 island, which has grown over a G region.
(e,f) Larger MoS2 islands on graphene after an additional cycle of Mo evaporation and H2 S annealing
at 800◦ C. The image in (f) shows merged islands and atoms inside islands in greater detail. The STM
imaging parameters are: (a) -1nA and -0.88 V, (b) -0.9 nA and -1.07 V, (c) -0.9 nA and -0.88 V, (d) -0.9
nA and -0.88 V, (e) -0.5 nA and -1.25 V, (f) -0.6 nA and -0.91 V.

of the islands and force them to assume an irregular shape. Furthermore, due to the relatively
weak interaction between MoS2 and our graphene substrates, many rotational variants of the
MoS2 islands nucleate. Due to the irregularly shaped edges, it is diﬃcult for these diﬀerently
rotated islands to coalesce, as evidenced in Fig. 4.5(f), where the edges of neighboring islands
are seen to line up but not merge seamlessly and, instead, form noticeable domain boundaries.
Bright, rounded features are observed on top and around the edges of the MoS2 islands,which are
excess nonsulfurized Mo or partly sulfurized amorphous MoS2 . Their adsorption is presumably
facilitated by the higher reactivity at the edges and defect sites in the MoS2 or in the underlying
substrate.
Continuation of the cycled growth leads to extended SL MoS2 areas as seen for a sample with
a coverage of 0.55 ML in Fig. 4.6(a). In contrast to the MoS2 nanoislands in Fig. 4.5(c), which
were mainly localized in the buﬀer layer areas, the SL MoS2 is observed to spread across the
graphene areas. Since bare buﬀer layer regions are scarce compared to bare graphene areas,
the higher coverage of SL MoS2 ensures that our samples consist predominantly of MoS2 on
graphene. While clear atomically resolved images of the structure inside the basal plane of
MoS2 could be achieved for the nanoislands, we ﬁnd it harder to obtain atomic resolution inside
the layers in Fig. 4.6(a), which may be due to electronic eﬀects associated with the underlying
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Figure 4.6: STM images of MoS2 on G/SiC with a SL MoS2 coverage of approximately (a) 0.55 ML
and (b) 0.85 ML. In (a), bare SL MoS2 areas coexist with metallic Mo clusters (see arrows) and a BL
MoS2 island. Structures that resemble Mo6 S6 nanowires are seen on graphene areas. The higher coverage
sample in (b) has fewer bare SL MoS2 areas and a higher number of BL MoS2 islands. The STM imaging
parameters are: (a) -1.75nA and -0.52 V, (b) -1.1 nA and -0.94 V.

substrate. A smaller BL MoS2 island appears along with Mo clusters on top of the SL MoS2 .
We can distinguish SL and BL MoS2 by their apparent heights in STM, which we measure to
be 8(2) and 17(2) Å, respectively. At the coverage of 0.55 ML, we estimate that 6% is BL
MoS2 , which appears to be the limiting case where the presence of BL MoS2 regions does not
inﬂuence the laterally averaged electronic structure (on a submillimeter length scale) of the
sample measured by ARPES, which we discuss in Section 5.2. Features that lack well-deﬁned
structure are observed on bare graphene areas. These may be bundles of Mo6 S6 nanowires
similar to those previously observed on HOPG [141] and Cu(111) [142]. Increasing the coverage
to 0.85 ML using additional growth cycles leads to 40% BL MoS2 , which is seen in Fig. 4.6(b).
The excess metallic Mo clusters act as seeding points for growth of additional MoS2 layers.
Keeping their concentration low, that is, keeping the Mo ﬂux low during evaporation, is the key
to favor SL MoS2 growth. We point out here that in contrast to the growth of MoSe2 ﬁlms on
G/SiC, where co-deposition of atomic Mo and Se using a MBE approach results in MoSe2 after
annealing in a single growth cycle [143, 144] the reaction between Mo and S from the H2 S gas
source necessitates the cycled approach with very gentle Mo deposition in each cycle. Otherwise,
we found that metallic Mo assembles in large clusters, which were either diﬃcult to sulfurize
within the limits of the experimental setup or seeds on already nucleated MoS2 islands leading
to multilayer MoS2 .

4.4

WS2 on Au(111) and Ag(111)

The process of WS2 growth on Au(111) largely resembles the growth of MoS2 discussed in the
previous section. For that reason, we discuss the synthesis of WS2 /Au(111) very brieﬂy and the
rest of this section is dedicated to the synthesis of WS2 on Ag(111).
The synthesis of WS2 ﬁlms is illustrated by STM images presented in Fig. 4.7. As in case of MoS2 ,
the growth starts with triangular islands (Fig. 4.7(a)) which gradually merge together forming a
high-coverage ﬁlm (Fig. 4.7(b)). The average apparent height of the grown ﬁlm extracted from
STM proﬁles yields 3.2(0.7)Å, in agreement with previous investigations of nanoislands [145].
Domain boundaries suggest a presence of two domains formed by joining the islands with the

60

Synthesis of single-layered transition metal dichalcogenides

(a)

(b)

(c)
BL WS2

Au
Au
SL WS2

20 nm

SL WS2

20 nm

SL WS2

20 nm

WS2 growth
Figure 4.7: STM images of WS2 on Au(111) with a SL WS2 coverage of approximately (a) 0.4 ML, (b)
0.75 ML and (c) 1.15 ML. In (a), WS2 crystallizes predominantly in form of triangular nanoislands. The
higher coverage sample in (b) is formed from larger polygons. The dislocation lines might be a results of
the presence of two rotational domains. BL regions are clearly seen in (c) as amorphous shapes at bright
contrast. The STM imaging parameters are: (a) 0.49 nA and 1.06 V, (b) 0.58 nA and 1.16 V, (c) 0.61
nA and 0.74 V.

same edge termination. After the coverage is higher than ca. 0.7 ML, the BL starts to nucleate in a form of shapeless islands (Fig. 4.7(c)). Interestingly, tungsten clusters, in contrast
to molybdenum, do not show a characteristic nucleation at a speciﬁc site of the herringbone
reconstruction [145]. This suggests a higher mobility of tungsten on the Au(111) surface and
may lead to diﬀerent size distribution of the WS2 nanoislands. However, this does not hinder
the growth of large-area ﬁlms aligned with the substrate. The lattice mismatch between WS2
and Au(111) leads to formation of a moiré pattern with periodicity of 32.7(0.6)Å and matches
well the one obtained for MoS2 /Au(111). This is not surprising as bulk MoS2 and WS2 have
a very similar lattice constant [146, 147]. The formation of the moiré pattern can be followed
by LEED measurements taken at diﬀerent WS2 coverages, as shown in Fig. 4.8. For a coverage
of ≈ 0.15 ML, two concentric hexagonal patterns dominate (Fig. 4.8(a)). Based on the length
of the unit cell vectors, the outer and inner hexagons can be assigned to Au(111) and SL WS2 ,
respectively. The measured reciprocal unit cell vector ratio bAu(111) /bW S2 =1.09(0.02) is in excellent agreement with the crystal unit cell vector ratio aW S2 /aAu(111) =1.1. The absence of a moiré
at this low coverage can be explained by the fact that the growth starts with the formation of
small islands, which are initially too small to establish a moiré pattern. In the case of a coverage
of ≈ 0.3 ML shown in Fig. 4.8(b), the moiré pattern is clearly observed in addition to the spots
caused by the separate reciprocal lattice vectors of Au(111) and WS2 . Further increase of the
coverage results in a vanishing contribution from bare Au regions and a more uniform intensity
of the moiré spots (Fig. 4.8(c)). Finally, when BL regions starts to grow the moiré pattern fades
away, as seen in Fig. 4.8(d). This is to be expected if the second layer grows in register with the
ﬁrst one, and neither of the layers is strained.
Au surface is quite inert towards the reaction with H2 S. Prolonged exposure at the elevated
temperatures used for the growth results in a lifting of the reconstruction as discussed in Chapter 3. This is not the case for the Ag(111) surface which can react with sulfur causing the
growth of Ag2 S [148]. In order to study this process we exposed a clean Ag(111) surface to
a 10−5 mbar pressure of H2 S and annealed to ca. 600◦ C for 30 min, mimicking the growth
conditions. STM images presented in Figs. 4.9(a)-(b) reveal the formation of domains with a
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Figure 4.8: Evolution of the LEED pattern of WS2 /Au(111) for diﬀerent coverage, as indicated in the
panels. The insets shows magniﬁed part of an image around the ﬁrst order spot. Data taken at 118 eV
and 114 eV for (a)-(b) and (c)-(d), respectively.
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Figure 4.9: (a) STM image of Ag substrate after exposure to H2 S with marked Ag2 S domains. (b)
Close-up of the area indicated in (a) by the blue square. The stripe-like pattern of the complex surface
reconstruction, as discussed in the text. (c) Corresponding LEED image taken at 60 eV. The STM
imaging parameters are: (a) 0.3 nA and 1.06 V, (b) 0.31 nA and 1.06 V.

