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Abstract

The advent of graphene has had a phenomenal impact on the scientific
community, resulting in the opening of a novel research field that focused on
the properties of 2D materials. Apart from graphene, transition metal
dichalcogenides (TMDCs) were among the first materials to be isolated in
single layer (SL) form, exhibiting outstanding electrical and optical
properties. In recent years the interest of the scientific community on
TMDCs has rapidly grown and has been motivated by the possibility to use
them in highly performing and energy efficient transistors with an aggressive
scaling of the dimensions. In addition, also exotic physical phenomena
related to single layer TMDCs like the spin and valley-Hall effect are being
actively investigated for the production of electronic devices whose working
principle goes beyond the standard charge based devices. However, such
applications require SL with large area and low density of defects and
although various approaches have been implemented to produce 2D TMDCs,
they lacked the control over uniformity, thickness and size of the 2D film.

In this thesis, we focused on the experimental investigation of the 2D
materials, particularly TMDCs, epitaxially grown on different metal
substrates. We explored the nucleation process to identify the optimal
conditions for the growth of 2D layers by studying the adsorption of the
chemical species on the metal substrates by means of a combination of
different in-situ spectroscopy techniques. This allowed us to synthesize large
area TMDCs layers with a single orientation, thus reducing the presence of
grain boundaries and leading to the growth of better quality layers. In
addition to this we also investigated the electronic structure close to the
Fermi level to gain more insight into these 2D materials.

In the first part, the physical vapour deposition growth of SL TMDCs on
different transition metal substrates is discussed, with the aim of investigating
the effect of the adsorbate-substrate interaction and the substrate symmetry
on the electronic and structural properties of the epitaxially grown 2D layers of
TMDCs. We developed a new synthesis method for the growth of SL MoS2 on
Au(111) that resulted in extended layer with single domain orientation, that
is without the presence of mirror domains. This latter point has also been
confirmed by the measurement of complete out-of plane spin polarisation of
the valence bands near K and -K point of the surface Brillouin zone of MoS2.
Furthermore, we also investigated the properties of WS2 on Au(111) that is one
of most promising TMDCs for spin and valleytronic applications due to its large
splitting of the spin degeneracy in the valence band. By carefully tuning the
growth parameters while following the same method developed for MoS2, we
successfully produced high quality SL WS2/Au(111) with a single orientation
that led to the observation of moirè-induced mini gaps in the electronic band
structure and the quantification of electron-phonon coupling strength, thus
deriving useful information for electronic device applications.

We have subsequently adapted the new synthesis method also for the
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growth of SL MoS2 on both Ag(111) and Ag(110) substrates. The use of Ag
as a substrate is also attractive in the perspective of the realization of good
contacts in field effect transistor (FET) devices. In fact, the continue
miniaturization of FETs demands for low intrinsic contact resistance between
the active part of the FET and the contacts that interface it with external
components in order to mantain high device performances. MoS2/Ag(111)
has been predicted to have much smaller Schottky barrier height than
MoS2/Au(111) therefore expected to result in lowering of the contact
resistance. We demonstrate the high quality of the grown layers but with the
presence of equal proportions of two mirror domain orientations.

In the end, in order to shed light on the formation of silicene on Ir(111), the
Si-based 2D material analogous to graphene, the adsorption of Si on Ir(111) up
to more than one monolayer Si coverage is presented. The comparison between
the experimental results and DFT calculations indicate towards the instability
of Si/Ir(111) interface, thus implying the formation of Si-Ir alloys, rather than
the growth of a silicene layer.
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CHAPTER 1

Introduction

Understanding the properties of materials has been at the core of scientific
breakthroughs, throughout the evolution of human society. For example,
Rasa-Ratna-Samuccaya, a thirteenth century A.D. text, authored by
Vāgabhatācārya, speaks about the preparation and properties of drugs of
mineral origin. [1] The Sanskrit text also throws light on the state of expertise
in the field of mineral extraction, purification and on alloys displaying various
properties. From the discovery of fire in the prehistoric period to the
semiconductor based supercomputers of the modern era, it is quite clear that
the history of our civilization has unfolded hand in hand with material science.
This syncretic discipline hybridizing solid-state physics and chemistry, is vital
for the developments in science and technology. In the talk titled "Plenty of
Room at the Bottom" presented to the American Physical Society in
Pasadena in December 1959, Richard P. Feynman explored the technological
possibilities through material manipulation at the atomic level. Indeed, most
of the pressing scientific problems that we face today are due to the limits of
the materials available and with the emergence of nanotechnology, the ability
to control the dimensional scales of materials has become highly demanding.
Consequently, by following Moore’s law 1 [2], the semiconductor industry has
been able to manage long-term planning and to set targets for research and
development. However, a shortfall to Moore’s law is expected as the efficiency
of silicon transistors is predicted to fail below 5-nanometer gate lengths

1Moore’s Law is the observation made in 1965 by Gordon Moore that the number of
transistors per square inch on integrated circuits had doubled every year since the integrated
circuit was invented. Moore predicted that this trend would continue for the foreseeable
future.
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Figure 1.1: The atomic structures of some 2D materials along with their respective
electronic band structure. Adapted from ref. Xia et. al [5]

because of severe short channel effects and difficulties with heat dissipation. 2

This advocates for the necessity of finding new strategies to gain processing
speed within compact integrated circuits in the years to come.

An interesting field of materials science that deals with the phenomena
at surfaces and interfaces has been around effectively for over hundred years,
although the first use of the term ‘surface science’ dates back to the early
sixties of the twentieth century. In the more recent years, the field of surface
science has benefited from the developments in vacuum technology and high
speed analytical capabilities of computers. Such improvements have extended
the possibility to study the physical mechanisms governing the properties of
materials at molecular and atomic scale, allowing the scientific community to
move beyond the study of three dimensional (3D) bulk systems, towards the
two dimensional (2D) materials counterpart. 2D materials are crystalline single
layer of atoms that do not need to be supported by a substrate to exist and
can be isolated as free-standing layers. The high surface-to-volume ratio and
quantum confinement effects are responsible for the remarkable modifications
of the electronic and the optical properties of the materials when reduced to
the two dimensional scale. [3, 4]

Graphene is the most studied 2D material for its fundamental properties
as well as potential applications. It is a one-atom-thick crystal composed of
sp2 hybridized carbon atoms arranged in a honeycomb lattice which shows
extraordinary strength as well as unprecedented flexibility. [6] With the highest
elastic constants ever measured in any material, graphene can be stretched for
up to 20% without breaking. It shows linear π-band dispersion at the Fermi
energy at the K-point of the Brillouin zone [7] thus showing extremely high
carrier mobility and thermal conductivity at room temperature. [8] Electrons in

2The International Technology Roadmap for Semiconductors (Semiconductor Industry
Association, 2011). http://www.itrs.net/Links/2011ITRS/Home2011.html

http://www.itrs.net/Links/2011ITRS/Home2011.html
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the vicinity of the Dirac points behave as relativistic quasi-particles with zero
effective mass which, when coupled with the application of a strong magnetic
field, gives rise to the unconventional quantum Hall effect. [9] The high surface
to volume ratio allows chemical modification and functionlization of graphene
making it possible to appropriately tune its properties. Together with its unique
properties and high stability under ambient conditions, graphene is a suitable
material for a lot of different applications such as spintronics [10], molecular
sensing [11], and flexible electronic devices. [12]

Single layer hexagonal Boron Nitride (hBN) is another important member
of the 2D materials family. Isostructural to graphene, hBN is a layered
material with alternating boron and nitrogen atoms arranged in a sp2

hybridized honeycomb lattice. [13] With an energy band gap of 5.9 eV [14],
hBN is an insulator and displays high chemical and thermal stability. As a
result hBN is an apt material to be used as a dielectric substrate for various
electronic devices, capable to play an important role in arranging different
materials in nanoscale heterostructures. [15] Moreover, it has been observed
that the carrier mobility and homogeneity of graphene grown on hBN is about
an order of magnitude higher than that of graphene on SiO2. [16] Black
phosphorus (BP) has been recently synthesized in single layer form known as
Phosphorene. [17] Each phosphorus atom in single layer phosphorene is
coordinated to three phosphorus atoms in sp3 hybridization giving rise to a
crystal structure with a puckered honeycomb lattice. Phosphorene is a
semiconductor with a sizable direct band gap that evolves with the applied
strain and the number of layers, making it an appealing material for the
development of photonic and optoelectronic devices. Besides the above
mentioned examples, there are several other elemental 2D materials such as
stanene [18], germanene [19] and silicene [20], that are attracting the
attention of the scientific community. 2D transition metal oxides (TMOs), like
Al2O3, ZrO2, TiO2, HfO2 and Ta2O5 are interesting for their potential use as
high κ dielectric materials. These TMOs show diverse physical and chemical
properties that could be useful for a wide range of potential applications such
as catalysts, sensors, piezoelectric devices and superconductors. [21]

Another highly attractive ensemble of 2D materials is constituted by
transition metal dichalcogenides (TMDCs). TMDCs represent a large family
of crystalline materials showing distinct structures and properties. They
consist of compounds with general formula MX2, where a layer of transition
metal atoms (M = Mo, W, Re, Nb, V) is sandwiched between two layers of
chalcogen atoms (X = S, Se, Te). In the 3D bulk configuration these layers
are stacked on top of each other coupled by weak van der Waals (vdW) forces.
Owing to the ability of these vdW coupled stacked layers to slide past one
another MoS2, one of the most studied members of TMDCs, has been used as
dry lubricant for a long time. The properties of these materials depend
strongly on the structural arrangement as well as the constituent elements.
Depending on the coordination and oxidation state of the metal atom, bulk
TMDCs can be metallic, like NbS2 and VS2, semiconducting like MoS2 and
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Figure 1.2: An optical microscope image of CVD grown MoS2 on SiO2 substrate
showing different grains of single layer MoS2. The inhomogeneity due to defects close
to the grain boundaries (indicated with arrows) can be easily noticed. The contrast is
enhanced for better identification of the details in the presented image. This sample
was prepared from MoO3 and S powder precursors, in a furnace, by following the
procedure mentioned in [24].

WS2 or insulating like HfS2. The transition from the 3D bulk to the 2D
counterpart leads to the emergence of new exotic properties of these materials.
For instance MoS2 exhibits a transition from an indirect band gap
(Eg = 1.29 eV) in its bulk form to a direct band gap (Eg = 1.90 eV) in the
monolayer form as a consequence of quantum confinement. They also present
high on/off ratio and high carrier mobility. [22] As a result group-VI TMDCs
like MoS2 and WS2 are gaining attention as channel material for field-effect
transistors. The presence of direct band gap in the visible range coupled with
the high absorbance coefficient and efficient electron-hole pair generation
during photo-excitation, qualifies these materials to be used for the
production of highly sensitive photo-transistors in the optoelectronic
integrated circuits, light sensors, and biomedical imaging. [23]

The advancement in research activity has already shown a phenomenal
development in the production of 2D TMDCs suitable for applications.
Various approaches have been implemented to produce 2D TMDCs.
Mechanical exfoliation produces 2D crystals that show significant mechanical
strength and flexibility [25] but lacks the control over uniformity, thickness
and size of the 2D film. Therefore it cannot be used for large scale device
fabrication. [26] Similarly, liquid exfoliation using organic solvents [27], and by
intercalation of lithium ions using an electrochemical set-up [28] result in
uncontrolled and inhomogeneous products. Other techniques such as dip
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coating in metal salt solutions followed by annealing [29], thermolysis of
compounds containing transition metal (M) and chalcogen (X) atoms [30],
and solid phase sulphurization of thin films of transition metals [31] have also
been used to produce 2D TMDCs with poor quality and limited
reproducibility. Chemical vapor deposition (CVD) is a promising approach
towards large scale production of 2D TMDCs, through either direct
processing of the metal and the chalcogen [31] atoms, or from metal oxides
and chalcogen precursors. [32–34] Although CVD grown 2D TMDCs extend
up to a lateral dimension of tens of micrometer, they also show coexistence of
single and multilayer islands together with randomly oriented grains, thus
presenting a number of defects such as grain boundaries and chalcogen atom
vacancies (figure 1.2). [34] The presence of such defects greatly deteriorates
the optical and electrical properties of TMDCs, thus leading to
underperforming fabricated devices.

The understanding of the growth process is undeniably the most important
step towards the large-scale synthesis of continuous high-quality single or few-
layers of TMDCs. It is therefore important to explore the nucleation process
and subsequent growth of the two dimensional layers. The aspects driving
the crystal assembling following the adsorption of the chemical species, metal-
chalcogen bonding and eventual desorption need to be investigated in detail.

The topics discussed in this thesis are focused on the experimental
investigation of two dimensional materials, particularly of single layers of
transition metal dichalcogenides epitaxially grown on different metal
substrates. My research activity aims at opening up new paths for the
synthesis of large area TMDCs layers by combining in-situ spectroscopies with
chemical and surface sensitivity, capable to explore crystal and electronic
structure providing fundamental information during interface assembling
while regulating the growth parameters.

In chapter 3, the Physical Vapour Deposition (PVD) growth of single layer
(SL) MoS2 on Au(111) is going to be discussed. I will show how the
availability of cutting-edge surface science techniques helped us to study the
growth dynamics of MoS2, in terms of the different species that evolve during
the growth process. This understanding allowed us to formulate a new
procedure leading to the direct growth SL MoS2. Besides the improved quality
of the layer, the most important aspect of the new growth is that the layer
had just one single orientation. The single orientation character of the layer
resulted in the complete out-of plane spin polarization of the bands near K
and -K points of the surface Brillouin zone of MoS2. As a result, this
procedure was then extended to the study of other TMDCs.

In chapter 4, I will discuss the growth of single orientation SL WS2 on
Au(111), performed by carefully tuning the growth parameters. The high
quality of the grown layer was also reflected in the electronic band structure
measurements, showing significantly sharper bands than previously reported
values, that allowed the quantification of many body effects such as the
branch-dependent electron-phonon coupling strength.
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MoS2 growth on other high symmetry surfaces, in particular Ag(111), will
be examined in chapter 5. This surface is characteristic for the stronger
interaction with the MoS2 overlayer with respect to Au(111). Although the
growth resulted in the presence of mirror domains, a high structural order was
observed and the layer showed a continuous growth extended over step edges
of the Ag substrate. Moreover, the core level spectra indicated towards a
substrate induced semiconductor to metal transition of the grown MoS2

monolayer.
In chapter 6, the growth of SL MoS2 on an highly anisotropic surface such

as Ag(110) will be presented. This study was aimed at exploring the possibility
of growing MoS2, which is three-fold symmetric, on a substrate with a two-fold
symmetry and to investigate the effects of the different substrate geometry
on the electronic and structural properties of the layer. An ordered MoS2

monolayer was obtained with coexistence of an equal amount of twin domains
as dictated by the symmetry of the substrate.

Finally, in chapter 7, the adsorption of Si on Ir(111) will be presented. The
purpose of this study was to shed light on the formation of silicene, the Si-based
2D material analogous to graphene. On the basis of the experimental results,
supported by DFT calculations we found that the Si/Ir(111) interface is not
stable and leads to the formation of Si-Ir alloys, rather than the growth of a
silicene layer.
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CHAPTER 2

Experimental setup, techniques and data analysis

The experiments discussed in this work were performed mostly at the
SuperESCA beamline of the Elettra synchrotron radiation facility in Trieste
(Italy). Elettra is a third generation light source that covers a spectral range
spanning from infrared to hard X-rays and provides light for different
experimental techniques that include spectroscopy, microscopy, diffraction,
scattering and lithography. The synchrotron radiation is produced by bunches
of relativistic electrons accelerated on a curved trajectory. As a result a highly
collimated beam of photons is emitted in the tangential direction. [1, 2] The
electron bunches are initially produced by a linear accelerator and supplied to
the electron storage ring via a booster ring that provides electrons at full
energy in order to maintain the machine operations in a top-up mode by
maintaining constant current during the runtime. In the storage ring kept at
base pressure of ∼ 10−9 mbar, the bending magnets are used to keep the
electrons in the orbit and produce a very broad band spectrum. Other
magnetic devices such as quadrupoles and sextupoles are used to control the
trajectory of the electrons, and the radio-frequency cavities reintegrate the
energy lost by the electrons as emitted radiation. High brilliance X-rays are
generated by insertion devices that are integrated at the straight sections of
the storage ring. The undulators, consisting of two periodic arrays of magnets,
force the incoming electrons to follow a wiggling trajectory and emit radiation.
The synchrotron offers many advantages over conventional X-ray sources, such
as the high brilliance, defined as the photon flux per unit time per unit solid
angle and unit solid area for photons falling within a bandwidth of 0.1% of
central frequency: it is 10 billion times higher than other conventional X-rays
sources. Another fundamental advantage is the energy tunability that makes
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Figure 2.1: Schematic drawing of the SuperESCA beamline at Elettra

wide range of photon energy available to users. Contrarily the photon energy
of a conventional sources is fixed and depends on the anode material used. It
is also possible to exploit higher degree of polarization while utilizing
synchrotron radiation.

2.1 SuperESCA beamline at Elettra

SuperESCA was the first beamline to operate at Elettra [3] and it is
optimized for photoelectron spectroscopy measurements with soft X-rays
(0.09-2.5 keV). Horizontally polarized X-rays are generated from a two
sections 46 mm period undulator with 98 periods. The photon energy range
spans from 90 eV up to 1800 eV (depending also on the electron energy of the
storage ring). The energy of the incoming photons is varied by changing the
undulator gap value from 13.5 to 40 mm. The X-ray beam produced by the
undulator is pre-focused in the sagittal plane onto the entrance slit of the
monochromator (a SX700 plane grating monochromator (PGM)), then
monochromatized and finally re-focused into the center of the experimental
chamber by an ellipsoidal refocusing mirror. Schematic drawing of the
SuperESCA beamline is shown in figure 2.1. The beamline end station (as
shown in figure 2.2) consists of two ultra-high vacuum (UHV) chambers (with
a base pressure of 10−10-10−11 mbar) used for sample preparations and
spectroscopy measurements. It is vital for photoelectron spectroscopy
experiments to realize such a low pressure. The mean free paths of atoms,
molecules and ions depends on the residual pressure, as shown below,

λ =
kBT√
2Pσ

(2.1)

where kB is the Boltzmann constant, T is the temperature and σ being the
effective cross section in the classical theory for scattering. In order to keep
the mean free path of the emitted photoelectrons large enough to allow them
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to reach the analyzer without being scattered by the residual gas molecules,
the pressure in the measurement chamber has to maintained below 10−5 mbar.
UHV is also important to prepare and maintain the atomically clean surface
(free from contaminants), in order to allow the measurements on a well defined
system. The flux of molecules impinging the surface is given by the Hertz-
Knudsen formula [4] (Equation 2.2),

Φ =
P√

2mkBT
(2.2)

where P is the gas pressure, m is the molecular mass and T is the gas
temperature. Assuming the sticking probability of the contaminants to be 1,
it can be deduced that if the background pressure is ∼ 10−6 mbar than the
surface would be completely covered by the contaminants in just a few
seconds. Thus in order to maintain the sample surface clean for a significant
amount of time to perform the experiments, the base pressure has to be
maintained in the 10−10 mbar pressure range. For this reason, a stainless
steel chamber with efficient pumping system is used and a bake out procedure
is carried out for water desorption from the inner wall of the chamber. The
two UHV chambers of SuperESCA are placed one on top of the other and are
separated by a gate valve, as shown in figure 2.2.

The upper chamber chamber is dedicated to the preparation of the
samples and is equipped with a sputter gun (ion beam energy 0.1-3 keV) for
sample cleaning, a plasma source, a gas line and several feed-through ports for
evaporators. This chamber is also connected with a fast entry lock system
that makes it possible to change sample without breaking the UHV conditions.
The experimental chamber at the bottom is made up of µ-metal, a particular
Ni-Fe alloy with a high magnetic permeability, in order to screen stray
magnetic fields that might effect the electrons trajectory. This chamber is
equipped with a Low Energy Electron Diffraction (LEED) setup, a
monochromatized electron gun, a mass spectrometer, a gas inlet system, and
an electron energy analyzer. The evaporators are placed inside the
experimental chamber for performing the in-situ growth and measurements.

Two different manipulators were used to move the sample from the
preparation to the main chamber and for performing the experiments. The
first is a modified CTPO manipulator (from VG) with 5 degrees of freedom
that allows to move 3 translational (x, y, z) and 2 rotational (θ, φ) axes. With
the availability of its fully motorized rotational movements, this manipulator
is specifically designed for X-ray Photoelectron Diffraction (XPD)
experiments, where the photoemission intensity is measured as a function of
the emission angle. The other manipulator is a liquid He cryostat with four
degrees of freedom (x, y, z, θ) and a possibility to vary sample temperature in
the range 20-1600 K, though the movements are manually controlled. The
photoelectrons are collected by the SPECS GmbH PHOIBOS electron energy
analyzer with a mean radius of 150 mm. The analyzer has a hemispherical
geometry with two concentric electrodes of different radii (R1 and R2). The
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Figure 2.2: Experimental end station of the SuperESCA beamline at Elettra.

incoming electrons are linearly dispersed at the exit slit where the detector is
mounted (depending on their kinetic energy). The potential difference
between the electrodes that is required in order to allow the photoelecton
with a given kinetic energy E0 to reach the exit slit is as follows,

V2 − V1 = V0

(

R2

R1
− R1

R2

)

(2.3)

E0 is also known as Pass Energy, where E0 = eV0. Only electrons with kinetic
energy E0 will follow an orbit with radius R0 = (R1 + R2)/2, that will allow
them to reach the exit slit and be measured. The total energy resolution of
the instrument depends on the eventual divergence of the electron beam
(represented by an angular offset α from the normal to the entrance slit), on
the selected pass energy and on the geometrical parameters of the analyzer
given by,

∆E = E0

(

w

2R0
+
α2

4

)

(2.4)

where w is the average width of the entrance and exit slits. It is clear from
Eq. 2.4 that the energy resolution can be improved either by increasing R0

or by decreasing E0. While the radius of the analyzer is limited by technical
constraints, the electron transmission is damped while reducing the pass energy
(E0). Thus, a choice has to be made between higher resolution and count rate in
order to obtain a spectrum with good signal to noise ratio. Moreover, in order
to measure a photoemission spectrum with a constant resolution throughout
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Figure 2.3: (a) Schematic drawing of a hemispherical electron analyzer (path followed
by photoelectrons is shown in blue stroke) and (b) Photograph of the analyzer exposing
the electrostatic lenses, the top side of the detector showing the microchannel plates
(c), and the exposed outer hemisphere of the electron energy analyzer (d).

the whole energy range, the entire photoemission spectrum is recorded at a
fixed value of the pass energy (E0). A major role in this achievement is played
by the system of electrostatic lenses placed before the entrance slit which is
performing two very important functions. Firstly, it collects the electrons from
a solid angle (as large as possible) and then focuses them into the entrance slit.
Secondly, it decelerates the incoming photoelectrons to the required value of
kinetic energy given by the fixed pass energy (E0). The analyzer of SuperESCA
is equipped with a home-made photoelectron delay-line detector, developed
at Elettra-Sincrotrone Trieste. [5] The photoelectrons are collected by two
microchannel plates (MCPs) placed in chevron configuration acting as electron
multipliers. When the electron cloud from the MCPs stage impinges on the
detector, it generates two signals that travel in opposite directions towards the
two ends of the delay line. The outputs are then amplified, discriminated and
processed by a time to digital converter, which measures the delay time between
the two signals and converts it into a spatial information on the position of the
incident electron cloud, giving access to the energetic distribution along the
analyzer dispersive direction of the exit slit.

The analyzer can be operated in two possible working configurations, i.e.
scanning (sweep) mode and fixed (snapshot) mode. In the scanning mode, the
voltages of the two hemispheres V1 and V2 (and therefore the pass energy
(E0)) are kept constant while sweeping the voltage applied to the electrostatic
lenses. In this way each channel counts electrons with the selected kinetic
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Figure 2.4: (a) The photoelectric effect. An electron is removed from a core level
following excitation through a photon with energy hν. (b) Schematic representation
of the energies involved in photoelectron spectroscopy.

energy for an interval equal to the selected time window. While operating in
the fixed mode the acquisition time can be drastically reduced. This procedure
exploits the relation between the energy of the electron and its position on
the detector. If the energy range covered by the detector is wide enough and
if the number of available channels is sufficiently high to clearly resolve the
photoemission features, it is possible to acquire a detector image and obtain
the photoemission spectrum in one single shot. This allows not only to monitor
in real-time chemical reactions occurring at solid surfaces but also to prevent
sample contamination due to residual gas during time consuming measurements
that require the acquisition of thousands spectra, as in the case of the XPD
measurements discussed in more detail in the sections 2.3.

2.2 Chemical analysis - X-ray photoelectron
spectroscopy

When a photon with sufficient energy interacts with matter, it can remove
an electron from an atomic orbital or an electronic band, promoting it above
the vacuum level with a certain kinetic energy, as shown in figure 2.4. This
phenomenon is called photoelectric effect. Photoelectron spectroscopy is based
on this effect that was explained by Albert Einstein in 1905, for which he was
awarded the Nobel Prize in Physics in 1921. The photoemission from solids
can be described as three step process. [6] Sequentially, electron excitation
due to absorption of radiation, followed by the propagation of photoelectron
to the surface and their subsequent escape into the vacuum. For this event
to take place, the energy of the incoming photon (photon transfers its energy
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completely to the solid) must be higher than the binding energy of the electrons
in the solid state plus the work function of the solid and the number of the
event is proportional to the intensity of the radiation. Following the energy
conservation law within the one-electron approximation, we can write

Evac
kin = hν − EF

b − φ (2.5)

where (Evac
kin) is the kinetic energy, hν is the photon energy, EF

b is the binding
energy referenced to the Fermi level (EF ) and φ is the specific work function
of the material. This was used by K. Siegbahn (Nobel Prize for Physics, 1981),
who developed the Electron Spectroscopy for Chemical Analysis (ESCA)
technique, [7] popularly known as X-ray Photoelectron Spectroscopy (XPS),
as an analytical tool to study the composition and the chemical state of
sample surface. From equation 2.5, it is possible to estimate EF

b

experimentally, if the other quantities are known. In the most general
configuration of the XPS experimental arrangement, both the sample and the
analyzer are grounded together, so that their respective Fermi levels
align (figure 2.5) leading to a potential difference between the sample’s and
the analyzer’s vacuum levels. Upon reaching the analyzer the photoelectron
feels the difference in work function (with respect to the sample work
function) and its kinetic energy gets modified. Thus, using the kinetic energy
of the photoelectron inside the analyzer, Emeas

kin , the equation 2.5 can be
re-written as

EF
b = hν − Emeas

kin − φanalyzer (2.6)
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Figure 2.6: High resolution XPS spectra exhibiting chemical sensitivity by the means
of binding energy shifts. (a) C 1s core level for graphene grown on Ir(111) substrate
(in grey) is shifted to 0.55 eV lower binding energy when 0.66 monolayer of oxygen
is intercalated below graphene (in red) as a result of p-doping. (b) Surface-core level
shift displayed by the Ir 4f7/2 core level spectrum discriminates between the atoms
belonging to the crystal bulk (in grey) and the surface layer of the Ir(111) surface.

where the work function of the electron energy analyzer φanalyzer is a known
value. It is therefore enough to know the photon energy and using the analyzer’s
work function one can easily calculate the binding energy of a photoelectron
just by measuring its kinetic energy, although, while measuring little shifts in
binding energy, small errors could effect the accuracy of the measurements. It
is therefore necessary, to also acquire a energy distribution curve around the
Fermi level for each core level spectrum, in order to carry out a direct calibration
for each measurement. Since EF

b is characteristic for each element and the value
in a solid or in a molecule is similar to the one of the free atom, XPS can be
used for chemical identification. The formation of a chemical bond or a change
in the oxidation state affects the charge density and distribution, which is also
perceived by the core electrons and, as a consequence, the core level binding
energy is slightly altered. A particular form of chemical shift, Surface Core Level
Shift (SCLS), originates as consequence of different coordination of the surface
atoms with respect to the bulk in a solid. The SCLS is extremely useful while
performing studies of the reactivity at surfaces (see figure 2.6(b)), as it permits
to obtain information on what is happening to the sample surface atoms, for
example during a chemical reaction. Chemical sensitivity is one of the most
striking features of the XPS technique. With the remarkable development in
the field of electron energy analyzers and X-ray sources, it is also possible to
determine the chemical shift (see figure 2.6(a)), due to the presence of atoms
or molecules in different structural and/or chemical environments. In addition
to this, it is possible to distinguish among chemically non-equivalent atoms
within a molecule or, considering photoemission from a solid, to discriminate
between suface and bulk atoms. [9]
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Figure 2.7: Universal curve of the electron IMFP as a function of the electron kinetic
energy. [8]

Furthermore, one of the most characteristic properties of photoemission
spectroscopy is its surface sensitivity, given by the inelastic mean free path
(IMFP) of the electrons, i.e. the average distance that an electron can travel
before losing energy. The IMPF as a function of the electron kinetic energy
(Fig.2.1), is represented by the universal curve, that shows a minimum for
the kinetic energies between 50 and 100 eV. Generally, the IMFP is less than
10 Å for energy ranging from 20 to 500 eV, which means that only photoelectrons
emitted from the first few layers of the material can escape into the vacuum
and be detected. This makes XPS an exceptional technique to study thin films,
surfaces and interfaces.

