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Abstract

The research of single-layer (SL) transition metal dichalcogenides (TMDCs) has emerged as
a graphene alternative, due to their versatile electronic properties that are quite unique and
make them promising candidates for applications in the field of advanced nanoelectronics.
For example, the semiconducting SL TMDCs exhibit an indirect to direct band gap tran-
sition, valley polarization and strong spin-orbit coupling, which make them very attractive
for opto-electronic and spintronic devices. In contrast, SL metallic TMDCs manifest ex-
otic physical phenomena such as charge density wave (CDW), superconductivity and even
magnetism. These properties are very interesting in condensed matter physics for funda-
mental research but also in nanotechnology due to a broad range of potential applications
in transparent electrodes, photodetectors, sensors and data storage devices.
In this thesis, the interest is focused in finding suitable growth recipes via molecular beam
epitaxy (MBE), for efficiently synthesizing high-quality SL metallic TMDCs such as NbS2

and VS2. The methods have been inspired by the preparation strategies previously devel-
oped for the growth of 2D semiconducting TMDCs. Surface sensitive techniques such as
scanning tunneling microscopy and spectroscopy (STM/STS), low energy electron diffrac-
tion (LEED) and photoemission-based techniques such as angle-resolved photoemission spec-
troscopy (ARPES), X-ray photoelectron spectroscopy (XPS) and X-ray photoelectron diffrac-
tion (XPD) are used for a complete investigation of the structure and electronic properties
of SL metallic TMDCs. Theoretical calculations are also used to support the experimental
findings.
NbS2 is predicted to be at the border of different instabilities triggered by the competing
many-body interactions in this correlated material. By the choice of substrate or doping
one can reach various desired ground states. In this thesis, SL NbS2 has been successfully
synthesized on Au(111). The crystalline quality is revealed by STM and LEED, which
shows an accurate determination of the hexagonal lattice constant that is in good agreement
with the one of the bulk parent, a well-ordered hexagonal moiré superstructure and a SL
material with a well-defined single orientation (and its mirror domain) with respect to the
Au(111) substrate. The metallic character is revealed by means of ARPES and the overall
band structure is consistent with the 1H configuration. The band structure indicates strong
electron doping that could be due to hybridization with the substrate. This phenomenon
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is assumed to be responsible also for the broad spectral features but the predicted strong
many-body interactions in this 2D system can also contribute to this. No indication of a
charge density wave (CDW) formation has been observed down to 30 K.
The structural and electronic investigation of SL VS2 is motivated by the many theoretical
studies that have predicted interesting properties for this material and by the preparation
challenges that explain the lack of experimental evidence so far. In this thesis, various growth
procedures on Au(111) have been reported using different S precursors, and core level spectra
overview confirms the quality of the VS2 compounds. Furthermore, this material exhibits
structural phase transitions to sulphur depleted phases of VS2 when is annealed higher than
450 �C. Complementary techniques such as STM, LEED and XPD are used for the local and
global structural characterization as well as accurately determine the structural configuration
in each phase. It has been shown that the transition between these phases is reversible
upon annealing at lower temperatures in high H2S pressure and this indirectly demonstrates
the S loss in the SL V1+xS2 phases. Additional low temperature STM/STS measurements
shed light on the atomic and electronic structure of the S deficient phase of VS2 (i.e., SL
V2S3). Bias dependent STM data, indicate a moiré superstructure observed over a large
energy range, with various changes in the intensity contrast but with no additional spots in
the Fourier transform that could suggest the existence of a CDW order. STS reveals the
electronic structure of SL V2S3 on Au(111). A high LDOS is observed close to the Fermi level
that is in agreement with the SL V2S3 electron pocket measured from ARPES. Furthermore,
magnetic measurements do not show any convincing evidence of spin contrast that could
demonstrate the existence of magnetism in this system.
In addition, SL V1+xS2 has been synthesized on a different facet of Au (i.e., Au(110)) in order
to gain more insights into the band structure of the SL VS2 and also to investigate if the
electronic band structure features of the SL V2S3 can be obtained from only one rotational
domain. The crystal and electronic structure results of SL VS2 synthesized on Au(110) are in
agreement with the previous SL VS2 grown on the (111) facet of Au but in addition to this,
the overall band structure for the material synthesized on Au(110) is more intense in this
case. An estimate value for the doping level for this system reveals that no charge transfer
occurs from the substrate to the adlayer. An annealing temperature of 550 �C gives rise
to a V1+xS2 striped structure due to S desorption, which does not have the same structure
as SL V2S3 on Au(111) but the ARPES results indicate a single rotational domain of this
material. Surprisingly, a higher annealing step at 600 �C leads to the desorption of the SL
V1+xS2 material from the Au(110) surface.



Dansk Resumé

Forskning i enkeltlags transitions metal dichalcogenider (TMDCer) er opstaaet som et alter-
nativ til grafen som følge af disse materialers alsidige elektroniske egenskaber, som er unikke
og gør dem til lovende kandidater ifbm. anvendelse inden for avanceret nanoelektronik.
F.eks. udviser halvledende enkeltlags TMDCer en indirekte til direkte båndgabs overgang,
valley polarisation og en staerk spin-orbit kobling, hvilket gør materialerne relevante ifbm.
opto-elektroniske og spintroniske devices. Metalliske enkeltlags TMDCer, derimod, udviser
fysiske fænomener såsom charge density waves (CDW), superledning og magnetisme. Disse
egenskaber er interessante i condensed matter fysik både i grundforskningen, men ogsåifbm
nanoteknologi.
Denne afhandlings fokus er at finde velegnede fremstillingsmetoder ,via molecular beam epi-
taxy (MBE), til at syntetisere højkvalitets enkeltlags metallisk TMDCer såsom NbS2 and
VS2. Metoderne er blevet inspireret af de strategier, der tidligere er udviklet til fremstilling af
2D halvledende TMDCer. Overfladefølsomme teknikker såsom skanning tunnel mikroskopi
og spektroskopi (STM/STS), lav energi elektron diffraktion (LEED) og fotoemissionsbaseret
teknikker såsom vinkelopløst fotoemissions spektroskopi (ARPES), X-ray fotoelektron spek-
troskopi (XPS) og X-ray fotoelektron diffraktion (XPD) benyttes til en fuldstændig under-
søgelse af de strukturelle samt elektroniske egenskaber af enkeltlags metalliske TMDCer.
Teoretiske beregninger benyttes ogsåtil at støtte de eksperimentelle fund.
NbS2 forudsiges at være ved grænsen til forskellige instabiliteter, der fremprovokeres af
konkurrerende mangelegeme interaktioner i materialet. Ud fra valget af substrat eller doping,
kan forskellige grundtilstande nås. I denne afhandling er enkeltlags NbS2 blevet syntetiseret
på Au(111). Krystalkvaliteten afsløres via STM og LEED, som viser en nøjagtig bestem-
melse af den hexagonale gitterkonstant, en velordnet hexagonal moiré superstruktur og et
enkeltlags materiale med en veldefineret enkelt orientering mht. Au(111) substratet. Den
metalliske karakter undersøges ved hjælp af ARPES og den overordnede båndstruktur er
konsistent med 1H konfigurationen. Båndstrukturen indikerer en stærk elektron doping,
der kan skyldes hybridisering med substratet. Dette fænomen antages at være ansvarlig for
de brede spektrale egenskaber, men stærke mangelegeme interaktioner i 2D systemet kan
ogsåbidrage til dette. Ingen charge density wave (CDW) er blevet observeret ned til 30 K.
Den strukturelle og elektroniske undersøgelse af enkeltlags VS2 motiveres af de mange teo-
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retiske studier, der har forudset interessante egenskaber for dette materiale og ved proble-
merne i forbindelse med forberedelsen, som forklarer manglen på eksperimentel evidens indtil
videre. I denne afhandling beskrives forskellige fremstillingsmetoder anvendt på Au(111), og
core level spektre bekræfter kvaliteten af VS2 materialerne. Derudover udviser materialet
strukturelle faseovergange til sulfurfattige faser af VS2, når materialet opvarmes højere end
450 �C. Komplimentære teknikker såsom STM, LEED og XPD bruges til karakterisering af
strukturen såvel som til nøjagtig bestemmelse af den strukturelle konfiguration i hver fase.
Det er blevet vist, at overgangen mellem disse faser er reversibel ved opvarmning ved lavere
temperaturer i højt H2S tryk, og det demonstrerer indirekte S tabet i enkeltlags V1+xS2

faserne.
Ekstra lavtemperaturs STM/STS målinger kaster lys på den atomare og elektroniske struktur
af den S fattige fase af VS2 (dvs. enkeltlags V2S3). Bias afhængig STM data indikerer en
moiré superstruktur, der observeres over et stort energiområde med forskellige ændringer i
intensitetskontrasten, men med ingen ekstra pletter i Fourier transformationen, som kunne
indikere eksistensen af CDW. STS giver et billede af den elektroniske struktur af enkeltlags
V2S3 på Au(111) og en høj LDOS observeres tæt ved Fermi niveauet, hvilket stemmer
overens med den enkeltlags V2S3 elektronlomme, der måles i ARPES. Derudover udviser
magnetiske målinger ikke noget bevis for spin kontrast, som kunne demonstrere eksistensen
af magnetisme i systemet.
Enkeltlags V1+xS2 er desuden blevet syntetiseret på Au(110) for at vinde større indsigt i
båndstrukturen af enkeltlags VS2 og ogsåfor at undersøge, hvorvidt den elektroniske struk-
tur for enkeltlags V2S3 kan opnås fra kun et domæne. Den elektroniske struktur samt
krystalstrukturen for enkeltlags VS2 syntetiseret på Au(110) stemmer overens med VS2 syn-
tetiseret på Au(111), men ud over det er den overordnede båndstruktur for materialet syn-
tetiseret på Au(110) mere intens. Et estimat af doping niveauet for systemet afslører, at
der ikke sker nogen ladningsoverførsel imellem substratet til adlaget. En annealingtemper-
atur på 550 �C giver anledning til en stribet V1+xS2 struktur forårsaget af desorption af S,
som ikke har samme struktur som enkeltlags V2S3 på Au(111). Annealing til en højere
temperatur på 600 �C fører til desorption af enkeltlags V1+xS2 fra Au(110) overfladen.
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1

Introduction

This introductory chapter aims to give an overview to the work presented in this thesis. A
brief description of the structure and properties of transition metal dichalcogenides (TMDCs)
is provided together with various examples of the current progress on the metallic TMDCs
from which the compounds studied in this thesis belong. Furthermore, the focus of this
thesis is highlighted and an overview of the thesis structure is outlined.

1.1 Transition metal dichalcogenides

The great success of Andre Geim and Konstantin Novoselov in discovering graphene—the
first and the most studied two-dimensional (2D) material (since 2004)— boosted great mo-
tivation in the surface science community to go beyond graphene and search for other 2D
materials such as TMDCs. These materials are particularly interesting due to their pecu-
liar electrical, optical and mechanical properties, which make them promising candidates for
applications in opto-electronic and data-storage devices [1][2][3][4].
TMDCs are a wide and rich family of materials that have been studied for more than 50
years in their bulk form. Many TMDCs have an MX2 layered structure where a hexagonally
packed metal (M=Mo, W, V, Nb, Ta) layer is sandwiched between two layers of chalcogen
atoms (X=S, Se, Te). Furthermore, they have strong M–X covalent bonds while the X–M–X
layers are weakly coupled by van der Waals forces making them easy to cleave similarly
to graphene. There are two possible structural configurations of the MX2 layers: the 1H
phase (or trigonal prismatic) in which the transition metal is surrounded by six chalcogens
in trigonal prismatic coordination and the 1T phase (or octahedral) where the coordination
is octahedral. These configurations are illustrated in Fig. 1.1(a) and (b), respectively. For the
bulk material these structures can form different staking orders: the most common are 1T,
2H and 3R where the letters stand for trigonal, hexagonal and rhombohedral, respectively,
while the front digit indicates how many X–M–X layers are in the unit cell.
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Section 1.1. Transition metal dichalcogenides Page 2

Depending on their chemical composition (i.e., the number of d-electrons in M) and struc-
tural arrangement, the electronic properties of TMDCs can vary from insulating (HfS2),
to semiconducting (most of the TMDCs including group VI TMDCs) or metallic (group V
TMDCs). The origin of the electronic properties can be explained simply by considering
the outermost-d -bands from to the transition metal M (the contribution of p-bands from
the chalcogen X is comparatively smaller). The d -bands are located in the gap between the
bonding (�) and antibonding (�?) bands of the M–X covalent bonds. According to crystal
field splitting theory and depending on their coordination environment, d -bands can split
into three subbands (dz2 , dxy,x2�y2 , dxz,yz) for the case of 1H phase or two subbands (dxy,xz,yz,
dx2�y2,z2) for the case of 1T phase (see Fig. 1.1(c) and (d)). The location of the Fermi level
(EF ) depends on the number of electrons that occupy the d -bands and this gives rise to
the diversity of electronic properties in the TMDCs materials. For example, when a band is
partially filled (like for the case of group V TMDCs) then EF is within that band and the
compound exhibits a metallic character. For the case where a band is fully occupied (like for
the case of group VI TMDCs) the Fermi level is in the gap between the filled d -band and the
next empty d -band, which makes the material a semiconductor. This simple model assumes
an ideal coordination and although very useful for a basic understanding of the electronic
properties, does not consider, for example, hybridization between orbitals that is expected
to split bands differently and overlap their energy.
Reducing the bulk TMDC materials down to the a single X–M–X layer, leads to unique
electrical and optical properties, due to the reduction of symmetry and quantum confine-
ment effects. For example, the semiconducting TMDCs (the well known Mo- and W- based
TMDCs) exhibit an indirect to direct band gap transition when thinned down to the single-
layer (SL) limit [5] and this gives rise to different optical properties [6]. In contrast, graphene
does not have any band gap and therefore not suitable for some electronic devices. In ad-
dition to the semiconducting SL TMDCs properties, the lack of inversion symmetry and
the strong spin-orbit coupling (SOC) [7], lead to a splitting of both valence band maximum
(VBM) and conduction band minimum (CBM), making them very attractive for spintronic
devices compared to graphene, which has a negligible SOC due to the light C atoms. Fur-
thermore, the alternating spin orientations at the K̄ and K̄ 0 high-symmetry points lead to
interesting spin-valley physics and justify the use of these for valley-based electronic and
opto-electronic applications [8][9][10].
In contrast to the semiconducting TMDCs, the metallic ones have a finite density of states
(DOS) at the Fermi level giving rise to exciting physical properties (usually at low temper-
atures) such as charge density wave (CDW), superconductivity, Mott insulating behaviour
and even magnetism. In the SL limit, these exotic phenomena are expected to behave dif-
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Figure 1.1: Schematic images of trigonal prismatic 1H phase (in (a)) and octahedral 1T phase
(in (b)) of SL MX2 together with their side view and top view. The transition metal atom M is
depicted as a blue sphere while the chalcogen X is represented in yellow. (c),(d) Schematic diagram
of the energy levels with different filling of the outermost d-orbitals located in the gap between the
bonding (�) and antibonding (�?) bands for group V TMDCs (in (c)) and group VI TMDCs (in
(d)) giving rise to different electronic properties for the MX2 material. The occupied and empty
states are indicated by the dark blue and light blue areas, respectively.

ferently, for example to have a different transition temperature. These considerations have
triggered plenty of interests in condensed matter physics and material science fields not only
for fundamental research but also make TMDCs appealing in nanotechnology for applica-
tions in transparent electrodes, photodetectors, super-capacitors, sensors and data storage
devices. Furthermore, the work from Ref. [11] indicate that the metallic TMDCs are fea-
tured with abundant catalytic active sites and high electrical conductivity compared with
semiconducting TMDCs. These properties are fundamental in electrocatalytic reactions.
Inspired by the preparation strategies for the growth of 2D semiconducting TMDCs, similar
approaches have been tailored for the development of 2D metallic TMDCs in order to in-
vestigate their fundamental properties and potential applications. Over the past few years,
several 2D metallic TMDCs have been obtained using different preparation methods and
their structural and electronic properties have been investigated.
Notably, it has been observed that CDW and/or superconductivity phase transition can
drastically change in the SL limit compared to bulk and few-layers material. For example, on
SL TaSe2 on bilayer (BL) graphene terminated 6H-SiC(0001) [12], a noticeable (3⇥ 3) CDW
superstructure is revealed from low temperature (LT) scanning tunneling spectroscopy (5 K).
More interestingly from angle-resolved photoemission spectroscopy data, the Fermi surface
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contour exhibits a clear difference compared to the bulk parent. Instead of a triangular hole
pocket around K̄ point there is a circular hole pocket. This is consistent with Fermi surface
calculations in the CDW state and both experimental and theoretical investigations indicate
that SOC is the driving force of the CDW order.
However, contradictory results have been published regarding whether CDW and supercon-
ductivity are enhanced or suppressed in contrast to the bulk counterpart. For example, the
work from Ref. [13] had reported a suppression of the CDW order with decreasing layer thick-
ness. In an MBE-synthesized SL NbSe2, a (3 ⇥ 3) CDW superstructure has been observed
at a temperature of 5 K. In contrast, in an exfoliated NbSe2 both CDW and superconduc-
tivity were observed in the SL limit. The transition temperature for CDW order is increased
from 36 K to 145 K while the superconducting transition temperature decreased from 7.2 K
in the bulk to 1.9 K in the SL limit [14]. The competing behaviour between this two phe-
nomena can be explained by the size of the Fermi surface gap and the reduced DOS at the
Fermi level due to band reduction. An opposite behaviour is observed for exfoliated 2H-TaS2,
where the superconductivity transition temperature increased with the reduction of the layer
thickness [15]. The electron-phonon coupling has also been suggested as a cause for this phe-
nomenon. These intriguing observations are still under debate and more experimental and
theoretical work needs to be done in this direction.
Additionally, in the case of a SL synthesized on a substrate, the growth method together with
the choice of the substrate play a crucial role that can drastically change the properties of
the SL material. For example, the work from Ref. [16] had reported that NbSe2 grown on BL
graphene on 6H-SiC(0001) can selectively be obtained in the 1H or 1T crystal configuration
by choosing a specific temperature during the growth. The experimental investigation have
shown that the 1H structure has a (3⇥ 3) CDW superstructure while the 1T configuration
becomes a Mott insulator with a (

p
13⇥

p
13) superlattice.

Another example where the choice of substrate becomes decisive of the electronic properties
is the epitaxially grown SL TaS2 on Au(111) [17], where the CDW and superconductivity get
suppressed down to temperatures of 4.7 K, in contrast to the same SL material synthesized
on BL graphene terminated 6H-SiC(0001) [18] or more recently on graphene on Ir(111) [19],
where evidence of a CDW superstructure is observed at 4.6 K and 5 K, respectively.
Finally, quite recent growth SL VSe2 on highly oriented pyrolytic graphite (HOPG) and MoS2

substrates reveals strong ferromagnetism at room temperature (RT) making this material
attractive for spintronics [20].
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1.2 Thesis outline

Metallic TMDCs are usually unstable under ambient conditions compared to the semicon-
ductor TMDCs, therefore a good way to explore their intrinsic properties is to choose an
appropriate preparation method. Among the variety of the ones available, molecular beam
epitaxy (MBE) was chosen as bottom-up approach, and turned out to be suitable for ef-
ficiently preparing high-quality 2D materials with controllable size. This growth method
can be implemented on the substrate of choice in an ultra-high vacuum (UHV) chamber
where surface sensitive techniques for characterization are available offering a great deal of
opportunities for fundamental research on metallic TMDCs in the 2D limit.
In this thesis, the interest is focused in finding specific recipes for synthesizing SL metallic
TMDCs such as NbS2 and VS2 via MBE in order to further investigate their structure and
electronic properties. For the case of NbS2 the results presented in this thesis are pioneer, due
to the lack of experimental work in the literature regarding its ground state, while for VS2

many theoretical studies have predicted interesting properties but no experimental evidence
so far.
In the following, an overview of the thesis structure is outlined:

• Chapter 2 presents the importance of the UHV in order to obtain high quality SL ma-
terials and avoid surface contamination during the experimental investigation. The
chapter continues with the description of the main experimental techniques that are
used for the extensive characterization of the materials presented. Particular atten-
tion is given to scanning tunneling microscopy (STM), low energy electron diffraction
(LEED) and angle-resolved photoemission spectroscopy (ARPES) but also X-ray pho-
toelectron spectroscopy (XPS) and X-ray photoelectron diffraction (XPD) are briefly
explained. Lastly, the UHV equipment used in Aarhus —where most of the experi-
ments took place— is briefly described. Parts of this chapter as well as figures might
be similar to those presented in Ref. [21].

• Chapter 3 is devoted to the crystal structure and electronic investigation of epitaxially
grown SL NbS2 on Au(111) substrate. An introduction to this material is given in the
beginning of the chapter, along with the motivation for the study. The growth proce-
dure is then described. STM and LEED are used for the local and global structural
characterization. The crystalline quality is revealed by an accurate determination of
the hexagonal lattice constant that is in good agreement with the lattice parameter
of the bulk parent compound, a well-ordered hexagonal moiré superstructure and a
well-defined orientation with respect to the Au(111) substrate. ARPES reveals an
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electronic band structure with two electron pockets crossing the Fermi level. The spec-
tral features are compared with theoretical band structures. The metallic character is
shown and the general shape of the band structure is consistent with the 1H config-
uration. The broad band structure can be due to hybridization with the substrate or
strong many-body effects in the system. Parts of this chapter as well as figures might
be similar to those presented in Ref. [22], which are also used in an article listed in the
publications section.

• Chapter 4 presents an extensive structural characterization of SL V1+xS2 synthesized on
Au(111). In the initial part, an introduction is given together with the motivation for
this study. Different methods for the synthesis of SL V1+xS2 on Au(111) are reported.
A thorough structural characterization based on XPS, STM, LEED and XPD is shown
and indicates three structural phases upon annealing the sample to different tempera-
tures. Furthermore, it is observed that the transition between these phases is reversible
upon annealing at lower temperatures in high H2S pressure. Further structural and
electronic characterization is preformed on V2S3 on Au(111). LT bias dependent STM
data, indicate a moiré superstructure that is observed over a large energy range but
with contrast changes observed in the moiré pattern. No additional spots are observed
in the Fourier transform taken from the STM images. The electronic structure of SL
V2S3 on Au(111) is determined by means of scanning tunneling spectroscopy (STS)
and the most pronounced feature is given by a peak near the Fermi level. This is
in agreement with the ARPES results that show an electron pocket close to EF and
is assigned to the SL V2S3. This material does not show any convincing evidence
of intrinsic magnetic order based on magnetic measurements performed with a spin-
polarized STM tip. Parts of this chapter as well as some figures might be similar to
those presented in Ref. [23], which is also an article listed in the publications section.

• Chapter 5 refers to the crystal and electronic structure investigation of SL V1+xS2 grown
on Au(110). The motivation of this study is presented in the introduction. The growth
procedure of SL VS2 is briefly described. The crystal structure of SL VS2 on Au(110)
is investigated with STM and LEED while ARPES reveals the 1T configuration of
the electronic band structure (i.e., a flower-like structure with six pedals emerging in
each M̄ point). These characteristics are in agreement the previous SL VS2 grown on
Au(111) but the photoemission features are more intense on Au(110) allowing to gain
more insights into the data. A higher annealing temperature (T=550 �C) gives rise to a
V1+xS2 phase transition due to S desorption that can be observed from LEED and STM.
Furthermore, the typical (1⇥2) missing row reconstruction of the Au(110) substrate
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changes to a (4⇥1) reconstruction. ARPES results indicate a Fermi contour with a
strong intensity feature around the �̄ point and with only two elongated petal-shaped
electron pockets centered around the M̄ points in the [11̄0] direction. Unexpectedly, a
higher annealing step (T=600 �C) leads to the desorption of the SL VS2 material from
the Au(110) surface.