stripe-like superstructure, possibly made of diﬀerent phases of Ag2 S coexisting
√ on the surface.
√
The corresponding LEED pattern (Fig. 4.9(c)) resembles the complex ( 39 × 39)R16.1◦ structure in which the S atom arrangement and spacing is similar to (100) plane of γ-Ag2 S (the high
temperature phase) [149]. A better empirical match to the observed LEED pattern was found
0
with a ( 3.67
3 3.5 ) structure, but even high-resolution STM analysis in previous studies has not
been able to resolve the atomic structure in detail [150]. It is worth noting that this reconstruction do not conserve the density of Ag atoms relative to the clean surface [151]. This may lead
to formation of defects visible in Fig. 4.9(a). We observed that annealing up to 700◦ C in UHV
lifts the reconstruction and clean surface is recovered.
The growth of WS2 on Ag(111) was performed with similar conditions to the samples synthesized
on Au(111). While on Au(111) the shape the initial WS2 nanoislands is primarily triangular
(see Fig. 4.7(a)), there is no such preference on Ag(111) and the shape of the clusters resembles
polygons (Fig. 4.12(a)).
Continuation of the growth leads to the formation of large domains, gradually covering the
whole substrate area as illustrated in (Fig. 4.12(b)). We observed a presence of large (ca.
1 nm) defects on the basal plane of WS2 patches, which were not observed for the growth
performed on Au(111). However, higher order moiré and overall sharper spots were usually
observed with LEED on WS2 /Ag(111) samples than on WS2 /Au(111). Also, the linewidth of
the bands measured with ARPES was signiﬁcantly lower in this case. These results suggest a
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better crystalline order of WS2 /Ag(111) in comparison to WS2 /Au(111). In order to evaluate
the defect concentration we performed STM analysis shown in Figs. 4.10(c)-(d). Fig. 4.10(b)
presents the region on a sample where WS2 is grown on a single terrace of the substrate. We
ﬁt a plane to the regions of bare Ag which is then subtracted from the data. The apparent
height is calibrated according to the height of a single atomic step of Ag (2.4 Å). Data points
corresponding to SL WS2 are selected by discrimination of the apparent height (0.25hmax <
h < 0.5hmax ), as shown in Fig. 4.10(c). The histogram showing the distribution of the apparent
height of those points is presented in Fig. 4.10(d). This distribution is evidently asymmetric
with a visible shoulder towards lower values of apparent height. As domain boundaries fall
outside the discrimination range, we conclude that this shoulder corresponds to the observed
defects. By ﬁtting the Gaussian proﬁles to the peaks corresponding to the basal plane and defect
contributions we estimate that ca. 8% of the whole monolayer is defective, which is surprising
in light of the other ﬁndings, described above, pointing to good crystalline order. We compare
the results to the case of WS2 /Au(111) (Fig. 4.10(d)), analyzed in analogous manner. In this
case the distribution seems to be symmetric and can be described with just a single Gaussian.
It is unlikely that the eﬀects of such a large defect concentration are not observed with ARPES
and LEED. A possible explanation of those results is the hypothesis that defects observed with
STM are pits in the substrated etched by the H2 S gas. The size of defects observed on sulfurized
Ag(111) samples matches the size of defects observed on the basal plane of SL WS2 . We expect
that high-resolution AFM measurements might be able to elucidate this eﬀect, in analogy to the
similar measurements performed for MoS2 /Au(111) [119].
The above analysis allows for a comparison between apparent heights of SL WS2 grown on
both Ag(111) and Au(111). The expectation value of the apparent height distribution on Ag
(2.2(0.3)Å) seems to be smaller than on Au (2.5(0.4)Å). This result is consistent with DFT
calculations predicting a smaller equilibrium substrate-overlayer spacing for MoS2 /Ag(111) in
comparison to MoS2 /Au(111) [152, 153]. Nevertheless, a signal measured with STM is a convolution of topography and local density of states, so it cannot be directly compared to the
real thickness of the layer. Furthermore, it was shown that the observed apparent height of
MoS2 /Au(111) strongly depends on the applied bias [83].
Another important question concerning the SL WS2 height is whether the substrate reconstruction is present underneath the grown ﬁlm. For the growth on Au(111), the herringbone
reconstruction seems to be heavily distorted on the bare Au areas (see Fig. 4.2(c)). Furthermore, in simulated STM images, the herringbone reconstruction is visible through a single layer
of hexagonal boron nitride or three layers of NaCl(100) (more than 11Å from the topmost Au
atoms) [98]. It was demonstrated experimentally with STM that the characteristic pattern of
the herringbone reconstruction can be even observed for ﬁve-layer-thick NaCl ﬁlms grown on
Au(111) [154]. In case of low-coverage samples (ca. 0.3 ML) WS2 grown on Ag(111) we observe
the coexistence of a complex LEED pattern corresponding to the sulfur-induced surface reconstruction, as seen in Fig. 4.11(a). However, the reconstruction is completely lifted after annealing
the sample up to 700◦ C in UHV (Fig. 4.11(b)). If the reconstruction was present underneath
the SL WS2 ﬁlm, we would expect to observe changes in the moiré periodicity. No such modiﬁcations were observed and the moiré periodicity agrees well with the lattice constants diﬀerence
between SL WS2 and unreconstructed substrates, for both Au(111) and Ag(111) cases. These
arguments lead us to the conclusion that probably there is no reconstruction present underneath
the grown ﬁlm.
We conclude this section with a discussion of the lattice constant in the grown SL WS2 . According to the band structure calculations, SL TMDCs can be altered signiﬁcantly with even small
changes in a lattice spacing [155]. It is predicted that just 1% of compressive strain can shift the
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Figure 4.10: STM images of WS2 on Ag(111) with a SL MoS2 coverage of approximately (a) 0.15 ML
and (b) 0.75 ML. (a), WS2 crystallizes predominantly in form of polygons. (b) The dislocation lines
are likely due to the presence of two rotational domains. Large defects are present at the basal plane
of WS2 , as shown in (d)-inset. (c) The same STM image as in (b), but with SL regions masked with
red color (excluding the edges). (d) A histogram representing the distribution of the measured apparent
height (red points) in the masked region in (c). The distribution is ﬁtted with two Gaussians (colored
curves). The black line corresponds to the sum of two peaks. Inset shows the high-resolution STM image
of SL WS2 /Ag(111) where the defects are visible. (e) Analogous distribution for the SL WS2 /Au(111)
ﬁtted with a Gaussian. STM imaging parameters are: (a) 0.56 nA and 0.81 V, (b) 0.09 nA and 1.43 V,
(d-inset) 0.42 nA and 1.16 V.
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Figure 4.11: Comparison of LEED images taken with kinetic energy of 98 eV for a ca. 0.3 ML sample
of WS2 /Ag(111): as grown (a) and after a 30 min anneal in UHV at 700◦ C(b).
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Figure 4.12: Comparison of LEED images taken with kinetic energy of 114 eV for the ca. 0.75 ML
samples of WS2 /Ag(111) and WS2 /Au(111) in (a) and (c), respectively. (b)-(d) Line proﬁles through
the ﬁrst order spots, as indicated in (a)-(c), respectively. The peaks in the LEED proﬁles (red points)
are ﬁtted with Lorentzian line shapes (colored curves) on a linear background. Black lines correspond to
the sum of all peaks. Note that the WS2 spots and moiré (green and orange curves) are slightly shifted
for proﬁles in (b) and (d), consistently with ca. 0.2% diﬀerence in lattice constant of Au and Ag.

conduction band minimum away from K̄, which results in an indirect gap for the free-standing
SL WS2 [155]. For that reason, it is crucial to evaluate the possibility of strain in the grown
ﬁlms. It was previously demonstrated that LEED proﬁle analysis can be applied to establish
the lattice constant of a 2D material with uncertainty below 1% [156]. We perform similar
analysis here, as illustrated in Fig. 4.12. We extract line proﬁles through the ﬁrst order spots
of WS2 , substrate and moiré and ﬁt them with Lorentzians. The distance in reciprocal space is
normalized such that outer most peak positions correspond to ±1, as seen in Fig. 4.12 (b),(d).
In this way, the ratio of reciprocal lattice vectors of WS2 and the substrate is directly given by
the position of the middle peak. Assuming an unreconstructed surface underneath, we use the
well-known lattice constants of Au and Ag to calculate the lattice spacing of SL WS2 . This
procedure performed for 3 equivalent cuts in the reciprocal space and 3 images taken at diﬀerent
energies (in total 36 data points) yields the lattice constant of 3.151(0.019)Å for WS2 /Au(111)
and 3.152(0.021)Å for WS2 /Ag(111). Those values are in excellent agreement with the bulk
WS2 lattice constant of 3.1532(0.0004)Å [146]. Based on those result we can exclude a strain
larger than 0.7% for SL WS2 grown on Ag(111) and Au(111).
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SL TaS2 was grown on Au(111) using two diﬀerent methods, and in this section we compare the
results. The ﬁrst approach was the same synthesis method discussed above (evaporator method).
The second approach was inspired by Prof. Ludwig Bartel’s group (UC Riverside). This method
utilizes a hot tantalum ﬁlament placed in the vicinity of a sample. H2 S gas is passed through the
ﬁlament which results in the formation of TaS2 on the substrate (ﬁlament method). The results
presented in this section were obtained as a collaboration: the growth and LEED measurements
were performed in Aarhus and afterwards the samples were transfered in an UHV suitcase to
the group of Prof. Alexander Khajetoorians (Radboud University), where low-temperature STM
measurements were performed by Charlotte Sanders and Andreas Eich.
Growth using the evaporator method results in a formation of well-separated triangular TaS2
islands (see Figs. 4.13(a) and (d)). This is in contrast to the previously studied MoS2 and WS2
samples, in which clusters of large size were rather found as polygons. This indicates diﬀerent
growth dynamics for metallic SL TMDCs in comparison to the semiconducting ones. The moiré
superstructure with a period of 23.1(0.4) Å is clearly observed and the average apparent height
(2.5(0.3) Å) is consistent with the previous results for MoS2 and WS2 .
Growth using the ﬁlament method results in the epilayer exhibiting a completely diﬀerent morphology. Representative STM image of surfaces morphology is presented in Fig. 4.13(e). We
observe a dominating growth of SL TaS2 with a small contribution of BL TaS2 and elongated
clusters which are presumably Tax Sy , since they resemble Mo6 S6 nanowires described in Section 4.2. SL TaS2 is found in a form of large (several hundrends of nm) polygonal islands,
without a particular preference concerning the shape (Fig. 4.13(b)). Those islands are found to
be uniform and without clear domain boundaries. This suggest a single-domain growth, at least
within the large island area. The moiré periodicity and amplitude are found to be consistent
for the TaS2 grown with both methods, as seen in Fig. 4.13(f). However, the edges of domains
seems to have diﬀerent apparent heights. Also, the apparent height of the whole domain (ca.
5 Å) seems to be signiﬁcantly higher than in case of small triangular islands, as presented in
Fig. 4.13(c). This apparent height is consistent with results obtained for SL TaS2 situated on
the Au atomic steps, which leads us to the conclusion that SL TaS2 obtained from the ﬁlament
method grows over the whole terrace and further growth is stopped at descending edges. Nevertheless, we observed a substantial number of domains across the ascending step, so there might
be a preference for the growth through ascending steps over the descending ones.
LEED measurements reveals further diﬀerences between samples grown with the ﬁlament and
evaporator methods, as seen in Fig. 4.14. Overall, the spots are much sharper in case of samples
grown with the ﬁlament method. The LEED proﬁle analysis yields the value of SL TaS2 lattice
constant of 3.292(0.035)Å, which is in agreement with the value of 3.3(1) measured by STM, and
the previously measured bulk lattice constant of 3.31 [157]. Interestingly, higher order moiré
spots are observed for the samples grown with the ﬁlament method. Also, additional spots
can be clearly identiﬁed, as indicated in Fig. 4.14(b). Those spots resemble 30◦ rotated ﬁrst
order TaS2 spots. We study the possible moiré patterns by constructing simple lattice models
after [101], as described in Chapter 3. The model of TaS2 aligned with the Au substrate
is presented in Fig. 4.15. The results of this model are in excellent agreement with STM
and LEED measurements. We ﬁnd a weak intensity in a position corresponding to the LEED
additional spot. It is surprising that this spot is very intense in the measurements, while its
corresponding Fourier component is marginal. However, LEED intensity is a complex quantity
involving multiple-scattering theory [158], so such a simple approach might not be suﬃcient to
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Figure 4.13: STM images of TaS2 on Au(111) grown with two diﬀerent methods: evaporator (a) and
ﬁlament (b) method. See the text for details. (c),(f) STM proﬁles along the lines indicated in (a) and
(b). (d),(e) Large-area STM images corresponding to (a) and (b), respectively. STM imaging parameters
are: (a) 0.2 nA and 1 V, (b) 0.1 nA and 0.44 V, (d) 0.1 nA and 0.88 V, (e) 0.05 nA and 0.84 V.
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Figure 4.14: (a)-(b) Comparison of LEED images taken with kinetic energy of 90 eV for a ca. 1 ML
sample of TaS2 /Au(111) synthesized with the evaporator and ﬁlament methods, respectively.
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Figure 4.15: (a) Real and (b) reciprocal space images of the modeled SL TaS2 lattice aligned with
Au(111) lattice. (b) Red and blue circles mark the Fourier components of the epilayer and the substrate,
respectively. The unmarked components correspond to the moiré replicas. (c) A close-up of the region
marked by green rectangle in (b). The green circle mark the position of the moiré replica associated with
the additional spot observed with LEED in Fig. 4.14(b). Contrast is enhanced in (c) for clarity.

describe accurately the observed LEED pattern. In order to test the hypothesis of a second
domain, we calculate the contrasting model, in which the TaS2 is rotated by 30◦ with respect
to the substrate. This leads to a diﬀerent moiré pattern with the periodicity of ca. 5.7 Å, as
presented in Fig. 4.16(a). The presence of such a structure was not observed with STM. Also,
the simulated reciprocal space pattern diﬀers substantially from the observed LEED images
(Fig. 4.16(b)). Based on those ﬁndings, we ﬁnd the growth of 30◦ rotated domain to be unlikely.
Another possible origin of the additional periodicity is the contribution from Tax Sy regions.
Indeed, we observe a growth of presumed Tax Sy nanowires in the perpendicular direction to
the Au lattice, which agrees with the previous observation of Mo6 S6 grown on Cu(111) [142].
Nevertheless, LEED data analysis shows that the additional spots correspond to a periodicity
closely matching the one of TaS2 (within 1% of uncertainty), making any other Tax Sy structure
an unlikely source of those observations.
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Figure 4.16: (a) Real and (b) reciprocal space images of the modeled SL TaS2 lattice rotated by 30◦
in respect to the Au(111) lattice. (b) Red and blue circles mark the Fourier components of the epilayer
and the substrate, respectively.