Quantum mechanically the photoemission process can be described by as
the transition of an electron in initial (ground) state defined by wave function
ψi and energy Ei, to a final state ψf with energy Ef by the absorption of
radiation. The time-dependent Schrödinger equation is given by

Ĥψ(t) = ιℏ
∂ψ(t)
∂t

(2.7)

for the electron wave function

ψ(t) =
∑

n

cnψne
ι En

ℏ
t (2.8)

and the Hamiltonian operator of the form

Ĥ = H0 = − ℏ
2

2me
∇2 + U(r) (2.9)

with ∇2 being the Laplacian and U(r) the potential energy of the electron before
the perturbation takes effect. With the onset of perturbation, the Hamiltonian
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is then modified to account for the perturbation of the form U(t)

Ĥ = H0 + U(t) (2.10)

By applying equation 2.10 to equation 2.7 within the one-electron
approximation, we obtain the transition probability Pif that is defined as the
probability that a transition from an initial state i to a final state f will take
place.A better understanding is possible while working with transition
probability per unit time (Wif = Pif/t), that also solves the problem of
Pif → ∞ as t → ∞,

Wif =
2π
ℏ

|〈Ψf |U |Ψi〉|2 δ(Ef − Ei + hν) (2.11)

where 〈Ψf |U |Ψi〉 is the matrix element that describes the perturbation of
the form U action on initial state ψi and bringing the system in to final
state given by ψf . The equation 2.11 is known as Fermi golden rule and
describes the transition rate for excitation from initial state to final under
the effect of induced perturbation. The δ(Ef − Ei + hν) term corresponds to
the energy conservation during the photoelectric process. Mathematically, the
electromagnetic perturbation (absorption of a photon) is of the form

U = − iℏe

2mc
∇ · A − iℏe

mc
A · ∇ +

e2

2mc2
|A|2 − eφ (2.12)

where A and φ are the vector and scalar potential respectively. Assuming

∇ · A = 0 and φ = 0 (2.13)

and that the week field leads to |A|2 ∼= 0 and also defining a momentum
operator p = −iℏ∇, we can rewrite the transition rate defined in Eq. 2.11 as,

Wif =
2π
ℏ

|〈Ψf | A · p |Ψi〉|2 δ(Ef − Ei + hν) (2.14)

The quantitative analysis of the photoemission spectra makes use of the
dependence of the photoemission intensity on the photoioniztion cross-section,
σ, that describes the transition probability per unit time of exciting a system
from an inital state Ψi to a final state Ψf by absorbing a photon with energy
hν.

The photoemission cross-section is a scalar quantity given by

σfi =
4π2e2

3~c
ω| 〈Ψf | r̂ |Ψi〉 |2 (2.15)

where r̂ is the position operator. As the cross-section is characterized by the
radial part of the wave function, the photoemission cross section depends on
the different atomic levels defined by the quantum numbers n and l. However, it
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Figure 2.8: Photoemission cross-section for Au 4f , Mo 3d and S 2p core levels as a
function of the energy of the incident photons (hν).

is not dependent on the chemical environment of the atoms and so it is feasible
to make use of the calculated atomic cross-sections. [10]

The variation of the photoemission cross-section depending on photon
energy for some of the core levels investigated in this work is shown in
figure 2.8. This modulation of the cross-section highlights the advantage of
synchrotron radiation facility (tunability of photon energy) that allows the
possibility to select an appropriate photon energy in order to maximize the
sensitivity to a specific core level.

2.3 Structural determination - X-ray
photoelectron diffraction

A proper understanding of local structures is an important parameter, in
order to unfold the mechanism governing the growth of materials on the
surface, to conceptualize the physical and chemical interaction between the
adsorbate and the substrate, and to characterize the unique processes aided
by the atomically clean surfaces. The structural information also provides the
basis for the understanding of the electronic properties of novel materials.

X-ray Photoelectron Diffraction (XPD) is a powerful surface sensitive
technique to study local geometry of surfaces and adsorbates. Following the
excitation due to the incoming photon, the photoemitted electron from the
core level of an atom on the surface can reach the analyzer directly or it can
be elastically scattered by the atoms surrounding the emitter, as shown in
figure 2.9. The coherent interference between the directly emitted
photoelectron wave and the scattered photoelectron waves will induce
modulations in the photoemission intensity detected by the analyzer. These
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Figure 2.9: Sketch of the photoelectron diffraction process.

modulations, that depend on the kinetic energy of the emitted photoelectron
and the emission direction, are an imprint of the scattering factor and the
pathlength difference and provide precise information about the local
structural geometry around the emitter atom. Therefore, by circumventing
the requirements for a long range order as is needed in the case of low energy
electron diffraction (LEED), the XPD technique acting as a probe of local
structure allows the study of materials that are difficult to arrange in
extended ordered structures. An important feature of this technique is that it
is element specific, since the core level binding energies are characteristic of
the chemical identity of the emitter atom. Thus XPD can be used to study
the structure around different elements in the same layer independently and
to classify distinct structures in complex materials. In a simplified approach,
the photoelectron diffraction process can be described using the single
scattering approximation, accordingly

|ψf 〉 = φ0 +
∑

j

φj(rj → k) (2.16)

where φ0 is the emitted plane wave, while φj is the wave singly scattered at rj

and emerging along the k direction. The photoemission intensity can therefore
be expressed as,

I(k) ∝
∣

∣

∣

∣

ǫ̂ · k̂e−L/Λe+

+
∑

j

ǫ̂ · r̂j

rj
|fj(θj)|Wje

−Lj/Λeei[krj(1−cos θj)+ϕj(θj)]|2
(2.17)

where the term ǫ̂ · k̂ is associated with the directly emitted wave, whereas
the sum is extended to all spherical photoelecton wavefront of the scattered
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Figure 2.10: The scattering factor, f(θ), for a copper atom as a function of the
scattering angle and for different electron kinetic energies.

electrons by an atom located at rj with an amplitude given by |fj(θj)|. The
inelastic scattering is taken into account by the exponential terms given by
e−L/Λe and e−Lj/Λe , with L(Lj) being the total path length of the photoelectron.
Vibrational effects, that can attenuate the modulations registered in XPD
experiment, are included through the Debye-Waller factor Wj . Also, the phase
shift ϕj of each spherical wave is determined by the scattering process and
the path difference krj(1 − cos θj) between the incident and scattered waves.
The atomic scattering cross section of an electron and its dependence on the
kinetic energy and the scattering direction is another important parameter that
influences the XPD experiments. The scattering at atom j is governed by the
scattering factor fj(k, θj), a complex number, given by

fj(k, θj) = |fj(k, θj)|eiχj(θj) (2.18)

where the imaginary part χj(θj) accounts for the scattering phase shift, while
the magnitude determines the scattering intensity.

A general behavior of the magnitude of the scattering factor, f(θ), as a
function of scattering angle, at different electron energies, is shown in
figure 2.10 for a Cu atom. [11] An intense peak is present for the scattering
angle, θ = 0◦, and gets sharper with increasing electron kinetic energy. This is
known as the forward scattering effect, which is useful in determining the
interatomic bond directions at crystal surfaces. Apart from the intense peak,
the high energy forward scattering event involves very small scattering phase
shift. In these conditions the interference between the direct and the scattered
waves is always constructive. For example, as depicted in figure 2.11, when the
scatterer is placed between the emitter and the analyzer the photoemission
intensity is enhanced as a result of constructive interference between the
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Figure 2.11: (a) Schematic diagram showing details of the sample movement
while acquiring the photoemission diffraction data at SuperESCA beamline. (b) The
stereographic projection of the XPD pattern simulation for Au 4f core level of the
Au(111) sample performed using EDAC package [12] at 1000 eV kinetic energy is
shown depicting the forward scattering condition. (c) Intensity modulation function
for the azimuthal angle φ scan corresponding to the polar angle cuts (θ = 35◦ (green)
and θ = 55◦ (red)) on the XPD pattern. (d) Au(111) crystal lattice structure with
parameters taken from reference [13], used for simulating the XPD pattern in (b),
showing calculated bond angle directions based on parameters mentioned in reference,
between the top surface layer and the second layer that corresponds to the maxima
in the modulation function and satisfies the forward scattering condition.

directly emitted and the scattered wave. Another feature of the scattering
factor is the backscattering. At θ = 180◦ (figure 2.10) is enhanced when the
photoelectron kinetic energy is low, thus making it suitable to study the
adsorbate atom geometry on the surface by utilising the photoelectrons
elastically scattered by the atoms behind the emitter atom. Thus XPD
experiments can be performed either by constraining the kinetic energy and
varying the emission angle or by constraining the emission geometry and
spanning the photon energy to vary the photoemission kinetic energy. The
photoelectron diffraction experiments performed at the SuperESCA beamline
and discussed in this thesis were performed following the former methodology:
while keeping the photoelectron kinetic energy constant, the 5-degree of
freedom manipulator (x, y, z, θ, φ) allowed sequential movements along the
polar angle θ (angle between the emitted photoelectron and the normal to the
surface) and azimuthal angle φ, as shown in figure 2.11 (a). The angular
resolution of the experiments presented in this thesis was better than ± 2◦.

For more detailed interpretation and understanding of the diffraction
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patterns, it is important to include multiple scattering effects in the
diffraction pattern simulations. In this regards, one of the most popular
methods to perform multiple scattering calculations is based on the separable
representation of the Green’s function matrix, first developed by Rehr and
Albers. [14] Thus, the theoretical calculations can be compared to the
experimental diffraction patterns in order to extract detailed information
about the short-range structure around the emitting atom. All the theoretical
simulations that are presented in this thesis have been performed using the
Electron Diffraction in Atomic Clusters (EDAC) package. [12] The working
principle of this code is based on the implementation of an atomic cluster and
the use of multiple scattering theory to model the XPD pattern for a specific
electron kinetic energy. Furthermore, the simulated patterns are compared
with the experimental data utilizing procedure discussed in the data analysis
part of this chapter.1
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Figure 2.12: (a) Ewald construction for 2D surfaces in 3D space. Modulus of the
incoming electron wave vector kin gives the radius of the sphere, while the reciprocal
lattice points for the 2D surface forms the rods perpendicular to the surface. The Laue
condition for diffraction is fulfilled by the intersection of the Ewald sphere with the
reciprocal lattice rods which gives the direction of the scattered beam. (b) Schematic
diagram of a LEED apparatus. The incoming and the scattered electron directions
are marked with red arrows.

1For further details on the EDAC code the reader is referred to the reference
manual available online at http://garciadeabajos-group.icfo.es/widgets/edac/manual/

edac.html

http://garciadeabajos-group.icfo.es/widgets/edac/manual/edac.html
http://garciadeabajos-group.icfo.es/widgets/edac/manual/edac.html
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2.4 Surface long range order - Low energy
electron diffraction

Low Energy Electron Diffraction (LEED) is one of the most commonly used
surface science technique that is capable of determining long range order of
solid surfaces. Davisson and Germer, while studying the reflection of electrons
from a nickel surface in the year 1927, [15] discovered that the electrons (in the
energy range 5 - 500 eV) interacted with the crystal target producing diffraction
patterns and provided an experimental basis to the concept of wave-particle
duality. Already after its discovery, low energy electron diffraction came to
be recognized for its potential in determining surface structures. Following
the development in vacuum technology, simple experimentation procedure and
reduced cost of the instrument have resulted to its spread to almost every
surface science laboratory. The analysis of the spot positions yields information
on the size, symmetry and rotational alignment of the adsorbate unit cell with
respect to the substrate unit cell, while the study of spot intensity with respect
to the electron beam energy provides structural information upon comparison
with theoretical simulations. One of the most striking features of LEED is its
surface sensitivity: the electrons in a typical LEED experiment have an energy
of 40 eV to 400 eV, as the incoming electrons interact with the atoms of the
target, they could penetrate into the solid for only a few angstroms following
the ‘universal curve’ of the inelastic mean free path shown in figure 2.7. Thus,
the diffraction spots usually carry information about the top few layers (∼
10 Å) of the material under study.

Following the de Broglie’s hypothesis of the wave nature of the electron,
in the single scattering approximation (kinematic theory), where the electrons
impinging on a well-ordered crystal surface are elastically scattered only once,
the electron beam is represented by a plane wave with wavelength λ,

λ =
h√

2mE
(2.19)

where E is the energy of the incoming electron. The most convenient way
of describing the interactions between the incoming electron beam and the
scatterers on the surface is considering the reciprocal space. For the incoming
electron with the wave vector kin and the scattered wave vector kout, the
condition for constructive interference is given by the Laue condition as,

kin − kout = K ∈ G (2.20)

where K is the scattering wave vector and G is the reciprocal lattice. For an ideal
2D atomic arrangement, there are no diffraction conditions in the direction
perpendicular to the surface to be fulfilled. Consequentially, the reciprocal
lattice for a surface can be visualized as a 2D lattice with rods extending
perpendicular from each lattice point. The rods can be pictured as regions
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Figure 2.13: Experimental LEED pattern of p(2×2) structure for oxygen adsorbed on
Ir(111) surface acquired at 96 eV kinetic energy (a) and the LEEDpat [16] simulation
for the same structure showing the reciprocal lattice vectors for oxygen and Ir lattices
respectively, where the principle (1×1) Ir spots are encircled. (c) Ball model showing
real space lattice vectors for p(2×2) oxygen (red balls) on Ir(111) surface. The real
space lattice vectors Γ and ∆ (for example as shown for Ir lattice in (c)) are related

to the reciprocal lattice vectros as Γ
∗ = 2π(∆×n̂)

|Γ×∆|
.

where the reciprocal lattice points are infinitely dense. In this way the equation
2.20 can be rewritten as,

k
||
in

− k
||
out

= K ∈ G (2.21)

where k
||
in

and k
||
out

are the components of the incident and the scattered
wave vectors parallel to the surface. This condition can be visualized through
the geometric construction of the Ewald sphere, whose radius depends on the
modulus of the k-vector of the incident electrons as shown in figure 2.12. The
points of intersection between the lines represented by the rods for the reciprocal
lattice and the Ewald sphere satisfies the Laue condition for diffraction (Eq.
2.21) and determines the direction of the scattered beam as the elastic scattering
is considered, i.e. |k||

in
| = |k||

out
|.

The sketch of a typical LEED apparatus is shown in figure 2.12(b). The
monochromatic electron beam is focused with the electron gun towards the
sample with direction normal to the sample surface. The backscattered electrons
are subjected to pass through a grid, in common ground with the sample, which
allows the electrons to move in a field-free region. Subsequently, the electrons
are exposed to a suppressor grid (at a potential slightly lower than the electron
kinetic energy) which clears the inelastically scattered electrons and finally
the electrons are accelerated towards the fluorescent screen where they form
the diffraction pattern to be recorded by a CCD camera. The full width at
half maxima (FWHM) of the diffraction spots is inversely proportional to the
average domain size. Thus, the larger the crystal domains on the surface, the
sharper are the diffraction spots. The instrumental resolution is also limited
by the electron beam angular divergence and its energy spread.
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Figure 2.14: (a) The electronic band structure of a one dimensional atomic chain
with a lattice constant a shows the dispersion of the form given by equation 2.25. The
dashed lines shows the repetitive parabolas centered at k = 0, ± 2π

a
show the band

dispersion in the absence of the periodic potential U(r), while the solid lines shows
the splitting of the bands in the vicinity of the brillouin zone boundary (± π

a
) due to

the non-vanishing fourier coefficients (UG). For a nearly free electron in a constant
potential, the energy and momentum can be simultaneously conserved by adding a
reciprocal lattice vector G. A similar picture is shown in the reduced zone scheme in
(b). The images are adapted from ref. [17].

2.5 Electronic structure - Angle-resolved
photoemission spectroscopy

Angle-resolved phototemission spectroscopy (ARPES) is one of the most
widely used techniques to study the electronic band structure of solids. As
most of the properties of solids (such as structure, conductivity,
superconductivity, magnetism and so on) are directly related to the valence
band electrons, ARPES is one of the most important probes to obtain
information on the band dispersion.

The electronic structure of solids can be understood on the basis of a simple
model consisting of a one-electron approximation within a potential due to the
ions and other electrons. For this case the Schrödinger equation can be written
as

Ĥψ(r) = Eψ(r) =
−ℏ

2

2me
∇2ψ(r) + U(r)ψ(r) (2.22)

where U(r) = U((r) + (R)) =
∑

(G) UGe
iG·r is the lattice periodic potential.

The solution of the equation 2.22 are given by the Bloch theorem and the
corresponding electrons are expressed as Bloch waves given by the wave function

ψk(r) = uk(r)eik·r (2.23)
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Figure 2.15: (a) Schemetic diagram of the 2D detector used in ARPES measurements
showing the different trajectories followed by the photoelectrons with distinct kinetic
energy and emission direction. The band structure of lifted graphene (via oxygen
intercalation) on Ni(111) at photon energy of 34 eV, showing the details of Dirac cone
at/near K̄ point of the graphene brillouin zone corresponding to (d), in the (b) Γ̄K̄

direction and (c) direction perpendicular to Γ̄K̄. Band dispersion images adapted
from ref. [18].

with lattice periodic function uk. Where the wave function (ψk(r) = ψk+G(r))
is given by reciprocal lattice vector G. As a result the energy is also conserved
when propagated along G

Ek = Ek+G (2.24)

A simple picture of electronic band dispersion in the k-space for a one
dimensional periodic lattice with periodicity a is shown in figure 2.14 (a) and
(b). The parabolic bands (centered at k = 0 and k = ± 2π

a ) are represented as
the solution of Schrödinger equation for a particle in a potential well given by
energy eigenvalues

Ek =
ℏ

2|k|2
2me

(2.25)

where the dashed line represents the bands in the presence of a lattice potential
U(r) ∼ 0 and presents the motion of nearly free electrons (similar to those in
metals). However depending upon the lattice potential U(r) 6= 0 the bands
split at the Brillouin zone boundaries as shown by the dark stroke lines (similar
to those in semiconductors and insulators).
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It is clear that in order to map the electronic band dispersion the
information on the binding energy (Eb) and the corresponding wave vector (k)
of the electrons must be recorded. The information about the binding energy
comes from the energy conservation in photoemission process also described
in equation 2.6. However, obtaining the information about the wave vector (k)
is a complex issue due to the fact that only the translational symmetry
parallel to the surface is upheld and the symmetry perpendicular to surface is
broken. As a result when the photoemitted electron leaves the surface the k‖

component of the wave vector k is conserved while the k⊥ is not. Anyhow, in
our case, related to the study of band structures of 2D materials, in the
absence of translational symmetry perpendicular to the surface, we can ignore
k⊥ and explore the band dispersion (E(k ‖)) by measuring k‖ as

k‖ = |k|sin(θ) =
√

2me

ℏ

√

Emeas
kin sin(θ) (2.26)

and we get all the information about the band structure of 2D materials in a
given direction. While performing ARPES measurements the photoemitted
electrons from the valence band are recorded as a function of emission
direction (represented by polar angle θ and azimuthal angle φ) and kinetic
energy by using a two-dimensional detector. As shown in the figure 2.15 (a),
the photoemitted electrons (red, yellow and dashed black, also the arrow
length is a representation of the magnitude of kinetic energy of the
photoelectron) that enter the hemispherical analyzer through the entrance slit
are dispersed in energy and direction of emission given by the angle θ between
the direction of emission and the surface normal (dashed black line). The 2D
detector at the end of the analyzer acquires, simultaneously, the position and
the energy of the impinging photoelectron. The band dispersion of 2D
materials is usually shown via a plot of photoemission intensity as a function
of binding energy and the wave vector in a given direction of the brillouin
zone. Angle-resolved photoemission spectroscopy measurements [18] on the
oxygen intercalated graphene grown on Ni(111) crystal, showing the Dirac
cone [19] in the Γ̄ − K̄ direction and the direction perpendicular to the Γ̄ − K̄
direction are shown in figure 2.15 (b) and (c). The respective directions are
shown in the marked brillouin zone in figure 2.15 (c).

2.5.1 ARPES measurements at SGM-3 beamline of
ASTRID2

The ARPES measurements reported in this work were performed at the
SGM-3 beamline located at the synchrotron radiation source ASTRID2 in
Aarhus Denmark. [20] This beamline is optimized for valence band
photoemission measurements, with a photon energy range of 12-150 eV. The
radiation is produced by an undulator, then monochromatized and finally
focused onto the sample. The end station consists of two different UHV
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chambers: the preparation chamber and the main chamber, where
measurements are performed. The two chambers are separated by a gate
valve, and are placed side-by-side. Every chamber has its own manipulator. In
the preparation chamber, the manipulator is placed horizontally and allow the
transfer of the sample to the main chamber. While the six degrees of freedom
(x, y, z, θ, φ and tilt) manipulator in the main chamber is placed vertically on
the top flange and allows sample cooling to 30 K using liquid helium. The
electron detection system consists of SPECS Phoibos 150 mm hemispherical
energy analyzer equipped with a 2D-CCD detector with energy and angular
resolution better than 30 meV and 0.2◦, respectively.

2.5.2 Spin polarized ARPES measurements at APE
beamline of Elettra

The Spin Polarized ARPES measurements reported in this work were
performed at the APE Beamline [21] that consists of two spectroscopy
end-stations connected to two distinct beamlines: the low energy beamline
(APE-LE) that operates within the 8-120 eV photon energy range devoted to
high resolution ARPES, and the high energy beamline (APE-HE) that
exploits a 150-1600 eV photon energy range. APE-LE hosts VG-Scienta DA30
electron energy analyzer and two very low energy electron diffraction
(VLEED) spin polarimeters that operates in deflection mode and allows for
detailed k-space mapping at fixed sample geometry (fixed angle). The total
measured energy resolution (analyzer, temperature, photons) is ∼ 6 meV (at
30 eV photon energy), while the angular resolution is less than 0.2◦. Photons
with selected polarization are emitted by two non-collinear Apple II type
insertion devices. Both end stations are equipped with liquid He cryostats.

2.6 Real space imaging - Scanning tunneling
microscopy

The Scanning Tunneling Microscopy (STM) is used for imaging surfaces at
atomic level. It was invented by Rohrer and Binning in 1981 at IBM Zurich, [22]
for which they were later awarded the 1986 Nobel prize in Physics. Ever since its
discovery, the instrument has come a long way, and the extent of STM studies
is continuously growing. Apart from basic surface topography, STM (being
capable of mapping both occupied and unoccupied states) is being used for
chemical identification, atomic manipulation [23] and to study the ground state,
vibrational [24] as well as magnetic properties. [25] A basic STM setup as shown
in figure 2.16 consists of a sharp probe tip which is attached to a piezoelectric
motor. The piezo-motor consists of three mutually perpendicular piezoelectric
transducers for the three transversal axes (x, y, z). The contraction/expansion
of these piezoelectric transducers, upon the application of a voltage, allows the
precise movement of the probe tip on the sample surface. As the tip scans
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very close to the surface, STM utilizes the quantum mechanical phenomenon
of ‘Tunneling’ through a barrier. The tunneling current (upon the application
of bias voltage across the sample and the probe tip) is recorded for the raster
scan and the contour images are produced that represent the electronic density
of states (DoS) of the surface. In a way, it is also a drawback of STM that it
requires a conducting samples in order to allow the tunneling to take place.
One way to acquire the STM images is to measure the tunneling current while
rastering the sample with the tip separation kept constant. This is however not
so common in practice as the sample surface might have some artifact or the
adsorbate species that might crash with the tip. Thus, a more usual procedure
is followed by keeping the tunneling current constant by changing the distance
between the tip and the sample through a feedback loop. In this way, the image
is displayed by registering the voltage provided to the piezoelectric motor.
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Figure 2.16: Illustration of the energy level scheme for a common STM experimental
setup. When the bias voltage Vb is applied, the electrons from the sample surface
tunnel through the vacuum barrier into the probe tip.

The basic concept of STM can be understood on the basis of one-dimensional
potential barrier between the sample and the tip, giving rise to a tunneling
process while ignoring the losses due to sample-tip interactions. For an electron
with energy Ei in the initial state ψi, an exponential decaying solution for the
electron wave function while tunneling in the barrier of height φ > Ei and
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length d is given by

ψd = ψie
−κd where κ =

√

2m(φ− Ei)
ℏ

(2.27)

where κ is the decay constant and the probability of finding an electron after
the barrier of the width d is

wd = |ψd|2 = |ψi|2e−2κd (2.28)

As shown in figure 2.16, while performing STM measurements a small bias
voltage Vb is applied across the sample and the tip so that the presence of
the electric field leads to the tunneling of electrons, resulting in the tunneling
current It. The height of the barrier can roughly be approximated as the average
work function of sample (φs) and tip (φtip) given by

φb =
(φs + φtip)

2
(2.29)

for a rectangular barrier. Although there will be some tilt at the top of the
barrier, which can be ignored, as the tilt will be due to the applied bias voltage
of the order ∼ 100 meV, much less than the height of the barrier i.e. roughly
several eV. As shown in the figure 2.16, when the negative bias (−Vb) is applied
to the sample, it raises the Fermi level of the sample with respect to the Fermi
level of the probe tip. In this way the occupied states of the sample can be
mapped. Contrarily, with the application of positive bias to the sample the
unoccupied states can be mapped. For the applied bias voltage | − Vb| << φb,
the inverse decay length for the tunneling tunneling electrons can be rewritten
as

κ =
√

2mφb

ℏ
(2.30)

The tunneling current It, that is dependent on the tunneling probability, can
be described as

It =
EF
∑

Eb=EF −Vb

|ψb|2e−2κd (2.31)

Substituting the definition of local density of states,

ρ(E) =
1
ǫ

E
∑

Eb=E−ǫ

|ψb|2, for a sufficiently small energy range ǫ → 0

(2.32)
in equation 2.31 and assuming a point-like tip, we get

It ∝ Vbρsample(EF )e−2κd (2.33)

thus suggesting that the tunneling current is proportional to the local density
of states of the sample at the Fermi energy. Furthermore, the exponential decay
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relation of the It with the distance between the sample and the probe tip d,
gives the high sensitivity of the STM towards the vertical resolution, in the
direction perpendicular to the surface. However, in practice the probe tip is
highly unlikely to be point-like. In such cases the lateral resolution is preserved
if the distance between the sample and the tip (d << R), where R is the radius
of the probe tip, assuming that the tip is spherically terminated. In that case, a
slight shift in the lateral separation (∆x) will result in the error in the vertical
separation,

∆d =
∆x
2R

(2.34)

which will ultimately result in a steep decrement of It. Thus the lateral
separation given by the current column with the radius ∆x

2 gives the lateral
resolution of the STM setup.

The STM measurements presented in this work were carried out on the
CoSMoS end station, which is placed at the branch line of the SuperESCA
beamline at Elettra. The images were acquired by a SPECS STM 150 Aarhus
instrument equipped with a W tip. STM images were analysed by means of
the open-source software Gwyddion. [26]

2.7 Data analysis

2.7.1 Core level photoemission lineshape

In order to perform quantitative chemical analysis with XPS, a theoretical
model that describes the photoemission spectrum is needed to fit the data.
A commonly used model is the Doniach-Šunjić semi-empirical formalism [27]
convoluted with a Gaussian. One of the three contributions in describing the
photoemission lineshape arises from the finite core-hole life time, which can be
accounted for by the Lorentzian distribution as,

ILor(Ekin) =
I0

π

Γ/2
(Ekin − E0)2 + (Γ/2)2

, (2.35)

where Γ is the full width at half maximum (FWHM) and E0 is the position
of the adiabatic peak for the maximum intensity I0. Another contribution to
the spectral line shape can be understood on the basis of experimental energy
resolution, the inelastic scattering caused by exciting or absorbing phonons, and
the inhomogeneous broadening. While the energy resolution is limited by the
finite monochromaticity of the x-ray radiation and the limited resolving power
of the analyzer, the vibrational broadening accounts for the excitation of low
energy vibrational modes and the unresolved binding energy components are
reciprocated in the form of inhomogeneous broadening. The resulting Gaussian
function takes the form,

IGaus = I0 exp

(

− (Ekin − E0)2

2σ2

)

, (2.36)
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where σ is the Full Width at Half Maximum (FWHM).
In order to take into account the inelastic tail due to excitation of

electron-hole pairs at the Fermi level, the Doniach-S̆unjić function presents an
asymmetry parameter α also known as the Anderson singularity index as
follows,

IDS(Ekin) = I0
ΓE(1 − α)

[(Ekin − E0)2 + (Γ/2)2](1−α)/2
ζ(Ekin), (2.37)

where Euler gamma function

ζ(Ekin) = cos
[

πα

2
+ (1 − α) arctan

(

Ekin − E0

Γ/2

)]

(2.38)

The Doniach-S̆unjić profile of the form mentioned above was used to analyze
the XPS spectra presented in this thesis. All the binding energies presented
in this work are referenced to the Fermi level of the substrate measured in
the same experimental conditions. Moreover, the spectra were corrected for
the linear background already accounted in the fitting procedure, apart from
some cases where it was necessary to include a Shirley background, [28] that is,
a semi empirical function proportional to the peak integral, which effectively
describes a step-like behavior in the background due to inelastic losses.