• Chapter 6 provides a summary of the results presented in this thesis with suggestions for
future work. Furthermore, an outlook is given on a new SL TMDC (CrS2) based on the
predictions and preliminary experimental results, including ideas for the development
of this project.



2

Experimental techniques

In this chapter, the importance of the UHV conditions is highlighted at the beginning of
this chapter. This is necessary for synthesizing high quality SL materials and maintain the
sample free of contamination during the experimental investigation. The chapter continues
with a description of the experimental techniques used for a complete characterization of the
materials presented. The main focus is on STM, LEED and ARPES, but also XPS and XPD
are briefly explained. Finally, the UHV equipment from Aarhus University, where most of
the experiments took place, is briefly described.

2.1 The world of ultra-high vacuum

When doing surface science, a very important aspect to be considered is the environment in
which the experiment takes place and the cleanliness of the sample under investigation. UHV
conditions are usually required for most surface science investigation, which means operating
at pressure below 10�9 mbar. This is to enable atomically clean surfaces to be prepared and
to maintain these in a contamination-free state during the experiment. Moreover, some of
the surface experimental techniques require indeed UHV in order to avoid spurious effects
due to the interaction of the probes with the rest gas in the vacuum chamber.
This brief introduction on UHV is naturally inspired by Ref.[24]. The typical material used
for UHV chambers is stainless steel because of its low vapour pressure, gas permeability and
mechanical strength. Inside these chambers the pressure can be measured by means of a so
called ion gauge. This works by measuring—with an antenna—the current of ionized rest
gas produced by a hot filament.
Such low pressures are achieved using a combination of vacuum pumps with different char-
acteristics commonly following a schematic shown in figure 2.1. A rough pump is used as a
first pumping stage. This expels the gas molecules from the vacuum vessel to an exhaust
gas-line reaching a pressure of around 10�1–10�3 mbar. This establishes a pre-vacuum for

8
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Figure 2.1: A schematic pumping system used in UHV system. At the bottom of the vacuum
chamber an ion pump is connected in parallel with a TSP. One of the flanges is used for the turbo
pump, which is connected in series with a roughing pump in which the molecules are expelled
through a gas exhaust line.

the second type of pump, which is a turbo-molecular pump. The latter consists of a series
of blades rotating at high speed (more than 80 000 times per minute) and is designed with
a big inlet such that the rest gas molecules can be collected and then sent by the moving
blades in the direction of the roughing pump. Depending on the compression ratio specific
to the pump, a vacuum of 10�10 mbar can be obtained from the combined operation of these
two pumps, provided that the vacuum chamber has been previously baked. To reduce even
further the number of impurities in the chamber, a titanium sublimation pump (TSP) can
be additionally used. This consists of a Ti filament, which is heated by passing a current of
about 40 A through it such that the sublimated Ti will cover the walls of a vacuum canister
inside the chamber. The rest gas, impinging on such reactive surface will be chemisorbed
and stick to it. This facilitates a further reduction of pressure and is normally combined
with an ion pump. This removes the rest gas from the system by ionizing it in the presence
of a magnetic field such that the ions can be collected into a titanium cathode.
In principle, if there is no leak in the system, the lowest pressure that can be achieved with
such a pumping system is given by the number of water molecules that desorb from the walls
of the chamber. A pressure value of 10�8 mbar can be obtained relatively quickly, but it may
take a very long time before a good UHV pressure is reached. Therefore, a solution to this
problem is to bake the entire vacuum system to at least 120–200 �C for a limited period. In
this way, the water molecules and other impurities will be desorbed from the surfaces and
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pumped away.
To identify and measure the rest gas in the vacuum chamber or check the purity of the
gasses used in different experiments, a quadrupole mass spectrometer such as the residual
gas analyzer (RGA) is used. The main residual gasses in vacuum are H2, H2O, CO and CO2.
After a bake-out of the chamber, a reduction of the water peak can be clearly observed in
the spectrum dominated mostly by H2, residual H2O, CO and CO2. The mass spectrometer
can be also used to detect and find leaks in the vacuum chamber by monitoring the intensity
of the He mass with the spectrometer while spraying He gas on different parts of the system.
A rapid increase of the He pressure in the chamber will imply the detection of a leak.
While the UHV conditions preserve the sample from external contamination and ensure a
good environment for performing surface science experiments, the cleanliness of the sample
(prior to any experimental investigation) is also required for a successful growth of atomically
thick, pure and ordered 2D materials. Water or other gases resilient on the sample substrates
coming from atmosphere can dramatically alter their structural and electronic properties and
therefore different cleaning methods are applied for each specific surface. In the experiments
performed throughout this thesis, gold samples have been used as substrate material. The
noble character of Au is an attractive substrate for surface studies. In the past years it
has been shown to have catalytic properties when subjected to S vapours and demonstrated
to be a suitable substrate for the growth of different SL TMDCs. The gold surface has
been cleaned using repeated cycles of sputtering and annealing. The two processes are
schematically presented in figure 2.2.
During the sputtering process (figure 2.2(a)), a noble gas such as Ne or Ar is injected into
the vacuum chamber at pressures usually on the order of 10�6 mbar, and then ionized and
accelerated to the surface by means of an electron ionization gauge. These gases are chosen
due to their inert character and because they hardly stick onto the sample surface, therefore
eliminating the risk of further contamination. The focussed ion beam bombards the sample
surface removing contaminants together with the original material. This process creates a
large number of defects that can be eliminated by a thermal annealing, hence each sputtering
cycle is accompanied by an annealing process.
During the annealing (figure 2.2(b)), the thermal energy contributing to the sample helps
the reconstruction of an ordered surface. Since the thermal energy can be larger than the
thermal desorption energy of the impurities, the annealing process can also be used for
removing contaminants such as CO2 and H2O accumulated onto the surface after exposure
to air. The annealing of the sample is performed using a hot filament mounted at the rear
of the sample. The filament irradiates the sample increasing its temperature up to about
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Figure 2.2: Initial cleaning stage of the sample. (a) Sputtering process. Ne gas is introduced into
the vacuum chamber through a leak valve. The sputter gun ionizes the gas and the Ne+ ions are
directed onto the sample to remove the adsorbents. (b) Annealing process: a hot filament is placed
at the rear of the sample; the temperature of the sample is increased due to thermal energy.

650 �C. In order to reach higher temperatures, a high voltage is applied to the sample such
that the electrons are extracted from the hot filament and accelerated against the sample,
allowing for a further raising of the temperature. This method is known as electron-beam
heating and the temperature is measured in our case by a K-type thermocouple in contact
with the rear of the crystal.

2.2 Experimental techniques

Various experimental techniques have been used in this thesis for the synthesis and character-
ization of SL TMDCs. The emphasis is on STM, LEED and ARPES as being the principal
techniques used for the investigation of the SL materials. XPS and XPD are also briefly
described to give a basic understanding of the experimental results shown in this thesis.

2.2.1 Scanning Tunneling Microscopy (STM)

STM is a technique developed by Gerg Binning and Heinrich Rohrer in 1981 for which they
won the Nobel Prize in Physics five years later, as they revolutionized the nano-technology
field [25][26]. This powerful tool offers the possibility to investigate mater at atomic scale.
The working principle of this technique is rather simple. As the name suggests, STM is based
on the principle of quantum mechanical tunneling, in which an atomically sharp tip (usually
made of W or PtIr alloy) is brought very close to a conductive sample (less than 1 nm) and
it is raster scanned across its surface. The small distance enables the wave functions of the
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sample and the tip to overlap so as the electrons can be transmitted across the vacuum
gap. When a voltage difference (denoted Vb) is applied between the tip and the sample,
a continuous flow of electrons is transmitted through the barrier and a tunneling current
(It) is then established. Usually, the tip is grounded and therefore Vb is the voltage of the
sample. This can be negative or positive and determines the direction of the tunneling
current. Electrons can tunnel from the occupied states of the sample into the unoccupied
states of the tip (in case of negative polarity) and vice versa.
During STM measurements, the tip movement in the x, y and z directions is precisely
controlled using piezoelectric motors in a raster scan fashion. The tunneling current is
permanently measured and amplified using a pre-amplifier. In the most common mode of
operation — the constant current mode (which is the one also used in this thesis)—the
tunneling current is kept constant by a feedback loop, which makes the tip move up or down
(in the z direction) in order to maintain the current at a set value, while the tip is scanning
across the surface. An image can be obtained by plotting the z position as a function of x
and y, showing a topography of the surface atoms, as well as the convoluted local density
of states (LDOS) of the sample and the tip. This operating mode provides good atomic
resolution. Another STM mode of operation is the constant height mode. In this case, the
feedback loop is turned off during the scanning. The tunneling current is measured while the
piezo motors hold the tip at a fixed distance. This operating mode allows for faster scanning
but atomically flat surfaces are required in order to avoid crashing the tip.

2.2.1.1 STM theory

In order to have a deeper understanding of the tunneling current that is recorded when
scanning a surface and also for a good interpretation of the STM images, a theoretical
treatment is necessary. The calculation of the tunneling current created between the sample
and the tip and separated by a vacuum gap is a difficult task as it involves challenging many
body interactions and an exact solution of the complete quantum mechanical calculation is
hard to be found.
Bardeen proposed a theoretical description of the tunneling current in 1961 [27], way before
the invention of STM and afterwards, it has been used by Tersoff and Hamann (in 1983) to
explain this process in the STM case. Bardeen had a great idea to simplify the problem.
Instead of trying to solve the Schrödinger equation of the combined system, he considered
it as consisting of two separate electrodes with unperturbed wave functions  s and  t being
the separate solutions for the stationary Schrödinger equation. He calculated the trans-
mission rate of electrons from one system to the other (i.e., tunneling current) using the
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time-dependent perturbation theory [27][28]. Several assumptions were taken into account,
including the consideration of elastic tunneling only, a sufficiently large tip-sample distance
and negligible interactions between electrons. Based on these assumptions, the quantum
mechanical tunneling can be described by the Fermi’s golden rule. In this case, the proba-
bility of an electron from the sample states  s to be transferred into the tip states  t with
comparable energy is given by:

P =
2⇡e

~ |M |2�(E s � E t), (2.1)

where M represents the probability of transferring electrons, known as tunneling matrix ele-
ment and the delta function assures that only states with the same energy on both electrodes
are participating to the process.
M is determined by a surface integral that takes into account the unperturbed wave functions
in an arbitrary position within the tunneling gap:

M =
~2
2m

Z

S

[ ⇤
sr t �  

⇤
tr s]dS, (2.2)

where S is the surface with an arbitrary position within the tunnelling gap.
The probability to find an electron in the sample’s state is given by the Fermi-Dirac distri-
bution. At a finite temperature, this is given by the following expression:

f(E) =

"
1 + exp

 
E � EF

kBT

!#�1

(2.3)

By applying a negative bias voltage (Vb) on the sample and summing over all the states, the
total tunneling current flowing from the sample to the tip is given by the following equation:

It = 2
2⇡e

~

Z +1

�1
|M |2%s(E)%t(E + eVb)[f(E)� f(E + eVb)]dE, (2.4)

where the factor of two in front of the equation refers to the electron spin, %s and %t are
the density of states (DOS) of the sample and of the tip, respectively, and eVb is the en-
ergy difference between the Fermi levels of the tip and the sample. This can be seen in
figure 2.3(b).
In practice, the temperature for the STM measurements is assumed to be low enough such
that the Fermi-Dirac distribution can be considered a step function. In this way, the tun-
neling current can be written in a more simple form:

It =
4⇡e

~

Z EF

EF�eVb

|M |2%s(E)%t(E + eVb)dE, (2.5)
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Figure 2.3: (a) Schematic design of the STM working principle. The feedback loop controls the
distance from the surface ensuring a constant tunneling current while the tip is raster scanned over
the surface. The STM images are recorded by a computer. (b) Energy diagram of the tunneling
current between the sample and the tip. A negative bias is applied to the system such that the
electrons tunnel from the sample into the tip. The resulting tunneling current is a convolution of
electronic states coming from the sample and the tip.

If M does not change too much as a function of energy, then the tunneling current is de-
termined by the convolution of tip and sample DOS. Moreover, if the tip does not change
during the scanning process (%t = constant), then the tunneling current is proportional only
to sample DOS (%s).
Since the main objective when performing STM is to obtain information about the surface
structure, Tersoff and Hamann have demonstrated that the electronic structure of the tip
can be neglected at usual tunneling parameters. The approach that they have used is known
as the s-wave tip model: an s-orbital wave function is considered for the STM tip such that
it can be modeled by a spherical potential well with a local radius of curvature R, located
at position ~r0 [29].
They have evaluated Bardeen’s tunneling matrix element at sample surface (where z=0)
and found that M /  s(~r0), up to a certain value. Knowing that the tunneling current is
proportional to the total number of states on the sample surface within the energy interval,
and assuming low temperatures and low bias voltages, the resulting tunneling current can
be expressed in this manner:

It / eVb

X

s

| s(~r0)|2�(E s � EF ) = Vb⇢s(EF , ~r0), (2.6)

where ⇢s(EF , ~r0) is the LDOS at the Fermi level evaluated from the tip centre of curvature
~r0. In this result, the DOS of the tip is considered constant and the tunneling current maps
only the contour of the sample surface LDOS close to EF .
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Furthermore, knowing that the electronic states decay exponentially into the vacuum gap,

the surface wave function is given by the expression:  s(~r0) / e
�2z, where  =

p
2me�

~
is the attenuation coefficient (or inverse decay length), z is the vacuum barrier height and
� is the average work functions of the tip and sample surface.  is used to describe the
penetration of a wave function into the potential barrier [30]. The tunneling current can
therefore, be expressed in the following manner:

I / Vb · exp
"
�

p
8me�

~ z

#
(2.7)

This exponential dependence indicates that virtually all the current is conducted through
the outermost atom of the tip. Moreover, since the work functions of metals are typically
4-5.5 eV, this implies that a difference of 1 Å in the z distance between the sample and the
tip will modify the tunneling current by approximately one order of magnitude. This means
that an atomically resolved image of the surface can be obtained with this technique.

2.2.1.2 Low Temperature STM and STS

An extension to the STM technique is scanning tunneling spectroscopy (STS). This STM
capability is extremely useful as one can obtain information of the LDOS, at atomic scale.
For higher bias voltages, the concept of this technique follows the Wentzel-Kramer-Brillouin
(WKB) approximation, in which the tunneling probability given by the following equation:

It /
Z eVb

0

⇢s(r, E)⇢t(r, E � eVb)T (E, eVb, r)dE, (2.8)

where ⇢s(r, E) and ⇢t(r, E � eVb) are the sample and tip DOS at the position r and energy
E measured with respect to their corresponding Fermi level.
T (E, eVb, r) is the tunneling transmission probability given by the following equation:

T (E, eVb) = exp

 
�2z
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2me
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r
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+

eVb

2
� E

!
, (2.9)

where �s and �t are the work functions of the tip and sample, respectively, and the rest of
the variables are known.
The final result can be expressed in the following simple manner:

dI

dV
/ ⇢s(r, E)⇢t(r, E � eVb)T (E, eVb, r) (2.10)

This equation indicates that the information obtained by tunneling spectroscopy is a con-
volution of electronic structures of the sample and the tip. During STS measurements, a
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tip with featureless electronic states is needed and this can be tested by acquiring an STS
spectra on the substrate with known electronic structure. STS measurements are usually
preformed at low temperatures because of the linear dependence of the thermal broadening
with the temperature (�E = 3.53KBT ) and influences the STS peak width.
STS measurements can be performed in different modes. The most commonly used mode
is called point spectrum where both vertical and horizontal positions of the STM tip are
fixed on the point of interest and tunnelling current is measured as a function of the bias
voltage, which is swept between negative and positive ranges of energies with respect to EF .
The feedback loop is disengaged during this process, keeping the distance constant between
the sample and the tip. The result is an I � V curve from which the dI/dV signal can be
extracted. The electronic states give rise to an increase in the tunneling current and are
therefore identified as peaks in the dI/dV spectrum. In this way the LDOS can be mapped
as a function of energy.

2.2.1.3 Aarhus STM

RT STM measurements have been performed using the Aarhus-design STM, which was
designed by Ivan Stensgaard, Erik Lægsgaard and Flemming Besenbacher, in 1980 [31]. The
construction required a great effort as technology was not as developed as today and the
controllable tip approach to the surface with Ångstrom scale precision can be achieved using
constituents of mm size. Nowadays, Aarhus-type STM is commercialized by SPECS Gmbh.
A picture of the STM 150 Aarhus head is presented in Fig. 2.4(a). This is mounted on a
CF160 flange that can be directly connected to the UHV chamber. From Fig. 2.4(a), one can
see the top part of the STM, where the sample mounted on a holder plate can be inserted
with the scanning surface facing down. Two CuBe clamps ensure that the sample plate is
held tight against the STM top part. A big aluminium block (0.6 Kg) is protecting the STM
unit. During the measurements, the block is hanging free while kept suspended by three
springs, which can be seen in Fig. 2.4(a). The entire cradle has a resonance frequency below
2Hz and with this compact design, there is usually no need for additional vibration damping.
The design of the Aarhus STM is presented in Fig. 2.4(b) where the main components are
depicted. The STM tip—made usually of W or Pt-Ir alloy—is held by a small clamp (tip
holder) mounted on top of a 4 mm long scanner tube. The latter is a piezo-ceramic hollow
cylinder with silver electrodes attached to the inner diameter and four divided parts on the
outer cylinder. The scanner tube [33] is mounted on a borosilicate glass rod and together
with another hollow piezo-ceramic cylinder (divided in three cylindrical parts) forms a small
inchworm motor used for the rough approach of the tip to the sample. The walls of the
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(a) (b)

Figure 2.4: (a) Picture of the Aarhus STM; (b) Schematic drawing of the Aarhus STM (taken
from Ref.[32]) with its main components: 1-sample, 2-sample plate, 3-clamp, 4-tip, 5- clamp (tip
holder), 6- scanner tube, 7-borosilicate glass rod, 8- Macor ring, 9-piezo tube for the inchworm
motor, 10-quartz or zirconia sphere, 11-Zener diode.

piezo cylinder are also covered by electrodes: one on the internal part and three outer
electrodes, one for each cylindrical part. The inner electrode is kept at a static voltage and
by applying a suitable sequence of voltages to the three outer electrodes, the piezo-ceramic
cylindrical parts clamps/unclamps the rod while the middle part expands/contracts. A
worm-like motion is used for the piezo motor to push the rod (together with the scanner
tube) a couple of millimetres using Ångstrom step size. In this way the coarse approach
of the tip is established and continues until a tunneling current is measured. The same
movement is used for retracting the tip with respect to the sample. The speed of the
inchworm movement is about 2000 steps/second. The compact design of the scanner house
provides good mechanical stability up to 8 kHz resonance frequency. When the tip is in
tunneling contact, the precise movement in the x, y, z directions is controlled by the voltages
applied to these electrodes on the piezo-ceramic tube. The z movement is given by the
elongation or compression of the scanner tube, which is made by varying the voltage applied
to the inner electrode. The x y movement is given by the slight bending of the tube, which
is achieved by applying anti-symmetrical voltages to two opposing outer electrodes relative
to the inner electrode.
The STM top is thermally and electrically insulated from the rest of the scanner head by
three zirconia spheres. This part, together with the sample and the aluminium block can be
cool down to liquid nitrogen temperature. A Zener diode—mounted at the lower end of the
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STM house—can be used to keep the entire scanner house close to RT or to counter heat it
in order to prevent the piezo elements to change their properties.
The compact design of this type of STM provides a high mechanical stability and fast
scanning speed for observation of any dynamic processes on the surface.
Summarising, STM is a powerful technique for real space investigation of the surface and
electronic structure at atomic level and was successfully used to study the SL TMDCs pre-
sented in this thesis.

2.2.2 Low Energy Electron Diffraction (LEED)

LEED is a widely used experimental technique for investigating the overall structural prop-
erties of the material. For this reason only a brief introduction will be given and the reader
can be redirected to Ref. [24] for further in-depths.
As already the name suggests, LEED is based on electron diffraction. The low energy
electrons with kinetic energy between 10 eV and 500 eV, are elastically scattered from the
surface atoms and form a diffraction pattern that can be used for structural analysis. For
such low energy electrons, the inelastic mean free path (IMFP)—defined as the average
distance travelled by an electron in a solid between inelastic collisions — is rather short.
The plot of the IMFP of electrons as a function of the electron kinetic energy for different
materials can be seen in Fig. 2.5(a). It is known as the "universal curve" as it depends
strongly on the kinetic energy of the electrons and less on the chemical composition of the
solid. In this kinetic energy range, the IMFP is between 3 Å and 10 Å for many materials [34]
[35]. This implies that LEED technique is rather surface sensitive as the low energy electrons
penetrate very short into the material and the diffraction pattern given by the elastically
scattered electrons is formed mostly from the surface layers.
In Fig. 2.5(b) one can see the setup of a typical LEED. The simplest LEED instrument
consists of an electron gun, which produces a collimated beam of low energy electrons that
are directed towards the sample and a set of lenses in front of a phosphor screen. The
electrons are scattered from the crystal surface and have to pass four retarding grids in
order to reach the phosphor screen. The first grid that electrons encounter is set to ground
potential to ensure a field free region around the sample. The next two grids are set to a
voltage slightly lower than the initial kinetic energy of the electrons produced by the gun,
in order to filter the inelastically scattered electrons and allow to pass only the elastically
scattered ones. The fourth grid is set to ground potential again. Finally, the fluorescent
screen is set to a high positive voltage and the elastically scattered electrons are accelerated
towards it, giving rise to intense bright spots corresponding to the diffraction pattern. A
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viewport just behind the LEED screen can be mounted from where the diffraction pattern
can be observed by the bare eye and recorded with a camera.
The resulting diffraction pattern can be mapped into reciprocal (k-momentum) space know-
ing the geometry of the lenses and is formed when there is constructive interference (CI)
between the elastically scattered electrons obeying the Laue condition. For a 3D crystal this
is written in the following form:

~ks � ~ki = ~G, (2.11)

where ~ki and ~ks are the incident and scattered electron wave vectors and ~G is the reciprocal
lattice vector of the crystal.
For the visualization of this condition, the Ewald sphere construction can be used. This
is shown in Fig. 2.5(c). A vector ~ki is drawn according to the length and direction of the
experimental setup such that it ends in the reciprocal lattice point. Then a circle with radius
|~ki| is drawn around the starting point of the vector. If a reciprocal lattice point intersects
with the circle, the Laue condition is fulfilled and a diffraction spot will be observed in that
direction.
In the case where only the surface is considered, the CI between the elastically scattered
electrons will be from a 2D lattice and therefore the Laue condition is only in the direction
parallel to the surface:

~kk,s � ~kk,i = ~Gk, (2.12)

where ~Gk is the surface reciprocal lattice vector. In this case, the discrete points in the
Ewald construction are replaced by rods perpendicular to the surface. Consequently CI
is expected to happen whenever the rod touches the circle, therefore many more favourable
conditions for CI are expected for different kinetic energies. In LEED experiments, the setup
configuration is made in such a way that the incoming electrons are hitting the sample at
normal incidence. This means ~kk,i = 0 and thus the resulting diffraction pattern gives a
direct information of the surface reciprocal lattice:

~kk,s = ~Gk = h~b1 + k~b2, (2.13)

where h and k are integers that characterize the diffraction spot position and h~b1 and h~b2

are the reciprocal lattice vectors in 2D.
The magnitude |~kk,s| of the scattering electrons can be determined from the expression of the
kinetic energy of electrons: Ekin =

~|~kk,s|p
2me

. Moreover, the angle of the diffracted beam(✓hk)
can be related with the reciprocal lattice vector of the surface in the following manner:
sin(✓hk) = |h~b1+k~b2|

|~kk,s|
. In this way, the distance between the centre of the fluorescent screen
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Figure 2.5: (a) The inelastic mean free path of electrons as a function of electron kinetic energy
for different materials. In the kinetic energy range considered in LEED experiments the IMFP
value is small, which indicates that this technique is mostly sensitive to the surface layers. (b)
Setup of a typical LEED system with its basic working principle. A collimated beam of low energy
electrons (10-500) eV is elastically scattered on the surface and the resulting diffraction pattern
(given by the diffraction spots) can be observed on the phosphorus screen. The components are
labeled correspondingly. (c) Ewald construction for visualizing the Laue condition when electrons
are elastically scattered from bulk (grey dots) and surface (grey rods). All images are inspired from
Ref.[24].

and a diffraction spot(dhk) can be determined using the following equation:

dhk = R sin(✓hk) = R
| ~Gk|
|~kk,s|

= R
~p

2meEkin

|h~b1 + k~b2|, (2.14)

where R is the distance from the sample to the screen as shown in Fig. 2.5(b).
One can observe that by increasing the kinetic energy of the electrons, the visible diffraction
spots move closer to the centre of the viewport making space for higher order diffraction spots
that were invisible before because of their large scattering angle. Even from a superficial
inspection of the surface diffraction pattern, one can obtain qualitative information about
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the surface. The LEED pattern for a SL material synthesized on a substrate can facilitate
information about periodicities, symmetry and orientation of the crystal structure. The
cleanliness and the overall quality of a sample is indicated by sharp diffraction spots as
the presence of defects and/or disordered adsorbates on the surface results in diffuse and
broadened spots.
For a quantitative understanding of the structure in the direction orthogonal to the surface,
one has to look at the diffraction intensity as a function of the kinetic energy of the electrons,
known as the I-V curves. In this case, one cannot ignore anymore the 3D character of the
crystal since backscattering has an influence on the intensity of the diffraction spots. The
experimental result is then compared with a model system that involves multiple-scattering
calculations. The model is modified until a good agreement with the experiment is obtained.
In summary, LEED is a very good technique by which the quality and the global struc-
tural properties of the sample can be investigated. In this thesis, LEED is mainly used for
qualitative analysis of the surface structure of the SL TMDCs.