Chapter 5

Electronic structure of single-layered transition metal dichalcogenides

This chapter focuses on the electronic structure of 2D TMDCs. ARPES results together with
DFT calculations are presented. The inﬂuence of a substrate on the electronic structure is
elucidated by the comparison of TDMC synthesized on substrates with the various strength
of interaction. The eﬀect of strong SOC in SL WS2 is discussed. Finally, low-temperature
STM/STS data suggesting the suppression of CDW in SL TaS2 /Au(111) is presented and further
elaborated in the context of the measured electronic band structure.

5.1
5.1.1

SL MoS2 on Au(111)
ARPES characterization

Previous ARPES studies of SL MoS2 has been performed on mechanically exfoliated ﬂakes [159]
and CVD-grown samples [160]. Nonetheless, the quality of grown ﬁlms in those studies was not
suﬃcient for a detailed bandstructure determination, in particular for the most interesting region
around the VBM. The methods desribed in Chapter 4 enabled us to synthesize the samples of
much higher quality, which we utilized for studying the dispersion of SL MoS2 in the whole
SBZ.
The samples for ARPES measurements presented in this section were synthesized in a dedicated
growth chamber maintained by the group of Prof. Jeppe Lauritsen (Aarhus University). The
coverage of SL MoS2 was chosen to be well bellow a complete monolayer (ca. 0.65 ML) in order
to ensure the lack of BL regions, which could inﬂuence the results. After growth, the samples
were transported to the SGM3 endstation and mildly annealed up to ca. 200◦ C. ARPES data
were collected at 80 K with an energy and angular resolution better than 20 meV and 0.2◦ ,
respectively. All measurements presented in this section were performed with a photon energy
of 49 eV.
Figure 5.1 gives an overview of the epitaxial SL MoS2 band structure. The constant binding
energy cuts in Figs. 5.1(a)–(d) reveal both Au(111) and SL MoS2 features. The Au(111)-related
states are best identiﬁed near the Fermi energy due to the lack of SL MoS2 states there. We
observe the signature of the familiar noble metal Fermi surface as well as a weak and broad signal
stemming from the electronic surface state of Au(111) [161]. At higher binding energies, maxima
in the upper VB states of SL MoS2 are observed, both at the Γ̄ as well as at the K̄ points. These
features are also seen in the measured dispersion shown in Fig. 5.1(e). While the states near K̄
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are very distinct and sharp, those near Γ̄ and M̄ are rather broad (see Figs. 5.1(e)-(h)). This is
ascribed to the diﬀerent interaction with the substrate and the orbital character of the states.
The upper VB near K̄ falls into a projected band gap of the Au(111) electronic structure [97] and
can therefore not interact with the bulk states. Indeed, the presence of this gap is even visible
in the data of Fig. 5.1(e) as a reduction of background intensity between the Fermi energy and a
binding energy of ca. 2.2 eV around K̄. It is marked by a dashed line in Fig. 5.1(f). Moreover, the
upper VB near K̄ is derived from in-plane d- and p-orbitals [27, 162] and thus a weak adsorbatesubstrate interaction is expected. The upper VB states near Γ̄, on the other hand, fall within
the continuum of projected bulk states [97] and are derived from out-of-plane orbitals [27, 162].
For these states a relatively stronger adsorbate-substrate interaction can be expected and this
can explain the broadening of the band. Such an increased interaction is also supported by
a comparison of the measured dispersion and the density functional theory band structure for
freestanding SL MoS2 by Zhu et al. [27]. In Fig. 5.1(f), this calculation is superimposed on the
data and aligned at the VBM at K̄. In the calculation, the upper VB maxima at K̄ and Γ̄ are
found at nearly the same binding energy. This is also the case for calculations that include manybody eﬀects [59] and in ARPES results from exfoliated SL MoS2 [159]. Our data, in contrast,
show a distortion of the upper VB with the measured maximum at Γ̄ being 0.31 eV lower than
at K̄. It is worth noting that the dispersion for exfoliated SL MoS2 on SiO2 also deviates from
calculation but in a diﬀerent way: While the VB maxima at K̄ and Γ̄ are aligned, the total
width of this band is signiﬁcantly smaller than in the calculation. Here, on the other hand, the
bandwidth agrees very well with the calculation (see Fig. 5.1(f)). The observed distortion of
the upper valence band near Γ̄ has only a small eﬀect on the eﬀective mass. A ﬁt to a holelike
parabola (see Figs. 5.1(g)-(h)) gives an eﬀective hole mass of 2.7(0.1) times the free electron mass
m0 , in agreement with the calculation for SL MoS2 (2.8 m0 ) [163] and the result for exfoliated
SL MoS2 (2.4(0.3) m0 ) [159], but much higher than the bulk value (0.62 m0 ) [163].
Another expected consequence of the SL MoS2 - substrate interaction would be a manifestation of
the pronounced moiré in the electronic structure. A similar moiré has pronounced consequences
for the electronic structure of epitaxial graphene, leading to the presence of replica bands and
minigaps in the Dirac cone [164, 165]. Here, such replicas would be expected at a distance of ca.
0.17 Å from the main features. We should easily be able to resolve such features, especially for
the sharp bands near K̄, but we ﬁnd them absent from the data, suggesting that the electronic
structure of SL MoS2 is hardly aﬀected by the moiré. We ascribe the diﬀerence to graphene
to the diﬀerent character of the states near K̄: In graphene, the buckling of the layer directly
aﬀects the local interaction of the out-of-plane π orbitals with the substrate. In MoS2 , on the
other hand, the bands have a mix of Mo dx2 −y2 , dx y, and S px , py character and are thus totally
in-plane. Their local interaction with the substrate can be expected to be less aﬀected by the
buckling. Note that this argument does not hold for the upper VB near Γ̄ where the states have
out-of-plane character. While replicas of this band due to the moiré are not observed, we cannot
exclude that they contribute to the large width of this band.
Apart from Γ̄, the dispersion of the bands around M̄ is the second point of disagreement between
the measured dispersion and the calculation for the free-standing layer. In the calculation, the
spin-splitting of the bands reduces to zero at M̄ . This is expected at M̄ (and at Γ̄) due to
the combination of time-reversal and crystal symmetry. M̄ is a so-called time-reversal invariant
momentum in the 2D BZ [166], meaning that two M̄ points can be connected both by an inversion
of the k-direction and by a reciprocal lattice vector. The combination of these symmetries
enforces a spin-degeneracy in the 2D electronic states. This degeneracy is observed at Γ̄ but the
situation is somewhat unclear at M̄ . We shall return to these two points of disagreement when
we discuss the calculations for SL MoS2 adsorbed on Au(111).

5.1 SL MoS2 on Au(111)

71

(a)

(e)

0

M

K

K

M

Ebin = 0.0 eV
Ebin (eV)

Au S

(b)

1

2
K

K
K

Ebin = 1.4 eV

K

(f)

K

0

gap

Ebin (eV)

gap

K

K

(c)
Ebin = 1.6 eV

1
0.31 eV

2

(g)
-1

Ebin (eV)

1Å

1.5

Ebin = 2.0 eV

(h)
m = (2.7 + 0.1) m0

2.0

2.5

-0.5

0.0
0.5
kx (Å-1)

Intensity (arb. units)

(d)

kx (Å-1)
0.6

0.0

-0.6

2.1 1.7
Ebin (eV)

Figure 5.1: Electronic structure of epitaxial SL MoS2 : (a)–(d) Constant energy slices through the ﬁrst
Brillouin zone, showing (a) the Fermi contour dominated by Au bulk states and the surface state (Au
S) and (b)–(d) evolution of MoS2 valence band features around K̄, K̄  , and Γ̄ points. (e) Valence band
dispersion along the high-symmetry directions. (f) The same data as in (e) but with the theoretical
dispersion for a free-standing layer (solid red lines) [27] and projected band gap edges of the (111)
surface of Au (dashed lines) [97] superimposed. (g) Close-up of the MoS2 upper valence band dispersion
around Γ̄. The red line is the peak position extracted from energy distribution curves shown in (h). The
curvature of the parabolic band provides the stated eﬀective mass m in units of the free electron mass
m0 . The two-dimensional high-symmetry points in this ﬁgure refer to the SL MoS2 structure.

72

Electronic structure of single-layered transition metal dichalcogenides

(b)

(a)
A

K

(c)

A т

K

M

0.0

Ebi n =1.4 eV

Ebin (eV)

0.5

1.0

Ebi n =1.5 eV

1.5

2.0

Ebi n =1.6 eV
-0.3

0.0
0.3
ky (Å-1)

(d)

ky (Å-1)

Intensity (arb. units)

111

-0.2

1.0

(e)

kx (Å-1)

118

1.1

130

-0.1

145

0.0

M

K

1.3
1.6
kx (Å-1)

133

130

145

Ebi n =1.7 eV
A
K

1.2

1.3

A

Ebi n =1.8 eV

0.1
133

111
128

0.2

1.8

1.6 1.4
Ebin (eV)

1.2

1.8

1.6 1.4
Ebin (eV)

1.4

1.5

0.2 Å -1

1.2

Figure 5.2: Detailed dispersion around valence band maximum at K̄ (K̄  ) and analysis of spin-orbit
interaction. (a)–(b) Cuts along directions deﬁned in the constant energy contours in (c). The points
Ā and Ā are along the line perpendicular to the Γ̄-K̄ direction passing through K̄. (d)–(e) EDCs at
the given momentum values. The peaks are ﬁtted by a double Lorentzian function, and the diﬀerence
between peak positions is taken as the splitting of the bands, which is stated in meV below the curves.