2.7.2 Multiple scattering simulation for photoelectron
diffraction

The X-ray photoelectron diffraction experiments discussed in this thesis were
compared with multiple scattering simulations performed using the program
package for Electron Diffraction in Atomic Clusters (EDAC), [12] for unfolding
the details in order to learn about the structural geometries of the samples
under study.

While performing the acquisition of core level spectra of an element on the
sample surface (at a fixed photon energy in order to keep the photoelectron
kinetic energy constant), a large number of spectra were measured for different
polar (θ) and azimuthal (φ) angles settings. Each XPD pattern was measured
over a wide azimuthal sector (ranging roughly from −80◦ to 80◦), from normal
(θ=0◦) to grazing emission (θ=70◦), as shown in the sketch of Figure 2.11. The
modulation function χ, (spanning over different azimuthal angles) was obtained
for each polar emission angle θ from the peak intensity I(θ, φ) (area under the
photoemission spectral curve), resulting from the fit of each individual spectrum,
as

χ =
I(θ, φ) − I0(θ)

I0(θ)
(2.39)

where I0(θ) is the average intensity for each azimuthal scan. The modulation
function χ in this experimental geometry defines the intensity modulation as
a function of θ and φ.
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Figure 2.17: (a) XPD images for C 1s core level for graphene on Ir(111) measured
at 400 eV photon energy. The experimental data (in gold) was acquired over an
azimuthal sector of −80◦

≤ φ ≤ 60◦ from normal emission (θ = 0◦) to grazing
emission (θ = 60◦). The experimental data was compared with the simulation (in
grey) yielding a very good R-factor of 0.1. (b) The intensity modulation functions for
the experimental date (line with dots) are compared with the modulation function for
the simulated data (thick blue lines) for the polar angle cuts at θ = 60◦ and θ = 35◦

as shown on the XPD image in (a).

In order to obtain the quantitative information about the sample structure,
the experimental XPD results were compared with the multiple scattering
simulations performed using the EDAC package. The best agreement between
the simulations and the experimental results was obtained by minimizing the
Reliability Factor (R). [29] The R-factor is defined as,

R =
∑

i(χexp,i − χsim,i)2

∑

i(χ
2

exp,i + χ2
sim,i)

(2.40)

where χsim,i and χexp,i are the calculated and the experimental modulation
functions for each data point i.
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CHAPTER 3

Synthesis of single-orientation high-quality
molybdenum disulfide monolayers on Au(111) showing

complete spin polarization

The progress in the field of graphene research, in the last decade, and the
development of techniques related to the study of layered materials have
catalyzed the growth in the research related to 2D TMDCs. As already pointed
out in the introduction, the 2D TMDCs are one of the most attractive class
of materials that exhibit unique properties, significant for fundamental studies
pertaining novel physical phenomena and for the application in next generation
devices. Following the first determination of their structure by Dickinson and
Pauling in the year 1923 [1], around 40 layered structures of TMDCs were
identified in the late sixties of the twentieth century. [2] The properties of
TMDCs strongly depend on the structural arrangement of the material, the
most common of which are trigonal prismatic (1H) and octahedral (1T) phase,
as shown in figure 3.1.

One of the most studied members of TMDCs family is molybdenum
disulphide (MoS2) which consists of a hexagonal 2D structure of covalently
bonded ‘S-Mo-S’ layers. [3, 4] For a long time, bulk MoS2 has been used
as a dry lubricant [5] and as heterogeneous catalyst. [6] Low dimensional
MoS2 has attracted a lot of interest due to its distinctive properties. The
naturally occurring trigonal prismatic (1H) phase, as shown in figure 3.1, is
also the thermodynamically stable structural phase for 2D MoS2 with the
lattice parameter for a free standing single layer α ∼ 3.15 Å. [7] As a result
of the quantum confinement, MoS2 shows a transition from indirect band
gap (∼ 1.2 eV [8]) in the semiconducting bulk state, to a direct band gap (∼
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Figure 3.1: Ball diagram showing two structural phases most commonly displayed
by layered TMDCs. The lattice parameter (α) is also illustrated. Ball model color
code: red (Mo) and yellow (S)

1.8 eV [9, 10]) in the monolayer form. This, coupled with the structural stability
makes SL MoS2 an excellent choice as a channel material for next generation
electronic devices, such as transistors [11], diodes [12] and memristors. [13, 14]
Moreover, the presence of the band gap in the visible region and a strong
photovoltaic response [15, 16] of 2D MoS2 is also attracting interest towards
nanoscale photovoltaics.

Furthermore, novel two-dimensional materials that exploit the valley [17–19]
and spin degrees [20, 21] of freedom are attracting the interest of the scientific
community as they form the basis of future electronic devices. In this framework,
2D TMDCs, and in particular the 1H phase group VI TMDCs like MoS2, are
promising candidates for such applications. The valence band maximum (VBM)
for SL MoS2 is present at the high-symmetry K point of the Brillouin zone
and is constituted mainly by the d-orbitals of the Mo atoms. [22, 23] The
lack of inversion symmetry (in the single layer form) and the the strong spin-
orbit coupling of the heavy transition metal (Mo) leads to Zeeman-like spin
splitting [24] (∼ 145 meV [25]) of the valence band. Moreover, the time-reversal
symmetry dictates the reversal of spin character of the spin-splitted bands at
inequivalent valleys. This is schematically illustrated in figure 3.2 that shows
the unit cell and electronic structure of SL MoS2 mirror domains, highlighting
the spin-reversal in the valence band maxima near K and -K. Such a coupling
of spin and valley degree, opens the possibility of conceptualizing new spintronic
and valleytronic devices. However, the realization of such devices based on the
valley Hall effect (see figure 3.3) requires a distinction between the K and -K
points of the Brillouin zone (i.e. a single domain orientation), as a simultaneous
presence of the twin domains would result in averaging and the loss of the spin
and valley polarization, preventing the observation of the valley Hall effect.
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(a) (b)

Figure 3.2: Structure, Brillouin zone and schematic band structure for two
mirror domain orientations of SL MoS2. The colors of the split valence band
maximum (blue/red) refer to the different spin orientation of these states.
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Figure 3.3: (a) Schematics of the valley-dependent Berry curvatures ~Ω, showing
the clockwise and the anti-clockwise hopping motion of the electron belonging
to K and -K. (b) Schematic of a valley Hall effect (VHE), where electrons
belonging to the different valley are separated and move in the opposite
directions, under the effect of an applied electric field ~E. Adapted from Mak
et. al ref. [19].
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In addition to this, the growth of large area and high quality SL MoS2

is imperative for the utilization of its potential in device assembly. Various
approaches attempting to obtain monolayer MoS2 have resulted in variable
quality and reproducibility of the grown samples. One of the most widely used
growth methods is CVD, leading to the growth of SL MoS2 triangular islands
tens of micrometres in size. [26] However, the CVD grown layers show the
presence of surface defects such as grain boundaries and atomic vacancies,
degrading the aforementioned properties of MoS2 and limiting the efficiency of
fabricated devices. [27] Recently, it has been shown that the epitaxial growth
of monolayer MoS2 can be achieved using PVD, by repeated cycles of Mo
evaporation in H2S environment on the Au(111) surface at room temperature,
followed by high temperature annealing. [28] This method led to the growth of
clean and extended nano-islands that allowed the measurement of the electronic
band structure of SL MoS2 [25], though showing the coexistence of differently
oriented domains. [29]

The PVD growth of MoS2 is exploited in this chapter, with the aim of
understanding the mechanisms driving the growth of MoS2 and of optimizing
the parameters to grow high quality single layers. In the first part, using in-
situ fast-XPS, we highlight the processes involved in the transition from the
pre-sulfided Mo clusters on Au(111) to SL MoS2. This will be followed by the
formulation of a new high temperature growth (HTG) method, leading to the
growth of high quality SL MoS2 by properly controlling the synthesis conditions.
High-resolution XPS, LEED and STM were used to characterize the chemical
and structural properties of the grown layers. XPD measurements showed
that, while the room temperature deposition followed by high temperature
(Temperature Programmed Growth, TPG) annealing gives rise to the formation
of two domains with opposite orientation, a MoS2 monolayer with single
orientation is obtained by following the HTG procedure. Furthermore, the
spin polarization measurements showed that the singly oriented HTG MoS2

presents a complete spin polarization of the bands near K and -K points of
the surface Brillouin zone of MoS2.

3.1 Experiments and methods

The growth of SL MoS2 was performed at the SuperESCA beamline of
Elettra, [30] together with the XPS and XPD measurements. The atomically
clean Au(111) surface was prepared by repeated cycles of Ar+ sputtering
followed by annealing up to 920 K for 10 min at 1 Ks−1 heating and cooling
rate. The sample cleanliness was checked with XPS in the O 1s, C 1s as well
as the Au 4f7/2 core level regions. No contaminants were detected within the
detection limit of the technique (< 0.01 ML) and the clean Au 4f7/2 spectrum
showed the SCLS of 330 meV, in agreement with the previous findings. [31] The
surface long-range order was verified by acquiring LEED images that showed
the spots of the herringbone reconstruction of the freshly prepared sample.
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Molybdenum atoms were deposited from a home-built evaporator (consisting
of a Mo filament heated through direct current) while H2S, which acted as the
source of sulfur with a nominal purity of 99.8%, was dosed through a leak valve.

The careful tuning of the growth parameters was obtained by following
in real time the evolution of the MoS2 layer during the growth by means of
fast-XPS of the Mo 3d and S 2p core levels measured simultaneously at photon
energy of 360 eV. In order to do this, the Mo evaporator was mounted in
front of the sample and H2S was introduced in the main chamber during the
measurements. After deposition, high resolution XPS and LEED were used to
characterize the MoS2 monolayers. For the high-resolution XPS measurements
presented in this chapter, the energy resolution was better than 50 meV. XPD
measurements with photon energy corresponding to photoelectron kinetic
energy of 108 eV (hν = 270 eV) for topmost sulfur, 130 eV (hν = 360 eV) for
molybdenum and 397 eV (hν = 560 eV) for bottommost sulfur in the covalently
bonded ‘S-Mo-S’ layers of MoS2 were performed in order to achieve backward
(low kinetic energy) and forward (high kinetic energy) scattering conditions. The
experimental XPD results were compared with multiple scattering simulations
performed using the EDAC program package. [32] The ARPES data were
taken at the SGM-3 beamline of the synchrotron radiation facility ASTRID2
in Aarhus. [33] The energy and angular resolution were better than 30 meV
and 0.2◦, respectively. The sample temperature was ≈ 30 K during the ARPES
measurements. Spin-resolved ARPES measurements were taken at the APE
beamline of Elettra, [34] equipped with a VG-Scienta DA30 analyser and
two very low energy electron diffraction (VLEED) spin polarimeters. The
energy and angular resolution were better than 50 meV and 0.75◦, respectively.
The measurements were performed at 80 K. Scanning Tunneling Microscopy
(STM) measurements were carried out on the CoSMoS facility at Elettra. The
images were acquired at room temperature with a SPECS STM 150 Aarhus
instrument. The samples were transferred in air from the preparation chamber
of the SuperESCA beamline to the SGM-3 and APE beamlines and the STM
chamber of CoSMoS, where they were subsequently annealed up to ca. 800 K
for 30 min to remove adsorbed impurities. This was possible due to the stability
of this system in air, as already observed in [29].

3.2 Transition of sulfided Mo clusters to MoS2

The PVD growth of MoS2 on Au(111) was followed by means of real time
fast-XPS, with the aim of understanding the transient species, to uncover the
growth kinetics and to identify the optimum parameters for the growth of single
layer MoS2. Following an already established TPG procedure, [28] the growth
was performed by depositing atomic Mo on the sample at room temperature
in H2S background pressure of ca. 2 × 10−6 mbar followed by post annealing
at 0.5 Ks−1 from room temperature (RT) to 823 K for 40 minutes. In order to
increase the coverage of the grown layer, this procedure was repeated 7 times by
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depositing Mo for 5 minutes (for each subsequent deposition step) on top of the
previous layer, similar to the procedure adopted by Sorensen et al. [28] The Mo
deposition rate was measured by means of a quartz microbalance and amounted
to ∼ 2.2 × 10−2 ML/minute, where a monolayer (ML) is defined as the surface
atomic density of the Au(111) surface, corresponding to 1.39×1015 atoms/cm2.
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Figure 3.4: (a) Temperature evolution, (b) fast-XPS intensity plot for Mo 3d
and (c) S 2p core level spectra acquired simultaneously while annealing after
the first depositing at room temperature. The measurements were performed
at 360 eV photon energy.

In figure 3.4, the 2D intensity plots corresponding to the real-time XPS
spectra acquired at 360 eV photon energy, measured simultaneously for the
Mo 3d and S 2p core levels, show the evolution of the core level spectra
corresponding to the different chemical species present on the surface. Each
spectrum was measured in ∼10 s. Following the first Mo deposition in H2S at
room temperature, the Mo 3d5/2 (figure 3.4 (b)) and S 2p3/2 (figure 3.4 (c)) grow
initially at 228.05 eV and 161.41 eV, respectively. Upon annealing to 823 K, they
shift gradually towards the binding energy (BE) characteristic of single layer
MoS2 on Au(111) (Mo 3d5/2 = 229.19 eV and S 2p3/2 = 162.15 eV). [28, 35]
From the temperature rate profile (figure 3.4 (a)), it can be seen that the
transition starts around 500 K and continues with the increasing temperature
until the sulfided clusters convert into single layer MoS2 islands at 823 K.
Further annealing to 873 K shows no change in the BE positions for both
Mo 3d and S 2p.
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Figure 3.5: Fast-XPS spectra for (a) Mo 3d and (b) S 2p core level for some
selected temperature marked in the intensity plots in figure 3.4, together with
the spectral contribution of different components resulting from peak fit analysis.
The evolution of these components while annealing in H2S is shown in (c) and
(d) for the Mo 3d and S 2p core level, respectively.
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Figure 3.5 (a) and (b) show the deconvolution of the spectra with different
components at various stages of the annealing process for Mo 3d and S 2p
core level spectra, respectively. The identification of these components and
the determination of their spectral line shape was achieved by fitting the
high-resolution spectra that will be discussed later in this chapter. Based on
the findings in [36, 37], these components can be attributed to the MoSx

stoichiometry given by different degree of Mo sulfidation of the 2D Mo-S
clusters. Indeed, Baker et al. [36] have shown that the value of the stoichiometric
coefficient x depends linearly on the Mo 3d BE shift with respect to the BE
of MoS2. The intensity profile, figure 3.5 (c) and (d), shows the evolution of
the different components in Mo 3d and S 2p core levels, respectively. At the
beginning, the Mo 3d core level presents two peaks M1 (grey) at 228.05 eV
(-1.14 eV with respect to the BE of MoS2) and M2 (red) at 228.35 eV (-
0.84 eV with respect to the BE of MoS2) corresponding to x = 0.97 ± 0.1 and
x = 1.24 ± 0.1, respectively, in accordance with the values reported in [36].
The presence of these sulfided components at the beginning is the result of
Mo deposition performed in H2S environment that leads to pre-sulfidation
of Mo and prevents it from alloying with Au. [28] Similarly, the S 2p core
level also presents two components: S1 (grey) at 161.41 eV and S2 (red) at
161.66 eV. These pre-sulfided species decline in intensity with the increase of
sample temperature, thereby aiding to the growth of components at higher BE.
When the temperature reaches 500 K, M3 (blue) starts growing at 228.8 eV in
Mo 3d core level as a result of increased sulfidation. M3 is complemented by
the growth of S3 (blue) component at 161.91 eV BE in the S 2p core level. The
intensity of M3 and S3 increase up to 750 K and then continue to decline as the
annealing proceeds. From the BE shift calculation, [36, 37] these components
can be attributed to the under-coordinated and incompletely sulfided Mo-S
species, of the form MoSx (x = 1.6 ± 0.1). The growth of incompletely sulfided
peaks is followed by other components growing at even higher BE, corresponding
to the basal plane of MoS2 [28, 35]; M4 (yellow) at 229.19 eV in Mo 3d core
level is accompanied by S4 (yellow) at 162.15 eV in S 2p core level spectra.
Although most of the conversion has already taken place by the time that the
sample reaches 823 K, both M4 and S4 continue to grow at the expenses of
the peaks at lower BE as the sample temperature is kept at 823 K for other
20 minutes. This progression is in agreement with the sulfidation of M3 that
leads to the stoichiometric rearrangement from MoSx (x = 1.6 ± 0.1) to MoS2.

The components belonging to MoS2, M4 and S4, appear already at 500 K,
suggesting the presence of MoS2 nano-crystallites already at this temperature.
It has been reported in literature that in the early stage of growth on Au(111),
the MoS2 nano-islands have a higher affinity towards Mo terminated edges [4]
that results in Mo 3d core level shifted components at 400 meV lower BE than
that of the basal plane component. [35] This corresponds to the M3 peak that
is more intense in the beginning of the transformation, with respect to the
corresponding component in the S 2p core level (S3), as it also includes the
contribution of Mo atoms at the nano-island edges. It is also important to
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highlight that in addition to S4, another component S4′ (brown) appears at
162.41 eV in the S 2p core level and shows a quite similar growth trend of S4.
The nature of this component will be discussed in more detail in the following
sections.
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Figure 3.6: (a) Au 4f7/2 core level XPS spectra for different MoS2 growth
stages, the highlighted spectra are complimentary to those displayed in (b). (b)
Au 4f7/2 core level XPS spectra of clean Au(111) surface, after MoS2 growth
with coverage of 0.7 ML and 0.95 ML at 136 eV photon energy, together with the
spectral contributions resulting from peak fit analysis. (c) Intensity of surface
peak with the increasing Mo amounts, dashed line (red) marks the coverage of
MoS2 ca. 0.8 ML.

3.3 Characterization of TPG grown single layer
MoS2

After the TPG growth was completed, the sample was cooled down to room
temperature and the high-resolution XPS spectra were measured in order to
identify the different chemical species present on the surface. In figure 3.6, we
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report the Au 4f7/2 core level spectra for the clean Au(111) sample together
with the spectra measured at different MoS2 coverage, while the Doniach-
Šunjić [38] line shape parameters (convoluted with Gaussian) used for the
analysis of the Au 4f7/2 spectrum are presented in table 3.1. The deconvolution
of the spectrum for the clean Au (figure 3.6 (b)) presents two components due
to differently coordinated bulk (B) at 84.0 eV and surface (Sclean) atoms at
83.67 eV. The resulting surface core level shift (which is the BE shift between
the core levels of the surface and bulk atoms) of 330 meV is in close agreement
with previous studies.[39, 40] The Au(111) surface presents the herringbone
reconstruction, which results in the compression of the lattice parameter in one
of the three < 1̄10 > directions. [41] The SCLS of 330 meV is attributed to the
reconstructed surface. It has been shown in literature [29] that the growth of
MoS2 ad-layer results in the lifting of the herringbone reconstruction. Indeed,
in our XPS measurements, the growth of the MoS2 layer is complemented by
the appearance of a new component (SMoS2

) at 83.89 eV that continues to grow
at the expenses of the Sclean peak, as the MoS2 coverage increases.Therefore,
this peak can be attributed to the Au surface atoms that feel the variation in
the local atomic environment due to the interactions with the MoS2 layer on
top, [42, 43] resulting in the SCLS of 110 meV. The nature of these interactions
will be discussed in more detail in the following sections. It has been reported
in literature that the growth of SL MoS2 on Au(111) proceeds through the
formation of 2D nano-islands, even in the early stages of growth. Accordingly,
the extension of the MoS2 layer on the Au surface (following the subsequent
deposition steps) is reflected in the decrease (increase) of the Sclean (SMoS2

)
peak. Therefore, assuming a negligible contribution from the incompletely
sulfided species on the surface, the MoS2 coverage θMoS2

was calculated from
the decrement of the intensity of the Au surface component ISclean

after the
growth of MoS2 for successive TPG cycles as,

θMoS2
= 1 − ISclean

(t)
ISclean

(t = 0)
(3.1)

where t is the exposure time and the MoS2 coverage is expressed in monolayer
(ML). From here on 1 ML is referred to one complete layer of MoS2 on Au(111)
which, considering the lattice parameter of MoS2 (0.315 nm), results in a Mo
surface density of 1.15×1015 atoms/cm2.

In figure 3.6 (c), the intensity of the Au surface peak is shown as a function
of Mo deposition cycles for the different TPG growth performed one after
the other, in order to increase the coverage. For the first 4 deposition cycles
(coverage ∼ 0.7 ML), the linear behavior of the decrement of the intensity is
in agreement with continuous lateral growth of MoS2 nano-islands on top of
the Au surface. On the other hand, the linear behavior is not observed for
coverage higher than 0.8 ML, marked with the dashed red line. This can be
attributed to the decrease in the MoS2 growth rate due to the desorption, at
high temperature, of Mo atoms adsorbed on top of the previously formed MoS2

layer, or could be due to the formation of MoS2 bi-layer, as already observed
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in [29], even though, in our Mo 3d spectra we did not observe any additional
component that might correspond to the Mo atoms of the MoS2 bi-layer.
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Figure 3.7 (a) and (b) show the high-resolution XPS spectra of Mo 3d
and S 2p core levels, respectively, acquired for the MoS2 coverage of 0.6 ML
where, as outlined earlier, double layer formation has not yet started. The
deconvolution of the Mo 3d core level spectra acquired at 360 eV photon energy
shows an intense peak (yellow) at 229.19 eV BE together with its spin-orbit
splitted component at 232.33 eV. The position of this peak is well-matched
with the one observed experimentally [28] and predicted theoretically [35] for
the basal plane component for single layer MoS2 on Au(111). Similarly, the
deconvolution of the S 2p core level spectra obtained at 260 eV photon energy
also presents an intense peak S4 (yellow) at 162.15 eV belonging to the basal
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Au 4f7/2 (hν=136 eV) L(eV) α G(eV) SCLS(eV)

Bulk (B) 0.31 0.02 0.09 0.0
Surface (Sclean) 0.37 0.02 0.23 -0.33
SMoS2

0.37 0.02 0.23 -0.11

Table 3.1: Doniach-Šunjić line shape parameters for different components in
Au 4f7/2 spectrum acquired at 136 eV photon energy. L is the Lorentzian width,
α is the asymmetry parameter and G is the Gaussian width.

plane atoms of the MoS2 layer, together with the spin-orbit splitted component
at 163.35 eV. For both Mo 3d and S 2p core level spectra, the main peak is
accompanied by various components at lower BE, corresponding to the different
degree of sulfidation of the Mo-S species [36, 37], as explained in the previous
paragraph. These extra species degrade the quality of the prepared sample as
they did not transform into MoS2, even after prolonged annealing in H2S (see
section 3.2). In figure 3.7 (a), the peak at 226.49 eV (green) is the S 2s core
level.

Mo 3d (hν=360 eV) L(eV) α G(eV) BE(eV)

3d5/2 0.20 0.05 0.14 229.19
3d3/2 0.43 0.05 0.14 232.33
S 2p (hν=260 eV) L(eV) α G(eV) BE(eV)

2p3/2 S4 0.18 0.03 0.16 162.15
2p3/2 S4′ 0.23 0.02 0.21 162.44
2p1/2 S4 0.18 0.03 0.16 163.35
2p1/2 S4′ 0.23 0.02 0.21 163.64

Table 3.2: Line shape parameters for different components for Mo 3d and S 2p
spectra acquired at 360 eV and 260 eV photon energy, respectively, for the TPG
sample. L is the Lorentzian width, α is the asymmetry parameter and G is the
Gaussian width.

Interestingly, the S 2p3/2 core level presents an additional component (S4′)
at 162.44 eV BE. This component is shifted towards higher BE from the main
peak (S4), as opposed to the incompletely sulfided species that are present at
lower BE, as seen in section 3.2. Bruix et al. [35] found that the S 2p core level
of the S terminated island edges lies in the BE region of S4′. However, it is
unlikely that S4′ belongs to these atoms because this peak shows a growth
trend similar to that of the main S4 peak, instead of decreasing as a function of
the dimensions of the MoS2 islands. Theoretical calculations [44] have predicted
that the bottom S atom has a 2p electron BE shift comparable to the one we
measured for S4′ with respect to S4.
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In order to further elucidate the nature of these components, we performed
a polar scan (figure 3.8 (a)) measuring the S 2p core level, by varying the
polar emission angle from normal emission to 70◦ off normal, at 400 eV photon
energy. Figure 3.8 (b) shows the relative intensity of the S4’ with respect to
S4 component at different emission angles. As a consequence of the variation
in the probing depth, the intensity of S4’ shows a continuous decrease while
moving from bulk sensitive (at normal emission) to surface sensitive (off-normal
emission) measurements, thus suggesting that the component at higher BE
(S4’) originates from the bottom layer S atoms. The modulation of the relative
intensity of the two components, for the S 2p spectra acquired at different
photon energy is shown in figure 3.8 (c). The increase in the IMFP while
moving from low to high photon energy results in an enhanced signal from S4’
component, implying that the signal is coming from the S layer underneath.
A more detailed characterization of these components will be presented in the
following section.

Figure 3.7 (c) shows the LEED pattern for the TPG grown single layer
MoS2. Sharp diffraction pattern with main spots (corresponding to the MoS2

reciprocal lattice) surrounded by moiré satellite due to small lattice mismatch
between Au (lattice constant; αAu∼ 0.288nm) and MoS2 lattice (αMoS2

∼
0.315nm), shows the presence of a long range order of the grown layer. By
comparing the reciprocal lattice vectors, indicated in the intensity line profile
shown in figure 3.7 (d), corresponding to MoS2 (α∗

MoS2
) and Au surface (α∗

Au)
unit cell (figure 3.7 (d)), we obtain a moiré periodicity of 3.31±0.1 nm, in close
agreement with previous studies. [29]

3.4 Direct growth of high quality singly
oriented MoS2 monolayers

The TPG growth method explained so far, leads to the formation of MoS2

together with other unwanted species, a sign of the low quality of the final layer.
Indeed, it was already observed by means of STM in Ref. [28, 46] that the
extension of the MoS2 islands remained below 50 nm and showed the presence
of structural defects such as domain boundaries, forming when two islands with
different orientation join together. [29] Thus, in order to improve the quality of
the MoS2 layer we searched for an alternative growth method by depositing Mo
in H2S atmosphere directly at high temperature, hereafter this method is called
High Temperature Growth (HTG). This choice is based on the fact that the
mobility of the Mo atoms on the Au surface increases at high temperature and
this is an important parameter to be considered which allows the formation of
higher quality layers. This has been observed also for the growth of graphene
on different metal substrates [47, 48], as well as for h-BN. [49] On the other
hand, it is of utmost importance to pay attention to the maximum temperature
that can be reached, which may result in sulfur desorption from the MoS2 layer,
leading to the formation of S vacancies. Indeed, we observed that the optimum
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Figure 3.9: Fast-XPS during MoS2 growth. The final coverage is 0.6 ML. (a)
and (d) show the intensity plot of the sequence of fast-XPS spectra of Mo 3d
and S 2p core levels, respectively, acquired simultaneously at 360 eV photon
energy. (b) Mo 3d and (e) S 2p core level spectra together with the spectral
contributions resulting from the peak fit analysis acquired at different stages of
the growth, as indicated by the dashed lines in (a) and (d), respectively. (c) and
(f ) display the photoemission intensities obtained from the fit of the fast-XPS
spectra, showing the evolution of the Mo 3d5/2 and S 2p3/2 for S4 (yellow) and
S4′ (brown) layer sulfur atoms.
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range for the growth of MoS2 on Au with TPG is between 823 and 873 K. We
also observed that higher temperatures lead to the decrease of the S 2p intensity,
owing to the desulfidation of the MoS2 layer. Therefore, the deposition of Mo
was performed while keeping the Au(111) sample at 823 K.

In order to find the best parameters for the HTG growth we used the
same strategy adopted for the TPG, i.e. we followed the MoS2 growth with
fast-XPS by measuring the S 2p and Mo 3d core levels. This allowed us to
carefully tune the Mo deposition rate in accordance with the maximum H2S
background pressure of 2 × 10−6 mbar, to observe just the development of the
Mo 3d and S 2p peaks of MoS2, thus avoiding the growth of extra components
observed with TPG, not converting into MoS2. One of the problems of the
HTG could be the formation of Mo-Au alloys at the high temperature used for
the growth, if the proper combination of Mo deposition rate and H2S pressure
is not attained. [50] Indeed, the Mo 3d5/2 component, due to metallic Mo or
Mo-Au alloy showed up at BE ∼ 228 eV, [51] when the Mo rate was too high.
Therefore, the growth of these peaks was essentially avoided by significantly
reducing the Mo deposition rate with respect to that used for TPG, amounting
to ca. 5 × 10−3 ML/minute (where a monolayer (ML) is referred to the surface
atomic density of Au(111)).

The intensity plot for the sequence of fast-XPS spectra of Mo 3d and S 2p
core levels (figure 3.9 (a) and (d)) shows the increase of the peaks at the BE
corresponding to SL MoS2 [28] from the beginning of the growth. Moreover,
the spectra for the HTG method do not present extra components (apart
from the ones belonging to SL MoS2) at the different stages of the growth, as
shown in figure 3.9 (b) and (e), as opposed to the TPG method described in
section 3.2 which produces also partially sulfided Mo-S species. The spectral
line profiles (figure 3.9 (c) and (f)) obtained from the peak fit analysis show
how the MoS2 growth proceeds up to the final coverage of MoS2 of 0.6 ML.
From these graphs it can be seen that the MoS2 growth rate is constant up to
a coverage of ∼ 0.3 ML (marked with dashed lines), then it starts to decrease.
This means that not all the Mo atoms react to form MoS2 when the surface
coverage increases because of the desorption, at high temperature, of the Mo
atoms impinging on the already formed MoS2 layer.