2.2.3 Photoemission-based techniques

In a photoemission experiment, the behaviour of electrons in a solid system is investigated.
Electrons in a solid can be divided in two categories. The core level (CL) electrons are the
ones strongly bounded to the nuclei and they are responsible for the formation of the inner
orbitals and for the screening of the positive nuclear charges. The CL electrons are sensitive
to the local chemical and geometrical environment and the two mainly used photoemission
techniques for their study are known as X-ray photoelectron spectroscopy (XPS) and X-ray
photoelectron diffraction (XPD).
The second category includes the valence electrons that are weakly bounded and responsible
for the formation of the electronic band structures. The valence electrons are very sensitive
to any local and non-local perturbation and can have a strong impact on the properties of a
material. The photoemission technique used for the study of the valence electrons is angle
resolved photoemission spectroscopy (ARPES). These complementary techniques have been
used to study the behaviour of the electrons coming from the valence band and core level of
the atoms in the SL TMDCs presented here.
In order to have a basic understanding of the physics behind these techniques, a brief the-
oretical introduction on photoemission is given. Most of the information that follows has
been inspired by Ref. [24][36][37]. A detailed theoretical description is beyond the purpose
of this thesis and the reader can be redirected to the rich and established literature in the
field.
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2.2.3.1 Photoemission process and spectroscopy

In a very simple picture, during the photoemission process, monochromatic light is shone
on a sample and depending on the photon energy, electrons from the occupied states in the
material are (photo-)emitted from the sample and can be collected by a spectrometer. This
is known as photoelectric effect, which was initially observed by Heinrich Hertz in 1887 and
then explained by Albert Einstein (in 1905) for which he was awarded with the Nobel Prize,
in 1921.
A simple three step model can be used as an approximation for describing this process. This
is illustrated in Fig. 2.6(a) and (b). In the first step, a photon with energy h⌫ is absorbed
by an electron that gets excited from its initial state to a final state in the material. In the
second step, the final state photoelectron is occasionally scattered elastically and inelastically
as it travels to the surface. The scattering probability is described by the IMFP as explained
previously. In the final step, the photoelectron has a sufficient kinetic energy to overcome
the work function of the material and escape from it. Given the fact that in the process
the energy conservation has to be fulfilled, the kinetic energy of the photoelectron can be
written as follows :

Ekin = h⌫ � Ebin � �, (2.15)

where Ebin is the binding energy of the electron in its initial state, and � is the work function
of the material, the minimum energy required for an electron in the material to escape into
vacuum.
The work function of metals is typically 4-5.5 eV and based on the previous equation, one
can observe that the photon energy has to be at least greater than the value for the work
function in order for the electrons to be emitted (see Fig. 2.6(a) and (b)). The escaped
photoelectrons can then be captured by an electron energy analyzer, where kinetic energy
and eventually direction of photoemission is recorded.

2.2.3.2 Angle resolved photoemission spectroscopy (ARPES)

ARPES is a powerful technique used for the study of the electronic structure of bulk and
2D materials. By recording the kinetic energy as a function of photoemission angle, a map
of the electronic band structure of the material under investigation can be obtained. In
addition, this technique can also provide information on the various types of interactions
present inside the material. Furthermore, in order to have access to the full power of the
ARPES technique, a high brilliance, monochromatic and tunable light source is necessary.
For such requirements, synchrotron radiation sources are exploited.
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Figure 2.6: (a) Energy diagram for the photoemission process (modified from [38]). A photon with
energy h⌫ excites one electron from the electronic shells of an atom in the material. The resulting
photoemission intensity is a function of the kinetic energy Ekin of the detected photoelectrons, which
depend on the photon energy h⌫, the binding energy of the initial electronic state Ebin and the work
function of the material �. (b) Schematic diagram of the photoemission process based on the three
step model. A valence band electron from a material is excited with a direct optical transition.
The matching of the initial electron state wave function with a final state free electron in vacuum
is given by the lattice momentum. V is the potential step, which describes the surface-vacuum
interface and introduces a potential offset between the material and vacuum. (c) Schematic of the
photoelectron wave vectors inside and outside the material (i.e., at the surface-vacuum interface).
The translational symmetry is broken in the direction perpendicular to the surface ~kout,? 6= ~kin,?
but the parallel component is conserved: ~kout,|| = ~kin,||. (d) Diagram of the escaped photoelectron
wave vector from the surface of the material and its cartesian components expressed in terms of
polar (✓) and azimuthal (') angles.
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During an ARPES measurement, ultraviolet (UV) light in the range of (10–150) eV is
used. Since the IMFP of electrons is only a couple of Ångstroms in this energy range
(see Fig. 2.5(a)) mostly the ones close to the surface are probed.
Let us have a closer look at the behaviour of the photoelectron wave vector. At such low
energies, the momentum of the UV photons can be neglected compared to that of the elec-
trons. After the absorption of the photon, the resulting photoelectron will travel through
the bulk material with a wave vector ~kin = ~kin,|| + ~kin,?. As soon as it reaches the surface,
the translational symmetry is broken in the direction orthogonal to it. As a consequence,
~kout,? 6= ~kin,?, but the parallel component is conserved: ~kout,|| = ~kin,||. This is schematically
shown in Fig. 2.6(c).
Considering that the photoelectron left the solid with a certain kinetic energy and at a
certain azimuthal (') and polar (✓) angle, assuming free electron dispersion in vacuum, the
parallel component of the electron wave vector can be expressed in the following form:

~kout,|| = ~kin,|| =

r
2meEkin

~2 sin✓(cos'~̂x+ sin'~̂y) = ~k|| (2.16)

where me is the free electron mass and the rest of the variables are known. This is schemat-
ically shown in Fig. 2.6(d).
For the study of 2D systems, ~kz dispersion is usually irrelevant and the electronic band
structure is given by ~k||. From equation 2.16 one can obtain information on the crystal
momentum of electrons. Furthermore, based on both 2.16 and 2.15 equations, in first
approximation, the transformation from angular space given by I(✓,', Ekin) to momentum
space I(~k||, Ebin) can be performed. With ARPES, this is viewed as the measured electronic
band structure and therefore, this technique is suitable for obtaining information about the
valence band dispersion for the SL TMDCs.

2.2.3.3 Spectral function

For a quantitative understanding of what is measured during a photoemission experiment, a
more complete model needs to be introduced so called one step model. In this, the transition
from the initial to the final state of the whole system is described all at once and the
perturbation (photohole) created by the excitation of the photoelectron can be considered
applying the sudden approximation. Here it is assumed that the electron is immediately
removed from the system without further interactions with the surroundings, that means
the effective potential remains the same during the process. This facilitates the description
of the remaining photohole dressed with all the interactions as a many-body system with
(N-1) electrons. The N electrons wave function, before and after the photoemission process,
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is written as  N
i,f , separating the excited photoelectron wave function  ~ki,f from the remaining

many body system with the photohole  N�1
i,f , in the following manner:

 
N
i,f = A 

~k
i,f 

N�1
i,f , (2.17)

where A is the Pauli antisymmetric operator.
The transition probability between these states is given by the Fermi’s golden rule:

Pi,f =
2⇡

~ | <  
N
f |Hint| N

i > |2�(EN
f � E

N
i � h⌫)

=
2⇡

~ |M~k
i,f |2| <  

N�1
f | N�1

i > |2�(Ekin + E
N�1
f � E

N
i � h⌫), (2.18)

where Hint is the Hamiltonian describing the interaction between the light and matter,
�(EN

f � E
N
i � h⌫) and �(Ekin + E

N�1
f � E

N
i � h⌫) is the energy conservation law (where

the initial and final energies for the N particle system are: E
N
i = E

N�1
i � E

~k
bin and E

N
f =

E
N�1
i � Ekin) and M

~k
i,f =<  

N
f |Hint| N

i > is the single-particle matrix element, which
contains all the interactions (many-body effects) in the system.
The resulting photoemission intensity in the ARPES measurement is then proportional to
the sum over all possible initial and final state transitions that follow the Fermi-Dirac dis-
tribution:

I(~k, Ekin) / f(Ekin)
X

i,f

|M~k
i,f |2A(~k, Ekin), (2.19)

where A =
P

i,f | <  
N�1
f | N�1

i > |2�(Ekin + E
N�1
f � E

N
i � h⌫) is the photohole spectral

function.
From equation 2.19 it comes clear how the photoemission intensity depends on the spectral
function of the photohole and the matrix element. The latter depends on many parameters
such as cross-section, polarization of light, energy and the angle of the incoming photons.
The most relevant many-body interactions are the electron-phonon, electron-electron and
electron-impurity interactions. These have important effects in the photoemission spectra,
mostly leading to a broadening of the measured spectra. In some situations it can even lead
to a full suppression of ARPES features [37][38].
By applying the Green function formalism, the spectral function can be rewritten as:

A(~k,!) =
⇡
�1
��P00(~k,!)

��

(~! � E(~k)�
P0(~k,!))2 +

P00(~k,!)2
, (2.20)

where ~! is the binding energy of the electron, E(~k) is the single-particle dispersion (bare
band),

P0(~k,!) and
P00(~k,!) are the real and imaginary parts of the electronic self-energy

expressed by
P

(~k,!). The real part of the self-energy describes the renormalization of
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the energy due to interactions (i.e., the shift of the binding energy that usually cause the
appearance of a kink in the dispersion). The imaginary part of the self-energy provides
information of the different many body effects that are contributing to the quasiparticle
lifetime, and therefore the width of the measured spectra. A broadening of the spectral
width indicates a shorter lifetime of the quasiparticle, therefore a stronger interaction.
For a detailed investigation of these many body interactions, the so called EDC and MDC
are typically used to analyse the ARPES data. EDC stands for energy distribution curve
and corresponds to the photoemission intensity as a function of binding energy Ebin for a
fixed momentum ~k. Based on the last expression of the spectral function, the EDC will have
the following expression:

IEDC(!) / |M~k=cont
i,f |2f(!)A(~k,!) (2.21)

One can observe that in this case, the matrix element is constant but the function has a
non-trivial energy dependence. Furthermore retrieving the real part of the self-energy is
not straight forward, as it implies knowledge on the bare band (i.e., the band dispersion
excluding all the interactions) and this can not be measured experimentally.
In contrast the MDC analysis, standing for momentum distribution curve, consists in moni-
toring the intensity as a function of momentum ~k while Ebin is fixed.

IMDC(~k) / |M~k
i,f |2f(!0)A(~k,!) (2.22)

In the vicinity of the Fermi energy, the line-shape of the MDC takes the form of a Lorentzian,
facilitating the information about the imaginary part of the self-energy. The EDCs and
MDCs are used to study features on the bands that are crossing the Fermi level or that
exhibit kinks in the electronic band dispersion.

2.2.3.4 ARPES setup

A common ARPES acquisition setup is schematically shown in Fig. 2.7. A hemispherical
analyzer is used for recording at the same time the kinetic energy and the emission angle of
the incoming photoelectrons. The ARPES experiments presented in this thesis have been
performed using a Phoibos 150 analyzer from SPECS Gmbh. The working principle will
be described based on this type of analyzer. This consists of three main parts: a part
with cylindrical electrostatic lenses, a hemispherical capacitor consisting of two concentric
hemispheres and a 2D detector. The emitted photoelectrons enter the electrostatic lenses
and are focussed at the entrance of the hemispheres such that the kinetic energy of interest
is reduced linearly to the value Ep.
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Figure 2.7: (a) The dispersive plane of the hemispherical analyzer: the deflection of the electrons
trajectories according to their kinetic energy Ekin is given by the chosen electric field between the
two hemispheres and the settings on the lenses of the analyzer. (b) The non-dispersive plane of
the hemispherical analyzer: the angular distribution of the incoming electrons according to their
emission angle ' is given within the acceptance angle ±�. By changing the tilt angle ↵ and the
polar angle ✓, one can detect a specific area of interest for studying the electronic structure under
investigation.

In such analyzer there are two planes in which the electrons are filtered according to their
kinetic energy and emission angle. In the dispersive plane of the analyzer (the plane that
contains the lenses and the detector), two different negative potentials are applied to the
concentric hemispheres working therefore as pass band filter and facilitating only the elec-
trons with a kinetic energy in the energy range Ep ± �E to reach the 2D detector. �E

indicates the size of the energy window and is defined by Ep, ultimately by the voltages on
the hemispheres. If the mean radius of the analyzer (R), and the widths of the entrance slit
(S1) and exit slit (S2) are know, the analyser’s energy resolution (�EA) can be written as
follows:

�EA =
Ep(S1 + S2)

4R
(2.23)

In the non-dispersive plane of the analyzer (orthogonal to the dispersive plane) a small
acceptance angle in the range ±� can be set by applying certain voltage on the lenses in
such a way that only the photoelectrons that have the emission angle within this angle range
manage to reach the entrance slit. In the last part, namely the 2D detector, the signal coming
from all the electrons with the desired ranges of kinetic energy and angle will be amplified by
two micro channel plates (MCP) and subsequently accelerated towards a phosphorus screen
creating an image captured by a CCD camera.
In this way, having established the kinetic energy and acceptance angle and using a fix tilt
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and polar angle of the sample, one can obtain an image showing in contrast colour scale
the photoemission intensity as a function of Ekin and ' corresponding to a single cut in
throughout the Brillouin zone (BZ). In order to obtain a complete map of the Fermi surface,
one should then acquire several of these images for different polar angles (✓) and stack them
together. A three dimensional dataset I(Ekin, ✓,') is then obtained, showing the spectral
function along different high symmetry directions in the surface BZ.
Mapping from angular space to momentum space can be done based on the following ex-
pressions:

kx =

r
2meEkin

~2 (cos↵sin'� sin↵cos✓cos') and ky =

r
2meEkin

~2 cos'sin✓ (2.24)

2.2.3.5 X-ray Photoemission Spectroscopy (XPS)

In order to photoexcite the core level electrons in the material of interest, high energy photons
in the X-ray region (0.1– 2.0 keV) are required. Note that between the UV and and soft
X-ray regime only some of the core level electrons can be probed, nevertheless having high
surface sensitivity. To have access to deeper core levels, the entire X-ray region should be
exploited.
In comparison with ARPES, there is no momentum dispersion of the locally bounded core
level electrons. In this case, the electron energy analyzer is recoding photoemission intensity
as a function of kinetic energy only at one specific direction from the surface normal. Binding
energies can be retrieved according to the energy conservation law (equation 2.15). The
binding energy of a CL electron is an elemental finger-print as it depends on the orbital
type, the atomic number and is sensitive to the chemical environment where the emitter
is found. From the peak positions (or spectral lines) in the acquired XPS spectrum, one
can obtain information about the chemical composition of the sample, but XPS turns to
be a very useful surface science technique as it can not only identify the oxidation state or
chemical environment of the emitter but also can give information regarding small amounts
of contaminants. Additional Auger peaks can be present in the XPS spectrum and these are
easily identified by acquiring spectra at a different photon energy, since the kinetic energy
of the Auger electrons does not depend on that.
Furthermore, this technique can be used to identify and study any structural phase transition
and changes in the electronic structure due to interactions with adsorbents, substrate or
intercalants.
In this work XPS has been used to check quality and the degree of contamination of SL
TMDCs samples that were synthesised using different sulphur agents.
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2.2.3.6 X-ray Photoelectron Diffraction (XPD)

XPD is another technique based on photoemission measurement resolved in angle, but unlike
in ARPES (where the electronic structure is measured), this method is very useful for gaining
information on the local structure of the emitters in the material under study [39][40].
During the photoelectron diffraction process, X-rays excite electrons from the core levels
from an atom (emitter) in the sample and the photoelectron gets scattered elastically and
inelastically as it travels towards the vacuum. The generated primary electron wave can be
either detected directly or can get scattered with the surrounding environment giving rise to
additional electron waves. An XPS intensity pattern as a function of detection angle is then
created by the interference between the primary electron wave and the scattered ones.
While the elastic scattering gives rise to fluctuation on the CL intensity as a function of emis-
sion angle, the inelastic scattering process effects line shape and may depend on the photon
energy, the chemical environment position around the emitter and the angle of detection.
In the elastic scattering, two regimes can be identified, both giving structural information on
the material under study. These are the forward scattering process, in which the scatterer
is placed in between the emitter and detector and the backscattering process, from which
one can obtain information about the atoms located under the emitter. Signal from the
first regime is mostly enhanced for photoelectrons with kinetic energy bigger than 150 eV.
The resulting diffraction pattern gives information about the emitter position in respect the
atoms in front of it. The second regime is enhanced instead when emitted photoelectrons
have a kinetic energy below 150 eV.
For a detailed quantitative information on the surface structure, more than 1000 XPS spectra
at different polar (✓) and azimuthal (') angle are collected and analyzed. The intensity of
the specific CL of interest is then extracted from the fit parameters and its modulation is
calculated as follow:

� =
I � I0

I0
, (2.25)

where I is the measured CL intensity and I0 is given by a smooth spline fitted to the intensity
distribution along the azimuthal angle (').
To reveal the local arrangements of atoms around a specific emitter, the experimental XPD
pattern is compared with a simulation. For this, a finite model for the crystal (cluster) and
the surface is designed, and multiple scattering effects are simulated for a specific emitter
using the EDAC (Electron Diffraction in Atomic Cluster) package [41]. The quantitative
agreement between the experimental and simulated XPD patterns is measured in terms of
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the so called reliability factor R, which is defined as:

R =

P
i(�th,i � �exp,i)2P
i(�

2
th,i � �2

exp,i)
, (2.26)

where �th,i and �exp,i are the experimental and the simulated modulation functions for each
emission angle i.
R can have a value between 0 and 2. The former indicates a perfect agreement between the
experiment and simulation whereas the latter suggest anti-correlated data. The structure
model is modified until the best match with the experimental data is obtained. A R value
less than 0.3 is considered a good assessment.
In this thesis, XPD has been used mainly as a complementary technique for structural
characterisation of SL V1+xS2 on Au(111) in order to identify the configurations of the
different temperature-dependent phases (more details in Chapter 4).

2.3 Experimental setups

For the growth preparation and characterization of the SL materials presented in this thesis,
different experimental facilities have been used. In this section, only the experimental setups
from Aarhus University are briefly described, where most of the experiments took place.

2.3.1 STM chamber

A stand-alone STM chamber—housing a home-built Aarhus STM—can be mainly used for
the synthesis and characterization of SL TMDCs on different metal substrates. A picture of
this setup is shown in Fig. 2.8(a). This independent chamber has a load-lock (LL) for intro-
ducing the sample into the chamber without breaking vacuum. This is pumped separately
by a rough pump and a turbo pump and reaches a pressure of about 10�8 mbar. In the main
chamber (MC) where the base pressure is of 10�10 mbar, there are all the tools needed for
sample cleaning, growth and characterization. These components can be seen more clearly
in Fig. 2.8(b).
An RGA is used to check the quality of the vacuum in the MC chamber or the purity of the
gasses. A Ne+ sputter gun and a heating stage is used for cleaning the substrate prior to
growth. For the growth of TMDCs, a dual pocket e-beam evaporator is used (Tektra Gmbh).
This allows deposition from up to two independent TM rods (or eventually crucibles). Besides
the need of evaporating the TM onto the clean substrate, there is also the need of a sulphur
precursor for growing the TMDCs. In this chamber, dimethyl disulphide (DMDS, CH3S-
SCH3) molecules are used as sulphur source. These molecules are kept in a protected vial
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Figure 2.8: (a) Picture of the stand-alone STM chamber in which the samples are synthesized
using DMDS and characterized by STM. Components are labeled correspondingly. (b) Picture taken
inside the MC showing the available instrumentation: 1–RGA, 2–Ne+sputter gun, 3–sample in the
heating stage, 4–dual beam evaporator, 5–wobble stick, 6–STM. (c) A (44⇥44) Å2 highly resolved
STM image of a clean Au(111). Image parameters: It=2.04 nA, Vb=104,37 mV.

and a leak valve is used for a controlled dose of these in vacuum. Moreover, as it will be
shown later, DMDS can also be used as capping layer for protecting the SL TMDCs during
brief exposure to air.
The sample can be transferred between the STM, annealing stage and LL using a magnetic
wobble stick. STM is used also for checking the cleanliness of the sample prior deposition and
for local surface characterization of the grown layer. Even though never used during these
experiment, pneumatic dumping legs supporting the chamber can be activated reducing
mechanical noise during measurements. An ion pump allows keeping UHV when turning
off turbo pumps is necessary for sensitive STM measurement. All this allows for a good
environment to achieve reproducible atomic resolution. One example of this can be seen in
Fig. 2.8(c) where a highly resolved STM image of a clean Au(111) substrate is shown. Such
STM image is typically acquired prior growth as calibration for the STM topography.
Most of the materials presented in this thesis were synthesized and characterized with RT
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STM in this compact chamber.