A remarkable eﬀect is the strong spin-orbit splitting of the upper VB near K̄, shown in greater detail in Fig. 5.2. Note that the splitting in SL MoS2 is a genuine lifting of the spin-degeneracy and
diﬀerent from the splitting in the inversion-symmetric bulk material, where it is a combination of
layer interaction and spin-orbit coupling and does not remove the spin degeneracy [59]. An equivalent splitting has been observed in ARPES from SL MoSe2 grown on epitaxial graphene [143]
but it has so far remained unresolved for exfoliated SL MoS2 [159]. The size of the splitting
can be determined from a ﬁt of the EDCs obtained from the data in Figs. 5.2(a),(b) and shown
in Figs. 5.2(d),(e). The strongest splitting at K̄ is found to be 145(4) meV. This is somewhat
bigger than the value of ca. 100 meV obtained by triply resonant Raman scattering[167] and, as
expected, smaller than the ARPES result for SL MoSe2 of 180 meV. It is in excellent agreement
with the theoretical prediction of 148 meV from density functional theory [27] and 146 meV
from GW calculations [59]. The anisotropy of the splitting away from K̄ that gives rise to a
triangular warping of the constant energy contours in Fig. 5.2(c) also agrees with the theoretical
prediction [27]. SL MoS2 is expected to be a semiconductor with a direct band gap at K̄, in
contrast to the bulk that has an indirect band gap [26, 28, 124].
Access to the CBM of the SL MoS2 in ARPES is possible by doping with potassium. This is
illustrated in Fig. 5.3, which shows a series of scans along the M̄ -K̄-Γ̄ and Ā-K̄-Ā’ directions
of the SBZ for the clean surface and increasing exposures to potassium. Overall, the expected
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strong electron doping is indeed observed: For a small potassium dose, all bands are shifted
to higher binding energies and a weak photoemission intensity due to the conduction band
minimum at K̄ becomes observable (Figs. 5.3(b),(e)). As the doping is increased, the CBM
becomes populated, demonstrating the direct band gap of the material, as the VBM is also
at K̄ (Figs. 5.3(c),(f)). The CBM is found to be rather broad, in contrast to the VBM at
K̄, consistent with the out-of-plane character of these states [27, 162]. We determine the gap
energy to be 1.39(0.05) eV, substantially smaller than the value of 2.8 eV predicted from GW
calculations which account for electronic correlations [168]. We attribute the observed band gap
reduction to both intrinsic (metallic substrate) and extrinsic (doping) reasons. Typically, the
band gap is not strongly dependent on the doping, but for low-dimensional materials stronglyenhanced electron correlations can lead to giant band gap renormalizations [169]. Additional
electrons can induce lattice dilation and screen the electron-electron interaction, reducing the
band gap substantially in a highly non-linear manner [170]. This issue can be partially overcome
by using time-resolved ARPES technique, which utilize the optical pumping of electrons into
the conduction band and subsequent emission by a second photon, or by STS technique. The
studies using those methods indeed report the band gap of SL MoS2 /Au(111) to be signiﬁcantly
larger: 1.95(0.05) eV in case of time-resolved ARPES eV [171], and 1.74(0.27) eV for STS [172],
but still smaller than the theoretical value. We expect that eﬀect of the metallic support leads to
further band gap reduction in terms of intrinsic doping and enhanced screening. This eﬀect has
been studied theoretically by placing SL MoS2 onto (insulating) BN and (conductive) graphene
and this change leads to a band gap reduction of ca. 0.5 eV. Experimentally, the eﬀect has been
probed with STS for SL MoSe2 that was grown on both bilayer graphene and bulk graphite [144].
In this case, the eﬀect is not as drastic because both substrates are conductive, but it still leads
to a band-gap reduction of ca. 0.24 eV for the more conductive bulk graphite. It should be noted
that comparison of the electronic band gap obtained using ARPES or STS to the optical band
gap obtained using photoluminescence experiments [28] might be misleading. In simple terms,
the optical band gap corresponds to the energy required to create an exciton while the electronic
band gap also requires the breaking of the exciton and is thus higher due to the exciton binding
energy. In case of bulk MoS2 , the diﬀerence is not signiﬁcant as the exciton binding energy is
ca. 50 meV [173], but for a SL this can be as large as 570 meV [174] due to increased electron
correlations in 2D.
Upon closer inspection of Figs. 5.3, it becomes clear that potassium adsorption does not give
rise to a simple rigid shift of the valence band to higher binding energies: While the VBM at
K̄ shifts by 1.39 eV - 1.56 eV=-0.17 eV from the clean sample to the highly potassium-dosed
situation, the maximum at Γ̄ shifts by 1.70 eV - 2.03 eV=-0.33 eV, such that the upper VB is
severely distorted upon doping. These shifts, together with the observed distortion of the upper
VB in the undoped case and the reduced band gap, can all be accounted for by the orbital
character of the states involved: Both the upper VB at Γ̄ as well as the CB minimum at K̄
are predominantly of out-of plane d3z 2 −r2 character [27, 162] and these states are found to shift
to higher binding energy upon either interaction with the substrate or exposure to adsorbed
alkali atoms. It is this shift that already deforms the upper valence band near Γ̄ for the pristine
SL MoS2 on Au(111) and this deformation is merely enhanced upon potassium adsorption. A
signiﬁcantly distorted upper valence band was also found for transferred SL MoS2 on oxidized
Si [159]. In that case, the distortion is quite diﬀerent in that it leads to a narrowing of the entire
band with the energies at Γ̄ and K̄ almost at the same energy. This distortion was also ascribed
to the MoS2 -substrate interaction.
The strong dependence of the band maximum at Γ̄ on the substrate can be understood in the
following simple picture: the transition from an indirect to a direct band gap in MoS2 upon the
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Figure 5.3: Tuning of the band structure by potassium adsorption. (a),(d) Clean sample, (b),(e) ﬁrst
dose, and (c), (f) second dose. The scan directions for the cuts in (a)–(c) and (d)–(f) are given in the
insets of (a) and (d), respectively. The points Ā and Ā are deﬁned in the caption of Fig. 5.2. The
energies are given in eV.

reduction to a SL has been ascribed to a quantum conﬁnement eﬀect [26, 28]. An inspection of
the band structure for a diﬀerent number of layers shows that the conﬁnement-induced energy
changes are strongest for the upper valence band maximum at Γ̄ [26]. In fact, the conﬁnement
has a much stronger eﬀect on these states than on the conduction band minimum near K̄, despite
the similar orbital character. The energy of such quantum-conﬁned states does not only depend
on the thickness of the ﬁlm but also on the wave function’s phase shift at the boundaries, i.e.,
at the MoS2 -substrate and MoS2 -vacuum interfaces [175]. This explains the sensitivity of the
VBM at Γ̄ on the character of the substrate and also on the modiﬁcation of the vacuum interface
upon doping.

5.1.2

DFT calculations

The obtained results underline the inﬂuence of substrate interactions on the electronic structure
of 2D materials. In order to further validate generic arguments based on the origin of orbitals
forming the band structure we study the results of the DFT calculations, which model SL MoS2
adsorbed on Au(111). Those calculations were performed by the group of Prof. Bjørk Hammer
(Aarhus University).
Electronic structure calculations were carried out using the VASP code [176–178]. The valence
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electrons were described with plane-wave basis sets with a kinetic energy threshold of 415 eV,
and the interaction between the valence and frozen core-electrons was accounted for by means
of the projector-augmented-wave (PAW) method of Blöchl [179]. The PBE approximation to
the exchange-correlation functional was used [180]. Further details of the following calculations
can be found in Ref. [172].
The lattice mismatch between the Au substrate and the MoS2 epilayer pose a severe problem
for the calculations. The realistic (10×10) MoS2 superstructure on a (9×9) supercell of Au(111)
is computationally unfeasible, so the problem needs to be somehow simpliﬁed. We propose two
models presented in Fig.√5.4: (1×1)
structure with Au lattice expanded by 9% to match MoS2
√
(mathed model), and ( 13 × 13)R13.9◦ MoS2 supported on (4×4) Au lattice (mismatched
model) suggested originally by Farmanbar et al. [152]. Although signiﬁcant expansion of Au
lattice results in artiﬁcial destabilization of the Au surface and to shifts of Au surface and bulk
bands to higher energies, it is a useful tool to directly study the MoS2 -Au interaction and its eﬀect
on the band structure of the SL MoS2 . On the other hand, mismatched model only requires a
0.15% contraction of the Au lattice in order to avoid the artiﬁcial distortion of the work function
of the Au surface. In this model, a slightly smaller unit cell, than the experimentally observed
supercell shares most of the structural features observed in experiments, including the diﬀerent
S-Au contact regions, i.e., on-top, hcp, and fcc, within the unit cell.
In case of matched model, the bottom S atoms can be placed in the fcc, hcp or on-top site
(Fig. 5.4(a)). A structural optimization of the matched models results in the on-top position
model being the most stable one by 199 and 215 meV per unit cell, compared to the hcp and
fcc models, respectively. This higher stability is accompanied by a smaller optimized distance
r between the lower S layer and the outermost Au layer (Fig. 5.4(c)) for the on-top structure
(2.51 Å), as for the fcc and hcp structures (3.20 and 3.03 Å, respectively). Interestingly, such
height diﬀerences are in close to quantitative agreement with those measured in experimental
STM images of SL MoS2 on Au(111) [181]. However, the intuitive assignment made in Ref. [181]
of the diﬀerent areas within the moiré pattern, where topographically higher regions are assigned
to on-top bonding modes, may be called into question in view of the present results, where the
on-top conﬁguration leads to the smallest r of the matched models. For the mismatched model,
the optimized r is 3.29 Å, which is larger than for the matched models, probably as a result of
S atoms being, on average, in less favorable positions.
The calculated band structure for the free-standing MoS2 layer (Fig. 5.5, ﬁrst panel) is in excellent agreement with previous results using the same exchange-correlation functional [27], and
the resulting band gap (1.58 eV) is also very similar. This value signiﬁcantly underestimates the
electronic gap of 2.8 eV determined by more sophisticated quasiparticle GW calculations [168].
Nevertheless, studying the MoS2 /Au(111) with standard DFT methods provides valuable insight
into the eﬀect of the substrate on the band structure despite the gap underestimation.
Figure 5.5 presents the results of the calculations performed for the matched model (on-top).
Adsorption of the MoS2 layer on Au(111) leads to pronounced changes in its band structure
(Fig. 5.5, second panel) but, surprisingly, the fundamental gap near K̄ (1.58 eV) is only 0.02 eV
lower than for the free-standing layer. Moreover, the bands forming the VBM and CBM of
the layer remain well-deﬁned, something that is ascribed to their greater contribution from Mo
orbitals (which do not directly bond to the Au substrate), to the in-plane nature of such states
for the VBM and, most importantly, to their position in a projected gap of the Au(111) band
structure. The binding energies of the occupied bands for the matched model are generally in
good agreement with the experimental values from ARPES, and the position in the projected
band gap is consistent with the VBM states being very sharp in ARPES. However, the exact
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Figure 5.4: Models used for the DFT calculations. (a) Top views of the matched model consisting of
a (1×1) unit cell of MoS2 on a (1×1) cell of Au(111). The diﬀerent positions considered of the bottom
S atoms with respect to the underlying
√ Au√lattice (on-top, hcp, and fcc) are shown. (b) Top view of the
mismatched model consisting of a ( 13 × 13)R13.9◦ cell of MoS2 on a (4×4) cell of Au(111). (c) Side
view of the MoS2 /Au(111) interface indicating the relevant distance r between the lower S layer and the
outermost surface layer of Au(111). Turquoise, yellow, and brown spheres indicate the position of Mo,
S, and Au atoms, respectively.
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energy of the bands for the matched model is aﬀected by the artiﬁcial strain induced in the
Au(111) slab, as described above, and should thus not be directly compared to the ARPES
values. The unchanged size of the band gap with respect to the free-standing SL MoS2 , on the
other hand, is a common feature of all models, and the same was found for other mismatched
models with compressed Au(111) surfaces when studied with similar levels of theory [153,
182].
In contrast to the situation around the fundamental gap, the upper valence band near Γ̄ is
strongly aﬀected by the adsorption on Au(111). The band is still well-deﬁned as it enters the
bulk continuum and its spin-splitting is lost. However, very close to Γ̄ it strongly merges with
the bulk bands. The band maximum at Γ̄ is very diﬀuse but signiﬁcantly lower (by ca. 0.4 eV)
than at the K̄ point. These observations are in excellent agreement with the experiment where
a similar energy shift and a strong broadening, indicative of MoS2 -substrate interaction, is
observed. In fact, this band structure change is consistent with the simple expectation that the
adsorbate-substrate interaction should mainly aﬀect the boundary condition for the quantization
of the out-of-plane states in the SL. Note that the MoS2 character is retained for higher energy
states near Γ̄.
The band structure can be further explored by decomposing the states of the SL MoS2 /Au(111)
model into the contribution from the Mo atoms and from the lower (in contact with Au) and
upper (in contact with the vacuum) layer of S atoms. Figure 5.5 shows such weighted band
structures, separated into out-of-plane orbitals and in-plane orbitals. The VBM of the MoS2
layer is mostly formed from in-plane Mo 4d states at the K̄ point [27, 162] which, together with
their position in the projected band gap, explains why it remains relatively unaﬀected by the
interaction with the Au(111) surface. The CBM at the K̄ point, on the other hand, is formed
by out-of-plane Mo 4d states, which are expected to be distorted by out-of plane interactions.
Nevertheless, the size of the fundamental gap at K̄ calculated here is unaﬀected by the interaction
with the metallic substrate. This is attributed to the calculation approach which only partially
accounts for electronic correlations and neglects long-range exchange. In contrast, more advanced
GW calculations account for long-range Coulomb interaction and are able to predict subtle
screening eﬀects. Indeed, for SL MoSe2 (which has a very similar electronic structure to MoS2 )
a small direct gap reduction is calculated upon interaction with a support [144], and lower K̄- K̄
gaps are predicted when increasing the number of layers or decreasing the interlayer distance in
MoS2 [126]. Similar screening eﬀects are expected to be generally present for 2D materials on a
substrate. For example, a reduction of the electron-phonon coupling of graphene on Ir(111) was
attributed to the screening of the electronic correlations by the metallic substrate [183].
In contrast to the situation at K̄, the VBM at Γ̄ contains signiﬁcant contributions from the
sulfur 3pz states (as well as some contribution for out-of-plane Mo 4dz 2 and 4dyz orbitals) and
here we observe a strong asymmetry for the top and bottom sulfur atoms. While the top-atoms
still participate in the formation of the upper valence-band states at Γ̄, the contribution of the
3pz orbitals of the bottom sulfur atoms is completely hybridized and merged with the Au(111)
states. As one might have expected, this is an indication of a Au-S bond formation in the system.
Here, we note again that the artiﬁcial expansion of the Au(111) unit cell leads to a signiﬁcant
shift of Au surface state to higher energies. Instead of crossing the Fermi level, the Au surface
state is found 3–4 eV above it. Furthermore, for this matched model, every lower layer S atom
is in an ideal on-top position and Au sp states and S pz states overlap very eﬃciently, strongly
hybridizing and forming S-Au chemical bonds. As a result, and despite of the energy diﬀerence,
hybridization of the pz orbital of the lower S atom with Au can be clearly seen in the last panel
of Fig. 5.5, where the greatest contributions from S 3pz orbitals appear at Au bands with strong
sp character, i.e., the surface states of Au and other bands with strong contributions from Au s