Figure 3.10 (a) and (b) show the high-resolution XPS measurements of
the Mo 3d and S 2p core levels, respectively. The line shape parameters used
to fit the spectra are presented in table 3.3. Similarly to the results obtained
in the case of TPG growth, the Mo 3d5/2 core level (figure 3.10 (a)) shows
the presence of a main peak (yellow) at 229.19 eV BE corresponding to the
SL MoS2. [28] Also, the S 2p3/2 core level shows the same behavior, with two
components at 162.15 eV (S4) and 162.44 eV BE (S4′). Most importantly, the
absence of extra components belonging to the differently sulfided MoSx species
(0.9 ≤ x ≤ 1.6), that were present in the case of TPG, reflect a better quality
of the sample prepared by following the HTG method.

The structural properties of the MoS2 layer were characterized by STM
and LEED measurements whose results are shown in figure 3.10 (c) and (d),
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Mo 3d (hν=360 eV) L(eV) α G(eV) BE(eV)

3d5/2 0.2 0.06 0.14 229.19
3d3/2 0.43 0.06 0.14 232.33
S 2p (hν=260 eV) L(eV) α G(eV) BE(eV)

2p3/2 S4 0.18 0.05 0.16 162.15
2p3/2 S4′ 0.23 0.02 0.21 162.44
2p1/2 S4 0.18 0.05 0.16 163.35
2p1/2 S4′ 0.23 0.02 0.21 163.64

Table 3.3: Line shape parameters for Mo 3d and S 2p spectra acquired at
360 eV and 260 eV photon energy, respectively, for the HTG sample. L is the
Lorentzian width, α is the asymmetry parameter and G is the Gaussian width.

respectively. The 70 nm×30 nm STM topographic image shows a large scale
moiré pattern due to the lattice mismatch between the adsorbate layer and the
Au substrate. The periodic modulation in the local density of states (due to the
lattice mismatch giving rise to the formation of moiré superstructure) results in
the bright protrusions, visible in the STM image. The domain size observed here,
is considerably larger than that reported for the TPG grown samples. [28, 29]
The atomically-resolved STM topograph (figure 3.10 (c): inset), shows the S
atoms of the topmost layer of MoS2 within the moiré superlattice. From the line
profile corresponding to the marked blue line (figure 3.10 (d)), we estimate the
moiré periodicity that amounted to 3.15±0.03 nm, indicating the formation of a
moiré superlattice corresponding to 10×10 MoS2 unit cells over 11×11 Au(111)
unit cells. In addition to that, the out-of plane corrugation of ∼ 0.4 Å can
also be calculated from the line profile scan. However, it should be noticed
that the measurements of the out-of plane distances contain contributions from
topographic and electronic effects, since the STM measures the local density
of states and not the real topography. Therefore, the value of out-of plane
corrugation has to be taken with care. The moiré corrugation of epitaxially
grown 2D layer has been observed also for other 2D materials on top of metal
surfaces such as graphene on various substrates [52, 53] or h-BN. [54, 55] STM
allowed us to measure the in-plane S-S interatomic distance of 3.15±0.3 Å,
corresponding to the lattice constant of the MoS2 layer. The LEED pattern of
the HTG sample (figure 3.10 (f)) shows the main diffraction spots surrounded by
moiré satellites, resulting in the moiré periodicity of 3.2 ± 0.1 nm, in agreement
with the STM measurements. Moreover, the MoS2 crystallographic axes are
aligned with those of the Au substrate. A noticeable difference with respect
to TPG is the relative intensity of the spots that will be discussed later. The
satellite spots are consistent with the moiré pattern observed by STM, and
are clearly visible in the Fourier transform of the STM image (figure 3.10 (c)),
which highlights that this pattern extends over a large area probed by LEED.
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3.4.1 Structure and orientation of TPG and HTG grown
MoS2

Figure 3.11 (a) and (c) show the LEED pattern acquired at 117 eV for the
SL MoS2 prepared by following the TPG and HTG procedure, respectively.
It can be observed that both images show a three-fold symmetric pattern, as
expected from the MoS2 layer, whose symmetry is indeed three-fold, as shown
in figure 3.1, as well as from the underlying Au(111) substrate. However, the
spot profile analysis (figure 3.11 (b) and (d)), corresponding to the marked cuts
along the MoS2 spots reveals that the intensity of the central peak in the line
profile is lower in the case of the HTG with respect to the TPG grown sample.
In other words, the LEED pattern of the HTG grown sample shows a more
pronounced three-fold symmetry. This points towards a preference for one of
the two possible mirror orientations, aligned with the Au substrate for the HTG
grown MoS2, as the mixture of the two orientations in equal proportion should
lead to a six-fold symmetric pattern, if the contribution from the substrate
is not taken into account. The presence of two anti-parallel domains of MoS2

on Au(111) surface have also been reported for similar PVD grown system by
Grønborg et al. [29], and also for other growth methods on different substrates
such as c-sapphire [56] and SiO2. [57]

In order to characterize the local structure of the MoS2 layer and to get
further insight into the orientation of the MoS2 domains grown with the HTG
and TPG methods, we performed XPD measurements and compared them
with multiple scattering simulations. While performing XPD measurements,
more than 1000 spectra were measured over a wide azimuthal sector of 160◦,
from normal (0◦) to grazing emission (70◦). Each of these spectra were fitted
and the intensity, i.e. the area under the photoemission line, was extracted
for the spectral components belonging to MoS2. The experimental XPD
patterns (colored) of the Mo 3d core level acquired at 360 eV photon energy
(photoelectron kinetic energy of 130 eV) for the HTG and TPG grown layer are
shown together with the EDAC simulated patterns (at the same kinetic energy,
in grey) in figure 3.12 (c) and (d), respectively. To construct the geometrical
structure of MoS2 for performing the simulations, we assumed the orthogonal
prismatic (1H phase) structure with the lattice constant of 3.15 Å and the
interlayer distance (distance between the planes of S and Mo atoms in ‘S-Mo-
S’ structure of MoS2) of 1.62 Å as reported in literature. [58, 59] Also, the
simulations were performed for a freestanding MoS2 layer without the Au(111)
substrate. Due to the lack of a specific local adsorption configuration of MoS2

with respect to the substrate, as evident from the moiré pattern, the overall
influence of the substrate on the diffraction patterns of the MoS2 layer can be
neglected. Figure 3.12 (a) and (b) show the XPD simulations corresponding to
the two mirror orientations (i.e. orientation 1 and orientation 2, sketched on top),
resulting in 180◦ rotated three-fold symmetric patterns. In order to quantify the
contribution of mirror domains in the as grown layers, the simulated diffraction
patterns of the two orientations were mixed with different concentrations and
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compared with the experimental data by means of R-factor (see section 2.7.2
in chapter 2). The total simulated intensity Itot is,

Itot = aIntOr1 + bIntOr2 (b = 1 − a) (3.2)

where, IntOr1 and IntOr2 are the contributions to the total simulated patterns
from the orientation 1 and 2, respectively, as shown in figure 3.12 and a and b
are the fractions of the orientation 1 and orientation 2, respectively, included
in the simulations.

The R-factor analysis for the HTG grown layer, in figure 3.12 (e), shows
the best agreement for the simulation corresponding to orientation 1. Indeed
with the addition of the mirror domain orientation the agreement is worsened,
as seen from the trend of the R-factor. This clearly shows that the HTG grown
MoS2 layer presents just one single orientation. On the other hand, for the
TPG grown layer, the R-factor analysis (figure 3.12 (f)) shows the coexistence
of mirror domains with 75% of domains corresponding to orientation 1 and the
remaining 25% to orientation 2.

Having determined that the HTG growth method leads to a single
orientation, we used the HTG grown sample to further characterize the
local structure of MoS2. In order to do this, the experimental Mo 3d XPD
pattern (figure 3.13 (a)) was compared with different simulations performed
by changing the lattice parameter and the Mo-S interlayer distance of the
model structure. From the R-factor analysis we obtained the best agreement
for the 1H phase structure (ball model in figure 3.13) of SL MoS2 with a
lattice constant of 3.17±0.04 Å (figure 3.13 (b)) and an interlayer distance of
1.59±0.03 Å (figure 3.13 (c)), in very good agreement with the values reported
in literature [58, 59] and used in the study of the orientation of the MoS2

domains. These structural parameters were then used to analyze the XPD
measurements of the S 2p core level. The measurements were performed at
different photon energy, resulting in a different kinetic energy of the S 2p
photoemitted electrons. The XPD measurements for the bottom layer S atoms
were performed at high kinetic energy of the photoelectrons, to satisfy the
forward scattering condition from the Mo and S atoms above. Similarly, low
kinetic energy was used to satisfy backward scattering condition for the XPD
measurements for the top layer S atoms. In figure 3.13 (d) and (e), the XPD
patterns for the S4′ component of figure 3.10 (b) acquired at 560 eV photon
energy (KE ∼ 397 eV) and the S4 component acquired at 270 eV photon energy
(KE ∼ 108 eV) are shown together with the simulated patterns for the bottom
and top S layer, respectively. Apart from a clear three-fold symmetry, the XPD
patterns from both S4′ (R-factor = 0.15) as well as S4 (R-factor = 0.25), show
a very good agreement as quantified by the R-factor, confirming the assignment
of the peaks in S 2p core level spectra to bottom and top S layer atoms for the
1H phase structure of SL MoS2.

However, the higher R-factor in the analysis of the XPD pattern for the S4
component assigned to the top S, shown in figure 3.13 (e), calls for attention.
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Indeed, it turns out that the R-factor has a minimum when contributions to the
simulated XPD pattern from top as well as bottom S components are included
(see figure 3.14 (a) and (b)). In order to ascertain the contribution of bottom
S in the XPD pattern of the S4 component at 162.15 eV BE (figure 3.10 (b)),
the simulations for the S 2p intensity of top and bottom S (both at 108 eV
KE) were intermixed in different proportions and the total simulated intensity
was compared with the experimental XPD pattern of figure 3.13 (e). R-factor
analysis, in figure 3.14 (b), shows a minimum value (0.17) when 40% of the
intensity from bottom S is included in the simulation, indicating that the
S4 component, shown in figure 3.10 (b), is not only due to the topmost S
layer but also due to 40% of the bottom one. Moreover, to further support
this observation, we performed a complementary analysis which demonstrates
that the XPD pattern acquired at 560 eV photon energy (KE ∼ 397 eV)
for S4 presents features corresponding to those shown by S4′, which belongs
to the bottom layer S atoms. Figure 3.14 (d) shows the behavior of the R-
factor obtained by comparing the simulated top S 2p XPD pattern with the
experimental data obtained by subtracting to the intensity of the S4 component
a given percentage of the intensity of the S4′ component, showing the best
agreement with a percentage of 80%. Figure 3.14 (c) shows the comparison
between simulated (grey) and experimental data (color) obtained by subtracting
the aforementioned percentage of S4′ intensity from S4. Previous studies for
graphene (GR) grown on different transition metal substrates have shown that,
depending upon the strength of the interactions between the substrate and
the GR ad-layer, the C 1s core level shows different components belonging
to the strongly and weakly interacting C atoms. [60–62] Based on this, our
observations suggest that the bottom layer S atoms in the ‘S-Mo-S’ sandwich
structure of MoS2/Au(111) can also be classified into populations of S atoms
differently interacting with the Au substrate. Consequently, the S atoms that
interact strongly with the substrate present a component shifted to higher BE
(S4′, brown), while the weakly interacting S atoms show a peak (blue) at the
same BE of the component belonging to top layer S atoms (yellow), as shown in
the S 2p core level spectrum in figure 3.14 (e). The bottom S layer is therefore
divided into about 60% of the S atoms that are strongly interacting and 40%
that are weakly interacting with the Au(111) substrate. The corresponding
S 2p core level can be then considered as the sum of the two contributions
as shown by the spectrum with red markers in figure 3.14 (e). Moreover, the
intensity of the bottom S component (red markers) is calculated to be 38% of
the top S component (yellow), as a result of the attenuation of the signal from
the Mo and S layers on top.

In order to determine the orientation of the Au(111) substrate, needed
to identify the relative orientation of the MoS2 ad-layer, we performed XPD
measurements of the Au 4f7/2 core level for the clean sample. Figure 3.15 (a)
and (b) show the XPD patterns corresponding to the bulk (B) and clean
surface (Sclean) components (colored), respectively, measured at 200 eV photon
energy (photoelectron KE ∼ 115 eV). The XPD pattern of the bulk component
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Figure 3.14: (a) S 2p XPD pattern (color) for the S4 component measured
at 270 eV photon energy (108 eV KE) with simulation (grey) including 40%
contribution of intensity from bottom layer S. (b) R-factor analysis for the
determination of bottom layer S contribution in the XPD pattern of S4 in (a).
(c) S 2p XPD pattern (color) for the S4 component measured at 560 eV photon
energy (397 eV KE) with 80% of the intensity of S4′ XPD removed from the
data, in comparison with the simulation (grey) for the top layer S (397 eV KE).
(d) R-factor analysis for the determination of S4′ contribution in S4 XPD in
(c). (e) S 2p core level spectra acquired at 260 eV photon energy, indicating
different spectral components.
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shows the expected three-fold symmetry of the fcc crystal stacking, while
the herringbone reconstruction presents an almost six-fold symmetry of the
pattern from the Au 4f surface component. The herringbone reconstruction
was simulated by compressing the surface unit cell in the < 1̄10 > direction
by 4.5%, averaging over the three 60◦ rotated domains, while three layers
below the surface were considered as the bulk. The experimental data show a
good agreement (R-factor = 0.33 eV) with the simulations and the resulting
orientation of gold substrate was identified as shown in figure 3.15 (d). It
is also important to highlight that the agreement between experiment and
simulation for the Au 4f surface peak is not excellent because the simulations
were performed for a flat layer, while in reality the Au surface is corrugated
with a large unit cell and many non-equivalent atoms.

The 10×10 MoS2 superstructure on 11×11 Au unit cell for the two mirror
domain orientations of MoS2 on Au, are shown in figure 3.16. Theoretical
calculations by A. Bruix et al. [44] showed that the most favorable configuration
for small 2D MoS2 clusters on Au(111) is with the S atoms in atop position.
These small 2D clusters are likely to be the seeds for the further growth of
MoS2 . With the S atoms in atop position, the Mo atoms can go in the three-
fold fcc or hcp position, as shown in figure 3.16 (a) and (b), respectively. Our
XPD results show that, in the case of the HTG, the MoS2 layer assumes one
single orientation which corresponds to the one of figure 3.16 (a), with the local
configuration of S atop and Mo in threefold fcc site. In the case of TPG 25%
of the MoS2 domains assume the opposite orientation, i.e. locally with S atop
and Mo in the hcp site.

3.4.2 ARPES and complete spin polarization in HTG
grown MoS2

Once the presence of a single domain orientation was confirmed by analyzing
the geometric structure of the layer through XPD measurements, we performed
ARPES measurements on the HTG MoS2 (coverage ∼ 0.6 ML) in order to
obtain information about its electronic structure. Figure 3.17 (a), shows the
dispersion of the MoS2 bands measured by ARPES at the SGM-3 beamline
of ASTRID2. [33] The valence band maxima (1.39 eV BE) at K point of
the surface Brillouin zone of MoS2 is clearly visible, as well as, the spin-orbit
splitting (144 meV) of the state, in close agreement with literature. [25, 29]
We did not observe any detectable contributions from a second layer, as this
would give rise to a second band near Γ point, as shown in 3.17 (b) for a
sample with higher MoS2 coverage, in agreement with literature. [63, 64] It
is also important to note that the simultaneous presence of mirror domains,
as observed by Grønborg et al. [29], is not detectable in the band structure
obtained from ARPES, at least in a non-spin resolved experiment. On the
other hand, the presence of many small domains would result in defects such
as domain boundaries, leading to the scattering induced spectral broadening
of the bands. Although, the band dispersion shown in figure 3.17 (a) is similar



Chapter 3: Single layer MoS2 on Au(111) surface 77

(b)

top
hcp

fcc

-8
0

-4
0

0
4

0
8

0

θ(°)

θ(
°)

-80 -40 0 40 80

(a)

Au 4f
7/2

Surface

-8
0

-4
0

0
4

0
8

0

-80 -40 0 40 80
θ(°)

θ(
°)

(c)

Au 4f
7/2

Bulk

84 83
Binding Energy (eV)In

te
n
s
it
y
 (

a
rb

. 
u
n
it
s
)

Au 4f
7/2

(d)

S
clean

B
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(a)
Mo in fcc

S   on top

(b)
Mo in hcp

S   on top

Or1

Or2

Figure 3.16: 10×10-MoS2/11×11-Au(111) superstructure. For S adsorbed atop
position, insets on the left show the adsorption configuration of bonding regions
(a) Mo in fcc and (B) Mo in hcp sites. Ball color code: red (Mo), yellow (S),
orange (Au surface layer) and amber (Au second layer).
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to previous findings for this system [25, 65], the linewidth of the states near
K point is substantially smaller (51 and 70 meV for the upper and lower band
instead of 164 and 117 meV measured in [25]), indicating a higher quality of
the layer grown by following the HTG procedure.

As mentioned earlier, the single orientation character of the layer allows to
distinguish between the K and −K points of the reciprocal lattice of MoS2. In
order to do this we performed spin-resolved ARPES at the APE beamline of
Elettra [34] to measure the spin polarization of the states near K and −K and
to show that the spin polarization is reversed, when moving from one point
to the other. The measured spin-resolved energy distribution curves (EDCs)
near K and −K are shown in figure 3.17 (c). The spin polarization Pi was
determined from these EDCs as

Pi =
I↑

i − I↓
i

S(I↑
i + I↓

i )
, (3.3)

where i = x, y, z denotes the spin quantization axis in the reference frame of
the detection and S = 0.3 is the Sherman function of the detector, also known
as the analyzing power for Mott scattering from single free-atoms. [66] I↑,↓

i

were corrected by a relative efficiency calibration and fitted with Voigt function
(figure 3.17 (c)). The background contribution consisting of spin-unpolarized
tails of lower-lying Au states was taken into account for the calculated Pi spectra
(figure 3.17 (d)). Quantitative spin polarization magnitudes were determined
from the area ratio of the fitted peaks and Pi were transformed into the sample’s
reference frame by applying an Euler’s rotation matrix. As a result of this
analysis, we obtain the spin polarization of 86±14 % with opposite orientation
for the K and −K points of the reciprocal space, as shown in figure 3.17 (d).
The high degree of the measured spin polarization further confirms the single-
orientation character of the SL MoS2 grown with the HTG procedure because
the presence of a mixture of mirror domains would cause a decrease of the
spin polarization. This effect was observed also for SL MoSe2 grown on bilayer
graphene. [67]
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Figure 3.17: Angle-resolved photoemission intensity (hν = 25 eV) along the Γ-
K direction of SL MoS2 Brillouin zone for 0.6 ML of HTG grown MoS2. (b) For
a different sample with higher coverage of MoS2, angle-resolved photoemission
intensity (hν = 25 eV) close to Γ point (indicated with a dashed line) showing an
extra band due to the presence of bi-layer MoS2. (c) Out-of plane spin-resolved
energy distribution curves at K and −K points (hν = 30 eV) for 0.6 ML of MoS2.
Red and blue colors mark spin-up and spin-down signals, respectively. Raw
data is shown without a correction for the spin-sensitivity (Sherman function)
of the detector. Solid lines are Voigt fittings to the experimental data marked
with circles. (d) Background-subtracted out-of plane spin polarization at K
and −K points. Solid lines mark the spin polarization calculated from the fits,
taking the Sherman function into account.
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3.5 Conclusions

A multi-method experimental approach was employed to study the growth of
SL MoS2 on Au(111) substrate. First, by following a method already reported
in literature, [28] we used fast-XPS to study the transformation of pre-sulfided
2D Mo-S clusters to SL MoS2, while annealing in H2S background pressure,
the so called temperature programmed growth (TPG). High-resolution XPS of
Mo 3d and S 2p core levels show the presence of incompletely sulfided Mo-S
compounds of the type MoSx (x < 2) [36, 37], that do not convert to MoS2 even
after prolonged annealing in H2S, besides the spectral components belonging to
MoS2. Thereafter, following the growth in real time by fast-XPS, to carefully
tune the growth parameters, we developed a new procedure that consisted of Mo
deposition at 823 K in H2S pressure, leading to the direct growth of SL MoS2.
This results in a superior quality of the layer, as the high-resolution XPS of
Mo 3d and S 2p core level do not show any contribution from unwanted species,
similar to those present in the case of TPG. The higher quality of the MoS2 layer
is further demonstrated by the sharp spots in LEED and STM measurements
that show domains with much larger size than previously reported for similar
system. [28, 29]

The S 2p core level shows the presence of two components belonging to
the top and the bottom layer S atoms in the ‘S-Mo-S’ structure of MoS2. The
shift of bottom layer S component to higher BE provides the spectroscopic
evidence of the interactions with the Au substrate, as previously predicted by
theory. [42] Such interactions are also observed from the SCLS of the Au 4f7/2

spectra, where an extra component appears with the growth of MoS2 and
increases at the expanses of the Au clean surface peak.

The most important aspect of the HTG growth is that the resulting MoS2

layer presents just one single orientation, as evident from the XPD results
analyzed with the multiple scattering simulations. [32] On the contrary, the
TPG produces a layer that shows the coexistence of mixed domains with 180◦

rotated orientations in 75:25 fraction. Moreover, the HTG grown SL MoS2

results in much smaller linewidth of the bands near K point, than previously
reported values [25], and results in a complete out-of plane spin polarization,
as a result of high crystalline nature and the single domain orientation of the
HTG grown layer.
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CHAPTER 4

Synthesis of single layer tungsten disulfide on Au(111)
with single orientation.

Another material of the TMDC family that is suitable for the realization
of ultrathin electronic devices is tungsten disulfide (WS2). It has been
demonstrated by means of optical measurements that SL WS2 exhibits a direct
band gap ∼ 2 eV. [1] The fundamental properties of SL WS2 are very similar
to those of MoS2 and can therefore be used in the same range of technological
applications. On the other hand, as the spin-orbit coupling SOC is proportional
to the fourth power of atomic number Z (SOC ∝ Z4), a much stronger overall
effect on the valence band splitting is expected for WS2 than in the case of Mo
based analogue. Indeed, previous studies [2, 3] have shown that the spin splitting
at the valence band of SL WS2 (∼ 420 meV) is almost three times stronger than
for MoS2 (∼ 145 meV [4]). Moreover, the strong spin-splitting of bands can give
rise to increased band curvature near the top of the valence band, resulting in
a reduced effective mass. Indeed, SL WS2 is predicted to be the best choice as
transistor channel material among the TMDCs family, due to its low effective
hole mass that allows for high hole mobility values. [5, 6] Consequently, SL WS2

based devices are more suited for technological applications, as the strong
splitting would result in increased stability of the aforementioned properties,
even at room temperature. However, a single domain orientation of the layer
is important in order to differentiate between the two valleys (as shown in the
chapter 3 for SL MoS2), leading to the realization of spintronic and valleytronic
devices. [7]

In this chapter, we present the synthesis of high quality singly oriented
WS2 monolayers obtained by optimizing the HTG procedure, already used
to obtain singly oriented MoS2 presented in chapter 3. The careful tuning of
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the growth parameters was achieved again by following the deposition in real
time by means of in-situ fast-XPS, that allowed us to avoid the formation of
incompletely sulfided and metallic clusters. The layer was characterized by
high-resolution XPS and LEED, that confirmed a long range order and high
quality of grown layer. The single orientation character of the WS2 monolayer
was verified by XPD measurements in association with multiple scattering
simulations.

Once the single domain character of the SL WS2 was established, the sample
was used to perform ARPES measurements as reported in Hinsche et. al [20],
in order to study the WS2 electronic structure. The valence band dispersion
showed very sharp bands and presented previously undetected details such as
moiré induced minigaps in the two spin-split branches of the valence band.
Finally, the strong splitting was used to study the temperature dependence of
the electron-phonon coupling strength, close to the top of the upper and the
lower valence band at the K point of the surface Brillouin zone of SL WS2.

4.1 Experiments and methods

Single layer WS2 was grown at the SuperESCA beamline of Elettra [8] and
characterized using XPS and XPD measurements. The atomically clean Au(111)
surface was prepared similarly to what described in the previous chapter, by
repeated cycles of Ar+ sputtering at 2 keV followed by an annealing to 940 K
for 10 min. The sample cleanliness was checked with XPS and no contaminants
were detected. The final LEED pattern showed the spots of the herringbone
reconstruction typical of the clean Au(111). Tungsten atoms were deposited
from a home-built evaporator (consisting of a W filament heated through direct
current) and H2S, as source of sulfur with a nominal purity of 99.8%, was dosed
through a leak valve. The W evaporator was mounted in front of the sample
and H2S was introduced in the main chamber during measurements.

We followed the real time evolution of the WS2 layer growth by means of
fast-XPS of the W 4f7/2 core level (at photon energy hν = 140 eV). After the
completion of the growth, high resolution XPS (energy resolution better than
50 meV) measured at room temperature (RT) in normal emission conditions
and LEED measurements were used to characterize the WS2 monolayers. All
the binding energies (BEs) are referred to Fermi level of the Au substrate.
XPD measurements with photon energy corresponding to photoelectron KE
∼ 326 eV for tungsten and ∼ 397 eV for bottommost sulfur in the covalently
bonded ‘S-W-S’ layers of WS2 were measured in order to achieve mostly forward
scattering conditions. The experimental XPD results were compared with
multiple scattering simulations performed at the same electron KE, using the
EDAC program package. [9] ARPES measurements were performed at the SGM-
3 beamline of the synchrotron radiation facility ASTRID2 in Aarhus. [10] The
energy and angular resolution were better than 30 meV and 0.2◦, respectively.
The sample temperature was ∼ 30 K during the measurements. The sample
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was transferred to Aarhus in air. After inserting it into the ultrahigh vacuum
system, it was annealed at 800 K for 30 minutes, in order to remove adsorbed
impurities.

4.2 Growth of single layer WS2 on Au(111)

Two procedures that exploited different growth conditions were used for the
growth of single layer WS2 on Au(111). In chapter 3, we have shown that the
HTG method adopted for the growth of MoS2/Au(111) results in high quality
singly oriented MoS2 monolayers. Consequently, the HTG method was used
also to grow WS2 on Au(111).

At the beginning of the first procedure, Growth 1, while depositing W
the sample temperature was set at 873 K and the initial H2S pressure was
1×10−6 mbar. During the growth, the sample temperature varied between
823 K and 873 K. The W deposition rate, measured by a quartz micro-balance,
amounted to ∼ 7.5 × 10−3 ML/minute, where a monolayer (ML) corresponds
to the surface atomic density of the Au(111) surface.

In figure 4.1 (a), the fast-XPS intensity plot is shown together with the peak
fit analysis of the last W 4f7/2 core level spectrum of the fast-XPS spectral
sequence. The spectrum was fitted based on the analysis of the high-resolution
measurements, discussed later in this chapter. The growth of the peak (grey)
at the BE (W 4f7/2 = 32.79 eV) corresponding to the basal plane component
of WS2, [2] is accompanied by the contribution from various components at
lower BE. The presence of these components is consistent with the formation
of incompletely sulfided species of the form WS2−x (0 < x ≤1), as observed for
the same system in [2, 11, 12], as well as for the TPG grown MoS2 on Au(111),
described in chapter 3.

As already pointed out in the case of the growth of MoS2, the increased
mobility of the atoms at higher temperature is expected to improve the quality
of the final layer. Therefore, we decided to use a higher temperature for
the consequent growth. However, S desorption from the surface at higher
temperature could take place, leading to W-Au alloying and defect creation
(such as S vacancies) in the layer. The careful tuning of the growth parameters,
in terms of H2S pressure and W deposition rate, due to the availability of
fast-XPS, allowed us to avoid the growth of the extra components observed
in figure 4.1 (a) for Growth 1. The new growth (Growth 2), was performed
at a constant sample temperature of 923 K, at a lower W deposition rate of
∼ 3.3 × 10−3 ML/minute, together with a higher H2S pressure of 5×10−6 mbar
that was further increased to 1×10−5 mbar after the completion of about 10%
of the growth and thereafter kept between 1×10−5 and 2×10−5 mbar. The
difference between the two growth procedures can be seen from the fast-XPS
intensity plots and the deconvolution of the spectrum at the end of the Growth
2 (figure 4.1 (b)), showing only the presence of the peak belonging to SL WS2

with negligible contribution from additional components.
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Figure 4.1: (a) and (b) W 4f7/2 fast-XPS intensity plot obtained at 140 eV
photon energy for Growth 1 (T = 823 - 873 K) and Growth 2 (T = 923 k),
respectively, together with the last W 4f7/2 core level spectra of the fast-XPS
series, showing the spectral contributions resulting from peak fit analysis. (c)
The evolution of the WS2 coverage, proportional to the intensity of the W 4f
peak (grey), as a function of deposition time.
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For the two growth procedures, the coverage of WS2, which is proportional
to the intensity of the main grey component of the W 4f core level of figure 4.1,
is shown as a function of time in figure 4.1 (c). The coverage of WS2 was
calculated from the decrement in the intensity of the clean surface peak of
the Au 4f7/2 XPS spectra after the growth of the WS2 layer (figure 4.2), as
explained in the following section. Hereafter, a coverage of 1 ML is defined as
one complete layer of WS2 on Au(111) that corresponds to W surface density
of 1.15×1015 atoms/cm2, considering the lattice parameter of WS2 of 0.315 nm.
In figure 4.1 (c), it can be seen that the W 4f intensity is an almost linear
function of the W deposition time for Growth 2 (red curve) throughout the
deposition, up to a coverage of ∼ 0.45 ML. This suggests that all the deposited
W atoms react and form WS2. On the other hand, for Growth 1 (black curve),
the intensity shows a deviation from the linear behavior and the slope starts
to decline at a coverage of 0.25 ML. Moreover, the much higher W deposition
rate for Growth 1 (more than double than that for Growth 2) is not reflected
in a comparable increase of the WS2 growth rate, as seen from the slope of the
two curves in the initial stage of the growth. This is due to the formation of
incompletely sulfided species right from the beginning which, as the coverage
increases, prevent the formation of WS2. Moreover, the growth of double layers
cannot be excluded in this case.