2.3.2 SGM3 endstation

ARPES and most of LEED experiments presented were acquired at the SGM3 endstation at
the Aarhus STorage RIng in Denmark 2 (ASTRID2) lightsource that is presented in Fig. 2.9.
ASTRID2 is the new third generation light source, which has been commissioned in 2014,
at Aarhus University. It has a diameter of 15 m, operates at an electron energy of 580 MeV
and works with an electron current of 180 mA (but can stably reach up to 250 mA). This is
maintained constant (±2 mA) by top-up injections from the former light source, ASTRID.
There are currently 6 operational beam lines on ASTRID2: the AMO beamline uses 5–150 eV
energy range and is dedicated to Atomic and Molecular Physics; CD beamline – dedicated
to Synchrotron Radiation Circular Dichroism experiments and allows an energy range of
(3.4–11.27) eV; an InfraRed beamline is dedicated to biology and condensed matter studies
and uses extremely low energy radiation (0.062–2) eV; the MATline delivers photon energies
in the (20–700) eV range, with the possibility of reaching up to 1000 eV; the UV beamline
is designed to cover the low photon energy region (1.5–12) eV for adsorption spectroscopy
and photobiology; finally Spherical Grating Monochromator 3 (SGM3), which is dedicated
to ARPES measurements and will be presented in the following, in more details.
The SGM3 beamline focusses the light coming from an undulator into an entrance slit (ENS)
using a horizontal focussing mirror (HFM) and a vertical focussing mirror (VFM). The
monochromator is equipped with three spherical gratings that in combination with a fol-
lowing movable exit slit (EXS) allows for monochromatic light, linearly polarized in the
horizontal plane, and in the range of (10–150) eV. The beam spot can be aligned on the
sample using a post focusing mirror (PFM) located just before the endstation. The size of
the beam spot on the sample is 190 µm (horizontally)⇥ 90 µm (vertically).
The endstation consists of six independent UHV chambers interconnected by gate valves
so as to operate independently. The preparation chamber (PC) is used mostly for surface
preparation (sputtering and annealing), chemical vapour deposition (CVD) growth (it is
equipped with gas lines and evaporators) and hosts an Aarhus-type STM [31] for surface
characterization. A garage allows the storage of up to 10 samples in vacuum and and RGA
for tests on the purity of gasses introduced in the chamber. Another chamber, dedicated
to the preparation of Si surfaces, is attached to the PC so as to avoid cross contamination
between different experiments. An MBE dedicated chamber contains a sample cleaning
stage similarly to the PC, but several metal electron beam evaporators, filaments for metal
deposition and a H2S doser. Two load locks (LLs) can be used for loading the sample in



Section 2.3. Experimental setups Page 33

SGM3
endstation

UV

MatLine
IR

CD

AMO

Figure 2.9: On the left hand side: a picture of the SGM3 endstation with all its components;
On the right hand side: top view of the Storage Ring Facilities in Aarhus, where ASTRID and
ASTRID2 with beamlines are indicated.

vacuum, one on the PC and one on the MBE. Finally, in the MC, the sample is hosted on a
6-axis manipulator that can be cooled down to 30 K using a closed cycle He cryostat, and the
temperature can be controlled up to 700 K. In this chamber, the base pressure is 10�11 mbar,
and not only ARPES but also LEED measurements are performed.
For the cases where samples needed to be transferred in vacuum between different distant
facilities, a home-build UHV suitcase has been used. This is a slim and compact UHV
system allowing for pressures down to 10�10 mbar thanks to a combined non-evaporable
getter (NEG) and a battery powered Ion-pump. It holds a long magnetic wobble stick to
transfer the 5 samples that a garage can host. The device is designed so as to be compatible
with three different sample holders (Aarhus type, Omicron Flag stile and an adaptor for
smaller plates). This UHV suitcase has been used for transporting samples grown in the
STM chamber to the SGM3 endstation and to the LT STM facilities, in Nijmegen.
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Figure 2.10: A schematic of the home-build UHV suitcase. The pressure in the small UHV system
is kept by a combination of a non-evaporable getter (NEG) and ion pump powered by an external
battery. The wobble stick is used to transfer samples in and out of the UHV suitcase.
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Single-layer NbS2 on Au(111): synthesis,

structure, and electronic properties

This chapter is dedicated to the investigation of the ground state of SL NbS2 on Au(111)
substrate. A growth method has been achieved for synthesizing this material in the SL
form. Complementary techniques such as STM and LEED indicate a SL material with
single orientation (and its mirror domain) and with a crystalline quality that is in good
agreement with the lattice parameter of the bulk parent compound. Finally, the metallic
character is revealed by means of ARPES. The band structure is consistent with the 1H
configuration and the overall spectral features are in agreement with theoretical predictions.
This project has been done in collaboration with the group members from Aarhus University
and has been finalized with a published paper: R-M. Stan, S. K. Mahatha, M. Bianchi, C. E.
Sanders, D. Curcio, P. Hofmann and J. A. Miwa, "Epitaxial single-layer NbS2 on Au(111):
synthesis, structure and electronic properties", Physical Review Materials 3:044003, 2019.
I have found the growth recipe for synthesizing NbS2 on Au(111), performed the STM,
LEED and ARPES measurements, worked on the STM and LEED analysis of the exper-
imental results, and wrote the first draft of the manuscript. Sanjoy K. Mahatha helped
with sample transfer, LEED and ARPES measurements and analyzed ARPES results. A
thorough ARPES analysis has been done by Charlotte E. Sanders and Davide Curcio.

3.1 Introduction to NbS2

NbS2 belongs to the group V of the TMDC family of compounds, which can host exciting
physical properties such as magnetism, charge ordering, superconductivity and Mott insu-
lating behaviour. Interestingly, there is an intriguing competition between these quantum
states and can be observed in the same material at different temperatures. These interest-
ing behaviours are of great interest in the scientific community. Furthermore, it has been

35
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shown that materials thinned down to the SL limit can lead to different physical properties
compared to their bulk counterparts due to the quantum confinement and the reduction in
symmetry. Additionally, for the case of a SL synthesized on a substrate, the properties of
the 2D materials can be tuned by the interaction with the substrate and can lead to different
electronic changes compared to the bulk.
2H NbS2 has been remarked in this class of materials because it seems that superconductivity
observed at a transition temperature of 6.3 K can be seen in the absence of the CDW states
as presented in the Ref. [42][43][44]. This is used as a general consideration, but there are also
other opinions in which this system is placed on the verge of a CDW instability by reporting
faint traces of 1T-like CDW in bulk 2H-NbS2 crystals [45]. However, the properties of the
material might be different in the SL material compared to what is known about the bulk
parent.
In the theoretical papers from Ref. [46][47], density functional theory (DFT) and GW cal-
culations have predicted that SL NbS2 is metallic with an upper VB that is half-filled and
well-separated from other electronic states. Moreover, the magnetic properties of the SL
NbS2 have been investigated by means of first-principles calculations and the ground state
of the system has been predicted to be close to magnetic phases [48]. Spin-polarized DFT
calculations conducted on NbS2 show that this material can be magnetized under a biaxial
tensile strain. Its unique ferromagnetic character can be achieved at RT (the estimated Curie
temperature is 387 K) and this would be very attractive for quantum information devices and
spintronic applications [49]. NbS2 is predicted to be at the border of different instabilities
triggered by the competing interactions in this strongly correlated material.
Quite recently, the electronic band structure of SL NbS2 has been theoretically studied by
Eric van Loon et al. in Ref. [50]. The focus of the paper is on the interplay of the several
types of many-body effects, such as short- and long-range Coulomb interactions but also
electron-phonon interactions for a better understanding. It has been shown that each of these
interactions can have a significantly different effect on the spectral function. For example,
taking into account only the short-range Coulomb interactions, the half-filled conduction
band splits into two Hubbard bands located above and below the Fermi level and the system
becomes insulating. When including also the long-range Coulomb interactions, the system is
driven into a metallic state (the upper Hubbard band reaches the Fermi level). Surprisingly,
the simultaneous inclusion of the many-body interactions yield a spectral function that
is very similar to the non-interacting band structure but with sizeable broadening. This
study emphasize that SL NbS2 is at the verge between spin and charge instabilities due to
the interplay between the non-local Coulomb and the electron-phonon interactions. This
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material can be used as a platform for quantum technology.
Taking into account all these theoretical studies SL NbS2 might be expected to be a unique
case in which one can experimentally reach various desired ground states by tuning different
many-body interactions. These instabilities are usually influenced by the environmental
screening, the doping level or the strain applied to SL and can be induced by the surface on
which the SL is synthesized, therefore the choice of the substrate is very important.
Few layer NbS2 primarily in 2H [51] and 3R [52] configurations have been obtained experimen-
tally by CVD on different substrates such as sapphire and epitaxial graphene indicating that
the substrate can influence the surface morphology. Furthermore, the work from Ref. [53]
presents for the first time the formation of 1T-NbS2 films on glass by atmospheric pressure
CVD. This configuration indicates a lattice parameter of 3.42 Å that is slightly bigger than
the lattice constant for 2H structure measured to be of 3.3 Å [51]. The SL NbS2 has been
also successfully synthesized on hexagonal boron nitride (h-BN) [54] [55] and the work from
Ref. [18] reveals for the first time that SL NbS2 grown on graphitized SiC presents a (3⇥3)
CDW, but there is a considerable lack of experimental information regarding the electronic
states of this material.
Based on these observations, it has been a considerable interest in studying NbS2 and a
method for synthesizing this material in the SL form is highly desired in order to further
investigate its electronic properties.

3.2 Experimental growth of SL NbS2 on Au(111)

For the synthesis of the SL NbS2, the Au(111) is chosen as a substrate since it is a noble
metal and its surface exhibits the so-called herringbone reconstruction in which the elbow
regions act as nucleation sites for epitaxial growth of TMDCs [57].
The Au(111) has been cleaned by repeated cycles of Ne+ bombardment at 1.5 keV and
annealing to 650 �C under UHV conditions. STM has been used to establish the surface
order and cleanliness of the substrate. The cycles of sputtering and annealing have been
used until an atomically clean surface with the characteristic herringbone reconstruction [57]
has been revealed by STM. This is shown in Fig. 3.1(a).
Building on the success in epitaxial growth of other SL TMDCs [58][59][60][61][17], a similar
approach has been used for the synthesis of epitaxial SL NbS2 on Au (111), which implies
the evaporation of the transition metal onto a clean single-crystal substrate in a sulphur-
rich atmosphere. More specifically, niobium from a high purity Nb rod (99.9% purity) was
deposited from an electron beam evaporator onto the clean Au(111) surface held at RT
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while maintaining a pressure of 2⇥10�6 mbar of DMDS (C2H6S2, with >99 % purity) in
the chamber. Subsequently the sample was annealed to ⇡450 �C for 30 min while keeping
the same pressure of DMDS. For the preparation of the other SL TMDCs it has been used
the well known H2S gas instead of DMDS. Compared with H2S, the level of toxicity of the
DMDS is lower, it provides an additional sulphur atom and the work from Ref. [59] revealed
that DMDS and H2S have similar sulphidation potential and therefore the results should be
similar for both cases.
In the final stage, the DMDS was pumped out of the chamber and the sample was annealed
to ⇡600 �C for 30 min in order to eliminate residual physisorbed DMDS, and to improve the
overall crystalline quality of the SL NbS2. In order to obtain a certain coverage, one can
do one growth cycle using longer evaporation time but can as well repeat the cycle with the
above steps until the desired coverage is achieved.

3.3 Structural characterization of SL NbS2 on Au(111)

A dedicated stand-alone STM chamber with a home-build Aarhus type STM and a base
pressure of 5⇥10�10 mbar was used for the synthesis and STM characterization of the SL
NbS2 on Au(111) [31]. The STM results of the epitaxial growth are shown in Fig. 3.1(b)
where the topography of SL NbS2 on Au(111) has been revealed.
Several SL NbS2 domains are distributed over the entire Au(111) surface. The islands have
an irregular shape with sharp boundaries between adjacent domains and cover approximately
75 % of the surface. The region between the SL NbS2 domains are identified as clean Au
due to the presence of the typically distorted herringbone structure. Because NbS2 and
Au(111) have different lattice constants, the lattice mismatch between the lattice parameter
of the substrate and the epitaxial layer gives rise to a moiré superstructure. This has been
schematically illustrated in Fig. 3.2(a) by overlapping two periodic hexagonal lattices with
different lattice constants. The resulting moiré is observed to be well-ordered and has a
hexagonal unit cell with a greater periodicity compared to the two unit cells. From Fourier
transform analysis of the STM data (Fig. 3.1(b)), the periodicity of the moiré is determined
to be of 20.7 Å. Qualitatively, this moiré pattern is very similar to that observed for other
epitaxial SL TMDCs on Au(111), such as MoS2, WS2, and TaS2 [62][61][17].
In this STM image one can observe the presence of the line defects between the SL domains.
These boundaries are formed because of two opposite rotational domains of the 3-fold NbS2

lattice on the Au(111) surface and can be seen more clearly in Fig. 3.2(b). Similar boundaries
have been observed on MoS2 on Au(111) [62] and one can apply the same concept for this
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Figure 3.1: STM characterization of epitaxial growth NbS2 on Au (111). (a) A (500⇥500) Å2

STM image of a Au(111) surface, which exhibits the herringbone reconstruction as an indication
of cleanliness. Image parameters: It=0.47 nA, Vb=0.93 V. (b) A (621⇥621) Å2 overview of the
SL NbS2 revealing irregularly shaped domains and a hexagonal moiré pattern. Image parameters:
It=0.46 nA, Vb=-0.86 V. (c) A (412⇥412) Å2 overview of the BL NbS2 revealing irregularly shaped
domains. No hexagonal moiré pattern is observed. Image parameters: It=0.21 nA, Vb=0.93 V.
(d) A (50⇥50) Å2 atomically resolved STM image of the SL NbS2. The smaller hexagonal atomic
structure and the larger hexagonal moiré pattern are both visible in the image. Image parameters:
It=1.68 nA, Vb=-0.31 V. (e) Line profiles across the SL (top) and BL (bottom) NbS2 domains
indicated by the blue line in (a) and along the black line in (c) with the corresponding measured
apparent height demarcated by the double headed black arrow. The apparent height for the SL NbS2

was measured to be (3.1±0.2) Å whereas the BL indicate an apparent heigh profile of 6.1±0.2) Å.
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material. The structural domain boundaries appear when domains with the same Nb-edge
or S-edge termination meet during the growth process. The STM cannot identify which type
of interface is present for each individual line defect (taking into account that only the top S
atoms are imaged by this technique) and therefore, both possible interfaces are taking into
consideration. Figure 3.2(c) shows a schematic of the boundary formation with two possible
scenarios at the interface of two domains with opposite orientation. The presence of these
domain boundaries suggest that domains rotated by 60 � with respect to each other coexist
on the Au(111) surface. Furthermore, one can also observe small distortions in the regularity
of the moiré, especially close to these edges and domain boundaries and can be understood in
terms of local strain in the material [63]. However, these strains are not expected to influence
the LEED pattern but might have an influence on the overall electronic structure of the SL
NbS2 if it exceeds a threshold value as observed on similar materials.
From the high resolution STM image presented in Fig. 3.1(d) one can observe the protru-
sions of the upper S atoms from the S-Nb-S structure but also the presence of the moiré
superstructure. In the latter, one can interpret the most bright protrusions as being the case
where the S atoms are located exactly above the Au atoms while the rest of the S atoms are
placed in the hollow sites, based on the study of the similar system that is MoS2 on Au(111)
from Ref. [62]. From this atomically resolved image, the hexagonal lattice constant for the
SL NbS2 has been determined to be of (3.4±0.3) Å. The STM uncertainty value comes from
thermal drift and/or piezocreep.
A longer time of Nb evaporation results in a full coverage of the SL NbS2 on Au(111) and
additional BL of NbS2 on top. The latter is being briefly discussed in the following, but the
focus of this chapter remains the SL material. The partial BL of NbS2 is shown in Fig. 3.1(c).
Several BL NbS2 domains are distributed over the entire SL surface (which manifests a moiré
pattern at a close inspection of the STM image) occupying approximately 50 % of the surface.
These domains have also an irregular shape but the contours of the islands are notably more
irregular compared to the SL domains. On the BL islands no moiré is observed and the
atomic resolution was difficult to be obtained. Furthermore, the interaction between the
BL and the underlying SL NbS2 is weaker than the interaction between the first layer of
NbS2 and the Au(111) substrate. One can expect to observe BL NbS2 islands with different
domain orientations [64]. Based on these observations, one can suggest that such domains
may not merge together during additional growth cycles and therefore for the synthesis of
high quality multilayer NbS2 another growth method would be recommended.
The corresponding measured apparent height of the SL and BL NbS2 domains are shown in
Fig. 3.1(e) demarcated by the double headed black arrow. In the top graph, the apparent
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Figure 3.2: (a) Schematic representation for the periodic hexagonal lattices for Au(111) and NbS2.
By overlapping of two lattices, the mismatch between the two different lattice parameters gives rise
to a moiré superstructure. (b) A (87⇥116) Å2 STM image of a line defect at the interface between
rotational domains indicated by the black arrow. The moiré unit cell is overlaid on the image.
Scanning parameters: 0.46 nA and0.86 V. (c) Schematic of the line defect forming at the interface
between two oppositely oriented domains (area marked by the light green square in (b)). This is
adapted from Ref. [62] .Two possible scenarios are shown for matching edges (separated by the green
diagonal line) because the exact orientation of the domains could not be determined from the STM
data. Color code for the ball model: yellow: S, purple: Nb, beige:Au. The labels Nb and S indicate
the Nb-edge and S-edge, respectively. The two mirror domains are illustrated by the black dashed
and beige solid outlined triangles.

height difference between the top of the SL NbS2 and the Au(111) substrate is determined
from measuring a line profile (dark blue line in (b)) taken across the domain boundary.
This reveals a value of (3.1±0.2) Å and is consistent with the results from similar sys-
tems [62][61][17] confirming the interpretation of this structure as a SL. In the bottom graph,
the apparent height of the BL NbS2 relative to the underlying SL NbS2 is determined from
measuring the black line profile in (c) taken across the domain boundary. This indicates a
value of (6.1±0.2) Å comparable to the bulk interlayer spacing [65][46].
For further characterization of the SL NbS2, the sample was transferred from the growth/STM
chamber to the SGM3 endstation. Knowing that this material is highly reactive in air, the
transfer was done either via an UHV suitcase or using a protective DMDS capping layer.
The samples have been tested using both methods, and the same results were obtained.
The UHV suitcase with a base pressure of ⇡10�11 mbar ensures that the vacuum is not
broken and that the sample remains clean, but is usually very time consuming taking into
account that every time that is connected to a chamber system it needs at least 5-6 hours of
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Figure 3.3: STM characterization of SL NbS2 on Au (111) (a) before and (b) after the use of the
protective DMDS capping layer. The quality of the 2D material is the same in both cases. (a) A
(200⇥200) Å2 STM image of the SL NbS2 revealing irregularly shaped domains and a hexagonal
moiré pattern. Image parameters: It=0.21 nA, Vb=-0.86 V. (b) A (200⇥200) Å2 STM image of the
SL NbS2 taken after the sample was kept in air with the DMDS capping layer and then annealed
to ⇡600 �C for 30 min in a UHV chamber. Image parameters: It=0.16 nA, Vb=-0.79 V.

bake in order to open to the suitcase. The DMDS capping layer is less time consuming and
greatly simplifies the sample transfer between different experimental setups. This has been
prepared by keeping the SL NbS2 sample at RT in a DMDS pressure of 2⇥10�6 mbar for
30 min. The reactive material was transferred in air and as soon as this was reintroduced to
UHV conditions at the SGM3 beamline, the sample was annealed in the preparation chamber
to ⇡600 �C for 30 min (or more) in order to remove the physisorbed capping layer.
STM images were acquired before using the capping layer and after the removal of the DMDS
protective layer. These are presented in Fig. 3.3. The quality of the SL NbS2 is essentially
identical with the surface cleanliness prior the capping layer. Only the Au surface is affected
by the transfer in air because of the presence of adsorbates that do not desorb from the
substrate. Taking into account that both methods (i.e., the UHV suitcase or the protective
DMDS capping layer) give the same results, one can suggest that DMDS can be a good
capping layer candidate for protecting the overall quality of the SL NbS2 when there is a
need for the sample to pass through air. Nevertheless, one should also keep in mind that
prolonged exposure to air can lead to extensive accumulation of adsorbates, that the capping
layer cannot cope with, and the material gets damaged.
In order to check the overall crystalline quality and ordering of the grown material as well
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Figure 3.4: LEED pattern for (a) clean Au(111) and (b) SL NbS2 on Au(111) acquired at 30 K
using an electron kinetic energy of 100 eV. The reciprocal lattice vectors of Au (yellow) and SL
NbS2 (red) are shown. (a) The LEED image of Au(111) reveals six first-order spots in a hexagonal
arrangement. At this kinetic energy, the moiré satellites are faintly visible around each main diffrac-
tion spot and are indicated by small yellow arrows. (b) The LEED pattern reveals six first-order
spots of SL NbS2 in a hexagonal arrangement, and each of these individual spots are surrounded
by six intense satellite spots, also in a hexagonal arrangement. A magnified area around one of the
first order spots is shown as an inset at the centre of the LEED image. The satellite spots that
arise from the moiré and are marked by the blue dashed circles. (c) A line profile taken through
the LEED image along the green line from the star marker to the square marker is presented. Each
corresponding peak can be well fitted by a Lorentzian function and are colour-coded according to
the designation used for the LEED spots: SL NbS2 (red), Au (yellow) and moiré (blue).

as its electronic structure, LEED and ARPES measurements at 30 K were performed at the
SGM3 beamline at the ASTRID2 synchrotron facility.
In this case, LEED was used for studying the overall ordering on the surface. Figure 3.4(a)
shows a LEED pattern of the clean Au(111) before the growth of the SL NbS2. The pattern
reveals six first-order spots in a hexagonal arrangement with the (22⇥

p
3) superstructure

diffraction around the main spots. These is indicated in the LEED image by small yellow
arrows. Figure 3.4(b) shows a LEED pattern revealing diffraction spots obtained from both
the NbS2 (red circle) and the Au(111) lattice (yellow circle) but also additional diffraction
spots due to the moiré (dashed blue circle). One can observe that NbS2 layer is aligned
along the crystallographic axes of the Au(111) substrate but also along the direction of the
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moiré superstructure. Base on the LEED investigation, only one orientation of the SL NbS2

is observed, although the possibility of mirror domains is not excluded [39]. Both LEED
images are acquired at 30 K using electrons with kinetic energy of 100 eV.
By fitting the peak positions in a line cut through the LEED image, as presented in
Fig. 3.4(c), an accurate determination of the SL NbS2 lattice parameter can be achieved.
The cut was taken on the (1,-1) NbS2 spot along the green line from the star to the square,
which includes the first order spots of NbS2, Au(111) substrate and moiré. Each correspond-
ing peak has been fitted by a Lorentzian profile with a polynomial background that has
been subtracted in Fig. 3.4(c). The known Au(111) lattice parameter of 2.88 Å was used
for the calibration. The distance in reciprocal space was normalized such that the outer
most peak positions correspond to the reciprocal lattice parameter of Au(111). In this way,
the reciprocal lattice vector of NbS2 is directly given by the middle peak position. This
analysis has been performed for different line cuts through the LEED image, and the lattice
parameter of SL NbS2 was determined to be (3.29±0.03) Å. This value is in agreement with
the bulk lattice parameter of 3.3 Å for the trigonal prismatic 2H-NbS2 [51]. The uncertainty
value has been established due to the small distortions in the diffraction pattern [66]. This
is also in good agreement with the STM results. Moreover, from the LEED image it can be
deduced that the moiré superstructure is due to the (7⇥7) surface unit cell of NbS2 over the
(8⇥8) unit cell of Au(111). No additional spots have been observed in the LEED (at 30 K)
that could suggest the existence of a CDW in this material. In the work of Ref. [18], Lin et
al. present a SL NbS2 grown on graphene/6H-Si(0001), which undergoes a quantum phase
transition to a CDW of (3⇥3) superstructure. Compared to their results, one can assume
that either the transition temperature is lower than 30 K reached in our measurements or the
CDW is very sensitive to environmental conditions. The substrate can have a big influence
on the CDW behaviour [67]. One has to take into account that factors like doping or strains
that are induced by the substrate on which the SL is synthesized, can be responsible for the
absence of this phenomenon.