78

Electronic structure of single-layered transition metal dichalcogenides

Freestanding

MoS2/Au(111)

Mo dx2+dxy

Mo dyz+dz2

upper S s+px+py

upper S pz

lower S s+px+py

lower S pz

-4

Ebin (eV)

-2
0
2
4
6
8
M

Ƚ

K M

Ƚ

K M

Ƚ

K M

Ƚ

K M

Ƚ

K M

Ƚ

K M

Ƚ

K M

Ƚ

K M

Figure 5.5: Calculated band structures for free-standing SL MoS2 and SL MoS2 on Au(111) (matched
model). The size of the green circles in the second panel indicate the weight for each state from MoS2
orbitals. For the rest of panels, the blue (red) circles indicate the weight from in-plane (out-of-plane)
orbitals for the Mo atom and for the sulfur atoms on the MoS2 -vacuum (upper S) and MoS2 -Au(111)
interfaces (lower S). The weight for the S orbitals have been multiplied by two in order to visualize their
contributions more clearly.

orbitals found at very low energies (8 eV).
The interaction with the bulk state continuum can explain the failure to observe the expected
spin-degenerate upper valence band at M̄ . As can be seen in Fig. 5.5(second panel), the upper
valence band mixes so strongly with the Au states that it does not exist as a well-deﬁned state
at M̄ .
In case of mismatched model, the band structure of a large supercell needs to unfolded into its
smaller BZ in order to recover the primitive cell picture of the band structure of Au-supported
MoS2 . This is done by calculating the so-called eﬀective band structure (EBS) for this system.
To help diﬀerentiate between MoS2 and Au bands, Fig. 5.6(a) shows the band structure for the
Au(111) slab (without the MoS2 layer) unfolded on the primitive cell of MoS2 . The intensity
in the EBS plots for an energy interval dE and a k-vector of the primitive cell depends on the
number of states of the supercell that have the same character as the primitive cell k-vector in
that energy interval, i.e. that are related by the unfolding operator [184, 185].
Unfolding the band structure of the Au(111) supercell on the primitive cell of MoS2 results in an
EBS with several bands, which shows that despite the mismatch, there are states of the Au(111)
slab that have a similar character as the primitive cell of MoS2 . In particular, the d-band
continuum of Au appears diﬀuse below ca. 2.0 eV and several bands cross the Fermi level, some
of which have minima at Γ̄. Two of these bands- probably the ones with the minimum closest to
the Fermi level- correspond to the surface states of Au(111). For ﬁnite slab models such as the
ones used here, there are two surface states (one for each side of the slab). Furthermore, since
these two states have the same character and symmetry and unless the slab is suﬃciently thick
(>20 atomic layers), these interact and give rise to two nondegenerate states [186]. This eﬀect
is larger for thinner slabs such as the four Au layer one used in the matched model, and this is
reﬂected in the band structure shown in Fig. 5.6(a), where two Au bands separated by ca. 1 eV
and with minima at Γ̄ are present. The energy of the surface state of Au(111) is thus not wellreproduced due to such nondegeneracy and, although using a much thicker Au(111) slab model
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would correctly reproduce the surface state, such calculations would be too computationally
demanding. In addition, it should be noted again that the unfolding is done on the unit cell of
MoS2 and this means that the unfolded band structure does not exactly correspond to that of
the Au(111) primitive cell.
The EBS for the MoS2 /Au(111) mismatched model in Fig. 5.6(b) shares most of the VBM
features of the band structure of the on-top matched model. The characteristic spin-split (by
151 meV) bands at K̄ are clearly visible, and the band gap at K̄ from the EBS is 1.61 eV,
which is very similar to those calculated for the free-standing SL (1.60 eV) or for the on-top
matched MoS2 /Au(111) model (1.58 eV). MoS2 bands merge with the Au d-band, and become
more diﬀuse closer to Γ̄, where they are nearly extinguished. In addition, the same states found
crossing the Fermi level in the EBS of the bare Au(111) can also be recognized in the presence
of the MoS2 layer, but shifted towards higher energies. This is not surprising given the n-doping
of the MoS2 layer, which leads to a concomitant p-doping of Au. Interestingly, in contrast to
the matched on-top model, MoS2 bands hybridize with states forming the Au d-band continuum
rather than with Au surface states, which is due to the smaller overlap between Au sp and S pz
orbitals. Furthermore, the interaction of MoS2 band with one of the Au bands not only shifts
the latter towards higher energies but also leads to avoided crossings between these bands near Γ̄
as sketched in Fig. 5.6(c). The mixing of MoS2 with Au states also destroys the local maximum
of vallence band at Γ̄ and instead two local maxima in the vicinity of Γ̄ are found. This is
consistent with the ARPES spectra, where the VBM is hardly discernible at Γ̄. It is therefore
clear that the choice of model aﬀects the role of the Au surface states upon hybridization with
MoS2 states, although it does not aﬀect the fundamental band gap at K̄ or the distorted shape
of the MoS2 valence band at Γ̄.

5.2

MoS2 -graphene heterostructure

The results of the previous section clearly show that the Au substrate inﬂuences the electronic
structure of SL MoS2 to a large extent, in particular around Γ̄. It is, therefore, beneﬁcial to
study the dispersion of MoS2 adsorbed on a more inert substrate. Graphene grown on SiC is a
suitable substrate for that purpose due to a weak van der Waals interaction with MoS2 . Further,
it is a substrate readily compatible with ARPES technique as it does not charge. Nevertheless,
a week interaction is problematic for the growth of a single rotational domain. In fact, we
ﬁnd a dominant orientation MoS2 lattice being rotated by 30◦ in respect to graphene, but with
a signiﬁcant contribution of other orientations. This is aﬀecting the measured dispersion at
K̄, making the spin-splitting unresolved, but not so much the isotropic dispersion around Γ̄.
Furthermore, σ-band of graphene is found for binding energy higher than 3.5 eV [187], which
ensures no band everlap with the MoS2 VB edge at Γ̄. This system is also suitable for studying
the electronic properties for multiple-layer MoS2 , as the inter-layer coupling is predicted to
change the valence band at Γ̄ signiﬁcantly, while having a minimal eﬀect on the dispersion
around K̄ [59, 188]. Data presented in this section provides complementary information to the
results obtained in Sect. 5.1.
The samples of MoS2 on graphene/SiC were synthesized in a dedicated growth chamber maintained by the group of Prof. Jeppe Lauritsen (Aarhus University). After growth, the samples
were transported to the SGM3 endstation and mildly annealed up to ca. 200◦ C. ARPES data
were collected at 70 K with an energy and angular resolution better than 25 meV and 0.2◦ ,
respectively. The photon energy range employed for studies of the dispersion and intensity
variation of the electronic states at Γ̄ was 18 to 70 eV.

80

Electronic structure of single-layered transition metal dichalcogenides

Au(111)

MoS2/Au(111)

(b)

-4

-4

-2

-2

Ebin (eV)

Ebin (eV)

(a)

0

0

2

2

4

4
M

K

K

M

M

K

K

M

(c) band hybridization

Au(sp)
Au(d)
MoS2
K

K

Figure 5.6: Unfolded band structures for (a) a bare (4×4) Au(111) surface and (b) the mismatched
model of MoS2 /Au(111), as described in the text. The hybridization of MoS2 states with d-band continuum states of Au is illustrated in (c) for clarity.

5.2 MoS2 -graphene heterostructure

(a)

(b)
0

Ebin (eV)

81

M K

K

K

K

M

M

K

ML

ML

2

K

K
K

4

M

Ebin (eV)

(c)

.·

0

K

K M

K

M

K M

K

(d)

BL

BL

2

K

K
K

4

M
-1.3

0.0
k|| (Å-1)

K

K M

M

K
1.3

-1.1

0.0
k|| (Å-1)