In figure 4.2 (a) and (b), the high-resolution XPS spectra of Au 4f7/2 core
level are shown for the clean Au(111) and after the growth of WS2 for Growth 2,
respectively. Table 4.1 presents the parameters of the fit of the peaks. The
growth of SL WS2 results in the appearance of an extra component (SW S2

)
and the decrement in the intensity of the clean surface peak Sclean. Following
the same argument as in the case of MoS2/Au(111), this new peak can be
attributed to the Au surface atoms that feel the presence of the WS2 layer on
top. Indeed, Dendzik et al. [2] have also reported a similar behavior, although
their sample showed the presence of extra peaks in the W 4f core level besides
the ones belonging to WS2.

In order to calculate the WS2 coverage of the grown layer, we used the
same strategy adopted for the MoS2/Au(111) case of chapter 3, considering the
decrement of the Sclean component in the Au 4f7/2 spectrum after WS2 growth
for the sample prepared with Growth 2, where only the WS2 related XPS
features are present. Using equation 3.1, we find a WS2 coverage of 0.45 ML
for Growth 2. The same WS2 coverage was present at the end of Growth 1 as
found by comparing the intensity of the grey W 4f components in figure 4.1 (a)
and (b).

Figure 4.3 shows the high-resolution W 4f and S 2p core level spectra
measured after the Growth 2, together with the deconvoluted spectral
components resulting from peak-fit analysis. The parameters of the fits for
Growth 2 are presented in table 4.2. The W 4f core level spectrum for Growth 2
(figure 4.3 (a)), presents an intense peak for the W 4f7/2 component at 32.79 eV
BE, with its spin-orbit doublet at 2.14 eV higher BE. The position of this peak
is in close agreement with the values reported in the literature for SL WS2
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Figure 4.2: High-resolution XPS of Au 4f7/2 core level acquired at 136 eV
photon energy for (a) the clean sample and (b) after Growth 2, corresponding
to the WS2 coverage of 0.45 ML, together with the spectral contributions
resulting from peak fit analysis. The experimental data (dots) and the fit (line)
are presented together with the spectral contributions resulting from peak fit
analysis (solid fill).

Au 4f7/2 (hν=136 eV) L(eV) α G(eV) SCLS(eV)

Bulk (B) 0.31 0.02 0.09 0.0
Surface (Sclean) 0.37 0.02 0.23 -0.33
SW S2

0.37 0.02 0.23 -0.09

Table 4.1: Line shape parameters for different components in Au 4f 7/2 spectrum
acquired at 136 eV photon energy. L is the Lorentzian width,α is the asymmetry
parameter and G is the gaussian width.
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respectively, for Growth 2. The experimental data (dots) and the fit (line) are
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peak-fit analysis.

on Au(111). [2]. Similar to the findings in the case of MoS2 in chapter 3, the
S 2p spectum (figure 4.3 (b)) presents two spin-orbit doublets SA (grey) and
SB (black). We have shown in chapter 3 that depending upon the strength
of interactions with the Au(111) surface the bottom layer S atoms present
different spectral components in the S 2p core level, belonging to the strongly
(shifted to higher BE) and weakly (at the same BE of top S) interacting S
atoms (see figure 3.14 (e) in chapter 3). Due to the structural similarities, one
can expect this to be true also for WS2. Therefore, SB corresponds to the
strongly interacting bottom layer S atoms, while SA includes the contribution
from top layer S atoms and the weakly interaction bottom S, in the ‘S-W-S’
structure of WS2. The former being significantly suppressed due to inelastic
scattering from the W and S layer above, appears at 0.14 eV higher BE than SA

(S 2p3/2 at 162.45 eV). This is due to the interaction between the bottom layer
S atoms and Au surface, which results also in the appearance of the core level
shifted component in the Au 4f7/2 spectrum of figure 4.2 (b). It is interesting
to compare the S 2p spectrum of WS2/Au(111) with that of MoS2/Au(111)
(see figure 3.10 of chapter 3). In the latter case the S 2p BE shift of SB with
respect to SA is 290 meV, while for the WS2 the shift is smaller (140 meV).
Moreover, the intensity ratio between the SB and SA for MoS2 (0.21) is similar
to that for WS2 (0.23). Considering that the S 2p spectra have been measured
at the same photon energy (260 eV), i.e. same KE, the IMFP is similar in
the two cases. Therefore, a comparable intensity of the spectral component
corresponding to the strongly interacting bottom layer S atoms (SB ∼ 60%
of the total contribution from bottom layer S atoms, in figure 4.3 (b)) for
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W 4f (hν=140 eV) L(eV) α G(eV) BE(eV)

4f7/2 0.13 0.01 0.08 32.79
4f5/2 0.16 0.01 0.09 34.93
S 2p (hν=260 eV) L(eV) α G(eV) BE(eV)

2p3/2 SA 0.18 0.03 0.15 162.45
2p3/2 SB 0.22 0.02 0.21 162.59
2p1/2 SA 0.18 0.03 0.15 163.65
2p1/2 SB 0.22 0.02 0.21 163.79

Table 4.2: Line shape parameters for different components for W 4f and S 2p
spectra acquired at 140 eV and 260 eV photon energy, respectively for Growth 2.
L is the Lorentzian width, α is the asymmetry parameter and G is the Gaussian
width. The main peaks for Growth 1 have the same lineshape and BE position.
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WS2 and that for MoS2 (∼ 55%, in figure 3.10 of chapter 3), suggests that the
interactions of WS2 layer with the Au(111) surface are similar to that with the
MoS2 layer.

Figure 4.4 (a) shows the LEED pattern of the sample prepared by following
Growth 1. The most intense spots corresponding to the reciprocal lattice of
WS2 are surrounded by moiré satellites, due to the lattice mismatch between
WS2 (lattice constant; αW S2

∼ 0.315nm) and the Au substrate layer (αAu∼
0.288nm). The first order Au(111) diffraction spots, that can be seen in the
inset, also exhibit a hexagonal pattern, though slightly bigger in dimension due
to a larger reciprocal lattice vector [2, 13], and they are aligned with those of
WS2. This shows that the WS2 lattice is aligned with the underlying Au(111)
substrate. By comparing the measured reciprocal lattice vectors of WS2 (α∗

W S2
)

and Au (α∗
Au) and using the lattice constant of WS2 αW S2

= 0.315 nm, [14]
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Figure 4.5: (a) and (c) show the LEED patterns acquired at 78 eV for WS2

layer grown via Growth 1 and Growth 2, respectively. Intensity profile for the
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Growth 2 (d).

indicated in the intensity line profile shown in figure 4.4 (b), we obtain the
moiré periodicity of 3.19±0.1 nm, in close agreement with literature. [2]. This
could be compatible with the formation of a superstructure with a periodicity
of 10×10-WS2 on 11×11-Au unit cell configuration, even though the STM
measurements were not performed in order to corroborate these results, as
done in the case of MoS2/Au(111) in chapter 3.

The LEED patterns of the WS2 layers grown by following Growth 1 and
Growth 2 are shown in for comparison figure 4.5 (a) and (c), respectively. The
WS2 coverage is 0.45 ML in both cases. The line profiles along the circular cuts
crossing the WS2 spots of the LEED images, displayed in figure 4.5 (b) and (d),
present a different behavior for the two growth procedures. The first difference
is in the intensity of the background which is almost 40% higher for the sample
prepared with Growth 1 with respect to Growth 2. The higher background
is likely due to the point defects such as incompletely sulfided species that
are present on the surface for the Growth 1, as outlined in figure 4.1 (a),
which are adsorbed in a disordered manner on the surface, thus contributing
to the background intensity. The second difference is in the relative intensity
of the peaks. In both cases, the behavior of the intensity reflects the three-fold
symmetry of the LEED patterns, as the peaks belonging to the "triangle" of
spots outlined in figure 4.5 (a) are more intense than the others. However, the
ratio between the intensity of the smaller peaks and that of the larger ones,
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after subtraction of the background, is 0.61 for Growth 1 and 0.38 for Growth 2.
Therefore, the LEED pattern of the sample produced with Growth 2 shows a
more pronounced three-fold symmetry. In analogy with the results obtained for
MoS2/Au(111) in chapter 3, we interpret the differences in the LEED patterns
of WS2 of the two growth procedures as due to a more pronounced preference
for one of the two orientations of WS2 in the case of Growth 2 than in Growth 1.
This will be discussed in more detail in the following section.

4.3 Structure of SL WS2 and single domain
orientation characterization

In order to determine the structure and orientation of the WS2 samples
synthesized by the two growth methods, we performed XPD measurements
and compared them with multiple scattering simulations. Figure 4.6 (c) and
(d) show the W 4f XPD patterns (colored) acquired at 360 eV photon energy
(corresponding photoelectron KE ∼ 326 eV), together with multiple scattering
simulations (grey) for the sample prepared by Growth 2 and Growth 1,
respectively. The simulations of the diffraction patterns were performed for
the orthogonal prismatic 1H phase of WS2 with the lattice constant αW S2

=
3.15 Å and W-S interlayer distance of 1.57 Å, as reported in literature. [14]
Due to the lack of specific adsorption configuration of WS2 on Au(111), evident
from the lattice mismatch and from the moiré pattern observed in LEED, the
effect of the substrate in the simulated XPD patterns can be neglected, thus,
the simulations were performed for a free standing layer of WS2.

Figure 4.6 (a) and (b) show the W 4f XPD simulations for the two anti-
parallel orientations, i.e. orientation 1 (Or1) and orientation 2 (Or2) displayed
on top, presenting identical diffraction patterns but rotated by 180◦. For the
quantification of the contribution of the two domain orientations in the grown
WS2 layers, these simulations were mixed in different concentration and, by
following the procedure explained in chapter 3 for the case of MoS2/Au(111),
the total simulated intensity was calculated by means of equation 3.2 that
include different fraction of the mirror domains. The simulations were then
compared with the experimental XPD patterns by means of R-factor [15], in
order to optimize the fit with the experimental data. The plot of R-factor
agreement for the layer grown by following Growth 2 (figure 4.6 (e)) shows a
minimum (best agreement) for the simulation corresponding to Or1. Also, the
added contribution from the Or2 leads to a monotonic increase in the R-factor
value, indicating the worse agreement between the experiment and theory for
the mixing of the two orientations. This shows that the WS2 layer grown by
Growth 2 presents just one single orientation. On the other hand, for the layer
grown by Growth 1, R-factor analysis (figure 4.6 (f)) shows the coexistence
of two orientations with 75% of domains analogous to Or1 and the remaining
25% to Or2. Moreover, from the analysis of LEED measurements (figure 4.5)
the ratio between the intensity of peaks corresponds to a mixture of 23% of
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Figure 4.6: Stereographic projection of the multiple scattering simulations
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rotated domains for the sample prepared by Growth 1, in agreement with XPD
analysis.
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of the WS2 layer prepared by Growth 2, together with the simulation (grey)
corresponding to the best agreement based on the R-factor analysis. Ball model
indicating the lattice parameter and the W-S interlayer distance for the 1H
phase structure of WS2. R-factor analysis for the determination of (b) lattice
constant and (c) interlayer distance of the SL WS2. (d) S 2p XPD spectra
(color) corresponding to SB component (KE ∼ 397 eV), with simulations (grey)
for the bottom layer S. Ball model color code: blue (W) and yellow (S).

The characterization of the local structure of WS2 was achieved by utilizing
the single orientation character of the sample prepared by Growth 2. In order
to do this, XPD measurements of the W 4f core level were performed at
170 eV photon energy (KE ∼ 137 eV) where both forward and backward
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scattering conditions are fulfilled. The experimental XPD pattern (color),
in figure 4.7 (a), was compared with the simulations performed for different
structural geometry i.e. by varying the lattice constant and interlayer distance
(see ball model in figure 4.7). The minimum of R-factor = 0.05 was obtained
for a trigonal prismatic (1H) structural phase with the lattice parameter of
3.15±0.02 Å and W-S interlayer distance of 1.57±0.03 Å as shown in figure 4.7
(b) and (c), respectively, in very good agreement with the values reported in
literature [14] and those used for domain orientation characterization earlier
in this section. Thereafter, these structural parameters were used for the
analysis of XPD measurements of S 2p core level for the sample prepared
with Growth 2. Figure 4.7 (d) shows the XPD pattern (colored) corresponding
to SB component, measured at high KE ∼ 397 eV. Such an experiment is
particularly well suited for the structural identification of the layer as, at the
high KE of the photoelectrons, the XPD process is dominated by the forward
scattering from the W and S atoms above, thus, presenting the orientation of
the bottom layer with respect to the layers on top in the ‘S-W-S’ structure
of WS2. A clear three-fold symmetry and a very good agreement with the
simulation (R-factor = 0.20) verifies the 1H structure of the WS2 layer and
confirms the assignment of the spectral component in the S 2p core level to
bottom layer S atoms.

Upto this point, we have shown that SL WS2 with single domain can be
obtained by following the procedure described as Growth 2. Moreover, in order
to relate the layer orientation to that of the underlying substrate, we performed
XPD measurements of Au 4f7/2 core level for the clean Au(111). Figure 4.8 (a)
show the XPD pattern corresponding to the Au bulk component, together
with the simulation (grey) performed for a 3 layer slab of Au with emitters in
all three layers emitting simultaneously. A good agreement of the three fold
symmetric pattern (corresponding to the fcc (111) crystal stacking) with the
simulation (R-factor = 0.32), corresponds to the orientation of the Au crystal
given in figure 4.8 (b).

Figure 4.9 shows the 10×10 WS2 superstructures on 11×11 Au unit cell
that correspond to the two 180◦ rotated domain orientations of WS2 in the
same azimuthal alignment as that of the underlying Au(111) substrate. Clearly,
due to the lattice mismatch between the WS2 (lattice constant of 3.15 Å)
and Au(111) (2.88 Å) unit cell, the lack of specific adsorption geometry of
WS2 on Au(111) can be observed in the ball model. However, in a local
environment corresponding to S adsorption in atop position, W adsorption
coincides with the fcc and hcp site for the two mirror orientations, as shown in
the magnified regions. From these azimuthal alignment of the orientations of
WS2 to that of Au (following the LEED and XPD analysis), we can inarguably
conclude that for the singly oriented WS2 synthesized by Growth 2, the unique
orientation 1 (figure 4.6) corresponds with S-W direction of top−fcc, as shown
in figure 4.9 (a). On the other hand, for the mixed domain growth by Growth 1,
apart from the 75% of domains oriented as in figure 4.9 (a), the orientation of
remaining 25% domains corresponds to S-W direction of top − hcp as shown
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Figure 4.8: (a) XPD pattern acquired at 400 eV photon energy (KE ∼ 316 eV),
showing the intensity modulation (color) of the bulk component in the Au 4f7/2

core level together with the multiple scattering simulation (grey) for the clean
Au(111) sample. (b) Orientation of the Au sample derived from the comparison
of the XPD experiment with the simulation.

in figure 4.9 (b). In the absence of any confirming evidence regarding the
preferential adsorption site for S (as were in the case of MoS2 [16] in chapter 3),
our results are indicative of only a relative preference of orientation with respect
to the Au substrate.

4.4 ARPES of single domain SL WS2 and
determination of the electron-phonon
coupling strength

Once for Growth 2 the single domain character of the SL WS2 was established,
the sample was used to perform ARPES measurements, in order to study the
WS2 electronic structure. The measurements were performed at the SGM-3
beamline of ASTRID2. [10] Figure 4.10 (a) shows the valence band dispersion
close to the K point along the Γ-K direction of the surface Brillouin zone of the
WS2 layer. Clearly, the valence band maximum (∼ 1.2 eV BE) is present at the
K point, in close agreement with the previous experiments [2] and theoretical
calculations performed for free standing SL WS2. [17] As already discussed in
the beginning of this chapter, the spin-splitting of the valence band is expected
at the K point. Indeed, the measurements show two spin-split components at
the K point with the lower band shifted ∼ 430 meV towards higher BE with
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(a)

(S, W) = (top, fcc)

(b)

(S, W) = (top, hcp)

Or1

Or2

Figure 4.9: 10×10-WS2/11×11-Au superstructure. For S adsorbed atop
position, insets on the left show the adsorption configuration of bonding regions
(a) W in fcc and (b) W in hcp sites. Ball color code: blue (W), yellow (S),
orange (Au surface layer) and amber (Au second layer).
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Figure 4.10: (a) Valence band dispersion along Γ-K direction of the surface
Brillouin zone, acquired at 30 K. The positions of kinks in the WS2 bands are
marked with circles. (b) Curvature of the photoemission data presented in (a),
showing the kink in the upper valence band. Adapted from ref. Hinsche et.
al [20].

respect to the upper band, to be compared with ca. 145 meV for SL MoS2/Au
(111). [4] Similar observations were made by Dendzik et al. [2], though the
measurements performed on the WS2 layer produced with Growth 2 reveal
much narrow linewidths of the bands. This further confirms high quality of the
WS2 layer.

The high quality of the WS2 sample, revels some previously unexplored
details. In the marked regions in figure 4.10 (a), the minigap openings at 174±14
and 124±18 meV energy below the top of the upper and lower branches of the
valence band, respectively, are visible. The magnified image of the minigap in
the upper band is shown in figure 4.10 (b). This is due to the superperiodic
potential that develops due to the formation of moiré superstructure (the moiré
pattern observed in LEED, figure 4.5) because of the lattice mismatch between
the WS2 and the Au(111) substrate, as also observed in the case of graphene
on Ir(111). [18]

Another interesting feature of the valence band of SL WS2 is the reversal of
spin character for the two spin-split bands at the inequivalent valley positions
i.e. for the K and -K points. This coupled with the large spin splitting and
sharper bands of the WS2 sample allowed the study of the electron phonon
(el-ph) coupling for the system of states that differ only by their spin. [19] In
order to determine the strength of the el-ph coupling specific to the spin-split
bands, the energy distribution curves (EDCs) at the K point were measured
by increasing the sample temperature from 30 K to 550 K. The experiments
were performed within the collaboration with Prof. Philip Hofmann’s group
at Aarhus University, Denmark. The measured EDCs were fitted using a
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Figure 4.11: (a) Energy distribution curves (EDCs) through K point at low
and high temperature. The markers are the data points. The resulting fit
with a polynomial background and two Lorentzian peaks are also shown. (b)
Temperature dependent Lorentzian linewidth of the two bands in an energy
distribution curve through K (dots). The solid lines show the calculation for
the WS2 layer including scattering contributions from the Au(111) substrate.
The dashed lines are a fit of the experimental data at high temperature (T >
300 K). Adapted from ref. Hinsche et. al [20].

polynomial background and two Lorentzian peaks (one for each spin-split band),
as shown for the first (30 K) and the last (550 K) measurement in figure 4.11 (a).
The variation in the linewidth (Γexp) determined from the peak-fit analysis
is shown as a function of sample temperature in figure 4.11 (b). Clearly, the
experimentally determined linewidth (dots) shows more pronounced variations
for the lower band, indicating stronger el-ph coupling than for the upper band.
For a more quantitative analysis, the slope of the curves in the high-temperature
regime (T>300 K), calculated by applying a linear fit to the data (marked with
dashed lines in figure), gives the el-ph coupling strength of ∼ 0.13 and 0.52 for
the upper and lower band, respectively. [20]

Although this might appear surprising, it can be explained as in the following.
A simple picture of the possible contributions to the el-ph scattering process
are shown in figure 4.12, through a schematic representation of the valence
band of SL WS2. The upper and lower bands at K are color coded according
to the spin structure, which is inverted for valley at -K. A local maximum at Γ
is situated between the upper and lower band. Let’s consider now that a hole
at the top of the upper band at K has to be filled by the transfer of crystal
momentum and energy of the phonon to the electron. This can be achieved
by process #1, where the electron comes from the same band very close to
the top of the band and fills the hole by absorbing the energy hν from the
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Figure 4.12: Schematic valence band for SL WS2 with the absolute valence
band (VB) maxima at K and -K and a local maximum at Γ. The VB at K
and -K are spin-split with the color indicating the spin direction. The VB at
Γ is spin-degenerate. El-ph scattering processes to fill holes at the top of the
spin-split band at K are illustrated. In process #1, an electron is scattered into
the hole by absorbing a phonon (red line). For the other scattering processes,
the phonons are omitted for clarity. Adapted from ref. Hinsche et. al [20].

phonon. An electron from the top of the upper band at -K can also fill the hole
through an elastic phonon scattering (as the energy is conserved), as shown in
process #2. However, this is highly unlikely, as it would require the flipping of
the spin. [21] This hole can not be filled by the electron coming from the lower
band or from the band at Γ, as the respective energy difference of ca. 430 meV
and 220 meV is considerably larger than the maximum phonon energy of ca.
55 meV. [22] On the other hand, a hole present at the top of the lower band can
be filled by several processes such as an electron coming from the upper band
but away from K (process #3), where the spin polarization is weakened [19];
from the band at Γ (process #4); or from the band at -K (not shown in figure).
Therefore, it is straightforward to expect, from the picture presented here, a
weak el-ph coupling for the upper band than the lower band.

For a more detailed interpretation of the process, numerical calculations
were performed by Prof. Kristian Sommer Thygesen’s group at the Technical
University of Denmark. The electronic structure of SL WS2 and of the
unreconstructed 9 layers slab of the Au(111) substrate was calculated by
first principles within density functional theory, as implemented in the
QuantumESPRESSO code. [23] The phonon properties were obtained within
density functional perturbation theory using the same package, while taking
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into account spin-orbit coupling and other relativistic effects. The obtained
electronic and vibrational properties were used to calculate the el-ph coupling
within a modified version of the EPW code [24], for the SL WS2 by including the
Au(111) substrate states in the calculations. The calculated linewidths for the
spin-split bands in the experimental temperature range (30 K-550 K) are shown
as solid lines in figure 4.11 (b). It is evident that also the calculations predict a
stronger el-ph coupling for the lower band than the upper one. As done for the
experimental data, the el-ph coupling strength was determined by the linear
fit to the calculated linewidth in the high-temperature regime (300 K-600 K),
amounting to 0.2 and 0.58 for the upper and lower band, respectively.

The calculated el-ph coupling agrees well with the experimentally
determined values, indicating its strong dependence on the branch of the spin-
split valence band. The discrepancy between theory and experiment can be
traced to the simplicity of the model in terms of relatively small unit cell and
the unaccountability of the hybridyzation between the SL WS2 and the Au(111)
states. These results show that a longer lifetime can be expected for the holes
in the upper valence band of SL WS2, than those in the lower band, being
strongly affected by the el-ph coupling. This in accordance with the strong
spin-orbit splitting of the band at K, can be used to increase the hole density
in the upper band at K without affecting the carrier density of the lower band
or at the Γ, thus allowing to yield high hole mobilities.

4.5 Conclusions

In this chapter we have shown that, by using the HTG method adopted to
grow MoS2 on Au(111), it is possible to grow an extended SL WS2 with unique
orientation on Au(111). The HTG procedure had to be adapted in order to
obtain this result, by using a lower W deposition rate and a higher temperature
and H2S pressure with respect to the growth of MoS2. The high-resolution
W 4f spectra presented only the sharp components belonging to WS2 while the
S 2p core level showed the presence of two doublets, indicating the presence of
S in different chemical environments. From the analysis of the S 2p spectra it
turned out that the interaction of WS2 with the Au(111) substrate are similar
to those in the case of MoS2. The high quality of the layer was evident not
only from the high resolution XPS spectra, but in particular from the LEED
pattern with narrow and sharp spots and low background intensity and in
the ARPES measurements where very sharp bands have been measured. The
single orientation character of the WS2 layer was verified by means of R-factor
analysis of the W 4f XPD data. The grown WS2 sample was used to measure
the electron-phonon coupling strength in the spin-split valence band states at
the K point evidencing a much larger el-ph coupling constant for the lower
band with respect to the upper band.
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CHAPTER 5

Growth of single layer MoS2 on Ag(111): Effect of a
strongly interacting substrate

The aim of the experiments described in this chapter was to explore the effects of
the surface chemical composition on the growth and properties of MoS2. Due to
the strong covalent interlayer bonding resulting in the absence of dangling bonds
in SL MoS2, one can argue that the 2D dichalcogenide layer should interact
with the metal substrate by means of weak van der Waals forces. The growth
of SL MoS2 on several weakly interacting substrates has been demonstrated
in literature. [1–4] In chapter 3, we have shown that the epitaxial growth in
presence of weak interactions, resulted in high quality single domain orientation
MoS2 monolayers on Au(111). However, the strength of these interactions may
vary, depending upon the chemical composition of the underlying substrate.
This would not only result in alterations of the structure, but also in the
modifications of the electronic properties of the grown layer will be modified. A
similar behavior has been observed in the case of graphene grown on differently
interacting metal substrates. [5–8]

Indeed, theoretical calculations [9, 10] have suggested that the interactions
of SL MoS2 (although still weak van der Waals type) are significantly stronger
for the MoS2/Ag(111) interface, than on Au(111). Moreover, theoretical
calculations have also predicted a much smaller (0.21 eV) Schottky barrier
for MoS2 on Ag(111), in comparison with 0.76 eV for the layer on Au(111). [10]
Due to the semiconducting nature of SL MoS2, the transport properties of the
FETs, with MoS2 as a channel material, are dominated by the Schottky barrier
height (SBH) at the metal contact. In this regards, a reduction in the SBH for
MoS2/Ag(111) would result in lowering of the contact resistance, aiding to an
efficient performance of the fabricated devices. [11] Furthermore, in analogy

111
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with other 2D systems, [12–18] the increased interactions between the MoS2 ad-
layer and the Ag substrate are expected to result in higher structural quality,
better ordering and also extensive growth of MoS2 domains. Such selective
alterations of the intrinsic properties of 2D systems, combined with a large
scale growth of high quality layers, is extremely important for the use of these
2D materials for technological applications.

In order to investigate the effect of interactions with the substrate, SL MoS2

was grown on Ag(111), by following the already established HTG procedure
that resulted in high quality MoS2 (see chapter 3) and WS2 monolayers (see
chapter 4) on Au(111). The effects of increased adsorbate-substrate interactions
on the grown layer were observed as the spectral changes in the Mo 3d and S 2p
core levels, in comparison with the MoS2 grown on Au(111) of chapter 3. The
high structural quality and the long range order of the grown layer was verified
by means of LEED and STM measurements that indicated a continuous growth
of MoS2 monolayer which extends over several terraces of the Ag surface. A
comparison of the experimental XPD measurements with multiple scattering
simulations, showed the growth of two anti-parallel domains aligned along the
crystallographic axes of the substrate in equal proportions.

5.1 Experiments and methods

The growth and characterization of SL MoS2 was performed at SuperESCA
beamline of Elettra. [19] The Ag(111) crystal was cleaned by repeated cycles
of Ar+ sputtering at 1 keV, followed by annealing to 1060 K for 10 minutes.
Sample cleanliness was checked by XPS that did not show any contaminants.
Sharp 1×1 diffraction spots were observed in LEED, demonstrating the long
range order of the surface. Molybdenum atoms were deposited on the sample
from a home-built evaporator that consisted of a Mo filament (heated through
direct current), mounted in front of the sample. The source of S atoms was
maintained by dosing H2S (nominal purity of 99.8%) through a leak valve.

The growth was followed by a simultaneous measurement of fast-XPS
spectra of Mo 3d and S 2p core levels. High resolution XPS and LEED were
measured after the deposition in order to characterize the grown sample. The
energy resolution of the XPS was better than 50 meV and the BE scale was
referred to the Fermi level of the Ag sample. The XPS spectra, presented
in this chapter, were fitted with Doniach-Šunjić function convoluted with
Gaussian and a linear background. The orientation and the structure of the
grown layer was determined by XPD measurements performed at different
photon energies, to tune the photelectron KE, in order to achieve forward
and backward scattering conditions. XPD data were analyzed by the help of
multiple scattering simulations performed using EDAC package. [20] Scanning
Tunneling Microscopy (STM) measurements were performed at the CoSMoS
facility at Elettra. The images were acquired at room temperature with a
SPECS STM 150 Aarhus instrument. The sample was transferred through air
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from the growth chamber of SuperESCA to the STM chamber of CoSMoS. The
sample was subsequently annealed up to ca. 800 K for 30 min, in order to get
rid of impurities adsorbed during sample transfer.