3.4 Electronic structure of SL NbS2 on Au(111)

Both STM and LEED techniques cannot distinguish between the 1H or 1T structural config-
uration of the SL structure, since the polymorphs possess a hexagonal structure with similar
lattice constants. ARPES is one of the techniques that can give us this information by
considering the electronic band structure of SL NbS2. The calculated band structures for
1T and 1H phase of SL NbS2 are significantly different as reported in Ref. [68][47][69]. The
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Figure 3.5: Band structure calculation of 1H (a) and 1T (b) polytypes for SL NbS2 along the
M̄ �̄K̄M̄ high symmetry directions. Adapted and modified from Ref. [68]. The atomic structure of
1H and 1T phases are schematically shown in the insets (S atoms are marked by yellow balls and
Nb atoms are represented by blue balls). The bands crossing the Fermi level are in bold. Fermi
level is indicated by the horizontal green dashed line at 0 eV.

theoretical band structures for 1H and 1T polytypes of SL NbS2 along the M̄ �̄K̄M̄ high
symmetry directions are shown in Fig. 3.5. Interestingly, a metallic character is observed in
both situations.
In order to shed light on the electronic band structure of the epitaxial SL NbS2 synthesized on
Au(111), ARPES measurements were performed at SGM3 beamline. The results presented
here are obtained from a sample with partial monolayer coverage (approximately 75 %)
and were carried out at 30 K and using a photon energy of 50 eV. The energy and angular
resolution is better than 25 meV and 0.2 �, respectively. The ARPES results are shown in
Fig. 3.6.
The photoemission intensity along the M̄ �̄K̄M̄ high symmetry directions of the NbS2 2D
BZ, is shown in Fig. 3.6(b). The photoemission data reveals features that are from the well-
known Au(111): the surface state (SS) around �̄ [70] and the weak sp-bulk band of Au. The
presence of Au band structure is a good indication of clean Au areas exposed in between
SL domains. The additional features can be assigned to the SL NbS2. One can observe
that there are two hole pockets close to the Fermi level with appreciable broadening: a hole
pocket at �̄ and another a hole pocket at K̄(K̄ 0).
The features of the electronic band structure are much clearer seen in Fig. 3.6(a). The
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Figure 3.6: Photoemission intensity for SL NbS2 on Au(111) acquired at 30 K and with a photon
energy of 50 eV. (a) The band structure close to the Fermi level are shown along the high symmetry
directions of the NbS2 2D BZ. The relevant features of the measured band structure are marked: the
Au SS is highlighted by the yellow line; the yellow striped and shaded region delimits the projected
bulk bands of the Au; and, the calculated band structure for SL NbS2 reported by van Loon et
al. [50] is shown in red. (b) The full data of the photoemission intensity measured along the high
symmetry directions of the NbS2 2D BZ. At higher binding energies, only band structure coming
from the Au(111) substrate are observed. (c) Photoemission intensity at the Fermi energy with K̄,
M̄ and �̄ high symmetry directions. The NbS2 2D BZ with arrows that indicate the direction of
the cuts are overlaid in green.
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parabolic Au(111) SS is marked by a yellow line and the yellow striped and shaded region
marks the projected bulk bands of the Au. The calculated band structure for SL NbS2

reported by van Loon et al. is overlaid on the data and shown in red [50]. Based on this
comparison, one can conclude that the epitaxial SL NbS2 grown on Au(111) is metallic
and has a structural configuration that is 1H rather than 1T [46][47]. The observed bands
crossing the Fermi level come from only one electron band and according to Ref. [47] has an
out-of-plane Nb dz2 character around �̄ and in-plane Nb dxy/x2�y2 character around K̄ while
at M̄ there is a mix contribution of these orbitals.
One way to visualize the full band structure in ARPES can be done by doping the adlayer
with potassium. In this manner, SL NbS2 bands can be shifted to higher binding energy,
being able to visualize the complete shape of the band structure. However, this approach
might lead to additional broadening of the bands.
Based on previous ARPES investigation made on similar SL TMDCs, it has been observed
that the dispersion of SL NbS2 resembles very much with the SL TaS2 but without the strong
spin-orbit splitting [17]. In order to obtain a good agreement between the measurement and
calculation data, the simulated band structure has been rigidly shifted by 0.15 eV to higher
binding energies. However, it has been observed that no rigid shift of the calculated band
structure can lead to an excellent agreement with the experimental ARPES data. In contrast
to this result, for the very similar system that is SL TaS2 on Au(111), it has been observed a
very good agreement upon the rigid shift to higher binding energy between the experimental
data and calculated band structure for a free-standing layer [17]. One possible reason why
there is no complete agreement between the SL NbS2 on Au(111) with the theoretical data,
could be due to the fact that almost the entire experimental band structure is positioned in
the projected bulk band of Au(111) [71], and therefore one can expect that some hybridization
can occur with the substrate [72][73][74].
Another observation based on the results shown in Fig. 3.6(a) is that there are no indications
of gap openings or back-folding of bands in Fig. 3.6(a), as might be expected for the CDW
formation.
The ARPES data in Fig. 3.6(c) reveal the photoemission intensity at the Fermi energy.
The NbS2 2D BZ is superimposed on the experimental data in green and the direction of
the high symmetry points are indicated by the arrows. In addition to the features that
are coming from Au substrate as previously discussed, NbS2 overlayer exhibits two different
Fermi contours: around �̄ (the centre of the BZ) and around each K̄ point. One can observe
that the hole pockets around both �̄ and K̄ are rather round, which one might expect for
the case of a strong electron doping [17].
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From the areas of the SL NbS2 Fermi contours and the size of the 2D BZ, the doping or the
number of electrons per unit cell for the VB of this material can be estimated. A similar
approach as in Ref [17] has been followed. It has been observed that the upper VB of SL
NbS2 on Au(111) is filled by 1.36±0.02 electrons per unit cell, with ⇡ 0.36 more electrons
than expected for an undoped system. Furthermore, this results an electron concentration
of (1.26±0.02)⇥1015 cm�2. A similar doping value has been observed also for SL TaS2 on
Au(111) [17]. In both situations, such strong doping effects are surprising taking into account
that Au is rather chemically inert. A detailed study of this effect has been discussed in
Ref. [75] and it is referred to as "pseudo-doping" mechanism. It manifest itself as large shifts
of bands in ARPES measurements but involves much less actual charge transfer between
over-layer and substrate, due to hybridization of the metallic 2D system with the electronic
states from the Au substrate. A similar phenomenon is expected also for SL NbS2 on
Au(111).
It should be noted that CDW transition is sensitive to the doping level and can be suppressed
for much smaller electron doping but also other factors might have an influence on it. For
example, the reduced dimensionality of the material or the screening effects, the strains
or chemical bondings between the substrate and the adlayer. A further approach for the
investigation of CDW should involve the growth of the 2D material on a more inert substrate
such as graphene/SiC like in the work presented in Ref. [18] or decouple the SL NbS2 layer
from the substrate by intercalation [76].
Another observation made from the ARPES results is that SL NbS2 band structure features
are very broad compared to other high-quality SL TMDCs. One might assume that it
can be due to the cleanliness of the surface when the sample is transported in air with
the capping DMDS layer but the same band boarding is observed also for NbS2 samples
transported with the suitcase without breaking the vacuum and keeping the surface as clean
as possible. Therefore, despite the excellent crystalline quality revealed by STM and LEED,
the ARPES features are very broad. Previous ARPES studies on semiconducting SL TMDCs
on substrates like Au(111) or Ag(111), reveal that the sharpness of the bands depends on the
interaction with the substrate and on the orbital character of the states [77][76]. For example,
SL MoS2 on Au(111) was found to have very sharp states near K̄ as it falls into a projected
band gap of Au and does not interact with Au bulk states, but near �̄, the band is rather
broad because it falls within the continuum of the projected bulk states [60]. Therefore, one
possible reason for the broadening of the band structure is due to hybridization between
SL and substrate states [72]. In the case of SL Nb2 on Au(111), almost the entire observed
band structure falls in the continuum of the Au bulk states, and therefore some hybridization
between the states from the overlayer material and Au(111) states is expected. Furthermore,
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Figure 3.7: (a) Data from Fig. 3.6(a) between �̄ and K̄ represented as EDCs. The k-step be-
tween the curves is ⇡0.05 Å. (b) Lorentzian full-width at half-maximum of the peak in the data of
Fig. 3.6(a) (open markers) along with the corresponding linewidth extracted from the data in Fig.
2(a) of Ref. [50] (filled red markers).

this has been also predicted by calculations. The study of the free-standing NbS2 in Ref. [50]
has reported a substantial broadening of the spectral function by taking into account all
the short- and long- range Coulomb interactions but also the electron-phonon interactions.
From these studies, they attribute the band broadening to the many-body interactions in
the system.
A detailed analysis of the SL NbS2 dispersion and the corresponding linewidth extracted
from the data is presented in Fig. 3.7. EDC cuts using a k-step of ⇡0.05 Å are plotted along
the �̄� K̄ direction. The data is presented in Fig. 3.7(a) and corresponds to the right hand
side of the �̄ point in Fig. 3.6(a). In order to extract information on the linewidth of the
dispersion, the EDCs have been fitted by a Lorentzian line on a linear background multiplied
by a Fermi-Dirac distribution. It has been observed that at high binding energy, the fitted
cuts of constant momentum provide a satisfactory result than the ones in which the peak
approaches the Fermi level. The reason for this might be the weak kink-like structure in the
band dispersion close to the Fermi energy, as an indication of strong many-body effects in
the SL NbS2 system [78][79].
The experimental resulting Lorentzian linewidth from the EDCs fits along the entire visible
band dispersion is shown in Fig. 3.7(b). The result is compared with the Lorentzian linewidth
from the calculated spectral function, including all many-body effects (i.e., U+V +�), which
can be found in Fig. 2(a) of Ref. [50]. From the results, one can observe a similarity between
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the experimental and theoretical linewidths but more interestingly, one can notice that the
experimental values are rather smaller, even though the many-body interactions and the SL
NbS2-substrate interaction are considered to be simultaneously present. One should take
into account that the linewidth obtained from the corresponding cut of constant momentum
through a calculated spectral function, is not directly proportional to the imaginary part
of the electronic self-energy because the slope of the band has not been taken also into
consideration [79]. Furthermore, one can see that the experimental linewidth varies rather
irregularly in a small k-range. This variation is usually attributed to the background intensity
from Au bands and this effect can be more clearly seen in the M̄ � �̄ direction of Fig. 3.6(a)
because a weak sp-band coming from the Au substrate intersects the dispersion of the NbS2

band. Compared to similar materials such as SL WS2, a Lorentzian width has been observed
to be less than 50 meV [77] and therefore, considerably narrower EDCs can be obtained.
Summarizing the comparison between the experimental and theoretical Lorentzian linewidths,
it is difficult to establish detailed conclusions. One can conclude that the value obtained from
the calculations exceed the measured one and that there is an overestimate of the many-body
effects, but this would not be totally correct. One of the reasons is because a free-standing
layer it is taken into account in the calculations but the presence of the substrate should be
also considered because its interaction with the adlayer via hybridization might give rise to
an additional broadening of the states. However, the long-range Coulomb interactions in the
materials is reduced due to increased screening and thereby the many-body interaction can
be substantially modified.
A comparison has been made between SL NbS2 bands dispersion and experimental ARPES
result from bulk NbS2 investigated in Ref. [80]. It has been already mentioned (at the
beginning of this chapter) that for the bulk material, there are two hole pockets at � and
K known as BL splitting (due to the two layers in the 2H unit cell). Our ARPES results
indicate the presence of only one band at �̄ and K̄, which is in good agreement with the
theoretical calculations [46] and strongly suggests the SL character.



4

Structural and electronic

characterization of single-layer V1+xS2

synthesized on Au(111) substrate

The following chapter is dedicated to the investigation of the SL V1+xS2, which has been
synthesized on Au(111) for the first time using a variety of methods. This project is done
in collaboration with groups from Aarhus University, SuperESCA beamline of Elettra syn-
chrotron in Trieste (Italy) and Radboud University, in Nijmegen (Netherlands) and comple-
mentary techniques have been used for a complete characterization of this material. The
samples have been prepared in situ, in each experimental setup, or synthesized at the STM
chamber/SGM3 endstation and transported entirely in-vacuum with a UHV suitcase.
XPS measurements conducted at the MATline beamline in Aarhus, have shown that there
is no detectable contamination in samples grown with different sulphiding agents. RT STM
(performed at the STM chamber) and LT LEED (performed at SGM3 endstation) indicate
that the SL V1+xS2 has a strong preference to form triangular islands with a moiré super-
structure and a well-defined orientation with respect to the substrate. Upon annealing to
temperatures higher than 450 �C, two phase transitions are observed: one phase exhibits a
different hexagonal unit cell while the other one has a rectangular unit cell characterized
by a different stoichiometry due to S desorption. The unexpected latter phase is reached
upon annealing in UHV to temperatures higher than 500 �C. The structural configurations
for these transitional phases have been determined using XPD measurements performed in
collaboration with Silvano Lizzit and colleagues at SuperESCA beamline of Elettra Syn-
chrotron in Trieste (Italy). The samples were prepared and characterised in situ, by Fabian
and me together with the research group from there. The XPD analysis was done by Fabian
Arnold [81]. Also there, by means of LEED it has been observed that the transition between
phases is reversible upon annealing to lower temperatures in high H2S pressure.

51
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This part of the project has been finalized with a published paper: F. Arnold, R-M. Stan,
S. K. Mahatha, H. E. Lund, D. Curcio, M. Dendzik, H. Bana, E. Travaglia, L. Bignardi, P.
Lacovig, D. Lizzit, Z. Li, M. Bianchi, J. A. Miwa, M. Bremholm, S. Lizzit, Ph. Hofmann,
and C. E. Sanders, "Novel single-layer vanadium sulphide phases", 2D Materials 5: 045009,
2018.
Further investigation of the S deficient phase of VS2 (i.e., V2S3) has been performed in the
Scanning Probe Microscopy (SPM) laboratory led by Prof. Alexander A. Khajetoorians, at
Radboud University, in Nijmegen (Netherlands): the samples have been either transported
with a UHV suitcase or prepared in situ. The experiments have been conducted mainly by
Umut Kamber and occasionally by me.
LT bias dependent STM measurements, indicate a moiré superstructure observed over a large
energy range but with a different appearance/contrast in the moiré pattern. No additional
spots are observed in the Fourier transform taken from the STM images. STS measurements
reveal a high LDOS near the Fermi level. This feature is in agreement with the ARPES data
(performed at the SGM3 endstation), which shows an electron pocket close to Fermi level
and is assigned to the SL V2S3. No spin contrast is observed on this system when using a
high magnetic field and a spin polarized STM tip.
Concerning my role in this project, I have participated in Aarhus, with the sample growth,
STM, LEED, and XPS measurements on SL V1+xS2 on Au(111) in collaboration with Fabian
Arnold and Charlotte E. Sanders, and I have also contributed to the analysis of the collected
data. I have participated in the XPD and LEED measurements in Trieste and analysed
the LEED data. I have participated to some extend in the LT STM/STS measurements in
Nijmegen and also contributed to data analysis.

4.1 Introduction to VS2

Among the variety of layered metallic TMDCs that can have intriguing properties such as
CDW, superconductivity, or Mott insulating behaviour, VS2 has received little experimental
investigation because both bulk and SL are difficult to synthesize.
Previous studies have indicated that the stoichiometric bulk VS2 is thermodynamically
metastable and therefore challenging to prepare. The information from Ref. [82] suggests
that the right stoichiometry can be achieved using high-pressure synthesis but up to now it
has been shown that this material is more stable in a S deficient form, where the V is in-
tercalated in between the S layers [51][83][84]. So far, the stoichiometric compound has been
achieved only in powder form by the alkali metal deintercalation of stoichiometric LiVS2
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and NaVS2 compounds [85]. The resulting compound prepared with this method has 1T
configuration with a lattice constant of 3.217 Å. Interestingly, as soon as it is annealed to
300 �C, the compound becomes sulphur depleted and is denoted in a more general way as
V1+xS2. It has been observed that for x=0.25 there is a phase transition in which the com-
pound becomes monoclinic V5S8 (equivalent to V1.25S2). Furthermore, the study presented
in Ref. [82] indicates that the physical properties, including the electrical conduction and the
CDW, can be influenced by the x value.
Bearing in mind the difficulty in preparing stoichiometric bulk VS2 crystals, this implies that
bulk exfoliation is not an easy approach for obtaining VS2 in SL form. Furthermore, the
exfoliated thin films are not expected to be stable in air since VS2 (like the other group V
TMDCs) is chemically reactive in air. Up to now, there have been many theoretical studies
on the SL VS2 with interesting predicted properties but no experimental evidence.
DFT calculations on the trigonal prismatic (1H) structural phase indicate it to be a fer-
romagnetic semiconductor with a band gap of 0.187 eV. Furthermore, a biaxial strain can
be used to induce a phase transition and to tune the magnetic properties [86]. In addition,
the work from Ref. [87] suggests that trigonal prismatic VS2 is a promising candidate for
strongly correlated electron physics. In the octahedral (1T) structural phase, the SL-VS2

is predicted to be metallic and ferromagnetic [86][88][89]. Calculations indicate that it may
manifest a CDW like its parent bulk that exhibits a CDW transition at a relatively high
temperature (308 K) [90]. Furthermore, knowing from the literature that 2D magnets are
very rare [91][92], SL-VS2 is particularly interesting for studying this phenomenon because
these intriguing properties are highly attractive for spintronics applications and data storage
devices.
All these predicted properties and preparation challenges highlight the motivation of finding
a robust method for synthesizing SL-VS2 in order to further investigate its properties. Based
on the aforementioned observations for the parent bulk compound, this material is denoted
in a more general way throughout this thesis as V1+xS2, especially in the case where the
material is characterized by a different stoichiometry due to S desorption.

4.2 Synthesis of SL-V1+xS2 on Au(111)

The synthesis of SL-V1+xS2 on Au(111) is based on the similar growth approaches used
for the other semiconducting and metallic SL TMDCs, which involves the evaporation of
the transition metal in a sulphur atmosphere onto a clean surface. Like most of the other
metallic TMDCs, the sample is highly reactive in air and for a complex characterization of
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the 2D material, the sample has been either transported with a UHV suitcase or it has been
prepared in situ, in each experimental setup. In the latter case, different methods for the
synthesis of SL-V1+xS2 on Au(111) have been established, following the same basic principle.
Prior to deposition, the surface of the Au(111) substrate has been cleaned via the stan-
dard cleaning procedure (like in the case of NbS2 on Au(111)) until the formation of the
herringbone reconstruction has been observed.
At the STM chamber, the V1+xS2 samples were grown using the electron beam evaporator
with V rod of 99.8% purity and DMDS molecules (1.4⇥10�6 mbar) as S precursor. V
was deposited onto the clean surface kept either at RT or at ⇠ 350 �C. Furthermore, the
deposition was done either in UHV or in a DMDS pressure of 1.4⇥10�6 mbar. At the SGM3
end-station, there is also the possibility of growing this material in situ, in the MBE chamber.
There, the V1+xS2 sample was grown using either a V rod or a hot V filament wire of 99.8%
purity. Subsequently, the sample was positioned very close to the H2S nozzle and annealed
to ⇠ 400 �C in an environment of H2S gas (the reading pressure in the chamber is usually of
5⇥10�5 mbar, but locally, at the sample surface, this is higher). A similar growth procedure,
using a hot V filament and the H2S gas precursor, has been used also at the SuperESCA
beamline of Elettra synchrotron, in Trieste (Italy) for a complex structural characterization
of V1+xS2 phases. The growth method used in the SPM laboratory in Nijmegen, has been
established using H2S and a V rod from an electron beam evaporator.
All these approaches lead to similar physical properties of the material as judged by the
similar results obtained from XPS, STM, LEED and XPD investigations. However, the
choice of growth method can influence the size and shape of the nanoislands, the presence of
defects in the material and the overall line defects, the preferred single domain orientation
or mirror twin domains. One can make a more complex investigation of the different growth
methods in order to establish their influence on the V1+xS2 domains, but this goes beyond
the scope of this thesis.
In a final stage, the sample is post-annealed in UHV in order to improve the overall crystalline
quality of the SL material. Depending on the desired phase transition, different annealing
temperatures can be used. For example, SL VS2 is synthesized when the sample is annealed
to 350 �C for 20 min. A higher annealing temperature (400-450 �C) gives rise to a S-deficient
phase of VS2 and when then sample is annealed to a temperature higher than 500 �C, then
a SL material with a different stoichiometry (i.e., V2S3) is formed due to S depletion.
In a similar manner as for the other semiconducting or metallic SL TMDCs, in order to
obtain a certain coverage of SL V1+xS2, one can either do one growth cycle using longer
evaporation time or repeat the growth cycle until the desired coverage is obtained.



Section 4.3. Structural characterization of the SL V1+xS2 phases Page 55

40

30

20

10

In
te

ns
ity

 (
ar

b.
u.

)

500 400 300 200 100 0
Ebin(eV)

 

V 2p3/2

V 2p1/2

Au 4f5/2

Au 4f7/2

Au 4d3/2Au 4d5/2 S 2p

Au NOO

S LMM

Au 5p3/2

 VS2 synthesis with H2S
 VS2 synthesis with DMDS

Figure 4.1: Normalized core level overview of VS2 on Au(111) samples synthesized with H2S (red
spectrum) and DMDS (black spectrum). The spectra were measured at normal emission using a
photon energy of 610 eV, at RT. The main core levels and Auger peaks are labeled accordingly.

4.3 Structural characterization of the SL V1+xS2 phases

A complete structural characterization based on XPS, STM, LEED and XPD has been
performed on this type of material as it has been observed that upon annealing to elevated
temperatures in UHV, the SL VS2 on Au(111) exhibits different crystalline phases.
XPS data has been acquired at MATline endstation of ASTRID2 synchrotron. The STM
characterization presented in this section has been performed at the STM chamber and, un-
less specified, the STM measurements have been performed on samples synthesized with the
substrate kept at RT during the growth. The LEED investigation has been performed at the
SGM3 beamline of ASTRID2 synchrotron and SuperESCA beamline of Elettra synchrotron,
in Trieste (Italy). The LEED measurements were acquired at a kinetic energy of 92.8 eV, at a
low temperature of 35 K or at RT (as indicated in the figure caption). The crystal structure
of each SL V1+xS2 phase has been established via XPD carried out at SuperESCA beamline,
where the photoemission intensity modulations of V 3p3/2 and top and bottom S 2p3/2 core
levels—corresponding to the different positions of the atoms in the V1+xS2 material—has
been monitored. This was done by collecting more than 1000 XPS spectra at different polar
(✓) and azimuthal (') angle and using different photon energies.