K M

K
1.1

Figure 5.7: Electronic structure measured by ARPES at the photon energy of 70 eV for (a)-(b) SL MoS2
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electronic bands for the free-standing SL MoS2 , after [27].
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The valence bands of the SL and BL MoS2 graphene heterostructures are measured by means
of ARPES using 70 eV photons, as shown in Fig. 5.7. We directly measure the dominant
orientation of the hexagonal SBZ of MoS2 rotated by 30◦ with respect to the graphene SBZ
(see insets in Fig. 5.7). A cut along the K̄-Γ̄-K̄  direction of MoS2 is presented in Fig. 5.7(a).
Immediately striking are the intense VB maxima around Γ̄ and K̄ and the overall remarkable
agreement between the experimental dispersion and the calculated band structure for the freestanding MoS2 (red lines) [27]. Our measurements completely reproduce the prediction of the
global VBM at K̄ being displaced 0.1 eV higher than the local VBM at Γ̄. We are not able to
resolve the spin split bands at K̄, which we attribute to the aforementioned diﬀerent rotational
domains of MoS2 . We do not observe any apparent signatures in the electronic structure from
the MoS2 on buﬀer layer regions, which is expected because MoS2 /G/SiC areas dominate in
our samples, as seen in STM. The clear dispersion of the Dirac states around the K̄ points
of graphene in Figs. 5.7(b),(d) ensures that there is SL graphene under MoS2 , as the buﬀer
layer does not exhibit the linear Dirac bands [137]. In the M̄ -Γ̄-M̄ direction of MoS2 shown
in Figs. 5.7(b),(d) we ﬁnd a similarly good agreement with the theoretical dispersion. It is
noticeable that the bands are extinguished at increasingly negative k but enhanced toward
increasingly positive k . This asymmetric behavior of the photoemission intensity between the
lower and upper halves of the BZ is purely an eﬀect of the angular dependence of the MoS2
photoemission matrix elements. These inﬂuence the measured intensity due to the varying
angle of incidence between the incoming electric ﬁeld and the Mo 4d and S 3p orbitals that
make up the VB states [189].
The overall intensity of the features in the BL sample shown in Fig. 5.7(c)-(d) appears higher
than that for the SL sample, which can be understood basically from the higher coverage. The
main diﬀerence in the dispersion for the BL MoS2 sample is the shift of the VB global maximum
to Γ̄, which is caused by the appearance of an additional band. Indeed, the splitting of the bands
at Γ̄ is a direct consequence of the inter-layer coupling. For a similar MoSe2 , DFT calculations
predict formations of n bands at Γ̄ for n-layer system, merging eventually into a continuum for
the bulk. [143].
In contrast to micro-ARPES measurements of exfoliated MoS2 ﬂakes on a thin SiO2 substrate,
we do not observe a substrate-induced compression of the overall VB bandwidth [159]. The
band structure at Γ̄ does not seems to be strongly modiﬁed, contrary to the observations for
MoS2 /Au(111). The lack of such substrate-induced eﬀects on the graphene/SiC template applied
here shows that the Mo 4d and S 3p atomic orbitals are much less aﬀected by the underlying
electron system of graphene. This is further substantiated by the lack of hybridization between
the Dirac states of graphene and the MoS2 VBs in Figs. 5.7(a),(d). Nevertheless, in case of
CVD-grown ﬂakes transfered onto a graphene/SiC substrate some small eﬀects on the graphene
dispersion were observed [190]. These consist of mini-gaps on the π-band for binding energies
of ca. 5 eV, exclusively for the case of speciﬁc rotation (6◦ ) between the lattices. This eﬀect
is accounted to the formation of a distinct moiré pattern, which can lead to openings of minigaps. [164]. We do not observe any indications of this behavior; probably due to a small size of
crystallites exhibiting multiple rotations between the lattices.
The actual 2D character of the electronic states is essential for the vast majority of the electronic
properties of SL MoS2 [191], which has prompted us to study these states in further detail by
following their dispersion with photon energy, as shown in Fig. 5.8. We focus on the states
around Γ̄, because these exhibit the most dramatic change of shape between SL and BL samples. Constant momentum cuts taken in the BZ center show three bands of constant intensity
throughout low (18-30 eV) and high photon energy (45-70 eV) ranges for SL MoS2 in Fig. 5.8(b).
The local VB maximum is located at a binding energy of 1.9 eV. In the BL case, the additional
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fourth band has its maximum at a binding energy of 1.3 eV, as seen in Fig. 5.8(c). The complete
lack of dispersion with the photon energy of all the bands in the measured binding energy range
indicates that these electronic states belong to the MoS2 and that these states can indeed be
considered genuinely two-dimensional in our heterostructure samples. Strong oscillations in the
relative intensities of the bands are detected with pronounced maxima in intensity of the main
VB at a binding energy of 1.9 eV for photon energies of 25, 50, and 70 eV. This behavior is analogous to the layer-dependent band structure changes observed for multilayer graphene, where the
intensity resonances for the bulk case emerge as the number of layers is increased [192]. Here,
this bulk character of the bands is already becoming evident with the addition of the second
MoS2 layer.
The diﬀerences in appearance of all the studied VBs at speciﬁc photon energies are illustrated
for SL MoS2 in Fig. 5.8(a) and BL MoS2 in Fig. 5.8(d). The cuts have been taken in a direction
of the BZ around Γ̄, where the intensity is symmetric. In the lower photon energy range in
Fig. 5.8(a),(d), these cuts show the bands at higher binding energies with stronger intensities
than in the cuts extracted from the higher photon energy range or in Fig. 5.7. We note that
in the SL case these bands are again perfectly consistent with the calculation for free-standing
SL MoS2 [27], while in the BL case, subtle diﬀerences in the dispersion can be seen. The BL
character around Γ̄ is unmistakable at a photon energy of 62 eV, where the two topmost bands are
equally intense. We notice that at photon energies of 19 and 50 eV the topmost BL band is much
harder to detect. This deceiving behavior of the photoemission intensity with the photon energy
is essential to take into account when characterizing the layer-dependent electronic structure of
MoS2 . Here, we have provided a scheme to clearly distinguish the electronic structures of SL
and BL MoS2 on graphene.

5.3
5.3.1

SL WS2
Semiconducting SL WS2 on Au(111)

The interest in studying 2D TMDCs is largely stemming from the signiﬁcant spin-splitting of the
band structure. Therefore, it is important to investigate the eﬀect of the spin-orbit coupling on
the dispersion of those materials. We follow this direction by comparing the electronic structure
of SL WS2 synthesized on Au(111) against a similar MoS2 /Au(111) system. Such an approach,
enables us to largely isolate the inﬂuence of spin-orbit interaction, as both of those materials
share similar structural and electronic properties: both of those materials crystallize in virtually
the same structure (lattice constant diﬀerence <0.2%) [146, 193] and band structure calculations
carried without SOC yield almost the same results [27]. However the strength of SOC diﬀers
substantially and needs to be taken into account. Interestingly, only after inclusion of SOC the
valence band maximum is found at K̄ for both SL MoS2 and WS2 [27]. This, in turn, results in
a direct band gap observed for both of those materials.
Before proceeding with ARPES results, it is worth mentioning previous studies of SL WS2 .
The ﬁrst ARPES characterization of SL WS2 grown on graphite was shown by Klein et al. in
2001 [194]. Although the VBM is found at K̄ and spin-splitting of the bands is clearly visible
in the presented data, authors’ interpretation of the results is disputable. Lead by calculations
neglecting SOC [194], authors attributed obtained results to the artiﬁcial strain originating
from the substrate interaction. Such an interpretation may be called into question in a view of
presented data here.
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Figure 5.8: Photon-energy-dependent ARPES measurements, showing the dispersion and intensity
variation of the electronic states around Γ̄ for (a),(b) SL MoS2 and (c),(d) BL MoS2 . In (a),(d), snapshots
of the k-dependent dispersion around Γ̄ are given at selected photon energies for SL MoS2 and BL MoS2 ,
respectively. In (b),(c), the photon energy dependence of the photoemission intensity of the states at
Γ̄ is shown for SL MoS2 and BL MoS2 , respectively. Dashed white lines in (b),(c) mark nondispersive
states at the energies given to the right in electronvolts.
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The samples for ARPES measurements presented in this section were synthesized in situ, at the
SGM3 endstation. The coverage of SL WS2 was chosen to be well bellow a complete monolayer (ca. 0.7 ML) in order to ensure the lack of BL regions. ARPES measurements were
carried out at a temperature of ca. 110 K, with energy and angular resolutions better than
20 meV and 0.2◦ , respectively. Measurements were taken with photon energies in the range of
14–80 eV. The observed constant energy contours around the K̄ point were compared with DFT
calculations of electronic structure of free-standing SL WS2 performed by the group of Prof.
Bjørk Hammer (Aarhus University). Computational details of those calculations can be found
in Ref. [113].
We start the discussion on the electronic structure with an analysis of the obtained XPS data.
Figure 5.9 shows core-level spectra illustrating the local chemical changes accompanying the
adsorption of WS2 on Au(111). All spectra were analyzed by the subtraction of a Tougaardtype background [195] and subsequently ﬁtted by Lorentzian proﬁles [196]. Before the growth,
the Au 4f core-levels of the clean Au(111) crystal were measured as a reference (Fig. 5.9(a)). A
ﬁt reveals a bulk component and a surface-shifted component at lower binding energy, in good
agreement with the literature[196]. The growth of approximately 0.7 ML of WS2 was found to
aﬀect the Au 4f core-levels as shown in Fig. 5.9(b). The surface component intensity is largely
reduced and shifted towards the bulk component by 58(32) meV with respect to clean Au(111).
It is diﬃcult to analyze this spectral change in detail, as there are several factors contributing
to it. The ﬁrst is the actual suppression or shift of the surface core-level component due to the
interaction with the sulphur. The second is the remaining presence of clean Au(111) patches
that should give rise to a much weaker but largely un-shifted surface component.
The W 4f core-level spectrum consists of a spin-orbit split doublet with each peak showing
an intense high binding energy component and a weak low energy component. The observed
binding energies for the main components are E5/2 = 34.85(0.02) eV and E7/2 = 32.72(0.01) eV.
The spin-orbit splitting of the states is thus 2.13(0.02) eV. These values are consistent with
measurements on other WS2 systems [145, 197, 198]. However, there is a clear diﬀerence between
the spectra here and those previously reported for smaller nano-scale WS2 islands on Au(111)
[145], for which two almost equally strong components were found in each spin-orbit split peak of
the W 4f core-level. Those ﬁndings were interpreted in terms of core-level components from the
edges as well as from the basal plane of the WS2 nanoislands, consistent with ﬁndings for MoS2
nanoislands [199]. This interpretation is supported by our result of only one main component,
as the number of edge atoms with lower coordination is small for the high coverage realized here.
The weak low binding energy component observed in Fig. 5.9(c) might stem from edge atoms,
or from the presence of W atoms in lower oxidation states, probably due to not fully sulﬁdized
regions WS2−x [145, 197]. The presence of metallic W(0) or W(+II) is not observed.
ARPES results for the electronic structure of SL WS2 /Au(111) along diﬀerent high symmetry
directions of the Brillouin zone are shown in Fig. 5.10(a). Corresponding constant energy contours are presented in Fig. 5.10(b). Features attributed to Au(111), such as the surface state
[161], sp bulk bands and projected bulk gap edges [97], are marked in Fig. 5.10(a).
The uppermost valence band of SL WS2 is discernible for binding energies larger than 1.2 eV,
especially between Γ̄ and K̄ and towards M̄ . The band is signiﬁcantly sharper within the
projected bulk band gaps of Au around K̄ (outlined by dashed lines) than near Γ̄ and M̄ . Near
M̄ the WS2 states strongly hybridize with the gold continuum and cannot be discerned. At
Γ̄, the state is clearly visible as a broad maximum in the photoemission intensity at a binding
energy ≈ 0.51 eV higher than at K̄, consistent with the expected direct band gap at K̄. The
observation of a single valence band at Γ̄ with a higher binding energy than at K̄ also rules out
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along constant energy contours throughout the surface Brillouin zone at diﬀerent binding energies.

a signiﬁcant contribution from BL WS2 , as discussed in Section 5.2.
The overall observed dispersion of the band structure is in good agreement with calculations
for the free-standing SL WS2 (red dashed lines) [27], notably around K̄. Divergence from these
calculations in terms of a shift towards higher binding energy is seen near Γ̄, similar to what we
previously observed for SL MoS2 /Au(111), where we explained it in terms of an interaction with
the substrate. Here, analogical arguments based on the orbital character of the bands also hold:
the bands around Γ̄ are a mixture of out-of-plane W dz 2 and S pz orbitals, which can participate
in bond formations with the Au and as a result change the band dispersion [27]. In contrast
to this, the valence bands at the K̄ points are derived mainly from in-plane W dxy and dx2 −y2
orbitals. These are not only less likely to be aﬀected by the interaction with the substrate, but
they are also situated in a projected bulk band gap.
Perhaps the most interesting feature of the SL WS2 valence band structure is the large spinsplitting, especially at the K̄ points. In a simple picture, the size of the splitting strongly
depends on the atomic spin-orbit splitting and it is thus expected to be signiﬁcantly larger for
W- than for Mo-based TMDCs. We investigate the spin-splitting of SL WS2 near K̄ in more
detail using the data in Fig. 5.11, which shows a spin-splitting of the valence band extrema of
ΔEVB =419(11) meV (Fig. 5.11(b)). This does indeed greatly exceed the value observed for SL
MoS2 /Au(111) (ΔEVB =145(4) meV), and is in good agreement with theoretical predictions [27,
200] and with values measured for analogous exfoliated materials [201]. Among the semiconducting TMDCs, only SL WSe2 (ΔEVB =462 meV) is expected to exhibit a larger spin-splitting [27,
53], something that was conﬁrmed experimentally with ARPES measurements [202].
The complete mapping of the bands around K̄ not only permits a determination of the spin-
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Figure 5.11: (a)ARPES spectrum of SL WS2 on Au(111) along the Ā-K̄-Ā direction, as indicated
in the inset.(b) Energy distribution curve through the K̄ point (red dashed line in (a)) ﬁtted with two
Lorentzian proﬁles and quadratic background. (c) Constant energy contours close to the K̄ point with
superimposed results of DFT calculations for the free-standing SL WS2 (dashed lines). The qx and qy
coordinates have K̄ as origin. Green and blue lines refer to the upper and lower valence band, respectively.