5.2 Growth of SL MoS2 on Ag(111)

In the previous chapters, we have presented the growth of high quality MoS2

and WS2 monolayers on Au(111) by using the HTG method. Likewise, the HTG
procedure was used to grow SL MoS2 also on the Ag(111) substrate. Similarly
to the strategy adopted in chapter 4 for the growth of WS2 on Au(111), the
careful tuning of the growth parameters was obtained by following the growth
in real time by means of fast-XPS. Mo was deposited on clean Ag(111) sample
kept at 823 K, in the background H2S pressure of 3×10−6 mbar that was
later increased to 5×10−6 mbar after the completion of ∼ 60% of the growth.
The quartz microbalance was used to determine the Mo deposition rate that
amounted to 9.5×10−3 ML/minute, where a monolayer (ML) is the surface
atomic density of Au(111).

The fast-XPS measurements performed during the growth of MoS2 and
subsequent analysis is summarized in figure 5.1. The 2D intensity plot for
the sequence of fast-XPS spectra of Mo 3d core level, figure 5.1 (b), shows
the growth of the 3d5/2 peak centered at 229.33 eV BE. The BE of this peak
is similar to that of SL MoS2 on Au(111) described in chapter 3, although
slightly higher (+0.14 eV) due to different interactions with the substrate
(discussed later in this section). Therefore, this spectral component can be
assigned to the basal plane of SL MoS2 on Ag(111). The final spectrum of the
fast-XPS sequence is shown in figure 5.1 (a), together with the contribution of
different spectral components resulting from peak-fit analysis. The sequence of
fast-XPS spectra were fitted based on the parameters determined from high-
resolution XPS analysis that will be discussed in the following sections. The
resulting intensity of the Mo 3d5/2 peak is shown as a function of exposure
time in figure 5.1 (c). The intensity of this peak, which reflects the MoS2

coverage, shows a behavior similar to that observed for the HTG grown MoS2

on Au(111) substrate discussed in chapter 3. Initially, the intensity shows an
almost linear behavior up to ∼ 25 minute deposition (indicated by the dashed
line in figure 5.1 (c)), while further deposition results in a continuous decline
of the growth rate up to the end of the deposition. Following the discussion
for the growth trend of HTG MoS2/Au(111) in chapter 3, this behavior can be
attributed to the desorption (at high temperature) of Mo atoms impinging on
the already formed MoS2 layer. As a result, the subsequent extension of the
layer is stalled, which is reflected in the slowing down of the increase in the
MoS2 related peak intensity. In addition to the main peak (grey), the Mo 3d
spectrum shows the presence of another component (red) at 1.44 eV lower BE.
This could be due to the formation of partially sulfided Mo-S clusters, similar to
those observed for TPG MoS2/Au(111). Although this peak appeared already
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Figure 5.1: 2D intensity plot (b) for the fast-XPS sequence of spectra of
Mo 3d core level at 360 eV photon energy while following the growth of
SL MoS2 on Ag(111). (a) Mo 3d core level spectrum acquired at the end of the
growth, showing the spectral contributions resulting from peak fit analysis. (c)
Photoemission intensity obtained from the fit of the fast-XPS spectra in (b),
showing the evolution of the main peak (grey) as a function of exposure time.
The final MoS2 coverage is 0.8 ML, as explained in the text.



Chapter 5: Growth of single layer MoS2 on Ag(111) 115

at the beginning, the intensity remained almost constant up to the end.
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Figure 5.2: High-resolution XPS spectra of (a) Ag 3d5/2 at 420 eV and (b)
Au 4f7/2 at 136 eV photon energy, before and after the growth of ca. 0.8 ML
of MoS2, respectively. The spectra were acquired at comparable photoelectron
KE ∼ 52 eV.

Figure 5.2 (a) shows the Ag 3d5/2 spectra acquired at 420 eV photon energy,
before and after the growth of SL MoS2. For the clean Ag(111) sample, the
Ag 3d5/2 peak is centered at 368.21 eV, in close agreement with the value
reported for bulk component in [21], where a SCLS of 0.076±0.03 eV of the
topmost layer of atoms was also reported. However, Andersen et al. [22] showed
that the Ag 3d5/2 spectra can be fitted with just one Doniach-Šunjić line profile,
corresponding to the bulk component. Therefore, since for this sample the
surface peak in not visible in the Ag 3d5/2 core level, we focused our analysis for
the MoS2 coverage determination on the intensity variation of the Ag 3d spectra,
rather than the spectral changes, as it was done in the case of MoS2/Au(111).
The coverage of the MoS2 layer was determined by comparing the decrement
in the total intensity of the Ag 3d spectrum (hν = 420 eV) after the growth of
MoS2, with that of the Au 4f spectrum at hν = 136 eV (figure 5.2 (b)) measured
after the growth of SL MoS2/Au(111) in chapter 3, where the coverage was
measured from the decrement of the clean surface component in the Au 4f7/2

core level. In both cases, the KE of the XPS measurements was ∼ 52 eV.
Therefore, it is reasonable to assume that the screening of the signal by the
MoS2 ad-layer should be of the same magnitude for the two substrates, owing to
the fixed IMFP of the photoelectrons due to the same KE of the measurements.
The calculated coverage amounted to ca. 0.8 ML, where, a monolayer (ML)
represents one complete layer of MoS2 on Ag(111) that corresponds to Mo
surface density of 1.15×1015 atoms/cm2 considering the MoS2 lattice parameter
of 0.315 nm.

Figure 5.3 (a) and (b) show the high-resolution Mo 3d and S 2p spectra
acquired after the growth of 0.8 ML of MoS2 on Ag(111), respectively, together
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Figure 5.3: High-resolution XPS spectra for (a, c) Mo 3d (at photon energy
hν = 360 eV) and (b, d) S 2p (hν = 260 eV) core levels corresponding to the SL
MoS2 grown on Ag(111) (a, b) and Au(111) (c, d) substrate. The experimental
data (dots) and the best-fit (line) are presented together with the spectral
contributions resulting from peak fit analysis (solid fill).

with the spectral components resulting from peak-fit analysis. The lineshape
parameters used for fitting the XPS spectra are presented in table 5.1. In order
to directly compare the results with MoS2 grown on Au(111), presented in
chapter 3, the corresponding Mo 3d and S 2p spectra at 0.6 ML are shown in
figure 5.3 (c) and (d), respectively. For SL MoS2 grown on both substrates, the
Mo 3d spectra show an intense doublet (grey), corresponding to the Mo atoms
of the basal plane of MoS2. Similarly, the S 2p spectra show two doublets, which
are related to the S atoms of the top layer plus the S atoms of the bottom layer
weakly interacting with the substrate (SA, grey) and to the strongly interacting
bottom layer S atoms (SB , black).

Apart from these inherent similarities as a result of the comparable structure
of MoS2, a more detailed analysis of the XPS spectra reveals differences that
may be ascribed to the different electronic structure of the layers grown on
the two substrates. As indicated by the dashed red lines in figure 5.3, the core
level peaks belonging to the MoS2 on Ag(111) show a shift of 140 meV towards
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higher BE than those observed for MoS2 on Au(111). Likewise, the main S 2p
peak is shifted by 100 meV to higher BE. The observed core level shift of the
spectra can be ascribed to the different work function of the two substrates
with a different Fermi level pinning in the two cases. Indeed, it has been shown
theoretically in [10], that the conduction band minimum (CBM) lies closer to
the Fermi level for SL MoS2 on Ag(111), than on Au(111). This consequent
lowering of the valence band and increased n-type character of the MoS2 layer
on Ag(111) is reflected in the shift of the core level components towards higher
BE.

In addition to the shift of the peaks, the Mo 3d core level for MoS2/Ag(111)
presents a higher asymmetry α = 0.1, than the one observed for MoS2/Au(111)
(α = 0.05). In the Doniach-Šunjić fitting function, the asymmetry parameter
α accounts for the electron-hole pair creation in the vicinity of the Fermi
level. [23, 24] Therefore, a high value of α could be ascribed to the increased
density of states near the Fermi level. The measured value of α = 0.1 for
MoS2/Ag(111), similar to the typical value observed for metallic systems, [21]
indicates the presence of density of state at the Fermi level for MoS2 layer,
suggesting a semiconductor to metal transition. It is also important to highlight
that the metallic behavior can also be expected from the edges of the nano-
islands [25] and also from the octahedral 1T structural phase (see figure 3.1
in chapter 3) of MoS2. [26] However, such possibilities can be neglected, as no
spectral contribution is observed at the characteristic BE of the components
belonging to the edges (see analysis of TPG MoS2 in chapter 3 and ref. [25])
and 1T phase of MoS2. [26] A similar behavior has been observed for SL WS2

grown on Ag(111), [27] where the core level shifts and increased asymmetry
of the W 4f spectra were attributed, by means of ARPES measurements and
DFT calculations, to the contact induced semiconducting to metallic transition
of the WS2 monolayer.

Furthermore, the S 2p spectrum (figure 5.3 (b)) for MoS2/Ag(111) shows
a stronger signal for spectral component SB , belonging to the bottom layer S
atoms strongly interacting with the substrate, with an intensity ratio between
SB and SA amounting to 0.27, in comparison with 0.21 for MoS2/Au(111)
(figure 5.3 (d)). SB amounts to ∼ 74% (in comparison with to 55% for
MoS2/Au(111)) of the total contribution from bottom layer S atoms, while
the remaining 26% of weakly interacting bottom layer S atoms contributes to
the intensity of main peak SA. The increase in the relative intensity of SB

with respect to SA, indicates stronger interaction of the MoS2 layer with the
underlying Ag substrate. As already mentioned earlier, theoretical calculations
in [9] have reported higher equilibrium BE (+0.02 eV) and shorter MoS2-
Ag(111) distance (-0.1 Å) with respect to MoS2 on Au(111). Therefore, it can
be assumed that due to the increased interactions with the Ag substrate, the
bottom layer S atoms move closer to the Ag(111) than to the Au(111) surface,
leading to an increased number of S atoms that feel the effect of the proximity
to the Ag surface atoms. The contribution from such strongly interacting S
atoms, results in an increase in the intensity of their characteristic spectral
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component (SB) in S 2p core level, observed in the XPS measurements.

Mo 3d (hν=360 eV) L(eV) α G(eV) BE(eV)

3d5/2 0.18 0.1 0.25 229.33
3d3/2 0.40 0.1 0.25 232.48
S 2p (hν=260 eV) L(eV) α G(eV) BE(eV)

2p3/2 SA 0.16 0.05 0.19 162.25
2p3/2 SB 0.16 0.05 0.19 162.49
2p1/2 SA 0.17 0.05 0.19 163.45
2p1/2 SB 0.17 0.05 0.19 163.69

Table 5.1: Lineshape parameters used to fit the Mo 3d and S 2p spectra of
SL MoS2 grown on Ag(111). L is the Lorentzian width, α is the asymmetry
parameter and G is the Gaussian width.

5.3 Long range order and continuous growth of
SL MoS2 on Ag(111)

As already mentioned in the beginning of this chapter, stronger MoS2/substrate
interactions, observed in the XPS analysis shown above, are expected to improve
the structural quality of the grown layer. Indeed, the LEED patterns (figure 5.4)
obtained for 0.8 ML MoS2 coverage, indicate towards a well ordered MoS2

monolayer on Ag(111). Figure 5.4 (a) and (b), show the LEED patterns obtained
at 117 eV and 211 eV, respectively. The observed patterns are similar to those
acquired for MoS2/Au(111) (chapter 3), where the first order diffraction spots
of MoS2 are surrounded by the characteristic moiré spots, due to the lattice
mismatch between MoS2 (lattice parameter α = 3.15 Å) and Ag(111) unit cell
(α = 2.88 Å). More importantly, the LEED patterns obtained for the MoS2

layer grown on Ag(111) show sharp spots with a low background intensity,
indicating the presence of large domains with a low concentration of defects
and other crystallographic imperfections. In addition to this, the moiré spots are
aligned parallel to the principle diffraction spots, indicating that the azimuthal
orientation of the MoS2 layer is in registry with the Ag(111) surface orientation.
From a more quantitative analysis, a moiré periodicity of 35.15±1 Å is obtained
from the comparison between the reciprocal lattice vector of MoS2 (α∗

MoS2
) and

Ag(111) (α∗
Ag), as shown in the intensity line profile (figure 5.4 (c)) along the

indicated dashed line in figure 5.4 (a). The calculated moiré periodicity indicates
the formation of a moiré superstructure consisting of 11×11 MoS2 over 12×12
Ag(111) unit cell. Figure 5.4 (d), shows the intensity profile corresponding
to the indicated red arc along the MoS2 spots in figure 5.4 (a). In direct
contradiction to the behavior observed for MoS2/Au(111) in chapter 3, the
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Figure 5.4: LEED patterns measured at (a) 117 eV and (b) 211 eV, showing
the principle spots surrounded by moiré satellite spots for 0.8 ML coverage
of SL MoS2 on Ag(111). (c) Intensity line profile along the dashed line in (a),
indicating the reciprocal lattice vectors corresponding to MoS2 (α∗

MoS2
) and

Ag surface (α∗
Ag) unit cell. (d) Intensity profile for the circular cuts (solid red

line) in (a), indicating near six-fold symmetry of the LEED pattern. The slight
asymmetry of the intensity is due to a small misalignment of the sample normal
with respect to the electron beam direction.

diffraction spots of MoS2/Ag(111) show a six-fold symmetry, suggesting an
equal distribution of MoS2 mirror domains. A more detailed characterization
of the domain orientation of the grown layer is discussed later in this chapter.

Further information about the structural quality and the continuity of
the MoS2 layer can be obtained from the STM measurements presented in
figure 5.5. The high-resolution STM topographic image, in figure 5.5 (a),
shows the top layer S atoms (small bright spots) within the hexagonally
arranged bright features that indicate the formation of a moiré superstructure.
From the line scan shown in figure 5.5 (d) corresponding to the marked blue
line in figure 5.5 (a), eleven S atoms can be counted between the center of
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adjacent moiré bright features. The distance between the S atoms amounts
to 3.14±0.40 Å, in agreement with the value reported in literature for the
lattice constant of MoS2, [28, 29] with the moiré periodicity of 3.48±0.03 nm,
in agreement with the 11×11 MoS2/12×12 Ag(111) superstructure determined
from LEED. The apparent out-of plane corrugation is ∼ 0.4 Å, similar to the
value obtained for MoS2/Au(111) in chapter 3.
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Figure 5.5: STM topographs acquired for 0.8 ML of SL MoS2/Ag(111).
(a) Atomic-resolution image showing the top layer S atoms in the moiré
superstructure. (b) Large scale image showing different terraces of Ag(111)
surface showing continuous coverage of MoS2, indicated by the hexagonal
moiré pattern. (c) 26 nm × 26 nm STM image showing the continuity and the
extension of MoS2 layer over the Ag(111) step-edge. (d) Line-scan along the
indicated blue line on the STM image in (a) showing the moiré periodicity and
the corrugation of the MoS2 layer. (e) 2D Fast Fourier transform (FFT) of the
STM image in (a). Tunneling parameters: (a) VB = 0.039 V, IT = 2.44 nA,
(b) VB = 1.051 V, IT = 0.88 nA and (c) VB = 0.221 V, IT = 1.27 nA.

The 130 nm × 80 nm STM topograph, in figure 5.5 (b), shows several
Ag terraces fully covered with the hexagonal bright features corresponding to
the moiré superstructure, indicating a large scale growth of the MoS2 layer,
in agreement with the sharp LEED spots shown in figure 5.4. The randomly
distributed irregular bright spots most likely related to impurities adsorbed on
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the surface due to the transfer of the sample, in air, from the UHV chamber of
SuperESCA to the STM chamber of CoSMoS. Another important observation
can be made from the STM image acquired over a step-edge region. As shown
in figure 5.5 (c), the MoS2 layer can be seen spreading uniformly from the
upper to the lower terrace of the Ag surface. This clearly suggests a continuous
growth of the layer that extends over several terraces in a carpet-like fashion,
without bond breaking or formation of defects, thus preserving the crystalline
nature. The stimulus for such a homogeneous growth can be the stronger
interactions between the MoS2 layer and Ag surface. Effect of adsorbate-
substrate interactions on large scale epitaxial growth of 2D layers have been
widely asserted in literature. [12–18] Figure 5.5 (e) shows the Fourier transform
of the atomic-resolution STM topograph shown in figure 5.5 (a). The moiré
pattern observed in STM gives rise to the satellite spots in the FFT, that are
consistent with the LEED pattern, further confirming the large scale growth
of MoS2 aligned with the Ag(111) crystallographic axis.

5.4 Local structure and domain orientation of
SL MoS2 on Ag(111)

In order to further elucidate on the LEED findings that suggest the co-existence
of domains with anti-parallel orientations, XPD measurements of the Mo 3d
core level were performed and compared with multiple scattering simulations,
as shown in figure 5.6 (c). Analogously to the systems studied so far in previous
chapters, the effect of the substrate on the diffraction pattern was neglected
and the simulations were performed for the 1H phase structure of free standing
MoS2 layer, with the lattice constant of 3.15 Å and the Mo-S interlayer distance
of 1.62 Å. [28, 29] The XPD simulations of the Mo 3d core level corresponding
to the two 180◦ rotated orientations, orientation 1 (Or1) and orientation 2
(Or2) are shown in figure 5.6 (a) and (b), respectively. In order to evaluate the
fraction of the two mirror domains in the grown layer, the simulated intensities
were intermixed in different percentage following the equation 3.2 presented in
chapter 3, and compared with the experimental Mo 3d XPD pattern (shown
in color scale in figure 5.6 (c)) by means of the R-factor analysis. [30] The R-
factor as a function of the percentage of Or2 in the total simulated intensity, in
figure 5.6 (d), shows the best agreement between the experiment and simulations
for 50% of intermixed domain orientations. This shows that the HTG grown
MoS2 on Ag(111) presents an equal concentration of 180◦ rotated domains,
as opposed to the single orientation growth of MoS2 on Au(111) presented
in chapter 3. The presence of twin domains on Ag(111) could be ascribed to
the stronger interactions with this substrate, although it could be expected
that it would favor the single orientation growth. Another possibility is the
higher Mo deposition rate used here, as compared to the growth of MoS2 on
Au(111). Indeed, in the case of WS2/Au(111) (shown in chapter 4), the higher
W deposition rate resulted in the coexistence of the twin WS2 domains. Further



122 5.4 Local structure and domain orientation of SL MoS2 on Ag(111)

-8
0

-4
0

0
4
0

8
0

θ 
(°

)

-80 -40 0 40 80

θ (°)

(c)

R
-f

a
c
to

r

(d)0.40

0.32

0.24

0.16

0.08

100806040200

Mo 3d

S top

S bottom
-8

0
-4

0
0

4
0

8
0

θ 
(°

)

-80 -40 0 40 80

θ (°)

(a) Mo 3d

-8
0

-4
0

0
4
0

8
0

θ 
(°

)

-80 -40 0 40 80

θ (°)

(b) Mo 3d

Orientation 1

      (Or1)
Orientation 2

      (Or2)

Percentage of Or2 (%)

Or1

-8
0

-4
0

0
4
0

8
0

θ 
(°

)

-80 -40 0 40 80

θ (°)

(e) S 2p

S
A

-8
0

-4
0

0
4
0

8
0

θ 
(°

)

-80 -40 0 40 80

θ (°)

(f) S 2p

S
B

Figure 5.6: (a) and (b) show the multiple scattering simulations of Mo 3d
core level performed at 130 eV KE for the two corresponding orientations
(Or1 and Or2) indicated on top. (c) Experimental Mo 3d XPD pattern (color)
obtained at 360 eV photon energy (corresponding photoelectron KE = 130 eV)
for the grown layer together with the simulated pattern (grey) for the best
matched structure based on R-factor analysis. (d) R-factor analysis for the
domain orientation characterization, showing a 50-50% contribution of two
mirror orientations. The S 2p XPD pattern for (e) SA and (b) SB components
of figure 5.3 (b), acquired at 270 eV photon energy (KE = 108 eV) and 560 eV
photon energy (KE = 397 eV), respectively. The experimental data (color) are
presented together with the simulated patterns (grey) for (e) top layer S and
(f) bottom layer S, as indicated in the ball model. Ball model color code: red
(Mo) and yellow (S).
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experiments and support from theoretical calculations would be important for
understanding the mechanisms responsible for the observed behavior.
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Figure 5.7: (a) XPD pattern showing the modulation function (color) of the
Ag 3d5/2 core level together with the EDAC simulation (grey) for the clean
Ag(111) sample. (b) The orientation of the Ag sample is derived from the
comparison of the XPD experiment with the simulation. Relative orientation
of the two mirror domains of SL MoS2 on Ag(111); for S adsorbed in atop
position, the adsorption configuration of bonding regions for (a) Or1- Mo in
fcc and (b) Or2- Mo in hcp site. Ball color code: red (Mo), yellow (S), light
grey (Ag surface layer) and dark grey (Ag second layer).

Figure 5.6 (e) and (f) show the S 2p XPD patterns (color) corresponding
to SA and SB components presented in figure 5.3 (b), respectively, together
with the 50-50 intermixing of simulations (grey) for Or1 and Or2, performed
at the corresponding kinetic energies. In the simulation of figure 5.6 (e) for the
component SA, a contribution of 26% of bottom layer S atoms was included,
because of the considerations made in the previous section. A good agreement
of the experimental data with the simulations for SA (R-factor = 0.21) and
SB (R-factor = 0.29), further confirms the 1H phase structure of the SL
MoS2. In order to determine the relative orientation of the MoS2 layer with
respect to the substrate, we performed XPD measurements on the Ag 3d core
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level and compared them with multiple scattering simulations (figure 5.7 (a))
for a 3 layer slab of Ag with emitters in all three layers. A clear three-fold
symmetry and a good agreement between the experiment and simulation (R-
factor = 0.4), helped in the identification of the substrate orientation modeled
in figure 5.7 (b). Figure 5.7 (c) and (d) show the relative arrangement of the
two mirror orientations of MoS2, determined from XPD analysis, with respect
to the Ag(111) substrate. This comparison further confirms that the MoS2

layer is aligned with the Ag(111) substrate lattice directions. Therefore, if we
assume that in a specific local adsorption configuration the S atom adsorbs in
atop position, the Mo atom can be in the fcc three-fold (figure 5.7 (c)) or hcp
site (figure 5.7 (d)) with equal concentration because of the presence of the
two 180◦ rotated domains.

5.5 Conclusions

In this chapter we have studied and characterized the growth of SL MoS2

on Ag(111) that presents modifications to the electronic properties of the
grown layer, mainly driven by the interactions between the ad-layer and the Ag
substrate. By following an already established HTG procedure and carefully
tuning the growth parameters, with the help of fast-XPS, we were able to
grow a high quality MoS2 monolayer on Ag(111). The STM analysis shows a
continuous growth of the MoS2 layer, spreading over different terraces of the
Ag(111) surface and even carpeting over step-edges. The long range order of the
MoS2 layer is also reflected in the LEED measurements, that show very sharp
and prominent diffraction spots with a low background intensity. In this case,
the MoS2 layer is aligned to the Ag(111) substrate with a moiré superstructure
periodicity of 11×11 MoS2/12×12 Ag(111) unit cell.

The XPD measurements show the coexistence of mirror domains in equal
proportion. The Mo 3d core level presents a larger asymmetry than that
measured in the case of MoS2/Au(111). This is likely due to a semiconductor to
metal transition of the MoS2 layer as a result of the stronger interaction with the
Ag(111) substrate. The degree of interaction is also evident from the S 2p core
level spectrum that shows a stronger signal for the spectral component related
to the strongly interacting bottom layer S atoms, that dominated over the one
that corresponds to the S atoms weakly interacting with the Ag substrate.
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CHAPTER 6

Growth of single layer MoS2 on the anisotropic Ag(110)
substrate

The ability to modify the properties of MoS2 is highly demanding in order
to extend its inclusion in a range of already existing and possible novel
applications. In order to achieve the desired results, one of the most common
practice is to induce structural modifications that leads to the variations
in the electronic properties. Such procedures have been widely employed in
the case of CVD synthesis of graphene on different fcc and hcp transition
metal substrates, leading to modifications of the band structure together with
morphological variations as a result of diverse interfacial interactions and
substrate geometry. [1–3] In addition to that, intercalation of metal atoms [4, 5],
growth of metal oxides [6] and substrate nano-patterning [7] have also been
successful in inducing significant changes in the electronic properties of the
grown layers. We have also demonstrated, in chapter 5, the effect of strongly
interacting Ag(111) substrate that resulted in a very high quality SL MoS2

and a possible substrate induced transition from semiconducting to metallic
state. [8]

An alternative approach to modify the properties of the 2D layer is by
growing it on an anisotropic substrate, i.e. with different lattice parameters
along distinct crystallographic directions. This offers the possibility of variety
of moiré superstructures due to the lattice mismatch between the substrate
and the grown layer. Previous studies have highlighted the effect of additional
periodic potential, due to the moiré superlattice, on the electronic properties of
graphene and 2D h-BN grown on anisotropic substrates. [9–11] This advocates
for the use of surface irregularities in order to fine tune the properties of 2D
layers, motivating us to explore the effects on the structural and electronic
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properties of SL MoS2 grown on highly anisotropic Ag(110), that has a
rectangular lattice as opposed to the hexagonal lattice of MoS2. However, one
of the major challenges in this case is to avoid the growth of rotated domains
that might impair the properties of the grown 2D layer. In this regard, the
choice of Ag(110) substrate was based on the fact that the relatively strong
interfacial interactions [12] may suppress the formation of rotated domains, as
evidenced for the growth of graphene and hexagonal boron nitride on strongly
interacting transition metal substrates. [10, 13]

In this chapter, we demonstrate that it is possible to grow high quality
SL MoS2 on the Ag(110) substrate. Similar to the trend observed for SL MoS2

on Ag(111), the Mo 3d XPS peak showed a high asymmetry indicating a
metallic character of the layer, while the S 2p core level presented an intense
component related to the strongly interacting bottom layer S atoms, suggesting
stronger interactions with the underlying substrate. Moreover, the co-existence
of mirror domains was verified by comparing the experimental XPD patterns
with multiple scattering simulations. In addition to the long range order and
high structural quality of the grown layer, the LEED and STM measurements
showed the formation of a complex superstructure, observable in the form of
additional moiré induced diffraction spots in LEED and striped patterns in
the STM topographs. Based on the analysis of these results, we identified a
structural atomic model for the MoS2/Ag(110) interface.

6.1 Experiments and methods

The experiments presented in this chapter, including the growth and
characterization of SL MoS2, were performed at SuperESCA beamline of
Elettra. [14] Prior to the growth of MoS2, the Ag(110) crystal was cleaned
by repeated cycles of Ar+ sputtering at 1 keV, followed by annealing at 800 K
for 10 minutes. Sample cleanliness was confirmed by XPS that did show any
contaminants. Surface long range order was verified by LEED that presented
sharp 1×1 diffraction spots corresponding to the rectangular lattice of the
substrate. As for the previous cases, the Mo evaporator, mounted in front of
the sample, was a Mo filament heated through direct current and H2S was used
as sulfur source.

Fast-XPS was employed for the real time monitoring of the synthesis of
MoS2. The grown layers were characterized by means of LEED and high-
resolution XPS. The energy resolution was better than 50 meV and the core
level spectra were normalized for the Fermi level of the Ag sample. The fit of the
data was performed using Doniach-Šunjić function convoluted with Gaussian
broadening and a linear background. The orientation of the MoS2 layer was
determined by XPD measurements that were compared with multiple scattering
simulations performed using the EDAC package. [15] ARPES measurements
were performed at the SGM-3 beamline of the synchrotron radiation facility
ASTRID2 in Aarhus, [16] with the sample kept at ∼ 30 k. The energy and
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Figure 6.1: High-resolution XPS spectra of the (a) Mo 3d5/2 and (b) S 2p3/2

core levels for HTG MoS2/Ag(110). (c) LEED pattern at 125 eV KE for ∼
0.7 ML coverage of MoS2. The principal spot corresponding to MoS2 is indicated
by the red circle, while the black circles mark the spots from Ag(110) surface.
The red arrow marks the spot due to the MoS2 domains rotated by 30◦ with
respect to the main MoS2 domain orientation, while the blue arrows indicate
the streaks due to the randomly oriented domains.

angular resolution were better than 30 meV and 0.2◦, respectively. Scanning
Tunneling Microscopy (STM) measurements were performed at the CoSMoS
facility at Elettra. The images were acquired at room temperature with a
SPECS STM 150 Aarhus instrument. The sample was transferred through air
from the chamber of SuperESCA to SGM-3 beamline and the STM chamber
of CoSMoS, where it was subsequently annealed up to ca. 800 K for 30 min, in
order to remove adsorbed impurities.