Section 4.3. Structural characterization of the SL V1+xS2 phases Page 56

4.3.1 Comparative core level photoemission measurements

Prior to going into the detailed analysis of the crystal structure for the SL V1+xS2 on Au(111),
since different methods have been used for the synthesis of this material, two SL-VS2 samples
grown with different S precursors (CH3S-SCH3 and H2S) have been transported via UHV
suitcase to the MATline endstation of the ASTRID2 synchrotron for core level photoemission
measurements. The SL VS2 sample has been prepared with H2S gas at the SGM3 endstation
while the one synthesized using DMDS molecules has been grown in the STM chamber.
The core level photoemission measurements have been performed in order to investigate
the atomic composition and the overall quality of the samples since DMDS molecules have
additional C atoms that can contribute to the contamination of the SL VS2, compared to
the sample prepared with H2S gas.
Before starting the measurements, the samples were annealed to 300 �C for 30 min, to remove
possible adsorbed molecules on the surface. XPS spectra were measured at normal emission
for each VS2 sample over a wide energy range and using a photon energy of 610 eV, at RT.
The photon energy was chosen in order to detect any possible O or C contamination on the
surfaces of the samples, as well as the other expected core level peaks from Au, V, and S.
A comparative XPS overview of the two as grown SL-VS2 samples grown in H2S (red line) and
in DMDS (black line) background pressure, is shown in Fig. 4.1. For a qualitative analysis,
the core level intensity was normalized according to the Au 4f5/2 peak. An indication of the
same quality and chemical composition of the samples is given by the different characteristic
core level peaks appearing at the same binding energy and with almost the same intensity.
The two most intense peaks at binding energy of 87.6 eV and 84.0 eV originate from the
spin-orbit split Au 4f5/2 and Au 4f7/2 core levels, which have high atomic cross-sections at
this photon energy. Apart from this doublet, one can see another doublet around 340 eV
and a weak and broad intensity at 55 eV; these originate from spin-split Au 4d and Au 5p
orbitals, respectively. The S 2p has been identified at 163 eV binding energy, and the V2p1/2

and V 2p3/2 were found at binding energies of 519.8 eV and 512.1 eV.
One can observe that the vanadium peaks for the two samples have different intensities. This
can be an indication that the sample made with the DMDS (with a smaller intensity) had
a lower coverage than the one synthesized with H2S gas. Furthermore, no trace of expected
sample contaminants could be detected in either of these two samples. This implies that
the contamination is below the threshold of detection and the SL VS2 samples are of high
quality.
During the photoemission process, Auger electrons can also be emitted in addition to the
photoelectrons. This gives rise to Auger peaks in the core level spectrum, which can be
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identified by measuring the overview spectrum at different photon energies. Auger peaks
appear at fixed kinetic energy regardless of the photon energy, while the photoelectrons
move linearly with the photon energy. In this case, two Auger peaks originating from the
Au and S atoms are identified in Fig. 4.1.
Based on these results, one can conclude that—despite the fact that the DMDS molecules
have additional C atoms that can contribute to contamination of the SL VS2 compared to the
sample prepared with the H2S gas—the atomic composition is the same in both cases, they
do not show detectable contamination of any type, which indicate an overall good quality of
the samples.

4.3.2 Structural characterization of VS2 on Au(111) (phase I)

The structural phase of the as-grown sample is shown in Fig. 4.2 and has been labelled "phase
I". From the STM data presented in Fig. 4.2(a), this phase exhibits triangular-shaped islands
pointing up or down, which have also been observed for other SL TMDCs grown on the
(111) facet of Au [61][17][93][62]. The hexagonal moiré—formed due to the lattice mismatch
between the substrate and the SL VS2—is well-ordered and has a periodicity of (22±2)Å.
The atomically resolved image shown in the inset of Fig. 4.2(a) indicates the hexagonal
atomic structure from which a value of (3.0±0.3)Å is obtained for the lattice constant.
Figure 4.2(b) shows the LEED pattern for phase I. The sharp diffraction spots corresponding
to the Au(111) substrate and SL VS2 are indicated by the yellow and green arrows. These
are accompanied by intense moiré satellite spots, which can be an indication of a high degree
of ordering over the entire sample. There is a noticeable difference in the intensity of the
satellite spots compared to the main spots. The moiré spots are unexpectedly brighter than
the main spots. LEED, however, involves multiple scattering processes [94] and the spot
intensities may be affected in non-trivial ways by these scattering events. From the LEED
data, the atomic lattice constant is determined to be (3.25±0.10)Å for phase I, in agreement
with the STM results.
At a sample coverage close to a complete monolayer as shown in Fig. 4.2(d), one can observe
that the triangularly shaped islands have almost merged together and only small gaps are
left between domains. Furthermore, one can see additional adsorbates on top of the SL
VS2, visible as the bright clusters. The presence of these adsorbates may be an indication
of insufficient sulfurization time or the initiation of bilayer formation. At a higher coverage,
the gaps between SL domains fill completely and bilayer (BL) and trilayer (TL) VS2 islands
evolve as seen in Fig. 4.2(e). They are irregular in shape and no clear moiré superstructure
can be seen compared to the SL case.
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Figure 4.2: The structural characterization of the stoichiometric VS2 phase on Au(111). (a) A
(78.3 nm ⇥ 64.5 nm) STM data with the crystal morphology of VS2 indicating triangular-shaped
islands with hexagonal moiré superstructure. Tunnelling parameters: Vb=-878 mV, It=1.18 nA.
Inset: a (3 nm⇥3 nm) atomically resolved image for phase I recorded at the following tunnelling
parameters: Vb=4.27 mV, It=3.89 nA. b) The LEED data for phase I acquired at an energy 92.8 eV
and a temperature of 35K. Coloured arrows indicate the main diffraction spots for the TMDC
and the substrate. (c) A (100 nm ⇥ 86 nm) STM topography of SL VS2 from one big domain
obtained from a sample synthesised while the substrate was kept at ⇠ 350 �C. There are no gaps
and no additional adsorbents, only a few line defects indicating a boundary formation. Image
parameters: Vb=823.97mV, It=0.26 nA. (d) A (100 nm ⇥ 86 nm) STM topography of VS2 grown
with the substrate at RT, with a coverage close to a monolayer. Domains are very close to each
other, with small gaps in between and some additional adsorbents on top. Image parameters:
Vb=734.86 mV, It=0.47 nA. (e) A (60 nm ⇥ 52.5 nm) STM topography of VS2 with a coverage
higher than a monolayer in which bilayer and trilayer domains can be seen. Image parameters:
Vb=1250 mV, It=0.11 nA.
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Furthermore, SL VS2 samples can be grown while the substrate was kept at ⇠ 350 �C.
As a result, the size of the domains is much bigger (⇡ 100 nm) than the small triangular
islands obtained on a sample grown while the substrate is kept at RT. A zoomed STM image
on one big domain can be seen in Fig. 4.2(c). For comparison, the scan size is the same
as in Fig. 4.2(d), but in this case the STM image is uniformly covered by VS2, with no
additional adsorbents on top and no Au gaps. However, one can observe that there are a
few line defects corresponding to boundaries between two opposite rotational domains that
have formed inside the big VS2 island. Additionally, the SL VS2 samples grown while the
substrate was kept at high temperature have shown to have more S vacancies compared
to the samples grown with the substrate at RT. This can happen because this material is
thermodynamically metastable and high temperatures promote the top S atoms to desorb
from the surface as it will be shown later, in this section.
Even though STM and LEED cannot distinguish between the different polymorphs of the
bulk V1+xS2 material, the atomic lattice parameter is compatible with both the bulk 1T
polymorph of the bulk VS2 compound [85][82] and the hypothetical 2H phase. However, one
can also take into account that no bulk VS2 in the 2H configuration exists at the moment
but this does not exclude the possibility that the SL has a 1H configuration.
The answer to this structural question can be given by the XPD technique. The simulated
stereographic projections of the modulation function (the grey disks) for S 2p3/2 bottom,
S 2p3/2 top and V 3p3/2 core level peaks for the 1H and 1T configurations of the VS2 are
shown in Fig. 4.3. The XPD simulations are compared with the experimental XPD results
(orange sector) for phase I obtained using a photon energy of h⌫=400 eV, 270 eV and 270 eV
corresponding to a kinetic energy of 239 eV, 233 eV and 109 eV in the data sets acquired
from S 2p3/2 top, S 2p3/2 bottom, and V 3p3/2 core level photoelectrons, respectively. In
this way, forward scattering processes predominate for V and the bottom S atoms while the
backscattering events prevail for the top S atoms.
From the results, one can observe that the simulated XPD pattern for top S 2p3/2 and
V 3p3/2 core level photoelectrons show similar results for both 1H and 1T configurations.
However, there is a big contrast between the modulation function of the bottom S atom for
the 1H phase and the experimental XPD pattern, which clearly rules out the possibility that
phase I has a 1H structure. Furthermore, the best agreement between the experimental and
simulated data—obtained for a reliability factor less than 0.2— is given for the 1T structure
with a lattice constant of 3.17 Å and a layer thickness of 3.0 Å. This is in agreement with
the results from the other techniques presented previously.
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Figure 4.3: (a)-(c) Simulated stereographic projections of the modulation function for S 2p3/2

bottom, S 2p3/2 top and V 3p3/2 core level peaks presented in greyscale for the 1H configurations
of the VS2 using a lattice constant of 3.17 Å. (e)-(g) Simulated (in grey) and experimental (orange
sector) stereographic projections of the modulation function for S 2p3/2 bottom, S 2p3/2 top and V
3p3/2 core level peaks for the 1T configurations of the VS2 using a lattice constant of 3.17 Å. The
experimental XPD pattern has been obtained from measurements performed on phase I using a
photon energy of h⌫=400 eV, 270 eV and 270 eV corresponding to a kinetic energy of 239 eV, 233 eV
and 109 eV in the data sets acquired from S 2p3/2 top, S 2p3/2 bottom, and V 3p3/2 core level peaks,
respectively. R factor is indicated in the bottom right corner of each. Ball model for the 1H (d) and
1T (h) crystal lattice configurations of the VS2 — with the lattice constant and the layer thickness
— used for the simulated XPD patterns. Yellow spheres indicate the S atoms and grey spheres are
for the V atoms. The unit cell is presented with red arrows and the layer thickness is indicated in
black.

4.3.3 V1+xS2 phase transitions on Au(111) upon annealing

As the sample is annealed to 400 �C the existence of two slightly different phases can be
observed. A dashed line is overlaid on the STM image shown in Fig. 4.4(a) to emphasize the
two different phases, which both manifest similar hexagonal moiré structures. Interestingly,
the stoichiometric phase I (observed on the left side of the dashed line) exhibits a different
moiré structure and visible dislocation lines. These topographic changes may be an indication
for the beginning of a phase transition.
Furthermore, the new phase seen on the right side of the dashed line is labeled "phase I0"
due to its structural similarity to phase I. In the case presented here, Phase I0 is rotated
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Figure 4.4: The V1+xS2 on Au(111) phase transitions upon annealing. (a) A (50 nm ⇥ 40 nm)
STM topography with two slightly different phases separated by a dashed line overlaid on the STM
image, as the sample is annealed to 400 �C. Both phases exhibit similar hexagonal moiré structures
and the new structure is labeled "phase I0". Tunnelling parameters: Vb=-656.4mV, It=-0.26 nA;
(b) A (50 nm ⇥ 40 nm) STM topography taken after the sample was annealed to 500 �C. Phase I0
structure is found together with a new phase that has a stripe structure and is labeled "phase II".
Tunnelling parameters: Vb=-565.1mV, It=-0.48 nA;

⇠ 17 �, at least locally near the boundaries between the phases. The existence of this new
hexagonal phase has been observed on samples grown with the substrate at RT (the case
presented here), but also when the Au(111) is kept at ⇠ 350 �C during the growth procedure.
For both situations, this can be an indication of S desorption at elevated temperatures.
This phase I0 has been observed to persist also at 500 �C while phase I exhibits a phase
transition. This can be seen in Fig. 4.4(b). One can observe that the hexagonal moiré
structure of phase I0 (in the upper part of the figure) coexists with another phase, which
possesses a striped structure. This distinct phase is labeled "phase II" because it is different
from the other two phases and seems to be a phase transition of the SL VS2. This will be
discussed in more detail in the next subsections.

4.3.4 Structural characterization of phase I
0

The complex structural characterization of the new hexagonal phase—referred as to phase
I0—can be seen in Fig. 4.5. Compared to phase I, this new phase grows in large and uniform
islands and no dislocation lines can be observed inside the island. This can be seen in
Fig. 4.5(a). Phase I0 has a larger moiré periodicity than phase I; it is measured to be (28±3)Å.
An atomically resolved STM image—presented as an inset of Fig. 4.5(a)—indicates that this
phase has a hexagonal atomic structure with a lattice constant of (3.3±0.3)Å. Note that
the STM inset has been taken from a sample synthesized while the substrate was kept at ⇠
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Figure 4.5: The structural characterization of the hexagonal V1+xS2 on Au(111). (a) A (50 nm
⇥ 40 nm) STM image indicating a uniform domain with hexagonal moiré superstructure and no
dislocation lines. The STM image is acquired with the following parameters: (a) Vb=-656 mV,
It=0.33 nA. Inset: A (5 nm ⇥ 5 nm) atomically resolved images for phase I0. This is acquired at
Vb=29.9 mV, It=5.35 nA. (b) The LEED data for phase I0 acquired at an energy 92.8 eV and a
temperature of 35K. Coloured arrows indicate the main diffraction spots corresponding to phase
I0 and the substrate. (c)-(e) Simulated (in grey) and experimental (orange sector) stereographic
projections of the modulation function for S 2p3/2 bottom, S 2p3/2 top and V 3p3/2 for a distorted
1T configurations of VS2. The experimental XPD pattern has been obtained from measurements
performed on phase I0 using a photon energy of h⌫=400 eV, 270 eV and 270 eV corresponding to a
kinetic energy of 239 eV, 233 eV and 109 eV, respectively. R factor is indicated in the bottom right
corner. (f) Ball model for the distorted 1T configuration of VS2 — with the lattice constant of
3.25 Å and the layer thickness of 2.9Å — used for the simulated XPD patterns. Yellow spheres
indicate the S atoms and grey spheres are for the V atoms. The unit cell is presented with red
arrows and the layer thickness is indicated in black.
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350 �C, which gives rise to additional defects in the SL material.
The LEED data for phase I0 is shown in Fig. 4.5(b). There is likely some coexistence of
phase I alongside phase I’, and the interpretation of the LEED diffraction pattern is rather
challenging because it contains contribution from more that one phase. This is also a reason
why an accurate structural determination of this phase is difficult. The LEED data reveals
an atomic lattice constant of (3.3±0.1)Å that is compatible with STM. Both techniques
demonstrate a slight increase in lattice constant compared to phase I.
A possible explanation for this phenomenon can be found in the bulk 1T-VS2 parent com-
pound. This material becomes S depleted upon annealing. Interstitial V forms in between
the van der Waals gaps of the sandwich-like structure and as a consequence, a slight increase
in the lattice constant is observed [85][82]. A similar phenomenon may occur here for phase
I0 but in this case, V atoms can only intercalate between the single layer and substrate, if
there is a loss of S in the material.
The structural configuration of phase I0 is confirmed by XPD measurements and the matching
simulations obtained from the ball model. The results are shown in Fig. 4.5 (c)-(f). The
structure maintains the 1T configuration in which the layer has been modified to a lattice
constant of 3.25 Å and a layer thickness of 2.90 Å in order to obtain the best agreement
between the experimental result and the simulation, given by the small value of the reliability
factor (R=0.19) shown in the bottom right corner of each case.

4.3.5 Structural characterization of phase II

As previously observed, a SL V1+xS2 with a stripe structure labeled "phase II" starts to
appear when the sample is annealed to 500 �C but a complete transition to this new phase is
reached when the sample is annealed to 550 �C, in UHV. The STM data, shown in Fig. 4.6(a),
reveals three rotational domains of the striped structure, which are oriented 120 � with respect
to each other.
The atomically resolved image shown as a zoomed in image of Fig. 4.6(a) indicates that
phase II has a rectangular unit cell with the lattice parameters of a1=(3.1±0.3)Å and
a2=(8.2±0.8)Å. Moreover, the rows of atoms—in the direction of a2—have different and
alternating intensity. Apparent height measurements reveal an up-down modulation of
(0.15±0.02)Å, of the top S atoms.
At the first glance, this structure resembles a distorted 1T0 phase, which occurs in some other
TMDC compounds and in which an (a ⇥ a) unit cell is distorted to (a

p
3 ⇥ a) rectangular

unit cell due to the formation of a zigzag chain of metal atoms [95][1]. However, this is not
the case here because the calculated ratio for the lattice parameters, i.e., a1/a2=1.7, for the
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Figure 4.6: The structural characterization of the rectangular phase of V1+xS2 on Au(111). (a)
A (50 nm ⇥ 42 nm) topographic image showing three rotational stripe structure domains. In the
inset, a (5 nm ⇥ 5 nm) atomically resolved images for phase II indicating the rectangular unit cell
of the structure. The STM images were acquired with the following tunnelling parameters: (a)
Vb=1117 mV, It=0.32 nA; and the inset at Vb=335 mV, It=1.03 nA. (b) The LEED data for phase
II acquired at an energy 92.8 eV and a temperature of 35K. The green, blue, and pink arrows
indicate the reciprocal lattice vectors for the three domains of phase II; yellow arrow indicate the
diffraction spot of Au. The three conceptual steps for identifying the diffraction spots of phase II
are shown in step 1, step 2 and step 3. Step 1: A green grid designed based on the reciprocal unit
cell is overlaid on the LEED data. Circles with the same colour highlight the diffraction spots. Step
2: Overlaid on the LEED data are the green, blue, and pink grids designed based on the reciprocal
unit cells together with their corresponding coloured circles to highlight the diffraction spots. Step
3: LEED data with the green, blue, and pink arrows that indicate the reciprocal lattice vectors for
the three domains of phase II together with colour-coded circles to show the agreement between the
calculated and experimental spot positions.
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1T0 distorted phase is not in agreement with the measured ratio of 2.6.
From the LEED measurements taken at this stage, a drastic change in the diffraction pattern
is observed (Fig. 4.6(b)). This is not surprising since a distinctively different phase is also
seen in the STM data for this annealing temperature. Without taking into account the
STM results, one could think that the LEED data still indicates a hexagonal reciprocal
lattice accompanied by Christmass-tree-like moiré satellite spots. This interpretation would
certainly not be correct, as the STM data reveals a rectangular unit cell for the striped
structure, with three rotational domains.
In Fig. 4.6(b) the reciprocal lattice vectors have three different colours (green, blue and pink)
to distinguish the three rotations. The main steps for a correct interpretation of the phase
II diffraction pattern, can be seen in the lower panels of Fig. 4.6 marked by step 1, step 2 and
step 3. In the first step, a calculated grid of the reciprocal unit cell for one of the rotational
domains is overlaid on the LEED pattern and circles with the same colour highlight the
diffraction spots that correspond to that rotational domain. In the following step, the same
procedure is done for the other two rotational domains where the reciprocal lattice grid is
oriented 120 � with respect to each other. Finally, the calculated grid is removed and the
experimental diffraction spots are identified by the colour coded circles that are assigned to
the corresponding rotational domains. The lattice constants are measured from the LEED
to be (9.1±0.1)Å and (3.3±0.1)Å. This is in agreement with the STM results.
The new structural configuration for phase II of SL V1+xS2 has been determined using
XPD measurements since this technique is very sensitive to the geometrical position of the
atoms around the emitters. Furthermore, by developing models with completely different
structures, simulations of multiple scattering effects can be performed and then, different
simulated XPD patterns can be created.
The structural model has been created on the assumption that the observed drastic change
in single-layer crystal morphology can presumably be due to S depletion upon annealing
since the bulk counterpart also tends to desulphidize at temperatures higher than 300 �C
[85][82][96][97]. The high temperatures for the SL material might result in a S desorption
until the hexagonal lattice configuration cannot be retained and a phase transition to the
rectangular structure is then induced. This is schematically shown in Fig. 4.7(i)-(iii). Starting
from the initial 1T configuration of the VS2 phase as shown in 4.7(i), after annealing as high
as 550 �C, it is assumed that some of the top S atoms (marked by black crosses) are removed
and the remaining top S atoms are rearranged in such a manner to be able to create an
up-down modulation and a rectangular unit cell. This is shown in 4.7(ii). The remaining
structural model for phase II is shown in 4.7(iii). The best agreement between the simulated
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Figure 4.7: (a)-(c) Simulated (in grey) and experimental (orange sector) stereographic projections
of the modulation function for S 2p3/2 bottom, S 2p3/2 top and V 3p3/2 for the rectangular structure
of V1+xS2. The experimental XPD pattern has been obtained from measurements performed on
phase II using a photon energy of h⌫=400 eV, 270 eV and 270 eV corresponding to a kinetic energy
of 239 eV, 233 eV and 109 eV, respectively. R factor is indicated in the bottom right corner. (i)-(iii)
Ball model scenario for the formation of phase II structure. Bottom S atoms are represented by
yellow spheres, V are indicated by grey spheres and top S atoms are represented by yellow spheres
in (i) and (ii) and by blue and red spheres (with a 0.15 Å height difference in between), in (iii). The
unit cell is presented with red arrows and the layer thickness is indicated in black. (i) Ball model
for the 1T configuration of phase I. (ii) Same as in (i) but with black crosses that mark the top
S atoms that are lost during the phase transition. The blue and red arrows indicate the vertical
arrangement of the rest of the top S atoms. (iii) The resulting ball model for phase II with unit cell
size of 3.25 Å ⇥ 9.30 Å and a layer thickness of 2.94 Å — used for the simulated XPD patterns.
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Figure 4.8: The reversibility of the phase changes of V1+xS2 on Au(111) indicated by the LEED
results. The LEED data acquired at an energy 93 eV, at RT.

XPD pattern and the obtained experimental XPD data is obtained for a layer thickness of
2.94 Å with a rectangular unit cell of 3.25 Å and 9.3 Å, up-down modulation of 0.15 Å and
taking into account the three rotational domains present on the surface.
Based on these results, one can conclude that this SL V2S3 is a new crystal structure, which
was never been seen before, as no reported V1+xS2 compound or VS2 distorted structure can
explain the structural formation of the observed phase II structure [96][97].

4.4 The reversibility of the phases

Based on the experimental evidence presented in Ref. [85][82][96][97] for the thermal desta-
bilization of bulk VS2, but also on the experimental results of the SL V1+xS2 presented so
far, one can agree with the possibility that the high temperatures for the SL material can
give rise to S desorption until the hexagonal lattice configuration cannot be retained and a
phase transition to a rectangular structure can be induced. An indirect way to prove the S
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loss upon annealing in UHV is to try to reverse the phase changes while annealing in a S
rich environment.
The experiment was performed at SuperESCA beamline of the Elettra synchrotron, in Trieste
(Italy) and the sample was grown in situ, using H2S and a hot V filament. The structural
changes were analyzed using the LEED technique. The thermocouple in this case was spot-
welded on the front side of the plate, very close to the sample; therefore, the measured
temperatures might be different than in other.
The results of this experiments are shown in Fig. 4.8. Starting from the phase that is con-
sidered to be the most S deficient (phase II i.e.,V2S3), an annealing temperature of 250 �C
and a high local H2S pressure of 8.5⇥10�5 mbar (having the H2S nozzle at 1 mm distance
from the sample) results in a diffraction pattern that indicates a phase change to phase I0,
seen in Fig. 4.8(b). In order to obtain the full transition to phase I, a higher pressure of
1.0⇥10�4 mbar and a slightly increased temperature of 290 �C is needed. This might suggest
that the integration of the S atoms in the SL VS2 for phase I is more difficult than for phase
I0. The result of the transition to phase I is shown in the diffraction pattern from Fig. 4.8(c).
Furthermore, if the sample is annealed to 550 �C in UHV, then the same diffraction pattern
corresponding to phase II is observed (which can be seen in Fig. 4.8(a)).
This experiment strongly underlines the importance of the S atoms in each phase transition
and indirectly demonstrates that phase I0 and phase II are sulphur deficient compared to
phase I.