splitting at the high symmetry point but also of the directional dependence of the band structure,
which has implications for the eﬀective mass tensor. To this end, Fig. 5.11(c)) shows a comparison of the constant energy contours (CECs) obtained with ARPES near K̄ and corresponding
DFT calculations for free-standing SL WS2 . The calculated band structure has been aligned
with the experimental data such that the top of the upper valence band is placed at the same
energy. The agreement is excellent, conﬁrming that the low energy dispersion around K̄ is not
signiﬁcantly aﬀected by the substrate. A closer look at the CECs reveals an anisotropy of the
valence band dispersion around K̄, visible as a trigonal warping (TW). This eﬀect is theoretically
predicted and in the simplest approximation can be described as a third order correction to the
parabolic energy dispersion [53]. In the k · p formalism, it is caused by the interaction terms
between the uppermost valence band with the lower lying valence bands [27, 54]. TW reﬂects
the underlying three-fold rotational symmetry of the crystal structure. It should be noted that
this eﬀect is connected to the general electronic structure rather than to the relativistic spinorbit coupling: thus, for example, it is also present for graphite and graphene where spin-orbit
coupling is negligible [203, 204].
Given the constraint that the spin-splitting has to vanish at Γ̄ and M̄ , the size of the splitting
at K̄ can be expected to indirectly aﬀect the band curvature of the valence band maximum and
thus the hole eﬀective mass of the material. This is investigated by determining the eﬀective
masses near K̄. For consistency with calculations [53] and to avoid the problem of a directional
dependence due to the TW, the eﬀective mass has been ﬁtted in a region very close to the K̄ point
(≈ 0.07 Å−1 ) along the Γ̄-K̄-M̄ direction. This procedure leads to hole eﬀective masses for VB1
and VB2 (deﬁned in Fig. 5.11(a)) as mVB1 = 0.40(02)me and mVB2 = 0.57(09)me , respectively.
The same ﬁtting procedure applied for SL MoS2 /Au(111) yields mVB1 = 0.55(03)me and mVB2 =
0.67(04)me . The eﬀective mass of the uppermost valence band is therefore indeed reduced,
consistent with the naive expectation (even though the most simple picture does not explain
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why mVB2 is also reduced). All these values are in good agreement with calculations [53].
Finally, an interesting diﬀerence between the data presented here and that discussed previously
for SL MoS2 /Au(111) is the very clear presence of the Au(111) surface state near Γ̄ seen in
Fig. 5.10. For SL MoS2 /Au(111), only a very faint signature of this state was observed. This
diﬀerence is ascribed to the slightly diﬀerent preparation procedure. In the present work, the
synthesis and all the analysis were performed in a single UHV system without ever exposing the
sample to air. In the previous work for SL MoS2 /Au(111), synthesis and ARPES were performed
in separate UHV systems, and the sample was transferred between them through air. After such
a transfer, atomically clean SL MoS2 can be recovered by a brief anneal, and the measured
electronic structure of the layer is not aﬀected. This, however, is not necessarily the case for
the remaining uncovered Au(111) terraces, where the surface state might remain quenched by
adsorbed contaminants — at least, this may be the case for the low annealing temperature of ca.
200◦ C. The observed surface state in Fig. 5.10 is thus likely to be located on the remaining clean
terraces and not under the SL WS2 . In fact, when preparing MoS2 on Au(111) and measuring
without an exposure of the sample to air, the surface state is also observable in ARPES.

5.3.2

Metallic SL WS2 on Ag(111)

Applications of 2D TMDCs in electronic devices requires ﬁnding an eﬃcient way of connecting
metallic electrodes in order to avoid a formation of the Schottky barrier. In fact, contact
resistance was identiﬁed as a dominating factor inﬂuencing the performance of TMDC-based
transistors [205]. One of the suggested solutions of decreasing Schottky barrier height was the
usage of a low work function metal contact [152]. However, our previous results showed that
interaction with a metallic substrate is far from trivial and can induce complicated changes in
the band structure of 2D TMDCs, which necessitates further research in this direction. In this
section we present ARPES measurements of SL WS2 synthesized on Ag(111). We compare the
obtained results to SL WS2 grown on Au(111), which has a signiﬁcantly higher work function
than Ag(111). Further, Ag and Au have nearly identical lattice constant which is important to
minimize the possibility of the strain-induced eﬀects. It is predicted that already 1% of strain
destroys the direct band gap in SL WS2 [155].
The samples for ARPES measurements presented in this section were synthesized in situ, at the
SGM3 endstation. The coverage of SL WS2 was chosen to be well bellow a complete monolayer
(ca. 0.7 ML). ARPES measurements were carried out at a temperature of ca. 100 K, with
energy and angular resolutions better than 20 meV and 0.2◦ , respectively. Measurements were
taken with the photon energy in the range of 25-140 eV.
Figure 5.12 presents an overview of the measured dispersion. High binding energy of Ag bulk
bands near M̄ enables us to follow unambiguously the whole uppermost valence band of SL
WS2 . The measured dispersion is in a reasonable agreement with calculations of free-standing SL
WS2 . Divergence from these calculations is seen near Γ̄, similar to what we previously observed
for SL WS2 /Au(111). We attribute this eﬀect to the substrate-induced orbital hybridization,
as discussed in Sect. 5.3.1. The observed dispersion is very similar to the SL WS2 /Au(111),
however exhibits some notable diﬀerences. The bands seems to be sharper for WS2 /Ag(111),
which we attribute to the higher quality of the epilayer grown on Ag(111). The spin-splitting
at K̄ (412(10) meV) is found somewhat smaller, but within the measurement uncertainty. The
state at Γ̄ is visible as a broad maximum at the binding energy ≈ 0.54 eV below than at K̄,
which is slightly larger than for the case of SL WS2 /Au(111). Overall, the WS2 VB edge is
found shifted towards higher binding energy by ca. 0.26 eV in respect to SL WS2 /Au(111). The
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with the photon energy of 70 eV.

origin of such a strong band realignment is not clear. It is predicted that even without a net
charge transfer between a metal substrate and an adsorbate, the surface charge repulsion eﬀect
can drive the charge redistribution within the two contacted materials [153].
An interesting diﬀerence between SL WS2 grown on Ag(111) and Au(111) is emergence of an
additional band crossing the Fermi level between Γ̄ and K̄ (Q̄ point). This is not seen very
clearly in Fig. 5.12 due to the high intensity of Ag d-bands at this photon energy. We study the
band structure further by using the photon energy of 25 eV, at which Ag bulk bands are observed
with much lower intensity. Figs. 5.13(a),(c) shows the ARPES data with a small electron pocket
around Q̄ clearly resolved. This band was not observed neither in the case of SL WS2 /Au(111)
(see Figs. 5.13(b),(d)), nor in the case of clean Ag(111) (data not presented here).
DFT calculations predict that with a small strain (1%) the CBM indeed shifts towards Q̄ [155].
However, we can exclude the strain larger than 0.7% based on the LEED data, as discussed in
Sect. 4.4. Furthermore, if the CBM was at Q̄ due to the strain, one would expect to observe also
the CB at K̄ close to the Fermi level. tr-ARPES measurements performed on SL WS2 /Ag(111)
shows, however, that CB edge at K̄ is ca. 0.5 eV above the Fermi-Level [206]. For that reason,
the most likely interpretation seems to be the substrate-induced band hybridization. Recently,
it was proposed that interfacing SL MoS2 with a metal contact can lead to a formation of
the interface gap states [152, 153]. In simple terms, those states can be described as decaying
metallic wave functions into the semiconductor [207, 208]. The metal-induced gap states are
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Figure 5.13: (a)-(b) ARPES spectra along the Γ̄-K̄ direction for SL WS2 on Ag(111) and SL WS2 on
Au(111), respectively. Red and Green rectangles in (a)-(b) mark the dispersion regions presented in (c)(d), respectively. Note that the contrast has been enhanced in (c)-(d) for better visibility. Measurements
taken with the photon energy of 25 eV.

well-known to arise at the metal-semiconductor interface and have a crucial role on the Fermi
level pinning [153].
CB edge at Q̄ originate from the in-plane dxy and dx2 −y2 orbitals [53], so the direct interaction
with the substrate is rather not expected [153]. Gong et al. [153] proposed an unusual mechanism
for the gap states formation in a SL MoS2 -metal junction. They proposed that substrate-S
bonding can weaken the intralayer S-Mo bonding, and thus Mo d states can penetrate into the
band gap [153]. This explanation is likely to hold also for similar WS2 and it seems to explain
our observations. The reason why this eﬀect is not observed for WS2 /Au(111) might be a weaker
Au-S interaction.
The above explanation is further corraborated by XPS measurements, as presented in Fig 5.14.
The W 4f core-level spectrum for SL WS2 /Ag(111) can be described in terms of 4 peaks, which
we attribute to WS2 (main components) and a small contribution from edge atoms or not fully
sulfurized regions WS2−x , as discussed in Sect. 5.3.1. We ﬁnd the main components shifted by
ca. 0.15 meV towards higher binding energy in comparison to the corresponding peaks obtained
on WS2 /Au(111)(see. Fig 5.14(a)). Such a shift is consistent with VB relocation and might
stem from the charge redistribution between WS2 and Ag(111). Most importantly, we ﬁnd the
shape of peaks to be asymmetric. While in the case of WS2 /Au(111) the peaks can be ﬁtted
with plain Lorenzians, in the case of WS2 /Ag(111) we observe the characteristic high-bindingenergy tail (see Fig 5.14(b)). The ﬁt using Doniach-Šunjić proﬁles [73] with a Tougaard-type
background [195] reveals the asymmetry parameter of ca. 0.07 for all the components (see
Fig 5.14(a)). In a simple picture, a core-hole can act as a potential which scatters the conduction
electrons [70]. This leads to the characteristic tail towards higher binding energy, described by
Doniach-Šunjić proﬁle. The presence of this eﬀect in the observed W 4f core-level spectrum is
thus likely to originate from W electrons occupying the states close to the Fermi energy. In fact,
this mechanism was proposed to describe the asymmetry in 4f core-level spectra of metallic
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Figure 5.14: (a) W4f core-levels from SL WS2 on Ag(111) and SL WS2 on Au(111), as indicated in
the graph. Small peaks observed at lower binding energy (in magenta) indicate the presence of W atoms
with the lower oxidation states (WS2−x ). (b) The same data as in (a), but aligned for better comparison
of the peak proﬁles.

TaS2 [209, 210].