6.2 Growth of SL MoS2 on Ag(110)

The HTG procedure that was successfully used to grow high quality SL MoS2

on Au(111) (in chapter 3) and on Ag(111) (in chapter 5), was also exploited for
the growth of MoS2 on Ag(110). Mo was deposited in H2S background pressure
of 5×10−7 mbar on the Ag(110) sample kept at 800 K. Mo deposition rate
amounted to 4.7×10−3 ML/minute, where a monolayer (ML) is the surface
atomic density of the Au(111) surface. The coverage of MoS2 on Ag(110)
was determined by comparing the decrement of the overall intensity of the
Ag 3d spectrum (after the growth of MoS2) with that of the Ag(111) spectrum
acquired at the same photon energy (i.e. same KE) after the growth of SL MoS2

on Ag(111) presented in chapter 5. The deposition was continued up to the
final MoS2 coverage of ∼ 0.7 ML, with a monolayer (ML) representing one
complete layer of MoS2 on Ag(110), amounting to Mo surface density of
1.15×1015 atoms/cm2 for the MoS2 lattice parameter of 3.15 Å.

Figure 6.1 shows the high resolution XPS spectra of the Mo 3d5/2 and
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the S 2p3/2 core levels, measured after the completion of the growth. The
peak-fit analysis evidences the presence of the spectral components in the
Mo 3d5/2 (at 229.33 eV) and S 2p3/2 (SA at 162.27 eV and SB at 162.51 eV)
core levels at BE positions similar to those reported for SL MoS2/Ag(111).
However, the LEED pattern (figure 6.1 (c)) shows the presence of streaky
features, indicated with blue arrows, symmetric to the main MoS2 spots (red
circles), indicating the formation of rotated domains of MoS2. The diffraction
spot corresponding to 30◦ rotated MoS2 domains with respect to the main
orientation, is indicated with the red arrow. The formation of rotated domains
has also been reported in literature for graphene grown on weakly interacting
transition metal substrates, [13, 17, 18] as well as on strongly interacting
ones. [19, 20]
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Figure 6.2: (a) 2D intensity plot of the sequence of fast-XPS spectra of the
Mo 3d core level acquired while annealing the sample after the Mo deposited
at RT. The annealing temperature ramp is indicated with the white solid line.
(b) Mo 3d core level spectra together with the spectral contributions resulting
from the peak fit analysis acquired before and after the annealing. The final
MoS2 coverage is ∼ 0.07 ML.

The presence of rotated domains leads to the formation of structural defects
such as grain boundaries that degrade the properties of SL MoS2. Therefore,
in order to suppress the growth of rotated domains, MoS2 was synthesized by
following a stepwise growth procedure. At the beginning, the TPG method was
used to grow MoS2 up to the coverage of ∼ 0.07 ML. In order to do this, Mo was
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deposited at RT and subsequently annealed at 800 K, both in H2S background
pressure of 5×10−7 mbar. Figure 6.2 (a) shows the 2D intensity plot for the
sequence of fast-XPS spectra of the Mo 3d core level, acquired while annealing
the pre-deposited sample up to 800 K. The behavior of the peaks is similar
to the one observed for the TPG of MoS2 on Au(111) presented in chapter 3.
The Mo 3d core level spectra, in figure 6.2 (b), show the deconvoluted spectral
components at the beginning and at the end of the annealing process. The
spectral lineshape and the BE of the different components were determined
from the analysis of the high-resolution XPS spectra presented in the following
section. The Mo 3d spectrum measured at the end of the annealing process,
presents an intense peak (grey) belonging to MoS2 together with a small
contribution from the incompletely sulfided Mo-S species (red). Moreover, the
S 2s component in the spectrum acquired after annealing presents a small
shoulder at lower BE (marked with a red arrow), indicating the presence of an
extra component. This could be due to the S atoms adsorbed on the Ag(110)
surface, following the dissociation of H2S at high temperature used for the
annealing, or due to the formation of nanocrystalline Ag2S. [21]

The sample prepared with TPG should result in the formation of MoS2 nano-
crystallites as observed on the Au(111) surface. [22] Such nano-crystallites may
present a preferential orientation, as it was observed for the growth of h-BN on
Ir(111) using the TPG method. [23] Therefore, they can act as seeded precursors
for the following growth and facilitate the expansion of the MoS2 monolayer,
while maintaining their original orientation, thus suppressing the growth of
randomly oriented domains. Indeed, previous studies have demonstrated the
effect of the seeded growth, by controlled nucleation of graphene grains, on
the synthesis of graphene free from rotated domains and detrimental grain
boundaries. [24, 25]

In order to continue the MoS2 growth on top of the TPG grown MoS2,
further deposition was performed by following the HTG procedure, using the
same growth parameters of the first HTG procedure. Figure 6.3 summarizes
the XPS results of the HTG deposition. The 2D intensity plot corresponding
to the fast-XPS measurements of the Mo 3d5/2 core level, figure 6.3 (a), shows
that the initial peak keeps on increasing with time while maintaining the same
lineshape. This can be seen in figure 6.3 (b) where the core level spectra
measured at 0.25 ML (indicated by the dashed line in figure 6.3 (a)) and at
the end (0.75 ML) of the deposition are presented. The deconvolution of the
spectrum at the end of the growth presents a negligible contribution from the
low BE peaks belonging to incompletely sulfided Mo-S species. In addition to
this, the low BE shoulder in the S 2s component (green), that appeared with
the TPG procedure (figure 6.2 (b)), disappears by the end of HTG. This shows
that only MoS2 is present on the surface with negligible amount of other species.
From the analysis of the fast-XPS spectra, the photoemission intensity of the
main peak (grey) in the Mo 3d5/2 core level, that corresponds to the coverage
of MoS2, is presented as a function of deposition time in figure 6.3 (c). The
observed growth trend is similar to that of the growth of MoS2 on Au(111) and
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Figure 6.3: (a) 2D intensity plot of Mo 3d5/2 core level corresponding to the fast-
XPS spectra acquired while following HTG on top of previously grown layer by
TPG. (b) Mo 3d5/2 core level spectra together with the spectral contributions
resulting from the peak fit analysis acquired at different stages of the growth. (c)
Evolution of the MoS2 coverage, proportional to the intensity of the Mo 3d5/2

peak (grey), as a function of deposition time. The final MoS2 coverage is ∼
0.75 ML.

Ag(111), showing an almost linear behavior in the beginning then slowing down
continuously as the deposition continues. This behavior has been explained as
due to the desorption of part of the Mo atoms that impinge on the previously
formed MoS2 layer. Most importantly, the MoS2 layer prepared in this way
(i.e. stepwise growth: TPG followed by HTG) is found to be aligned with the
Ag(110) substrate with no sign of rotated domains, as discussed later in this
chapter.

Figure 6.4 (a) and (b) show the Mo 3d and S 2p core level spectra,
respectively, together with the spectral components resulting from the peak-fit
analysis. The lineshape parameters of the fit of the XPS spectra are presented
in table 6.1. Interestingly, the measured core level spectra present similarities
with those reported in chapter 5 for SL MoS2/Ag(111), in terms of lineshapes
and peak positions. The Mo 3d5/2 spectrum shows an intense peak (grey)
centered at 229.33 eV BE, with its spin-orbit doublet component shifted by
3.15 eV to higher BE. The BE of the main peak, as already mentioned earlier,
is identical to that of MoS2/Ag(111) shown in figure 5.3 in chapter 5. Moreover,
the Mo 3d peak presents the asymmetry parameter α = 0.08, similar to the
one found for MoS2/Ag(111) (α = 0.1). This result was attributed to the
semiconductor to metal transition of the MoS2 layer on Ag(111) similar to the
case of WS2/Ag(111). [8]

The S 2p core level (figure 6.4 (b)) presents two spin-orbit doublets SA
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Figure 6.4: (a) and (b) high-resolution XPS of the Mo 3d and S 2p core levels,
respectively, after the growth of MoS2 on Ag(110) by following the mixed
TPG and HTG procedure. The experimental data (dots) and the fit (line) are
presented together with the spectral contributions (solid fill) resulting from
peak-fit analysis.

Mo 3d (hν=360 eV) L(eV) α G(eV) BE(eV)

3d5/2 0.20 0.08 0.35 229.33
3d3/2 0.38 0.08 0.35 232.48
S 2p (hν=260 eV) L(eV) α G(eV) BE(eV)

2p3/2 SA 0.17 0.06 0.21 162.27
2p3/2 SB 0.17 0.06 0.21 162.51
2p1/2 SA 0.18 0.06 0.21 163.47
2p1/2 SB 0.18 0.06 0.21 163.71

Table 6.1: Line shape parameters for the fits of the Mo 3d and S 2p spectra
acquired at 360 eV and 260 eV photon energy for 0.75 ML of SL MoS2 grown
on Ag(110). L is the Lorentzian width, α is the asymmetry parameter and G
is the Gaussian width.
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Figure 6.5: (a) Photoemission intensity along the high-symmetry directions of
the MoS2 surface Brillouin zone, acquired at 30 eV photon energy. (b) show the
magnification of the region marked with red rectangle in (a), demonstrating
the additional density of states at the Q point close to the Fermi level. In (a)
the surface state of Ag substrate is also observed around the Y point of the
surface Brillouin zone of Ag(110) crystal.

(grey) and SB (black) with 2p3/2 components at 162.27 eV and 162.51 eV
BE, respectively, in close agreement with the BE positions determined for
MoS2/Ag(111). Furthermore, the intensity ratio between SB and SA is found
to be 0.3, in comparison with 0.27 for MoS2/Ag(111). This suggests that the
interaction of MoS2 with the Ag(110) surface is slightly stronger than with the
Ag(111) because of the increase in the population of the interacting S atoms
represented by the SB component. It has to be mentioned that the lineshape
of the peaks of this mixed TPG and HTG procedure is different than that of
the Mo 3d and S 2p peaks resulting from the only HTG procedure that led to
the formation of rotated domains of MoS2. Indeed, both Mo 3d5/2 and S 2p
core levels of figure 6.1 are narrower than the corresponding spectra shown in
figure 6.4. This is particularly evident for the S 2p core level of figure 6.4 (b)
where the ratio between SB and SA is much larger than in figure 6.1 (b).
This could be compatible with the presence of rotated domains for the HTG
procedure, having weaker interaction with the Ag(110) surface than those in
registry with the substrate.

In order to get further insight into the electronic structure of MoS2, we
performed ARPES measurements as shown in figure 6.5. The plot of the
photoemission intensity showing the band dispersion along different high
symmetry directions of the MoS2 surface Brillouin zone can be seen in
figure 6.5 (a). The spin-splitted band typical of MoS2 is visible at the K point,
with a spin-orbit splitting of 144 meV, similar to the one measured for MoS2 on
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Figure 6.6: (a) Large scale STM topograph of MoS2 on Ag(110). VB=-1250 mV,
IT =0.06 nA. (b) Atomically resolved STM image from the region highlighted
by the yellow box in (a), showing a moiré superstructure. VB=-740 mV,
IT =1.51 nA. (c) FFT of the STM image shown in (b). The inset shows the moiré
induced satellite spots in rectangular pattern around the spot corresponding
to the lattice parameter of MoS2.

Au(111). [26, 27] However, the upper band at K is found at 1.61 eV BE, to be
compared with 1.39 eV for MoS2 on Au(111) (see chapter 3). This shift may be
ascribed to the different work function of the Ag(110) substrate with respect
to the Au(111), similar to the case of MoS2/Ag(111) discussed in chapter 5,
which is reflected also in a shift of the Mo 3d and S 2p core levels to higher
BE, although to a lesser extent. The absence of any additional band, due to
the second layer, at the Γ point further confirms the single layer character of
the MoS2 sample. [27] Interestingly, the diffuse feature along the Γ-K direction
(marked by the red box) indicates the presence of additional states close to
the Fermi level at the Q point, which is further highlighted in the magnified
image (figure 6.5 (b)) of the marked region in figure 6.5 (a). This is due to
the hybridization of the MoS2 electronic states with those of the underlying
Ag substrate, leading to the semiconductor to metal transition of the MoS2

layer, in agreement with the similar results obtained for WS2/Ag(111). [8] This
proves that indeed the increase of the asymmetry of the Mo 3d core level peak
(grey component in figure 6.4 (a)) is caused by the presence of MoS2 related
density of states at the Fermi level due to the metallic character of the MoS2

layer when adsorbed on the Ag surface.

6.3 STM and LEED investigation of MoS2 on
Ag(110)

STM and LEED measurements were performed in order to study the structure
of the MoS2/Ag(110) interface. In figure 6.6 (a), a large scale STM image
presents the morphology of the Ag(110) surface, observable in the form of
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terraces and steps. Conversely to the observation of moiré induced bright
protrusions for MoS2 on Ag(111), no indication of MoS2 is directly visible
at this scale. However, an atomically-resolved STM image (figure 6.6 (b)),
acquired in the region indicated by the yellow box in figure 6.6 (a), shows
the hexagonally arranged topmost layer S atoms of MoS2, together with the
appearance of a moiré superstructure. Interestingly, the moiré induced features
appear to be misaligned with the rows of S atoms. These observations are more
evident from the 2D FFT of this image, which represents the reciprocal space
and, therefore, can be used to determine the rotations and periodicity of the
moiré superstructure. As shown in figure 6.6 (c), a rectangular arrangement of
satellite spots can be observed around each of the spots associated with the
lattice parameter of MoS2. These spots are rotated with respect to the MoS2

lattice by an angle of 30◦ with a reciprocal space vector length that is 1
5

th
of

that of MoS2. Such a pattern in the FFT image can be assigned to the moiré
superstructure observed in figure 6.6 (b).

The results from the STM analysis are complemented by the LEED
measurements shown in figure 6.7 (a). The principal spots from the MoS2

ad-layer (red circle) are visible, together with the principal spots originating
from the Ag(110) substrate (black circles). The latter can be clearly identified by
a direct comparison with a LEED pattern (figure 6.7 (b)) acquired on the clean
Ag(110) sample at the same KE. A near six-fold symmetry of the MoS2 spots
suggests the presence of an equal proportion of anti-parallel domain orientations
of MoS2, similar to the case of MoS2/Ag(111). In addition to this, the MoS2

spots are accompanied by the satellite spots arranged in the rectangular pattern
(marked with the dashed blue rectangle, see inset in figure 6.7 (a)), indicating
the formation of the moiré superstructure, in agreement with the FFT of the
STM topographic image shown in figure 6.6 (c). Moreover, one vertex of the
rectangle corresponds to the (1,1) diffraction spot of Ag(110), while the other
two vertices corresponds to the (1, 1

2 ) and (4
5 ,1) as displayed in figure 6.7 (a).

This shows that the components of the lattice vector of the moiré superstructure
are five times and two times the lattice parameters of the Ag(110) surface along
the [11̄0] and [001] directions, respectively. Therefore, based on the STM and
LEED findings, we can sketch a model for the MoS2/Ag(110) interface. The
modeled structure is shown in figure 6.7 (d), which can be directly compared
with the atomically resolved STM image of figure 6.7 (c), where the periodicity
and orientation of the moiré superstructure (blue arrows) is also indicated.
In order to achieve this periodicity and to match the nearest integer number
of Ag atoms underneath, the MoS2 lattice vector (red arrow) aligned along
the [11̄0] direction of the Ag(110) substrate has to be stretched up to 3.25 Å,
indicating an expansion of ca. 3% in that direction, while the lattice vector
in the other direction (green arrow) is the same (3.15 Å) of that reported in
literature. [28, 29]
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Figure 6.7: LEED patterns (a) of the MoS2/Ag(110) sample and (b) of the clean
Ag(110) substrate, both acquired at 120 eV. The diffraction spots corresponding
to MoS2 (red circle) and Ag(110) (black circles) are indicated. (c) STM atomic
resolution image (VB=1200 mV, IT =2.05 nA) showing the MoS2 layer and the
moiré superstructure. (d) Ball model of the MoS2/Ag(110) interface, deduced
from the STM and LEED measurements. Only the first layer Ag atoms of
Ag(110) and the top sulfur atoms of MoS2 are shown for clarity. The lattice
parameters of Ag(110) along the [001] and [11̄0] crystallographic axes are also
indicated.

6.4 Local structure and domain orientation of
SL MoS2 on Ag(110)

In order to further examine the LEED findings that indicate the presence of
mirror domain orientations of MoS2, we performed XPD measurements of the



140 6.4 Local structure and domain orientation of SL MoS2 on Ag(110)

-8
0

-4
0

0
4
0

8
0

θ 
(°

)

-80 -40 0 40 80

θ (°)

(c) Mo 3d

S top

S bottom
-8

0
-4

0
0

4
0

8
0

θ 
(°

)

-80 -40 0 40 80

θ (°)

(a) Mo 3d

-8
0

-4
0

0
4
0

8
0

θ 
(°

)

-80 -40 0 40 80

θ (°)

(b) Mo 3d

Orientation 1

      (Or1)
Orientation 2

      (Or2)
-8

0
-4

0
0

4
0

8
0

θ 
(°

)

-80 -40 0 40 80

θ (°)

(e) S 2p

S
A

-8
0

-4
0

0
4
0

8
0

θ 
(°

)

-80 -40 0 40 80

θ (°)

(f) S 2p

S
B

R
-f

a
c
to

r

Percentage of Or2 (%)

(d)

100806040200

0.40

0.32

0.24

0.16

0.08

Or1

Figure 6.8: Multiple scattering simulations of Mo 3d core level performed at
130 eV KE for the two corresponding orientations (a) Or1 and (b) Or2. (c) The
experimental Mo 3d XPD pattern (color) obtained at 360 eV photon energy
(photoelectron KE = 130 eV) for the grown layer together with simulated
pattern (grey). (d) R-factor analysis for the domain orientation characterization,
presenting a 50-50 contribution of two mirror orientations. The S 2p XPD
pattern for (e) SA and (b) SB components, acquired at 270 eV photon energy
(KE = 108 eV) and 560 eV photon energy (KE = 397 eV), respectively. The
experimental data (color) are presented together with the simulated patterns
(grey) for (e) top layer S and (f) bottom layer S, as indicated in the ball model.
Ball model color code: red (Mo) and yellow (S).
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Mo 3d core level (color), figure 6.8 (c), and compared the experimental data
with multiple scattering simulations (grey). As the effect of the substrate can
be neglected due to the lack of specific adsorption configuration of MoS2 layer
on Ag(110), the simulations were performed for a free standing MoS2 layer,
with the thermodynamically stable 1H phase structure with lattice parameter
of 3.15 Å and Mo-S interlayer distance of 1.62 Å. [28, 29] In order to quantify
the relative contribution of different domain orientations in the grown layer,
the simulated patterns of the Mo 3d core level (KE ∼ 130 eV) for the two
anti-parallel orientations Or1 (figure 6.8 (a)) and Or2 (figure 6.8 (b)), were
intermixed in different proportions by following equation 3.2 in chapter 3,
and compared with the experimental Mo 3d XPD pattern by means of R-
factor. [30] In figure 6.8 (d), the plot of the R-factor shows a minimum value,
that indicates best agreement between the experimental and simulated XPD
patterns, when 50% of the mirror domain orientation is intermixed in the total
simulated intensity. This, verifies that the MoS2 monolayer consists of 180◦

rotated domains in equal proportion, similar to the MoS2 grown on Ag(111) in
chapter 5. Moreover, the XPD measurements were performed for the S 2p core
level as well using different photon energies, in order to satisfy the forward
(at high KE) and backward (at low KE) scattering conditions. The XPD
measurements (color) belonging to SA (figure 6.8 (e)) and SB components
(figure 6.8 (f)) show good agreement with the simulations (grey) corresponding
to the mixture of the two orientations for the top layer S (R-factor = 0.24) and
bottom layer S (R-factor = 0.27), respectively.

Finally, in order to provide a compelling evidence that the MoS2 layer is
aligned with one of the two crystallographic directions of the Ag(110) substrate,
as already observed in LEED, we performed XPD measurements of the Ag 3d
core level. Figure 6.9 (a) shows the Ag 3d XPD pattern (color) for the clean
Ag(111) substrate, i.e. before the growth of MoS2. The pattern is two-fold
symmetric, as expected from the rectangular lattice of (110) stacking of an
fcc crystal. The simulation (grey) was performed for a 3 layer slab of Ag, at
KE = 112 eV, with the atoms in all three layers emitting simultaneously. From
the comparison between the simulation and the experimental XPD pattern (R-
factor = 0.37), the orientation of the Ag(110) crystal was determined, as shown
in figure 6.9 (b). From the orientation of the MoS2 mirror domains (ball model
for figure 6.8 (a) and (b)) and that of the Ag(110) surface shown in figure 6.9 (b),
the relative arrangement of the MoS2 ad-layer on the substrate can be obtained
as shown in figure 6.9 (c) and (d). It was assumed that the MoS2 layer adsorbs
with the S atom in the atop position. The XPD measurements prove that the
MoS2 layer is aligned parallel to the dense packed rows along the [11̄0] direction
of the Ag(110) substrate, with the two equally probable orientations shown in
the figure. These results are in agreement with the LEED findings in figure 6.7.
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Figure 6.9: (a) XPD pattern of the Ag 3d5/2 core level (color) together with
the EDAC simulation (grey) for the clean Ag(110) sample. (b) Orientation of
the Ag sample obtained from the comparison of the XPD experiment with the
simulation. Relative orientation of the two mirror domain orientations (c) Or1
and (d) Or2 of SL MoS2 on Ag(110). In both the cases the MoS2 lattice vector
(red arrow) is aligned with the [11̄0] direction of Ag(110). Ball color code: red
(Mo), yellow (S), light grey (Ag surface layer) and dark grey (Ag second layer).
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6.5 Conclusions

We have shown that a well ordered MoS2 layer can be grown on the anisotropic
Ag(110) surface. In order to avoid the formation of randomly oriented domains,
we developed a new growth procedure that consisted of initial seeding of
MoS2 nano-crystallites by means of TPG, followed by HTG deposition. The
high-resolution XPS measurements presented a high intensity of the S 2p
component belonging to the strongly interaction bottom S atoms, as well as a
high asymmetry in the Mo 3d peak of the MoS2 layer. ARPES measurements
showed additional intensity near the Fermi level, at the Q point of surface
Brillouin zone of MoS2. These observations indicate that the MoS2/Ag(110)
is a strongly interacting system and that a semiconductor to metal transition
of the MoS2 layer could take place. The latter interpretation is confirmed by
the ARPES measurements, showing the build-up of the intensity close to the
Fermi level at the Q point of the surface Brillouin zone of MoS2.

The MoS2 layer presented a high structural quality, as demonstrated by the
STM and LEED measurements, where the presence of a moiré superstructure
was also detected. It was found that the superstructure, that appears as
alternating streaks in the STM topographic images, is misaligned by 30◦ with
respect to the MoS2 lattice with a periodicity which is 5 times the MoS2

lattice parameter. In order to match this periodicity with the Ag(110) substrate
periodicity, the MoS2 lattice vector has to be stretched by ca. 3% along the
closed-packed rows of Ag(110). Based on these findings a ball model is also
proposed for the MoS2/Ag(110) interface. The XPD measurements showed the
coexistence of mirror domains in equal proportion, and verified that the MoS2

lattice is, indeed, aligned with the high symmetry [11̄0] direction of the Ag(110)
surface.
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CHAPTER 7

Si adsorption on Ir(111): Silicene synthesis or silicide
formation?

Another material of the 2D family is Silicene, the silicon based analogue
of graphene, consisting of a single atomic layer of Si atoms arranged in
honeycomb like structure. Although already mentioned in a theoretically study
by Takeda and Shiraishi [1] in 1994, silicene remained largely unexplored
until re-investigated by Guzmán-Verri et al. in 2007, [2] also acknowledged
for the nomenclature. The interest in silicene can be seen with respect to its
similarities with graphene and potential applications in next generation devices.
Although, silicene is shown to have a buckled structure due to weak π bonding,
it presents several exotic properties such as linear band dispersion near Dirac
points, [3] phase transition from topological to band insulator under strong
external electric field [4] and excitonic effects in optical absorption. [5]

In addition to that, silicene has several advantages over graphene such
as, a stronger spin-orbit coupling that may lead to the observation of valley
polarization [6] and quantum spin Hall effect at experimentally accessible
temperatures, [7] and the possibility of direct inclusion in the current Si based
technology. However, unlike in the case of graphene, mechanical exfoliation can
not be used to isolate a free standing silicene layer, as silicon does not have
a layered phase similar to graphite. Therefore, a more sophisticate approach,
consisting of epitaxial growth of silicon on metal substrates, needs to be adopted
in order to achieve the desired results.

In agreement with DFT calculations, Si nano-ribbons grown on Ag(110),
with hexagonal unit cell, have recently demonstrated the characteristic linear
band dispersion as an evidence of sp2 hybridized graphene-like structural
arrangement. [8, 9] The subsequent demonstration of silicene growth on Ag(111)

147



148

in, [10] has fueled the attraction towards silicene growth on other metal
substrates. However, Si adsorption on various transition metal substrates
have reportedly resulted in the formation of binary alloys. [11] The process
of Si adsorption on metal substrates is indeed complex, governed by several
parameters such as temperature, Si surface density, and metal cohesive energy.
Studies have shown that the interactions between Si and metal atoms results
in various site-exchange processes following the adsorption of Si, leading to the
incorporation of Si atoms in the surface [12–15]; formation of silicide islands [13]
and the segregation of Si below the metal surface. [16]

Apart from the fact that a weakly interacting Si-metal system is crucial for
maintaining the free standing-like properties of the epitaxially grown silicene on
a metal surface, the growth of silicene on strongly interacting Ir(111) has been
reported in [17]. The DFT calculations have shown that the presence of strong
interactions leads to deformation of the layer and hybridization of its electronic
states. [17, 18] Moreover, it has been well established in literature that the Si-Ir
system has a strong affinity toward silicide formation. [19, 20] Ir layers deposited
on Si that results in alloying as the Si-Ir bond formation is energetically more
favorable and can proceed at the cost of Si-Si bond breaking. [19–21] In the
presence of such contradictory evidences, a more detailed analysis of the Si/Ir
interface at different adsorption conditions and post-deposition treatments, is
essential to identify the factors governing the interplay between silicene growth
and silicide formation on Ir(111).

In this chapter, we provide a comprehensive overview of the Si/Ir(111)
interface, complementary to the scanning probe approach that has been widely
used to study such systems. Adsorption of Si on Ir(111), starting from the
clean metal surface up to the coverage exceeding one monolayer, was followed
in real time by means of fast-XPS. The evolution of the interface, following
the deposition of Si at different temperatures, was monitored by LEED and
characterized with the help of high-resolution XPS measurements. We studied
the transition of a well ordered superstructure, that included the contribution
of Si atoms incorporated into the top Ir layer, to a disordered structure and
the formation of bilayers with the increasing Si coverage. The energy barrier
encountered by the Si ad-atoms to penetrate into the Ir surface was calculated
with density functional theory (DFT).

In addition to that, the DFT calculated energetics of different adsorption
configurations of Si ad-atoms also supported the experimentally observed
spectral contributions at various Si coverages. In the following, we will discuss
separately the adsorption of Si at coverage below and above 0.5 ML. Moreover,
the effect of temperature on the adsorption and interface structuring was also
explored by comparing the deposition of Si at high temperature (670 K), with
that performed at lower temperature (300 K and 520 K) followed by annealing
induced ordering of the interface.
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7.1 Experiments and methods

The study of Si adsorption on Ir(111) was performed by the experiments
carried out at SuperESCA beamline of Elettra. [22] The atomically clean
Ir(111) surface was prepared by repeated cycles of Ar+ sputtering at 2 keV
and oxygen treatments at high temperatures, followed by a flash annealing to
1470 K in order to get rid of any residual oxygen from the surface. The sample
cleanliness was checked with XPS and no contaminants were detected. The
Ir 4f7/2 core level spectra showed the SCLS of -550 meV, typical of a clean
Ir(111) surface. [23] Surface order was verified by means of LEED that showed
sharp (1×1) diffraction spots corresponding to the (111) truncation of the fcc
crystal. An electron beam evaporator, placed 60 mm in front of the Ir sample
and on the side of the analyzer, was used to deposit atomic silicon. The Si
deposition rate was calibrated by means of a quartz microbalance and amounted
to ca. 0.022 ML/minute, where a monolayer (ML) is the surface atomic density
of Ir(111) i.e. 1.57×1015 atoms/cm2. The Si deposition was followed in real
time by means of fast-XPS of the Ir 4f7/2 and the Si 2p core levels at 136 eV
and 150 eV photon energy, respectively. The photoelectrons were collected at
normal emission for the high-resolution XPS and at the emission angle of 40◦

for the fast-XPS measurements. The energy resolution was better than 50 meV
and all the measured spectra were corrected for the Fermi level of Ir sample. The
core level spectra were analyzed by fitting them with Doniach-Šunjić function
convoluted with Gaussian and a linear background.