4.5 Low temperature STM/STS on SL V2S3 on Au(111)

Additional measurements have been carried out on the S deficient phase of VS2 (i.e., SL
V2S3), since this material has an interesting structure that is present only in the SL limit.
This has been done in the Scanning Probe Microscopy (SPM) laboratory led by Prof. Alexan-
der A. Khajetoorians, at Radboud University, in Nijmegen (Netherlands).
LT STM/STS have been performed on this system for further structural and electronic
characterization and the investigation of any possible CDW formation. Furthermore, the
system has been examined for any magnetic ordering using a strong magnetic field and a
spin-polarized STM tip.
The sample has been prepared in situ, using a V rod and H2S gas, and post annealed until
the S deficient phase of VS2 has been observed. The use of different scanning parameters has
revealed the formation of a moiré superstructure, which is generated by the superposition of
the SL V2S3 with the underlying Au(111). This can be seen in Fig. 4.9(a).
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Figure 4.9: (a) A (19.8 nm ⇥ 19.8 nm) STM data (at T=4 K) where the crystal morphology of
V2S3 on Au(111) shows a moiré superstructure measured at It=1 nA and Vb= -800 mV. Inset: a
(10.8 nm ⇥ 8.8 nm) highly resolved STM data calibrated to the size of the STM topography (It=5 nA
and Vb= 3 mV). The vertical and horizontal dashed lines that continue over the atomic resolution
inset, mark the size of the moiré pattern and also indicate how many atomic unit cells are included
in each direction. The unit cell and the lattice vectors of the moiré is shown in green. (b) Fourier
transform of the STM image (in (a)) that shows the periodicities present in this system. The
reciprocal lattice vectors of the atomic corrugation and of the moiré are shown in blue and purple,
respectively. The spots related to the atomic unit cell of V2S3 and the moiré are marked by colour
coded circles. (c),(d) Ball models of Au(111) surface (yellow spheres, in (c)) and of SL V2S3 surface
(colour coded spheres, in (d)) with the overlaid moiré unit cell shown in green. (c) The calculated
angle in between the two lattice vectors is highlighted and a regular hexagonal unit cell is shown
in dashed red line.(d) The atomic unit cells of SL V2S3 (black rectangles) are overlaid for a better
comparison with the moiré unit cell. (e) Schematic of the SL V2S3 on Au(111) where only the top
S atoms are shown, to highlight that in the [11̄0] direction every third row of S atoms is perfectly
aligned with the row of Au atoms. These rows are marked by black arrows. The unit cell is shown
in light green.
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The moiré pattern is considered to be formed by a set of three elongated "bumps" and is
measured to be of 26 Å in the [11̄0] direction and 27.4 Å in the [1̄1̄2] direction. This can be
associated with the calibrated inset of a highly resolved STM data. The corresponding unit
cell of this superstructure is shown in green and is defined by two lattice vectors (m1 and
m2). An angle of 67.3 � has been determined between the two lattice vectors. This can be
seen in Fig. 4.9(c) and (d), where the ball models for Au(111) and V2S3, respectively, are
presented. From these models it has been revealed that m1 lattice vector corresponds to 8
unit cells of V2S3 and 9 unit cells of Au, whereas m2 corresponds to 3 unit cells of V2S3 and
11 unit cells of Au. The overall unit cell of the moiré superstructure includes 24 unit cells
of V2S3 as it can be seen in Fig. 4.9(d).
In order to observe the periodicities presented in this system, a Fourier transform is taken
from the STM image (Fig. 4.9(a)) and this is shown in Fig. 4.9(b). The spots related to the
atomic corrugation of V2S3 and the moiré are marked by blue and purple circles, respectively.
The colour coded reciprocal lattice vectors of the atomic corrugation and of the moiré are
also presented in this figure. The additional spots observed in this Fourier transform can be
explained by the superposition of these lattice vectors.
Bias dependent LT STM measurements, indicate that the moiré superstructure is quite
pronounced over a large energy range even though there are some changes observed in the
moiré pattern. The STM topography of V2S3 on Au(111) has been measured at a bias
voltage of -500 mV, -50 mV and -10 mV and the results are presented in Fig. 4.10(a),(b) and
(c), respectively. A dashed rectangle has been used to mark the same position of the moiré
pattern in each STM data-set so as to guide the reader’s eye. One can clearly see that the
intensity of the elongated "bumps" inside this moiré pattern can be suppressed or enhanced
depending on the selected bias voltage applied to the system. The locally different stacking
order between the adlayer and the substrate might have a contribution to these experimental
observations but, one should also keep in mind that in constant-current mode, the spatial
variation in the STM image contains a convolution of topographic and electronic structure.
The latter is given by the integration of the LDOS from the Fermi level to the bias voltage
at which the surface is measured.
In each STM data-set, there is an inset with the fast Fourier transform (FFT) of the STM
image, where the main peaks corresponding to the hexagonal moiré and the rectangular
V2S3, are marked by colour coded circles. These FFT patterns indicate spots that are
suppressed or enhanced in intensity depending on the bias voltage but no qualitative change
can be observed in the Fourier components (i.e., additional spots that could indicate a CDW
order).
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Figure 4.10: A (20 nm ⇥ 20 nm) STM data (at T=1.3 K) with the moiré superstructure of SL
V2S3 on Au(111) measured at It=20 pA and (a) Vb=-500 mV, (b) Vb=-50 mV and (c) Vb=-10 mV.
The black dashed rectangle surrounds the three elongated "bumps" included in the moiré pattern.
(d)-(e) A (12 nm ⇥ 12 nm) highly resolved STM topography (T=1 K) of V2S3 on Au(111) using a
tunneling current of It=40 nA and a bias voltage of Vb=-10 mV (in (d)) and Vb=1 V (in (e)). (a)-(e)
Insets: FFT of STM image with peaks related to periodicities, highlighted by colour coded circles
(blue for atomic unit cell of V2S3 and purple for moiré )(f) Line profiles corresponding to the line
cuts shown by the black arrows in (d) and (e).

A different set of tunneling parameters (i.e., -10 mV and 40 nA), results in STM data with
atomic resolution, which can be seen in Fig. 4.10(d). It seems that, at this low bias, the
moiré corrugation is less pronounced, revealing atomic rows along the small side of the V2S3

unit cell that are much more pronounced in intensity than the others and are observed at
every third row, which is quite intriguing. A similar behaviour is observed also at a bias
voltage of 1 V, keeping the same tunneling current. This can be observed in Fig. 4.10(e).
This behaviour is very similar with the one observed in the simple schematic in Fig. 4.9(e),
where it is highlighted that every third row of top S atoms (in this example) is aligned with
the underneath row of Au atoms, as shown by the black arrows.
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Furthermore, line profiles are taken at the same atomic row marked by the black arrows in
Fig. 4.10(d) and (e), respectively, for the STM data at -10 mV and at 1 V. These line profiles
correspond to an enhanced atomic row for the case at -10 mV and to a less enhanced atomic
row for the case at 1 V. The purple curve in Fig. 4.10(f) is in agreement with the overall
intensity modulation of the moiré pattern, which can bee seen in the STM data along the
[11̄0] direction. Curiously, in the orange line profile, one can see that the atomic corrugation
has a more complex periodicity. This might be attributed to the locally different stacking
order [98], but further investigation is required for a better understanding of this behaviour.
The FFT is taken for both STM data and is compared with the FFT patterns observed
previously. Quite surprisingly, none of the Fourier transform data show any additional spots
that cannot be explained by the superposition of the moiré reciprocal lattice vectors.
The electronic structure of SL V2S3 on Au(111) is determined by means of STS and is
compared with ARPES results. Figures 4.11(a) and (b) show spatially averaged tunneling
spectra taken at different positions in the SL V2S3, with respect to the top-up S atoms in (a)
and top-down S atoms in (b), over a relatively large bias voltage range and at a temperature
of 1.3 K. STS was measured at each of the colour coded marked positions by stabilizing
the tip with the feedback loop engaged at a set-point of Vstab = -0.6 V and Istab = 0.6 nA
followed by subsequently ramping the bias voltage to +1 V with the feedback loop switched
off. A lock-in amplifier is used with a modulation voltage of Vmod = 1 mV and a modulation
frequency of fmod = 880 Hz. The STS data has been taken multiple times in other similar
positions on the SL V2S3 surface and the STS results shown here are averaged. The dI/dV
spectrum of Au(111)—grey spectrum—is shown in the figures as reference. The results reveal
the variation in the LDOS across the surface, and the most pronounced feature is given by a
peak near the Fermi level (indicated by the dashed black line at 0 V bias voltage). Depending
on the position of the point spectra, one can see a shift in this peak position. For the curves
shown in dark blue and black in Fig. 4.11(a), and light blue and red in Fig. 4.11(b), the
peak position is measured to be at around -0.09 V. Curiously, the curves presented in dark
purple and green in Fig. 4.11(a) and light green and orange in Fig. 4.11(b) indicate a shift
of the enhanced LDOS peak towards the Fermi level. In addition, the dI/dV spectra for
the top-down S atoms show an additional feature in the positive bias (empty state) region
at around 0.75 V. This can be the reason for the reversed topography contrast observed at
-10 mV and 1 V.
The STS results are further compared with the results obtained from the ARPES technique.
ARPES measurements shown here were performed with a photon energy of 94 eV, using a
temperature of 35 K. The photoemission intensity along the X̄�̄Ȳ high symmetry directions
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Figure 4.11: Electronic structure of SL V2S3 on Au(111). (a),(b) dI/dV spectra taken at different
positions of the SL V2S3, with respect to the top-up S atoms (in (a)) and top-down S atoms (in (b)).
All the spectra reveal the variation in the LDOS across the surface as well as the presence of a large
LDOS near EF . (Vstab=1.5 V, Tstab=0.6 nA; Vmod:1 mV, fmod=880 Hz, T=1.3 K ) Insets: highly
resolved STM data acquired at -10 mV and 1.3 K, on which the colour coded markers indicate the
position of the acquired STS spectrum. (c) Photoemission intensity along the M̄ �̄K̄ high symmetry
directions of the 2D BZ of V2S3 on Au(111). The dashed yellow line indicate the Au(111) SS and
the dashed blue line marks the SL V2S3 band that is close to the Fermi level. On the right-hand side
is the 2D BZ of Au(111)(yellow) and of V2S3 (blue) with black arrows that indicate the direction
of the cuts.

of the 2D BZ of V2S3 is shown in Fig. 4.11(c). The photoemission data reveals features
around �̄ point coming from two different electron pockets. One electron pocket at higher
binding energy is ascribed to the well-known Au (111) SS [70], which is found at a binding
energy of approximately 0.45 eV. The second electron pocket is assigned to an electronic
feature of the SL V2S3 and is located closer to the Fermi level (i.e., at a binding energy of
around 0.12 eV). Note that due to its relatively big spot size on the sample surface (190
µm⇥ 90 µm), the ARPES technique probes simultaneously all three domains of this SL
material. The resulting photoemission data is a superposition of photoemission intensities
coming from all three rotational domains of SL-V2S3 present on the surface. Nevertheless,
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the ARPES data is in good agreement with the highest LDOS feature near the Fermi level
observed from the STS measurements but cannot explain the shift of the enhanced LDOS
peak closer to 0 V.
The work presented in this section is in progress and currently, a careful analysis of the
experimental results is being performed. Furthermore, there is a strong desire for theoretical
calculations to gain a better understanding of the experimental findings and these could not
be provided before the hand-in of this thesis.
In addition to these experiments, magnetic measurements have been performed on this sys-
tem to look for magnetic ordering. This has been done using a strong out of plane magnetic
field (up to 7 T) and a spin-polarized STM tip (i.e., an antiferromagnetic Cr tip as well as an
Fe-coated W tip). The system does not show any convincing evidence of magnetic contrast
based on STS data (not shown) taken before and after the magnetic field has been applied
to the system.



5

Crystalline and electronic structure of

single-layer V1+xS2 on Au(110)

The following chapter is dedicated to the structural and electronic investigation of the SL
V1+xS2 synthesized on Au(110). STM and LEED are used for the local and global structural
characterization of the SL VS2 structure on Au(110) and indicate a hexagonal lattice constant
that is in good agreement with the previous results on Au(111). ARPES data reveals the
metallic character of SL VS2 and the 1T configuration (showing a flower-like structure with
six petals emerging around each M̄ point) previously observed on Au(111), but with more
intense photoemission features on Au(110), at least for the scan conditions of this study.
Furthermore, the number of electrons per unit cell determined from the Fermi contour and
the size of the 2D BZ indicates no doping in SL VS2 from the Au(110) substrate. Upon
annealing to T=550 �C, a V1+xS2 phase transition due to S desorption can be observed
from LEED and STM. These data reveal a surface reconstruction of the substrate from
the (1⇥ 2) missing row reconstruction to (4⇥1) reconstructed structure and an increased
periodicity in the structure due to S depletion. ARPES results indicate a Fermi contour
with a strong intensity feature around the �̄ point and with only two elongated petal-shaped
electron pockets centered around the M̄ points, which indicate a single rotational domain
of this material. Surprisingly, it has been observed that a higher annealing temperature
(T=600 �C) leads to a desorption of SL V1+xS2 from the Au(110) surface.

5.1 Introduction to electronic properties of SL VS2

The physical properties of SL VS2 are quite different depending on their structural configu-
ration, in a similar way as for the other SL TMDCs. As already mentioned in Chapter 4, the
theoretical predictions on the 1H structural phase indicate it to be a ferromagnetic semicon-
ductor with strong electronic correlations. In contrast, in the 1T structural phase, the SL

75



Section 5.1. Introduction to electronic properties of SL VS2 Page 76

(a) (b)

k y (Å
-1
)

k y (Å
-1
)

k
x
 (Å-1) k

x
 (Å-1)

1H phase of SL-VS2

Г K

M

Г K

M

1T phase of SL-VS2

Figure 5.1: DFT calculation of the Fermi surface map for 1H (a) and 1T (b) phases of SL VS2.
Adapted and modified from Ref. [87]. The hexagonal BZ of SL VS2 is marked by red dashed lines
and the high symmetry points are shown by red circles.

VS2 is predicted to be a ferromagnetic metal and/or in which charge-order superstructure
can emerge like in its bulk counterpart [86][87]. The latter exhibits a CDW transition close
to RT (308 K) [90].
In Fig. 5.1(a) and (b), one can see the theoretical Fermi surface maps from DFT, for the
1T and 1H phases of SL VS2 [87]. The former shows a flower-like structure with six petals
emerging in each M̄ point, whereas the latter manifests a hexagonal contour around the BZ
centre and rounded-triangles at each K̄ point.
The investigation of the electronic properties of VS2 is motivated by the very interesting
theoretical predictions about this material and by the successful growth preparation of SL
1T-VS2. The electronic structure of V1+xS2 on Au(111) has been already investigated and
presented elsewhere [81] and some of the results are shown in Fig. 5.2.
From those experimental findings, it has been observed that for the case of SL VS2, the
photoemission data is consistent with the 1T structure and in agreement with the XPD
measurements, but the photoemission intensity is rather weak, as shown in Fig. 5.2(a) and
(c). Furthermore, the electronic band structure is rather broad, which might be due to
the presence of adsorbates on the surface (because the sample was not annealed to higher
temperatures in order to not induce a phase transition) but can be also because of many
body effects or due to hybridization with the substrate.
The ARPES data for the rectangular V2S3 phase is shown in Fig. 5.2(b) and (d) and reveals
a rather complex band structure, which is challenging to understand since the resulting
photoemission data is a superposition of photoemission intensities coming from all three
rotational domains of SL V2S3 present on the surface, given the size of the beam spot from
ARPES measurements.
From the photoemission intensity at the Fermi energy there is a round feature at � that
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Figure 5.2: ARPES data of SL V1+xS2 on Au(111) acquired at a temperature of 35 K using a
photon energy of 94 eV (adapted and modified from [81]). Photoemission intensity at the Fermi
energy of VS2 (in (a)) and of V2S3 (in (b)). The yellow and red dashed hexagons indicate the BZ of
Au(111) and VS2, respectively. The pink, blue and green dashed rectangles indicate the BZ for the
three rotational domains of V2S3. A Christmas-tree-like pattern can be observed in the second BZ of
Au(111) (in (b)) and the features are highlighted by a set of seven circles coloured correspondingly.
(c) Photoemission intensity along the M̄ �̄K̄M̄ high symmetry directions of VS2. The dashed
yellow lines indicate the projected bulk band gap of Au(111). (d) Photoemission intensity along
the Ȳ �̄R̄X̄�̄ high symmetry directions of V2S3. The solid yellow lines indicate the SS of Au(111).
Fermi level is indicated by the horizontal green dashed line at 0 eV.

originates from two electron pockets corresponding to the Au SS and the rectangular phase
of the SL. Furthermore, the flower-like pattern has been changed into a snowflake-like shape.
Interestingly, in the second BZ of Au(111) one can see a group of seven circles forming a
Christmas-tree-like pattern. These can be explained by the higher order � points of the
three rotational domains of V2S3, in the same manner as in LEED. Furthermore, we are
not aware of this crystal structure existing in bulk form and no theoretical calculations has
been published so far for a better understanding of the electronic structure of this structural
phase.
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In order to gain more insights into the band structure for the SL VS2 but also to investigate
if the electronic band structure features can be obtained from only one rotational domain of
the SL V2S3, this material has been synthesized on a different Au facet, (110).

5.2 Synthesis of SL VS2 on Au(110)

A similar growth procedure as for the Au(111) substrate has been applied for the synthesis
of SL VS2 on Au(110). The growth has been performed in the stand-alone STM chamber.
Au(110) has been chosen to keep the catalytic property as in the case of Au(111) [99]. Addi-
tionally, under UHV conditions, a clean Au(110) surface is known to have a (1⇥2) missing
row reconstruction (MRR) relative to the bulk (1⇥1) structure [100][101][102][103][104]. This
is a thermodynamically stable state of the clean surface. This reconstruction is formed by
removing alternate atomic rows along the [11̄0] direction and gives rise to a rectangular unit
cell of 2.88 Å⇥8.16 Å [105][106]. This surface reconstruction provides natural anisotropy (has
the property of being directionally dependent), which can be very useful for the possibility
to obtain the rectangular V2S3 phase in just one direction.
Prior to the SL VS2 growth, the cleaning procedure of Au(110) has been done by repeated
cycles of gentle sputtering at 1.2 keV using Ne+ gas at a pressure of 5.5⇥10�6 mbar followed
by long annealing times (⇡1 hour) to ⇡450 �C. The cleanliness of the sample has been
judged by STM and can be seen in Fig. 5.3(a). The missing-row reconstruction is observed
in the STM data as equidistant stripes separated by darker regions and from the atomic
resolution—presented as inset in Fig. 5.3(a)—one can identify the rectangular unit cell. The
lattice constants have been measured to be s1=2.92±0.3 Å and s2=8.26±0.8 Å, in agreement
with the values from literature [107].
During this procedure, it has been observed that various contaminants and even very low
impurity concentrations can lead to perturbations in the (1⇥2) MRR and resulting in various
(1⇥n) reconstructions. It has been observed that these types of reconstructions can also
appear if the annealing temperature is too high or if the cooling process is too fast [106][107].
SL VS2 has been synthesised in UHV by evaporating vanadium onto the clean Au(110)
surface kept at RT. Then, the sample has been annealed to ⇡350 �C for 30 min. maintaining
a pressure of 2⇥10�6 mbar of DMDS in the chamber. As a final stage, DMDS has been
pumped out of the chamber and the sample has been kept at T⇡350 �C for 30 min. in order
to eliminate the residual physisorbed DMDS and improve the crystalline quality of the SL
VS2.
The STM results of the VS2 growth on Au(110) can be seen in Fig. 5.3(b). Elongated hexag-
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Figure 5.3: (a) A (300⇥300) Å2 STM topography of clean Au(110) showing the (1⇥2) missing-row
reconstruction. The green inset shows a (50⇥50) Å2 atomic resolution image of the reconstructed
clean Au(110), which has been filtered by means of 2D fast Fourier transformation procedure in
order to emphasize the atomic structure. This reveals a rectangular unit cell (shown in black) of
s1=2.92±0.3 Å and s2=8.26±0.8 Å. Tunneling parameters: It=-0.31 nA, Vb=-2034.3 mV (for main
panel) and It=-1.44 nA, Vb=-83.6 mV (for atomic resolution). (b) A (2000⇥1680) Å2 STM image
revealing VS2 nanoislands on Au(110) with different shapes. The purple inset shows a (30⇥30) Å2

atomically resolved STM image of the VS2 structure with a hexagonal unit cell (shown in black)
and a measured lattice constant of (3.24±0.32) Å. Tunneling parameters: It=0.28 nA, Vb=772.4 mV
(for large-scale image) and It=0.73 nA, Vb=102.2 mV (for atomic resolution). (c) LEED pattern of
the VS2 synthesized on Au(110) acquired at 30 K using a kinetic energy of 165 eV. The unit cell
for the unreconstructed (1⇥1) surface of Au(110) is marked by dashed yellow lines while the (1⇥2)
MRR is highlighted in a solid rectangle. The spots corresponding to the VS2 structure are marked
by dashed purple circles and the hexagonal unit cell is drawn in purple solid lines.

onal and truncated-triangular shaped domains of VS2 are partially covering the Au(110)
surface. At a high coverage (not shown), the islands merge together and additional ad-
sorbates can be seen on top of the SL material. The highly resolved STM data shown in
the inset of Fig. 5.3(b), reveals the hexagonal structure of VS2 where a lattice constant of
(3.24±0.32)Å has been determined. This value is in agreement with the previous VS2 results
obtained on the (111) facet of Au [23]. Furthermore, the apparent height of the SL VS2 is
measured to be approximately (1.9±0.2) Å for the scan parameters of the large STM image
in Fig. 5.3(b).
For the electronic characterization, the sample has been transported to the SGM3 endstation
via UHV suitcase so as to not break the vacuum and to preserve the quality of the sample.
The experiment has been performed on a sample with a coverage less than a monolayer
(⇡65%). Prior to the experimental investigation of the electronic structure, the sample has
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been annealed to T⇡400 �C and the structure has been confirmed by LEED measurements
acquired at 30 K using electrons with a kinetic energy of 165 eV. The result is shown in
Fig. 5.3(c). The qualitative inspection of the LEED diffraction pattern reveals the surface
periodicity of the sample. The rectangular diffraction spots arising from the (1⇥2) MRR of
Au(110) are accompanied by hexagonal intense and broad diffraction spots coming from the
SL VS2. Additional weak diffraction spots are attributed to multiple scattering events that
can occur as a response of the SL to the incident electron beam. The diffraction pattern
reveals alignment between the SL VS2 and the Au(110) substrate. One of the reasons for
such broad diffraction spots that are attributed to the VS2, could be because spots coming
from the Au or due to multiple scattering are found to be very close to the position of the
VS2 spots.
The real space hexagonal lattice constant of SL VS2 has been determined by taking a line pro-
file through LEED images in the same manner as done for the SL NbS2 on Au(111)(see Chap-
ter 3) [22]. The analysis has been performed for various electron kinetic energies and with
reference to the position of the Au spot. This gives a lattice constant of (3.25±0.11) Å, which
is in good agreement with the STM results and with the previous results on Au(111) [23].