5.4

Suppresion of CDW in SL TaS2 on Au(111)

In contrast to MoS2 and WS2 , a free-standing TaS2 is metallic due to the unpaired d-electron. In
bulk, metallic TMDCs host a wide range of symmetry-breaking electronic instabilities, such as
charge density waves, superconductivity, and Mott states [6,7]. However, it still remains an open
question how these would change in the SL limit. This has been explored theoretically [157, 211]
and, very recently, experimentally for SL TiSe2 [212, 213] and SL NbSe2 [37, 214]. STS measurements of SL TaS2 on Au(111) reveals that CDW is quenched, or at least highly suppressed.
Here we study the electronic structure of SL TaS2 in order to elucidate this eﬀect.
The samples for ARPES measurements presented in this section were synthesized in situ, at the
SGM3 endstation. The coverage of SL TaS2 was chosen to be bellow a complete monolayer (ca.
0.7 ML). ARPES measurements were carried out at the temperature of ca. 95 K, with energy and
angular resolutions better than 20 meV and 0.2◦ , respectively. Measurements were taken with the
photon energy of 30 eV. DFT calculations of electronic structure for free-standing 1H and 1T SL
TaS2 were performed by the group of Prof. Bjørk Hammer (Aarhus University). Computational
details of those calculations can be found in Ref. [112]. STM and STS measurements were
performed at the temperature of 4.7 K, in a collaboration with the group of Prof. Alexander
Khajetoorians.
The ARPES data in Fig. 5.15 reveal the electronic band structure close to the Fermi level. In
addition to the features arising from the exposed Au substrate (in particular, the Au surface
state at Γ̄ and the Au sp states closer to the edge of the Brillouin zone (BZ)), the TaS2 overlayer
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Figure 5.15: (a) ARPES spectrum of SL TaS2 on Au(111) along the high-symmetry directions. The
well-deﬁned contribution from the Au surface state (SS) and the sp bands are indicated in the image. The
results of SS ﬁtting performed on clean Au(111) before the growth (green dashed line) and the theoretical
dispersion for the free-standing SL (red dashed line) are superimposed on the data. Theoretical dispersion
has been shifted by 0.12 eV to higher binding energy. (b) Photoemission intensity at the Fermi energy.
Measurements taken with the photon energy of 30 eV.

exhibits a Fermi contour (Fig. 5.15(b)) consisting of two distinct features. The ﬁrst is an
apparently hexagonal contour around the BZ center Γ̄. The second consists of two concentric
rings around the K̄ point.
The predicted band structures of 1T and 1H phases diﬀers signiﬁcantly (see Fig. 1.5), which
enables the phase identiﬁcation based on ARPES data. Clearly, the band structure for the 1H
modiﬁcation gives better qualitative agreement with the experimental data. The quantitative
agreement can be obtained when the calculated bands are shifted by 0.12(2) eV to a higher
binding energy to account for electron doping, as shown in Fig. 5.15(a). Furthermore, the
observed Fermi surface (Fig. 5.15(b)) agrees well with the calculations performed for doped freestanding SL 1-HTaS2 (Fig. 5.16(c)). Based on this comparison, we conclude that the structural
phase preferred by epitaxial TaS2 on Au(111) is 1H, rather than 1T.
Overall, the dispersion of SL TaS2 strongly resembles the dispersion of heavily n-doped SL WS2 .
The observed bands crossing the Fermi level stem from the same band, which is spin degenerate
near Γ̄ but strongly split near K̄, and thus all Fermi contours are hole pockets. A comparison to
the calculated Fermi contours (see Fig. 5.16(c)) reveals that the ﬁnite but unresolved splitting
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charge-neutral case) and doping (Fermi level shift needed to achieve this occupation) for SL-1H TaS2 . (b)(c) Calculated Fermi contours for the charge-neutral case and for a doping level of 0.15 eV, respectively.

of the bands near the Fermi contour around Γ̄ is responsible for the apparently hexagonal shape
of this hole pocket, even though the individual bands do not have hexagonal Fermi contours.
Replica bands stemming from either moiré or CDW were not observed in the data.
While the band structure of the bulk 2H parent compound can be considered to be quasi-2D,
the truly 2D situation in the SL manifests important diﬀerences from the quasi-2D bulk case.
Particularly relevant are the modiﬁcations to the single band forming the Fermi contour of
the SL. In the SL, the band is twofold degenerate near Γ̄ and spin split near K̄. In the 2H
bulk, on the other hand, the spin degeneracy is never lifted because of the structure’s inversion
symmetry. Still, the interaction of the two layers in the unit cell splits the band into two twofold
degenerate bands near while it remains fourfold degenerate at the BZ border point H. This
causes a rather strong dispersion perpendicular to the TaS2 layers, giving rise to a deviation
from 2D behavior [215]. Naively, one might thus expect a stronger tendency for the formation
of CDW states in the SL, at least for nesting-driven CDWs.
We address the question of whether the grown samples exhibits CDW or SC by inspecting
STM/STS data taken at 4.7 K (Fig. 5.17). In bulk 2H-TaS2 , the superconducting critical
temperature Tc = 0.6 K [216], and a CDW of (3×3) periodicity sets in below 75 K [157], with
an accompanying lattice distortion that is clearly visible as a periodic superstructure in the STM
data [217] (the same is true for SL NbSe2 [37]). Low-temperature STM data in Fig. 5.17(a) on
the other hand, show no indication of any additional periodicities apart from the lattice as such
and the moiré superstructure. This is conﬁrmed by an inspection of the Fourier transformation
of the image, which only shows these two periodicities (see Fig. 5.17(b)).
STS measurements made at 4.7 K show a strong feature at approximately 430 meV above the
Fermi energy (Fig. 5.17(c))., consistent with results obtained from NbSe2 , where this has been
associated with the top of the valence band at Γ̄ [37]. The spectra give no indications of a SC or
CDW gap opening. It is not surprising that SC is not observed, since the the critical temperature
is much lower than the measurement temperatures used in this study. One set of recent studies
has suggested that critical temperature in thin ﬂakes might be higher than the bulk value [218,
219]—in contrast to what has been seen for the case of NbSe2 , where Tc is suppressed in the
SL limit [37, 214]—but even the highest proposed temperatures for thin TaS2 are considerably
smaller than the measurement temperatures in this study. The absence of a CDW, however,
is surprising. The onset of CDW instability at 75 K in bulk 2H-TaS2 is signiﬁcantly above
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that at which STM and STS data were acquired. In the related material NbSe2 , there have
been conﬂicting ﬁndings for the CDW onset temperature in the SL with respect to the bulk.
A strongly increased TCDW was reported for SL NbSe2 on silicon oxide [214], whereas a minor
decrease was observed for SL NbSe2 in UHV on bilayer graphene[37].
In this context, it is interesting to compare the Fermi vector 2kF = 0.96(2)−1 measured across
the hole pocket at Γ̄ with that which would be required if a (3×3) CDW state were driven by
nesting: In the nesting-driven case, the nesting vector would need to be 0.73−1 . Clearly, this
value matches poorly to the experimentally derived value of 2kF ; however, this disagreement is
not suﬃcient to explain the absence of a CDW, since simple nesting cannot explain the CDW
in the bulk parent materials, either [220–222].
The most likely explanation for the lack of CDWs is doping of the TaS2 by the Au substrate. As
already seen in Fig. 5.15(a), the calculated bands have to be shifted to higher energy by 0.12 eV
to match the observed dispersion, suggesting that the SL is electron doped. Mesurement of the
Fermi contour areas gives a carrier concentration of approximately 0.3(1) extra electrons per unit
cell —i.e., an occupation of 1.3(1) electrons in the uppermost valence band, in contrast with the
single electron that one would expect for the undoped material. This result is consistent with
the DFT calculations relating the band-shift with and extra electron occupation, as presented in
Fig. 5.16(a). Previous studies of alkali-intercalation compounds [223] have shown that the CDW
can already be suppressed at more modest electron doping, suggesting that this plays a decisive
role. Nevertheless, such as a strong doping observed here is quite surprising taking into account
inertness of Au. Recently, Wehling et al. proposed a mechanism of pseudo-doping in metallic SL
TMDCs [224]. They relate the observed apparent doping with the band hybridization, rather
than with the actual electron transfer. The calculated band-shift for SL TaS2 on Au(111) agrees
well with our observations. Furthermore, the proposed pseudo-doping is expected to aﬀect the
formation of CDW state [224].
It should be noted that the CDW transition might also be inﬂuenced by other factors, e.g.,
reduced dimensionality; substrate interactions other than doping, such as screening [144, 171];
chemical bonding; or strain [225]. However, the uncertainty in the measurement of the atomic
lattice puts an upper limit of ca. 1% on the in-plane strain and Fig. 5.15(a) show that the
substrate has only a minor inﬂuence on the band structure of SL TaS2 , apart from the doping.
However, these factors might still play a minor role in suppressing CDW formation [226].

Chapter 6

Summary

Novel 2D materials were successfully synthesized on a variety of diﬀerent substrates. The morphology and electronic structure of the grown ﬁlms were characterized in detail using STM,
LEED, ARPES and XPS techniques. Obtained results are in good agreement with DFT calculations and theoretical considerations. In addition, characterizations of the Au(111) substrate
itself, shed new light on the well-known herringbone reconstruction. The main ﬁndings can be
summarized in the following:
• Au(111) surface electronic structure: ARPES measurements performed in the higher
order SBZ revealed unexpected modiﬁcations of the Fermi contours, which are attributed
to the herringbone reconstruction present on the surface. The structural model based on
an oblique unit cell was proposed in order to explain the ﬁndings. Obtained results solve
a long-standing discrepancy between predicted changes in the surface electronic structure,
conﬁrmed by STS investigations, and their conspicuous absence in photoemission experiments.
• SL MoS2 : The prototypical semiconducting 2D TMDC was successfully synthesized on
Au(111) and graphene/SiC substrates. SL MoS2 was found to grow epitaxially on the
Au(111) substrate, which was conﬁrmed by STM measurements. High quality and large
area of the grown ﬁlm enabled us to perform detailed ARPES characterizations of the
electronic structure of MoS2 . In case of SL MoS2 /Au(111), the measured dispersion is in
agreement with the DFT calculation of the free-standing layer, except the region around
Γ̄. Further calculations, which include the contribution of Au(111), explained the results
by predicting the substrate-MoS2 band hybridization. The dispersion around K̄ was not
found to be signiﬁcantly aﬀected by the substrate. Doping of SL MoS2 with alkali metals
resulted in the band gap renormalization and the nonuniform shift of the valence band in
respect to the Fermi level. In case of the SL MoS2 synthesized on graphene/SiC, the growth
of rotational domains was observed. The preferred orientation of MoS2 being 30◦ rotated
in respect to graphene was found. The SL MoS2 band structure around Γ̄ was found to
resemble the free-standing case due to a lack of strong interactions with graphene. The
emergence of an additional band, eﬀectively shifting the VBM to Γ̄, was observed for BL
MoS2 .
• SL WS2 : The synthesis of SL WS2 demonstrated the universality of developed growth
methods. XPS measurements revealed the presence of not-fully sulfurized regions of
WS2−x . Substitution of Mo with much heavier W atoms, enabled to elucidate the eﬀect of
SOC on the electronic dispersion of SL TMDCs. The spin-splitting of the WS2 /Au(111)
bands at K̄ was found to be strongly enlarged in comparison to MoS2 /Au(111). Simultaneously, enhanced SOC leads to a reduction of the hole eﬀective mass at K̄, suggesting that
WS2 might be a better material than MoS2 for applications in electronics. The dispersion
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around K̄ was found to be trigonally warped, in good agreement with the DFT calculations
for the free-standing layer. ARPES measurements performed on WS2 /Ag(111) enabled us
to resolve the band structure around M̄ . Furthermore, a small electron pocket at Q̄ was
observed in this case, which de facto changes semiconducting WS2 into a metal. This is
corroborated by XPS observations of the asymmetric peak proﬁles of W 4f core-levels,
which are attributed to the high density of states at the Fermi level. LEED measurements of the SL WS2 lattice constant enabled us to exclude the strain-induced origin of
those band structure changes. The experimental results point towards the recently proposed mechanism of the substrate-induced in-gap states formation, which predicts the TM
d-band modiﬁcations mediated by sulfur interactions with the substrate [153].
• SL TaS2 : The growth procedure of SL TaS2 /Au(111) was successfully modiﬁed in order
to decrease the amount of domain boundaries and thus increase the quality of TaS2 . The
CDW state was found to be strongly suppressed, which was conﬁrmed by low-temperature
STM and STS measurements. This observation is explained by strong doping originating
from the substrate. Recent theoretical predictions suggest that the origin of SL TaS2
doping stem from the band hybridization, rather than the actual charge transfer between
TaS2 and Au(111) [224].
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