The Density Functional Theory (DFT) calculations for the energetic and
dynamics of the Si atoms on Ir(111) surface, were performed by the group of Dr.
Mauro Satta at CNR-ISMN, Roma, using the QuantumESPRESSO Simulation
Package [24] within the Kohn-Sham implementation, with the Khon-Sham
valence states expanded in a plane-wave basis set with a cutoff of 340 eV for
the kinetic energy. The PBE (Perdew Burke Ernzerhof) exchange-correlation
functional ultrasoft pseudopotentials was used and the self consistency of
electron density was reached for a mixing factor for self-consistency of 0.7 and
the energy threshold set to 10−5 eV. Integrations in the reciprocal space were
performed using a MonkhorstPack automatically generated uniform grid of 16 k-
points. The calculations were performed using the rhombohedral primitive unit
cell containing 35 atoms of Ir, and one or more Si atoms, with the Ir atoms of
the bottom layers fixed at their bulk values. A cell dimension corresponding to
a=b=8.15 Å and a height of 25 Å was used to minimize the vertical interactions
among replicated cells. Calculations for the energy barriers were performed by
varying the vertical displacement of Si ad-atom on Ir surface, while the core
level shifts were determined from the difference in total energy, calculated using
the pseudopotentials for Ir and Si by including a hole in the core level of the
atom participating in photoemission.
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Figure 7.1: Sequences of (a) Ir 4f7/2 and (b) Si 2p spectra acquired during
Si adsorption up to 0.5 ML at 670 K. The red curves mark the coverages
corresponding to the high resolution spectra shown in figure 7.2 (a) and (b).

7.2 Adsorption of Si on Ir(111) up to 0.5 ML

In the first part of the experiments, Si was deposited on the clean Ir(111)
surface at 670 K, up to the final coverage of 0.5 ML. The sequence of spectra
acquired during the deposition are shown in figure 7.1 (a) and (b), respectively.
Clearly, the appearance of intensity in the Si 2p spectra, was closely followed
by spectral changes in the Ir 4f7/2 core level that continued up to the end
of the deposition. The high-resolution XPS spectra of Ir 4f7/2 and Si 2p core
levels were obtained at different stages of growth, marked with red curves in
the fast-XPS spectra shown in figure 7.1, corresponding to the coverage of 0.1,
0.3 and 0.5 ML.

The Ir 4f7/2 core level spectra, shown in figure 7.2 (a), present two
components for the clean surface (before the deposition of Si) that originate
from the bulk (B at 60.35 eV BE) and the surface atoms (S at 60.90 eV) of
the Ir crystal. The measured SCLS of -550 meV for the two components is in
excellent agreement with the value reported in literature. [23] With the increase
of the Si coverage, new components appear at 60.17 eV (IrA) and 60.69 eV
(IrB) BE, that continue to grow at the expense of IrS peak throughout the
deposition. The increase in Si coverage is complemented by the appearance of
various components in the Si 2p core level spectra, presenting the spin-orbit
splitting of 0.6 eV, as shown in figure 7.2 (b). For simplicity the BE of the Si 2p
doublet components is marked with the BE of the 2p3/2 component and the
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Figure 7.2: (a) Ir 4f7/2 and (b) Si 2p high resolution XPS spectra measured
at selected Si coverages after adsorption of Si on Ir(111) at 670 K. The
experimental curves (dots) are shown with the best fit curves (solid line) and
the spectral components. (c) Intensity profile of the different components in
the Si 2p core level spectra as a function of Si coverage, obtained from the
fitting of the sequence of fast-XPS spectra in figure 7.1 (b). The solid black
line shows the intensity of Si 2p spectrum as a whole.
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(a) (b) (c)

Figure 7.3: LEED patterns acquired at 58 eV (a) on the clean Ir(111) surface
and (b) after the deposition of 0.4 ML of Si. In (b) the reciprocal space vectors
corresponding to the

√
19 ×

√
19 R23.4◦ superstructure are indicated. (c) Map

of the diffraction spots in the reciprocal space for the Ir lattice (white) and the
two

√
19 ×

√
19 R23.4◦ domains (red and blue)

same follows in the rest of this chapter. The deconvolution of the spectrum at
0.1 ML (bottom curve) shows three spin-orbit doublet peaks at 99.17 eV (SiO),
99.30 eV (SiA) and 99.92 eV (SiB). At higher coverage, i.e. 0.3 and 0.5 ML, only
SiA and SiB components are still present, and the SiO component disappears.

In order to understand the evolution of these components, the sequence of
fast-XPS spectra (figure 7.1 (b)) were fitted by using the lineshape parameters
obtained from the analysis of the high-resolution XPS (T ∼ 300 K), while
allowing for the Gaussian broadening due to the high temperature of the fast-
XPS measurements (T = 670 K). The resulting intensities (markers) of the
different components appearing in the Si 2p core level are shown in figure 7.2 (c),
as a function of the Si coverage. The SiO peak is clearly the dominant peak
in the initial stage of the growth, however, the intensity of this component
quickly declines just after reaching a maximum at coverage ∼ 0.08 ML. On
the other hand, the intensities of SiA and SiB continue to grow till the end
up to the total Si coverage of 0.5 ML, while maintaining almost a constant
ratio among them. Although the total intensity of the Si 2p core level (solid
black line) shows a continuous growth, SiA and SiB deviate from the linear
behavior towards the end (coverage > 0.42 ML), due to the appearance of new
components in the Si 2p core level. The high-resolution spectrum (figure 7.2 (b))
at 0.5 ML, shows the presence of two new peaks (SiC and SiD) in the Si 2p
core level, complemented by the appearance of IrC component of the Ir 4f7/2

spectrum (top curve of figure 7.2 (a)). The nature of these components will
be discussed later in this chapter. In this regards, it has to be noted that the
spectral features corresponding to the initial stage of Si adsorption on Ir(111)
at 670 K, are characterized by the appearance of SiA and SiB components of
the Si 2p core level, and the IrA and IrB components of the Ir 4f7/2 core level
spectra.

Structural information about the Si-Ir interface can be obtained from



Chapter 7: The adsorption of silicon on the Ir(111) surface 153

SiA

SiB

SiA

SiC

101 100 99
Binding energy (eV)

0.4

0.3

0.2

0.1

0.0

Si 2p

670 K

101 100 99

Binding energy (eV)

0.4

0.3

0.2

0.1

0.0

Si 2p

520 K

101 100 99
Binding energy (eV)

0.4

0.3

0.2

0.1

0.0
S

i 
c
o
v
e
ra

g
e
 (

M
L
)

RT

Si 2p

In
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
)

(b)(a) (c)

RT 520 K 670 K

Figure 7.4: top: 2D intensity plots of the fast-XPS spectra measured during
the adsorption of Si (maximum coverage 0.4 ML) on Ir(111) at (a) room
temperature (RT), (b) 520 K and (c) 670 K; bottom: high resolution Si 2p
spectra measured at room temperature after the Si adsorption. For (b) and (c)
the best-fit curves and the spectral components are also shown. The dashed
black lines mark the BE of the SiA and SiB doublets.

the LEED patterns shown in figure 7.3. For the clean Ir(111), the LEED
pattern acquired at 58 eV shows three-fold symmetric 1×1 diffractions spots
(figure 7.3 (a)). After the adsorption of 0.4 ML of Si at 670 K, the LEED
pattern in figure 7.3 (b) presents new diffraction spots corresponding to the
formation of

√
19 ×

√
19 R23.4◦ superstructure with two equivalent domains,

whose reciprocal lattice vectors are marked with colored arrows. A similar√
19 ×

√
19 R23.4◦ superstructure with rotated domains has been observed in

literature for intercalated Si below graphene on Ir(111), [24] and Si adsorption
on Pt(111) leading to the formation of Si3Pt surface alloy. [16] The simulated
LEED pattern (figure 7.3 (c)) for the two domains also corresponds well with
the experimentally obtained pattern in figure 7.3 (b), thus, confirming the
assignment of the diffraction spots to the ordered Si structure on Ir(111).

By following the deposition of Si on Ir(111) at temperature lower than for the
previous growth (T < 670 K), we studied the effect of substrate temperature on
the adsorption configuration of Si. Figure 7.4 (a), (b) and (c) show the fast-XPS
intensity plots of Si 2p core level acquired while depositing Si upto a coverage
of 0.4 ML at room temperature (T ∼ 300 K), 520 K and 670 K, respectively.
The high-resolution XPS of Si 2p core level acquired at the completion of the
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Figure 7.5: (a) Si 2p spectra measured on the Si layers adsorbed at RT and
520 K and annealed at 670 K. In both cases the similar integrated intensity of
the Si 2p spectra measured before and after annealing excludes the desorption
of Si from the surface. (b)
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Si layer adsorbed at RT and annealed at 670 K.

respective growth are shown in the bottom panel, together with the fitting and
the deconvolution into different spectral components for the sample grown at
520 K and 670 K.

For the deposition performed at room temperature (RT), in figure 7.4 (a), Si
adsorption proceeds with the rise in intensity in the BE of SiA (99.30 eV; marked
with the dashed line). The increasing coverage results in the overall boarding of
the spectrum towards higher BE. Similarly, the deposition performed at 520 K
(figure 7.4 (b)) results in the appearance of intensity at the BE of SiA that
continues to grow with the increasing coverage, together with the contribution
from another component at higher BE. The peak position of the new doublet
SiC (99.75 eV) was determined from the fitting of the high-resolution spectra
measured at the end of the deposition. Interestingly, the Si 2p spectra shows
no contribution from the SiB component that is observed for the deposition
performed at 670 K (figure 7.4 (c)). Also, the LEED pattern for the RT and the
deposition at 520 K (not shown) shows 1×1 spots of Ir(111) with no indication
of a superstructure formation. Moreover, the low temperature depositions in
figure 7.4 (a) and (b) evidence the presence of a weak component at ∼ 98.6 eV
BE, which is not observed for the growth performed at 670 K (figure 7.4 (c)).
This suggests the presence of Si atoms adsorbed at defect sites or step edges,
that is avoided by the increased mobility while dosing at high temperature.

The samples prepared by dosing Si at RT and 520 K were annealed up to
670 K, in order to induce layer ordering. As a result, the Si 2p lineshape changes
as shown in figure 7.5 (a), with an intense peak and a weaker component. The
spectral components that appear after the post-annealing are the same SiA
and SiB components observed for the growth performed at 670 K, shown in
figure 7.2 (a) and figure 7.4 (c). These spectral changes are accompanied by
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Figure 7.6: Si ad-atoms on the Ir(111) surface at the (a) atop, (b) hcp and (c)
fcc hollow sites for a coverage of 0.25 ML; at the hcp sites for (d) 0.75 ML
and (e) 1 ML of Si, and (f) at the second layer on top of (e). Erel and rBE
are the difference in adsorption energy and the relative shifts of the Si 2p BE,
respectively, with respect to the values calculated for (b), which is the most
stable adsorption site.

the appearance of a LEED pattern, indicating the formation of the
√

19 ×√
19 R23.4◦ superstructure (figure 7.5 (b)), similar to the one observed for the

high temperature (T = 670 K) deposition (figure 7.3 (b)). However, the post-
annealing of the Si deposited at RT did not result in complete ordering at the
Si-Ir interface, as indicated by the residual background in the Si 2p spectrum
(figure 7.5 (a)) and the broad diffraction spots with higher background in the
LEED pattern (figure 7.5 (b)).

The aforementioned results indicate that irrespective of the substrate
temperature, the Si atoms are predominantly adsorbed at the surface site
that correspond with SiA component in the Si 2p spectra. However, the
layer ordering, that coincides with the formation of a

√
19 ×

√
19 R23.4◦

superstructure in the LEED pattern, is obtained only after the annealing at
670 K, when the SiB component develops.

DFT calculations were performed in order to identify the origin of the
different components observed in the Si 2p core level. The adsorption energy
Eads and the BE of the Si 2p components were calculated for different
adsorption configurations of Si ad-atoms on Ir(111) surface, as shown in
figure 7.6. The most favorable adsorption site for an isolated Si atom is the hcp
hollow site with the calculated Eads of 7.11 eV (figure 7.6 (b)), in agreement
with [25]. Hereafter, for other adsorption arrangements of Si on Ir(111), the
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difference in adsorption energy Erel and the relative BE shift rBE will be
reported with respect to the values obtained for Si adsorbed at the hcp site
of figure 7.6 (b). The adsorption of Si at the fcc site is slightly less stable
with Erel = 0.2 eV and presents a negligible BE shift of rBE = 0.09 eV,
whereas the adsorption at the atop site is less favorable with Erel = 1.85 eV
and rBE = 0.56 eV. The calculations did not show any convergence for the
adsorption at the bridge site. The hcp hollow site is the most favorable also
for higher coverage of Si, although resulting in BE shifts rBE = 0.46 eV (at
0.75 ML) and rBE = 0.48 eV (at 1 ML), owing to the increased Si-Si interactions
due to the reduction in the distance between neighboring Si ad-atoms. The
calculations for the growth of a second layer on top of a complete monolayer of
hcp adsorbed Si, results in the rBE of 0.25 and 1.1 eV for the top and bottom
layers, respectively.

From the results of the DFT calculations we can assign the SiA component
of the Si 2p spectra, that dominates during Si adsorption at high temperature
up to 0.5 ML, to the Si atoms adsorbed at the hcp sites, being energetically
most favorable. However, due to the relatively low adsorption energy difference
and a minor BE shift, the possibility of Si ad-atoms at the fcc sites can not
be ruled out. Regarding the assignment of SiB component of the Si 2p spectra,
several aspects needs to be considered. First of all, the theoretical calculations
rule out the possibility of adsorption at the bridge sites. The possibility of Si
adsorbed at the atop site contributing to the SiB component is supported by the
calculated rBE = 0.56 eV and the experimentally determined BE separation of
0.62 eV from SiA. However, the high Erel suggests that the Si atoms adsorbed
at atop site would diffuse to the hcp site at 670 K. [25] Also, the possibility
of the initial formation of silicene where some of the Si atoms may occupy
atop sites can also be ignored based on the findings of Wei et al. [26], showing
that the Si hexagons at low coverage tend to form distorted and irregular rings
that are incompatible with the LEED pattern indicating the presence of the√

19 ×
√

19 R23.4◦ superstructure.
Another possibility can be that the SiB component is a contribution from

the Si atoms that penetrates in the surface rather than from those on top of
Ir(111). This issue of Si atoms occupying the sites in the top layer or even
segregating below the surface, has been well addressed in literature for different
Si-metal interfaces. [12, 14–16, 27] In order to verify this hypothesis, calculations
were performed of the energy barrier, along the Minimum Energy Path (MEP),
involved in the transition from Si adsorbed in hcp site to the inclusion of the
Si in the Ir surface by a site-exchange procedure resulting in the ejection of
Ir atom on the surface. In figure 7.7, the MEP shows a minimum for the Si
atom placed 0.3 Å below the surface of Ir(111). However, for this site exchange
process to take place, the energy barrier of ∼ 3 eV must be overcome as shown
by the MEP curve in figure 7.7. In this regard, we must consider that the
energy released upon Si adsorption (7.11 eV) can be consumed by the three
competing processes such as diffusion of the Si ad-atom on the surface, thermal
heating of the bulk or most importantly it can be used by the Si atom to react
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Figure 7.7: (a) Minimum energy path (MEP) calculated for the penetration of
the Si atom (red) adsorbed at the hcp site into the Ir surface.
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Figure 7.8: Si 2p spectra acquired 0.4 ML coverage, presenting the variations in
the relative intensities of SiB and SiA as a function of the polar emission angles
θ. The spectral intensities are normalized so that the peak maxima coincide.
The BE of SiA and SiB are indicated by the solid and dashed lines, respectively.

with the Ir atoms present in the adsorption place. [12] For the case modeled in
figure 7.7, the system has at disposal the energy released during the adsorption
of Si at the hcp site Eads = 7.11 eV, which is much larger than the height of
the energy barrier in the MEP curve. Therefore, it is possible for a Si ad-atom
to penetrate into the Ir(111) surface.

In order to further elucidate on the assignment of the SiA and SiB
components, we measured the Si 2p core level at normal and grazing emission at
a fixed photon energy as shown in figure 7.8, in order to tune the probing depth
on the sample, owing to the finite IMFP of the photoelectrons at the given
kinetic energy KE ∼ 50 eV, corresponding to the photon energy hν = 150 eV
used for the measurements. Clearly, the ratio SiB/SiA shows an increase while
going from the surface sensitive (grazing emission, θ = 70◦) to bulk sensitive
(normal emission, θ = 0◦) configuration. This suggests that the Si atoms
contributing to the SiB component in the Si 2p spectra lies below the atoms
that contribute to the SiA component (i.e. adsorbed at the hcp hollow site).
Based on this assignment of the core level components of the Si 2p spectra
and the trend observed while annealing the 0.4 ML of Si deposited at low
temperature up to 670 K (figure 7.4 and 7.5), it is worth mentioning that the
Si penetration below the Ir surface, accompanied by the observation of SiB
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component in the Si 2p spectrum, remains largely disfavored up to 520 K. On
the other hand, while dosing or annealing at 670 K, significant amount of Si
penetrates into the top Ir layer.

By comparing the DFT calculations with the spectroscopy data, we can
conclude that for the early stage of Si adsorption (coverage ∼ 0.4 ML) most
of the Si ad-atoms occupy the hcp hollow site while a small fraction (15-20%)
penetrates into the Ir surface layer, although, there are no specific evidences
to prove whether Si penetrates not only into the first Ir layer but also the
deeper ones. The simultaneous appearance of the SiB component and the√

19 ×
√

19 R23.4◦ LEED pattern, after annealing at 670 K of the Si layer
adsorbed at lower temperature, suggests that also the Si atoms corresponding
to SiB component generate the superstructure. Concerning the Ir 4f spectra, the
components appearing after Si deposition can be assigned to the corresponding
peaks in Si 2p spectra. Therefore, IrA can be attributed to the Ir atoms bounded
to the Si ad-atoms at the hcp site (SiA), while the first layer Ir atoms that feel
the presence of Si atoms included in the surface layer, gives rise to the IrB

component. It is interesting to note that the apparently smaller fraction of Si
atoms penetrating into the surface with respect to Si/Cu(111) and Si/Ni(111)
where Cu2Si [27] and Ni2Si [13] alloys form, can be explained as due to the
higher cohesive energy of Ir (6.94 eV/atom) than Cu (3.49 eV/atom) and
Ni (4.44 eV/atom). [28]

7.3 Effect of high Si coverage on Si-Ir interface

In order to further investigate the silicene formation on Ir(111) we studied
the Si-Ir interface for coverages higher than 0.5 ML. Similar to the procedure
followed in the last section 7.2, Si was deposited on Ir(111) surface kept at
670 K up to the final coverage of 1.5 ML. The deposition was followed by means
of fast-XPS that allowed real time monitoring of the Si 2p spectra, as shown
in figure 7.9. Up to 0.5 ML coverage of Si, the spectral features are the same
of those reported in the previous section. With the increase of the Si coverage
above 0.5 ML, the Si 2p spectrum shifts towards higher BE with the appearance
of new components, as indicated by the broad intensity distribution in the later
stage of Si deposition. Figure 7.10 (a) and (b) show the high-resolution Ir 4f7/2

and Si 2p spectra acquired at the Si coverage indicated also in figure 7.9, together
with the best fit curves and the deconvoluted components, while table 7.1 shows
the BE positions of the different components. In order to study the evolution
of the different Si 2p components, the fast-XPS sequence of spectra (figure 7.9)
was fitted and the resulting intensities (markers) are shown as a function of Si
coverage in figure 7.11, together with the overall intensity of the Si 2p spectrum
(solid black line).

The increase of the Si coverage gives rise to the appearance of new
components and to the decrease of the peaks that are present in the Si 2p
spectra at low Si coverage. In particular above 0.5 ML, the intensity of SiA
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Figure 7.9: (a) Fast-XPS sequence of spectra and (b) 2D intensity plots of Si 2p
core level, measured during the adsorption of Si (maximum coverage 1.5 ML)
on Ir(111) at 670 K. In (b) the marked white lines on the left axis, indicate the
coverage at which high-resolution XPS (in figure 7.10) were acquired, while
the black lines on the right axis, correspond with the LEED measurements
presented in figure 7.13.
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Figure 7.10: (a) Ir 4f7/2 and (b) Si 2p high resolution XPS spectra measured
at the indicated Si coverages, corresponding to the white lines of figure 7.9 (b).
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Figure 7.11: Intensity profile of the different components in the Si 2p core level
spectra as a function of Si coverage, obtained from the fitting of the sequence
of fast-XPS spectra in figure 7.9. The solid black line shows the intensity of
Si 2p spectrum as a whole.

starts decreasing with a simultaneous appearance of SiC (at 99.75 eV BE), that
continues to grow linearly at the expenses of SiA. The BE difference between
SiC and SiA (0.45 eV) is in agreement with the calculated rBE (∼ 0.46 eV) for
the Si ad-atoms in hcp hollow site at coverage ∼ 0.75 and 1 ML (figure 7.6).
As the SiA component was assigned to the isolated Si ad-atoms in hcp site, it
is reasonable to assume that the transfer of intensity from SiA to SiC is due
to the increased concentration of Si ad-atoms in hcp sites, and the increased
Si-Si interaction results in the observed core level shift. Moreover, the growth
of SiC is closely followed by the appearance of a new component IrC in the
Ir 4f7/2 spectra at 60.49 eV BE. This suggests that the Ir surface atoms feel
the presence of the increased surface density of Si ad-atoms. Therefore, IrA can
be assigned to the Ir surface atoms bonded to more than one Si ad-atom.

Increasing the Si coverage above 0.7 ML, the intensity of SiC starts to decline
and two new components SiD and SiE appear in the Si 2p spectrum. Both SiD
(at 99.49 eV) and SiE (at 100.21 eV) continue to grow, while maintaining a near
constant ratio, throughout the Si deposition up to 1.5 ML. However, the Ir 4f
spectrum does not present any extra component related to the new components
appearing in Si 2p spectrum. Therefore, these new components should be related
to Si adsorption at the second layer. Moreover, SiD and SiE are shifted with
respect to SiA by 0.19 eV and 1.19 eV, respectively. This corresponds to the
calculated rBE for the atoms in the top (0.25 eV) and bottom layer (1.1 eV)
of the Si bilayer on Ir(111), as shown in figure 7.6. The growth of the second
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Ir 4f7/2 BE(eV) Si 2p BE(eV) BEshift

B 60.35 SiO 99.17 -0.13
S 60.90 SiA 99.30 0

IrA 60.17 SiB 99.92 +0.62
IrB 60.69 SiC 99.75 +0.45
IrC 60.49 SiD 99.49 +0.19

SiE 100.21 +1.19

Table 7.1: Binding energy of the different components observed in the Ir 4f7/2

and Si 2p spectra, while dosing 1.5 ML of Si on Ir(111) at 670 K, as shown
in figure 7.10. For each Si 2p3/2 component BEshift indicates the shift with
respect to the BE of SiA.

Figure 7.12: Sketch indicating the evolution of Si/Ir(111) interface. The colors
of Si atoms corresponds to the spectral components of Si 2p spectra in
figure 7.10 (b).

layer changes the coordination of the layer underneath, which is reflected by
the presence of a core level shifted component and the transfer of intensity
from SiC to SiE . Therefore, based on the behavior of the relative intensities
and the agreement between the theoretical and the experimentally determined
BEy shifts, SiD and SiE can be assigned to the Si atoms in the top and the
bottom layer of Si bilayer that forms at high Si coverage.

The Ir 4f7/2 spectrum also shows the effects of the increasing Si coverage. As
already mentioned earlier, IrC that appears with SiC , belongs to the Ir surface
atoms in the presence of more than one Si atom. Indeed, as the Si coverage
increases from 0.5 ML to 1.5 ML, the IrC component continues to grow at
the expenses of IrA, following the trend of SiC and SiA. Interestingly, the IrB

component shifts to higher BE with the increase in Si coverage, as indicated
by the dashed line in figure 7.10 (a). In addition to this, the intensity of IrB

increases continuously at the expenses of Ir bulk (B). This indicates enhanced
Si penetration into the Ir substrate. As a result, not only the metal surface
but also the layer underneath are perturbed by the presence of Si. Based on
this analysis, the subsequent stages of Si adsorption on Ir(111) are sketched in
figure 7.12.

Additional information about the Si-Ir interface structure can be determined
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Figure 7.13: (a-d) LEED patterns obtained for the Si/Ir(111) interface at the
indicated Si coverages, corresponding to the black lines on the right side of
figure 7.9 (b).
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from the LEED patterns acquired at different Si coverage, as shown in
figure 7.13. At low coverage (0.3 ML) the

√
19×

√
19 R23.4◦ pattern is observed

as explained in previous section 7.2. At higher coverage (0.7 ML) diffused spots
corresponding to the 2×2 periodicity of the Ir substrate are superimposed to
the previous structure. At 1 ML coverage the LEED pattern shows only the
diffused 2×2 spots with increased background. This indicates that the long
range order diminishes at high Si coverage. It is also important to emphasize
that we did not observe, at any coverage up to 1.5 ML, the

√
7 ×

√
7 LEED

pattern that was attributed to silicene growth on Ir(111). [17]
As it was done for the lower Si coverage, we investigated the effect of the

temperature on layer ordering by post-annealing to temperatures > 670 K
∼ 1 ML of Si deposited at lower temperature. Figure 7.14 (a) and (e) show
the fast-XPS intensity plot of Si 2p spectra obtained while dosing Si at RT
and 520 K, respectively. For both procedures, the high-resolution XPS spectra
measured at the end of the deposition are reported in figure 7.14 (b) and (f).
Following the high temperature annealing, the indication of interface ordering
can be seen from the sharpening of the initially broad spectrum, as shown in
the intensity plots in figure 7.14 (c) and (g). For the RT deposition, the layer
ordering takes place at ∼ 700 K and no further spectral changes are observed
while annealing to 700 K for 15 minutes. The final high-resolution XPS spectra,
in figure 7.14 (d), show the presence of a dominant SiC peak, indicating the
redistribution of Si ad-atoms to the densely packed hcp adsorption configuration.
However, the presence of residual components such as SiA, SiD and SiE suggests
an inhomogeneous ordering of the layer that is further confirmed by the diffuse
2×2 LEED pattern (not shown), similar to the one reported in figure 7.13 (d).

A more homogeneous redistribution of Si ad-atoms is obtained by post-
annealing to 1000 K, the layer deposited at 520 K. In figure 7.14 (h), the Si 2p
core level shows only the SiC component, indicating a better ordered Si layer.
However, in both cases the SiB component is not present. This might suggest
that the Si penetration into the Ir surface is largely unfavored, once the Si
density exceeds a certain limit, before interface reordering.

As already mentioned earlier, it has been reported in literature that Si
deposited at room temperature on Ir(111), followed by annealing to 670 K, leads
to the formation of a silicene layer with a Si coverage of 0.85 ML. The proposed
structure presented a

√
7×

√
7 LEED pattern and according to the calculations

formed a buckled layer, strongly bonded with the substrate because of strong
hybridization of the electronic states. [17, 18] However, our results show that
Si adsorption on Ir(111) leads to the transition from a

√
19 ×

√
19 R23.4◦ to a

diffuse 2×2 LEED pattern moving from low (∼ 0.3 ML, see figure 7.13 (b)) to
high coverage (1.5 ML, see figure 7.13 (d)). These findings together with the
strong variations in Si 2p spectra with the increasing coverage (figure 7.4 (b)),
which are not expected if the growth of a silicene layer would proceed in a
similar manner of graphene growth on transition metal substrates, [29, 30]
where the same C 1s lineshape is present from the begenning of the growth,
rules out the formation of silicine layer for the experiments discussed in this
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Figure 7.14: 2D intensity plots of the Si 2p spectra measured during the
deposition of Si on Ir(111) (up to 1 ML) at (a) RT and (e) at 520 K; with
the corresponding high resolution Si 2p spectra (b) and (f) acquired after the
end of growth. (c,g) 2D intensity plots of the Si 2p spectra measured during
sample annealing. Sample temperatures are plotted (white lines) as a function
of the annealing time on the left side of the figures. (d,h) High resolution Si 2p
spectra measured on the annealed samples, shown with the best-fit curves and
the spectral components. The dashed lines mark the BE of the SiA and SiB
doublets.
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chapter.
It is worth comparing our results with those observed for the Si/Pt(111)

interface. [16] Similar to our observations, Si adsorption on Pt(111) at 0.3 ML
coverage resulted in a

√
19 ×

√
19 R23.4◦ LEED pattern, that has been

attributed to the penetration of Si ad-atoms into the Pt surface with the
formation of an ordered 2D alloy consisting of Si3Pt tetramers. The Si 2p
spectrum for the Si/Pt(111) interface presented two equally intense components
that were attributed to Si in fcc and hcp sites. In our case the strong intensity
difference between the two spectral components SiA and SiB in figure 7.10 (b)
suggests that the Si/Ir(111) interface cannot be reconciled with the same
structure proposed for Si/Pt(111).

7.4 Conclusions

Si adsorption on Ir(111) was followed in real time by fast-XPS of Si 2p and
Ir 4f7/2 spectra. Our results indicates that regardless of the growth temperature,
Si adsorption starts predominantly at hollow sites. A stable

√
19 ×

√
19 R23.4◦

structure appears when Si is deposited or annealed at 670 K, characterized
by a simultaneous appearance of two components (SiA and SiB) in the Si 2p
spectra. Based on the behavior of the Si 2p spectral components, observed in
a wide set of experiments and on the results of DFT calculations, we conclude
that together with a dominant adsorption of Si at hollows sites, a small fraction
penetrates into the Ir surface layer.

We found that Si adsorption at high coverage (0.5-1.5 ML) results in the
formation of a Si bilayer. In addition to this, a strong perturbation of the Ir
bulk component suggests the penetration of Si atoms into the substrate. The
observed behavior cannot be attributed to the formation of a silicene layer
on Ir(111), but implies the instability of the Si/Ir(111) interface towards the
formation of a Si-Ir alloy.
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