5.3 The electronic structure of SL VS2 on Au(110)

For the ARPES measurements, a photon energy of 110 eV has been chosen in order to
suppress the electronic band structures coming from Au and to enhance the contribution from
the VS2 band structures. The experiment has been performed at 30 K with an energy and
angular resolution better than 45 meV and 0.2 �, respectively. The results of the hexagonal
VS2 phase are presented in Fig. 5.4 and reveal the photoemission intensity along constant
energy contours at different binding energies in (a) and the high symmetry cut in the K̄M̄ �̄K̄

directions in (b). The red dashed hexagon indicates the BZ of the SL material while the
unreconstructed (1⇥1) surface of Au(110) is shown as a blue dashed rectangle and the (1⇥2)
MRR is marked by a blue solid rectangle. The high symmetry points (for both the hexagonal
VS2 adlayer and the rectangular Au substrate) are marked by colour coded dashed circles
and the corresponding cuts in the high symmetry directions are indicated by red arrows.
The photoemission data reveals Au features together with a Fermi contour that is assigned
to the SL VS2 material. There is a rounded feature around Ȳ 0 point of the dashed blue BZ,
which is attributed to the Au SS and corresponds to the unreconstructed Au(110) and the
sp-bulk band of Au crossing the Fermi surface around the X̄ point. According to the work
from Ref. [108] the SS around Ȳ 0 point is not expected to be seen for the (1⇥2) reconstructed
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Figure 5.4: ARPES data on SL VS2 on Au(110), acquired at 30 K using a photon energy of 110 eV.
(a) Photoemission intensity along constant energy contours at different binding energies. The BZ
of SL VS2 is marked by red dashed hexagon while the surface BZ of Au(110) is marked by dashed
blue rectangle (the unreconstructed (1⇥1) surface) and by solid blue rectangle (the (1⇥2) missing-
row reconstruction). The high symmetry points are labeled correspondingly. (b) Photoemission
intensity along the K̄M̄ �̄K̄ high symmetry directions of the VS2 2D BZ. This direction includes
the X̄�̄Ȳ Ȳ 0 high symmetry direction of surface BZ of Au(110). Fermi level is indicated by the
horizontal black dashed line at 0 eV. The Au SS and the sp-type bulk band are overlaid in yellow.

surface but instead, around Ȳ 0 point there should be the Au sp-bulk bands crossing the Fermi
surface, which are weak and not easy to be identified in this case.
The SL VS2 exhibits a Fermi contour that consists of a round feature at the �̄ point and
a flower-like pattern with six elongated petal-shaped electron pockets centered around each
M̄ point. A comparison of the experimental results with the theoretical Fermi surface maps
from DFT, presented in Ref. [87] and shown in Fig. 5.1(a) and (b), suggests that the crystal
structure of VS2 on Au(110) keeps the 1T configuration as found previously on Au(111) [81].
The doping level, in terms of the number of electrons per unit cell in the VB, has been
estimated from the areas of the SL VS2 Fermi contour and the size of the 2D BZ, in the
same manner as for NbS2. The electron filling of the upper VB of SL VS2 on Au(110) is
determined to be 0.94±0.08 electrons/unit cell. Taking into account that in this state, a
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half-filled band (i.e., 1 electron/ unit cell) is expected for this system, the result is close to
one electron per unit cell, which indicates no doping in SL VS2 from the Au(110) substrate.
A quantitative doping level comparison with the SL VS2 on Au(111) is not possible due to
weak photoemission intensity and diffuse bands in the data acquired from samples on the
Au(111) substrate.
The photoemission intensity along the K̄M̄ �̄K̄ high symmetry directions of the VS2 2D BZ,
is shown in Fig. 5.4(b). The parabolic state around Ȳ

0 [108] and weak sp-type bulk band
have been identified as features coming from the Au(110) substrate [70]. These are marked
by yellow solid lines in the figure. The presence of the Au SS suggests that the substrate
is not fully covered with VS2 but instead, exposed Au areas can be found in between SL
domains. The remaining band structure up to 0.5 eV binding energy is assigned to the SL
VS2 and corresponds to the V 3d orbital. The band consists of a hole pocket at K̄(K̄ 0),
which disperses toward higher binding energy when approaching M̄ point. Then it reaches
the Fermi level and has a relatively flat dispersion around the �̄ point. The metallic nature
of the SL material is established by the band crossing through the Fermi surface. A similar
observation has been made also for SL VTe2 on BL graphene/SiC [109]. They also have
observed that V 3d band crosses the Fermi level midway between �̄ and K̄ points. In contrast,
SL VSe2 shows a fully gapped Fermi surface below 140 K due to the emergence of a CDW
order [110]. A theoretical band structure for the SL VS2 could not be provided before the
hand-in of this thesis, and therefore a quantitative discussion of the photoemission features
is not possible. Qualitatively, the VS2 photoemission features are rather broad, which can
be explained by the possible hybridization with the substrate or by the presence of strongly
correlated electronic states in this system, as it has been observed to be the case for similar
metallic TMDCs [22][17].

5.4 Phase transition and electronic structure of SL V1+xS2

on Au(110)

By heating the sample to a higher value of 450 �C, the diffraction pattern changes to that
seen in Fig. 5.5(a). In contrast to the previous result shown in Fig. 5.3(c), the VS2 spots are
elongated along the [11̄0] direction. This can indicate disorder to some degree and a lack
of in-plane correlation in the VS2 structure. The STM topography presented in Fig. 5.5(b)
reveals a change in the shape of the islands to a more rectangular profile and the inset
indicates a beginning of a phase transition, with the presence of dislocation lines on the SL
VS2, along the [001] direction. ARPES data (not shown) does not reveal any changes in the
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Figure 5.5: (a) LEED pattern of SL V1+xS2 synthesized on Au(110) after annealing to 450 �C,
acquired at 30 K and using a kinetic energy of 165 eV. The unit cell for the unreconstructed (1⇥1)
surface of Au(110) is marked by dashed yellow lines while the (1⇥2) MRR is highlighted in a
solid rectangle. The elongated spots corresponding to the V1+xS2 structure are marked by dashed
purple circles. (b) A (1700⇥1370) Å2 STM image revealing V1+xS2 nanoislands on Au(110). The
inset shows a (50⇥50) Å2 atomically resolved STM image of the V1+xS2 structure, which has been
filtered by means of 2D fast Fourier transformation procedure in order to emphasize the atomic
structure with dislocations and to reveal the initiation of a phase transition. Tunneling parameters:
It=-0.2 nA, Vb=-2314.7 mV (for main panel) and It=-1.69 nA, Vb=-2.13 mV (for atomic resolution).

Fermi contour or band structure.
Using a higher annealing temperature for the crystal surface (⇡550 �C), one can observe
a substantial change in the LEED diffraction pattern. This is shown in Fig. 5.6(a). The
elongated spots have now evolved into multiple diffraction spots interconnected by a streak
in the [11̄0] direction. This complex phenomenon might be because of an increased periodicity
in the SL VS2 due to S depletion. Additionally, new diffraction spots can be seen in the
[11̄0] direction coming from the Au(110) surface reconstruction. From the qualitative LEED
analysis, it seems that the surface of Au(110) has been changed from the (1⇥2) MRR into a
(4⇥1) reconstructed structure. This type of reconstruction has been observed also on other
metal surfaces such as Ni(110) and evolves due to a S-induced reconstruction [111][112].
The STM data shown in Fig. 5.6(b) reveals a SL V1+xS2 nanoisland with a striped structure
that forms due to S desorption upon annealing. Furthermore, the (1⇥2) MRR is observed
together with the (4⇥1) reconstructed structure of Au that occurs in the same [001] direction
as the striped adlayer. Locally, STM data does not reveal a well-defined periodicity in the
[11̄0] direction. Furthermore, the changes observed in LEED and STM regarding the V1+xS2

structural phase transition and the (4⇥1) surface reconstruction may be correlated in the
case presented here but additional investigation is needed for a solid conclusion.
The photoemission data for this phase is presented in Fig. 5.6(c) and (d). It can be observed
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Figure 5.6: (a) and (e) LEED data (performed at 30 K using a kinetic energy of 165 eV) on
SL V1+xS2 on Au(110), after annealing to (a) 550 �C and (e) 600 �C. The unit cell for the unre-
constructed (1⇥1) surface of Au(110) is marked by dashed yellow lines while the (4⇥1) surface
reconstruction is highlighted with a yellow solid rectangle. The direction of the spots correspond-
ing to the SL V1+xS2 structure are indicated by purple arrows. (b) A (120⇥130) Å2 STM image
presenting a SL V1+xS2 nanoisland with a striped structure together with the (1⇥2) MRR and
the (4⇥1) surface reconstruction of Au(110). Tunneling parameters: It=-0.49 nA, Vb=-9.77 mV.
(c)-(d) Photoemission intensity data corresponding to the results presented in (a) and (b). For the
photoemission intensity along constant energy contours at different binding energies (in (c)), the
BZ of SL VS2 is marked by red dashed hexagon while the surface BZ of Au(110) is marked by
dashed blue rectangle (the unreconstructed (1⇥1) surface) and by solid blue rectangle (the (4⇥1)
surface reconstruction). The high symmetry points are labeled correspondingly. (d) Photoemission
intensity along the K̄M̄ �̄K̄ high symmetry directions of the VS2 2D BZ. This direction includes
also the X̄ 0�̄Ȳ 0 high symmetry direction of surface BZ of Au(110). Fermi level is indicated by the
horizontal black dashed line at 0 eV.
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that the SL V1+xS2 exhibits a Fermi contour with a round feature around the �̄ point and,
in contrast to the previous ARPES results in Fig. 5.4, there are only two elongated petal-
shaped electron pockets, centered around the M̄ point, which suggests the presence of a
single rotational domain only.
The same K̄M̄ �̄K̄ high symmetry direction cuts (as for the SL VS2 ) have been used for
this phase and can be seen in Fig. 5.6(d). Interestingly, a similar band structure to the one
obtained for the SL VS2 is observed (i.e., a hole pocket at K̄, which disperses toward higher
binding energy when approaching M̄ point and with a relatively flat dispersion around the �̄

point). This can be an indication of hexagonal VS2 still being present on the Au(110) surface
and coexisting with the S depleted domains. Additionally, the Au sp-type bulk states are
observed near the M̄ point but the parabolic band around Ȳ

0 is not present anymore.
Understanding of this complex structure would require a more elaborate investigation. In
order to reach a complete transition to this phase, the growth of this SL V1+xS2 striped struc-
ture could be monitored in real time using XPS in a similar way as presented in Ref. [39][40].
Furthermore, similar to the SL V1+xS2 case on Au(111), there is a need for XPD measure-
ments and simulations in order to completely understand this structure. This could be taken
into consideration in future experiments.
Finally, an annealing temperature of ⇡600 �C, leads to a change in the LEED diffraction
pattern as observed in Fig. 5.6(e). The multiple diffraction, spots associated with the SL
V1+xS2 and interconnected by a steak in the [11̄0] direction, have vanished. LEED data
shows only diffraction spots from the (4⇥1) surface reconstruction of Au(110). This is an
indication that most of the SL V1+xS2 material has been desorbed from the Au(110) surface.
This is confirmed also by ARPES data (not shown).



6

Conclusion and Outlook

In this final chapter, a summary of the results presented in this thesis is provided. Fur-
thermore, an outlook is given on a new SL TMDC (CrS2) based on the predictions and
experimental findings. This involves experimental ideas being planned for the near future.

6.1 Summary

The work presented in this thesis has been focused on two metallic TMDCs—NbS2 and VS2—
among the rich family of compounds. These materials have very interesting properties and
broad applications in electronics and data storage devices. Both have been epitaxially grown
on Au substrate via MBE in order to explore their fundamental properties. The variety of
experimental surface sensitive techniques such as STM/STS, LEED, ARPES, XPS and XPD
used in this thesis, offered great opportunities for the crystal structure and the electronic
properties of these metallic TMDCs to be investigated. Theoretical calculations have also
been used to support the experimental findings.
The results and conclusions from each project chapter are presented below:

• Chapter 3 has been dedicated to the investigation of structural and electronic properties
of SL NbS2. The successful synthesis of SL NbS2 on Au(111) has been reported. STM
and LEED show good structural quality: a SL material with single orientation (and its
mirror domain) and with a lattice constant of (3.29±0.03) Å that is in good agreement
with the one of the bulk counterpart. The metallic character has been revealed by
means of ARPES and the overall band structure is consistent with the 1H crystalline
structure. The band structure indicates strong electron doping that could partly be
due to hybridization with the substrate, like in the similar system SL TaS2 [17][74].
This phenomenon is assumed to be responsible also for the broad spectral features but
the predicted strong many-body interactions in this 2D system can also contribute to

86
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this [50]. Lastly, no indication of a CDW formation has been observed down to 30 K.

As a further investigation on this 2D system one can look for CDW at lower temper-
atures using LT STM/STS. Another possible option can be to decouple the SL NbS2

layer from the Au(111) substrate by intercalation [76] or to transfer the growth proce-
dure developed here to a more inert substrate such as graphitized SiC, on which the
CDW has been previously observed [18] in order to further investigate it with ARPES
and or LT STM/STS.

• Chapter 4 has been devoted to the extensive structural characterization of SL V1+xS2

phases synthesized on Au(111). Different growth procedures have been reported with
different S precursors. Core level spectra overview has shown similar atomic com-
position and no detectable contamination in both CH3S-SCH3- or H2S- based VS2

compounds. The SL VS2 is formed with well-defined triangular islands and typical
hexagonal moiré structure observed from STM like for other SL TMDCs grown on
the (111) facet of Au. A good alignment of the SL with the substrate has been ob-
served from LEED, and the atomic lattice constant of VS2 has been determined to be
(3.25±0.10)Å. Moreover, XPD results have revealed the 1T configuration of the mate-
rial. When the sample has been annealed to 400 �C in UHV, a sulphur-depleted phase
characterized by a different hexagonal unit cell has been observed. STM and LEED
have revealed a slight increase in lattice constant (3.3 Å) compared to VS2. XPD mea-
surements and simulations have confirmed the maintaining of the 1T structure. With
higher annealing temperature (550 �C, in UHV), further sulphur desorption has led to
an entirely new SL crystal structure. The STM image, has revealed three rotational
domains of striped structure oriented 120 � with respect to each other. This last phase
has a rectangular unit cell of (9.1±0.1)Å and (3.3±0.1)Å measured from the LEED.
The new structural configuration for this rectangular V2S3 phase has been determined
using XPD and has been concluded that this has never been previously reported in
either bulk or SL form. Interestingly, by means of LEED it has been observed that the
transition between phases is reversible upon annealing at lower temperatures in high
H2S pressure.

Further LT STM/STS measurements shed light on the atomic and electronic structure
of the SL V2S3. Bias dependent STM data, have indicated a moiré superstructure
observed over a large energy range, with some contrast changes observed in the moiré
pattern but with no additional spots observed in the Fourier transform that could
suggest the existence of a CDW in this system. The electronic structure of SL V2S3

on Au(111) has been revealed by STS. A high LDOS has been observed close to the
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Fermi level and this is in agreements with the SL V2S3 electron pocket measured from
ARPES. Additional magnetic measurements did not show any convincing evidence of
spin contrast that could demonstrate the existence of intrinsic magnetic order in this
system. This project is in progress and currently, a careful analysis is being performed.
In addition to the results presented so far, it has been observed that besides V2S3

nanoislands with regular moiré—which cover most of the Au(111) substrate—a few
domains which have a small rotation with respect to the underlying substrate have
been also observed, and are under investigation. Theoretical calculations are highly
needed in order to gain a better understanding of the experimental findings.

• Chapter 5 was based on the crystal and electronic structure investigation of SL V1+xS2

synthesized on Au(110). A similar growth procedure as for SL VS2 on Au(111) has been
successfully employed. STM and LEED revealed truncated-shaped SL VS2 domains
with a hexagonal lattice constant of (3.26±0.1)Å. ARPES data has confirmed the
metallic character of this material and the 1T configuration indicated by the flower-
like pattern of the Fermi surface map. All these results are in agreement with the
previous SL VS2 grown on the (111) facet of Au but in addition to this, the overall
band structure for the SL VS2 on Au(110) is more intense. The electron filling of
the upper VB of SL VS2 on Au(110) has been determined to be 0.93±0.08 electrons
per unit cell. These values could not be directly compared with SL VS2 on Au(111)
because of the diffuse bands and weaker photoemission intensity.

When the sample has been annealed to higher temperatures, LEED and STM data
revealed a V1+xS2 phase transition due to S desorption and a surface reconstruction
of the substrate from the (1⇥ 2) MRR to (4⇥1). ARPES results revealed a Fermi
contour with a strong intensity feature around �̄ point and with only two elongated
petal-shaped electron pockets centered around the M̄ points in the [11̄0] direction.
Finally, it has been observed that a higher annealing temperature leads to a desorption
of SL V1+xS2 from the Au(110) surface.

Since the electronic band structure features for the rotational domain of the SL V2S3

could not be solved simply by choosing the (110) facet of Au, the investigation should
be continued. NanoARPES could be a better solution for measuring the band structure
of only one rotational V2S3 domain since the beam spot size can be focused down to a
few nanometers, which is substantially smaller than the beam spot of a regular ARPES
technique.
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6.2 Outlook

The recent experimental findings on SL VS2 phases has directed a great attention towards
the search of not-yet-synthesized SL materials. Mo- and W- based dichalcogenides have been
intensively studied in the last decade due to their promising properties and applications but
the research on SL CrS2 (which belongs to the same group VI TMDCs) is very limited even
from the theoretical point of view.
So far, it has been mentioned that CrS2 is expected to exhibit ferromagnetic order due to
the magnetic Cr present in the material [113]. This is very useful for spintronic applications.
Using DFT+U method—which considers the strong on-site Coulomb interactions of local-
ized electrons—Wang and the co-workers have shown that in the 1T phase, SL CrS2 has a
metallic behaviour and a striped antiferromagnetic state [114]. Furthermore, they also reveal
a lattice constant of 3.31 Å for 1T-CrS2, a bigger value compared to what has been calculated
previously [115] to be of 3.0 Å. In addition, they have shown that the in plane magnetic order
can be manipulated by charge transfer between orbitals via interlayer electronic coupling,
doping or even substitution of the top S atoms with another element such as Cl.
In the 1H phase, SL CrS2 has been predicted by means of first principle calculations to be
a non-magnetic semiconductor with a lattice constant of about 3.0 Å and a direct bandgap
of 1.07 eV that exhibits valley polarization similar to the case of MoS2 [116]. Furthermore,
the optical bandgap is about 1.3 eV and by mechanical strains, one can tune this value to
reach the ideal bandgap of 1.4 eV for photovoltaic applications or even higher (1.6-1.7 eV)
to become a promising photocatalyst for water splitting [115]. In addition to all these,
calculations show stronger piezoelectric properties compared to MoS2. The non-magnetic
character in the pristine SL 1H CrS2 has been also shown in the work of Ref. [117] but
they also suggest that by doping the system with non-metal atoms, one can modulate the
electronic and magnetic properties of this material.
Up to now, whether the 1T or 1H is the most stable configuration for this system, this is
still under debate and there is a big request for experimental support.
One of the reasons why there is so little investigation on this material is because, like in the
case of VS2, this material is thermodynamically metastable and there is no bulk counterpart
available for mechanical exfoliation as mentioned in the work from Ref. [115]. Therefore, SL
CrS2 has to be synthesized via a bottom-up method in order to be investigated experimen-
tally. Quite recently, the growth of CrS2 has been reported in few-atom thick layers [118],
but with not too many details about this material. Furthermore, the SL CrS2 has not been
obtained yet.
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Figure 6.1: Growth evolution of the crystal morphology of Cr sulphide on Au(111) upon longer
deposition times. (a) A (508.6⇥465) Å2 STM image of striped domains with many dislocation
lines and rotated 120 � with respect to each other. Image parameters:Vb=1021.7mV, It=0.52 nA
Top left inset: LEED pattern (T=30 K, Ekin=100 eV) with rectangular diffraction spots from
three different rotational Cr sulphide domains and hexagonal diffraction spots from Au. Bot-
tom right inset: a (5 nm⇥5 nm) atomically resolved image of a stripe structure revealing a rect-
angular unit cell. Tunnelling parameters: Vb=-164.8mV, It=-0.93 nA. (b) A (500⇥500) Å2 STM
image of a striped domain with additionally Cr sulphide adsorbents which exhibits a moiré struc-
ture. Image parameters:Vb=1505 mV, It=0.22 nA. Inset: a (5 nm⇥5 nm) atomically resolved image
of the hexagonal moiré structure indicating a hexagonal lattice constant. Tunnelling parameters
Vb=1240 mV, It=1.9 nA. (c) A (200⇥184.4) nm2 STM image indicating a full coverage of hexagonal
Cr sulphide material. Image parameters:Vb=570.6 mV, It=0.93 nA. Inset: LEED pattern (T=30 K,
Ekin=100 eV) with hexagonal diffraction spots of Cr sulphide each one surrounded by six intense
satellite spots.

Using a similar method as for the previous TMDCs growth—evaporating Cr onto the clean
Au(111) substrate and then annealing in a DMDS pressure—Cr sulphide has been synthe-
sized on Au(111). The growth evolution of this material is shown in Fig. 6.1.
A rather short Cr evaporation time followed by an annealing step in a DMDS pressure of
1.4⇥10�8 mbar give rise to domains—with a striped aspect and many dislocation lines—that
are rotated 120 � with respect to each other due to the three-fold symmetry of the Au(111)
substrate. This can be clearly seen in the STM topography presented in Fig. 6.1(a) and looks
similar to the S depleted phase of VS2 on Au(111) when is annealed to higher temperature.
Also the LEED data exhibits a comparative diffraction pattern like for the V2S3 SL material,
but in this case the additional diffraction streaks are more intense due to multiple dislocation
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lines disrupting the up-down periodicity of the atomic rows. A highly resolved STM image is
shown in the bottom right inset and reveals a rectangular unit cell. The lattice parameters
have been measured to be of (3.30±0.03)Å and (9.6±0.6)Å.
Interestingly, a higher DMDS pressure (1⇥10�5 mbar) or a longer deposition time gives
rise to an increased coverage with striped domains and additional adsorbents on top of
the striped structure that exhibits a moiré structure when forming large enough domains.
This can be seen in the STM topography, Fig. 6.1(b). The hexagonal moiré periodicity
as well as the hexagonal structure of this material can be observed more clearly from the
atomically resolved STM image. The apparent height profile between the striped structure
and the top of the structure with hexagonal moiré reveals a value of (1.8±0.2)Å. This can
be an indication of a second layer material due to the longer deposition time during growth
necessary for obtaining this type of structure.
Quite interesting is also the fact that it is possible to obtain an almost full coverage of
hexagonal Cr sulphide material with a very small amount of additional adsorbents on top.
This can be seen in Fig. 6.1(c) where the STM reveals large and flat terraces with sharp step-
edges. The hexagonal unit cell as well as the moiré structure can be observed more clearly in
the LEED pattern from which the lattice parameter has been measured to be (3.38±0.03)Å.
This is in good agreement with the value calculated for the 1T phase of CrS2 [114]. These
preliminary results are the first steps towards a more in depth investigation of this material.
In order to determine with precision whether this structure has a T or a H configuration,
further investigations needs to be done using ARPES or XPD techniques. Furthermore, XPD
can be also used to determine the structure of the rectangular Cr sulphide phase as it has
been shown, in previous experimental results in this thesis, that the XPD technique is very
sensitive to the geometrical position of the atoms around the emitters and can determine
geometrical configurations with high precision. For this type of structure, similar challenges
as for the V2S3 are present therefore, nanoARPES would be a better solution for investigating
the electronic structure of this structure. Furthermore, one can also try to optimize the
growth procedure in order to obtain the SL CrS2. One way could involve annealing in a
very high pressure of H2S, in a similar manner as for the SL VS2, based on the possible
reversibility of V1+xS2 phases.
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