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Abstract

Two-dimensional (2D) semiconductors have the potential to drive significant
advances in quantum science and technology. Atomically thin 2D materials
play a dominant role in their electronic and optical properties due to their
well controlled, tuneable and scalable band structure. This thesis explores the
growth and electronic properties of GaSe layers on epitaxial graphene, with
a focus on the evolution of the valence band maximum as the GaSe thick-
ness increases at room temperature. The effects of oxygen and air exposure
on monolayer GaSe, as well as the impact of thermal treatment, were sys-
tematically examined to understand the stability and electronic modifications
induced by environmental interactions. Additionally, Cgg monolayers and mul-
tilayer thin films were deposited on an Au(111) surface, and their electronic
band structures were investigated. The findings provide valuable insights into
the electronic behaviour of these materials, offering potential implications for
future optoelectronic and nanotechnology applications.

In this thesis, by utilizing angle-resolved photoelectron spectroscopy (ARPES),
low energy electron diffraction (LEED) and scanning tunnelling microscopy
(STM), we observed that atomically-thin layers of GaSe, grown by molecu-
lar beam epitaxy (MBE), align with the underlying graphene lattice in the
layer plane. Our investigations reveal a transition from a ring-shaped to a
parabolic valence band maximum as the GaSe layer thickness increases. In
multilayers, the valence band maximum is centred at the I' point, while in
mono- and bilayers, it shifts along the 'K direction, creating a ring-shaped
maximum. This GaSe/graphene heterostructure features a charge dipole at
the GaSe/graphene interface and a band structure that can be tuned based
on the layer thickness. Our data shows that GaSe layers on graphene become
n-type due to electron transfer from the n-type graphene, contrasting with the
intrinsic p-type behaviour of GaSe.

We investigated the stability of monolayer GaSe grown on epitaxial graphene
in this thesis. GaSe demonstrates resilience to oxygen at room temperature,
where the adsorption of O, molecules on its surface effectively restores its ori-

ginal electronic properties. At temperatures above 450 C, GaSe begins to



react with oxygen, leading to the formation of gallium oxide (Ga,O3z) with no
selenium remaining. We further explore the effects of oxygen exposure, air
exposure, and heat treatments on the electronic band structure of monolayer
GaSe. While the band structure is preserved under these conditions, a notable
shift towards the Fermi level indicates that the GaSe layer acts as an acceptor.
Additionally, in the GaSe/graphene van der Waals heterostructure, the inter-
action between the two layers remains robust, highlighting the potential of this
heterostructure for advanced device applications.

Finally, we deposited Cgp on an Au(111) surface via sublimation using a
Knudsen cell (K-cell) to prepare Cgg thin films adsorbed on the substrate. We
employed angle-resolved photoelectron spectroscopy (ARPES) to investigate
the band structure of the thin Cgg film on Au(111), focusing on the delocalized

-like valence states. Specifically, we analyzed the highest occupied molecu-
lar orbital (HOMO) and the HOMO-1 states within the entire valence band
structure of Cgg, a prototypical three-dimensional (3D) organic molecule. We
found that the two frontier molecular orbitals, HOMO and HOMO-1, exhibit
weak band dispersion, which we attribute to their pure -orbital character that
extends across adjacent molecules. In contrast, the sharper emission peaks at
larger binding energies are attributed to  orbitals, which remain localized on
individual Cgg molecules. This charge transfer leads to a bonding interaction
between the molecule and the metal surface, often described as chemisorption.
The electron density transferred to the Cgo molecule stabilizes it on the sur-
face, resulting in a stronger interaction compared to mere physisorption, which

involves weaker van der Waals forces.
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Chapter 1

Material properties and

electronic structure

1.1 Introduction

2D semiconductors are emerging as crucial materials for driving developments
in technologies and quantum science. To accelerate the advances in quantum
science and technology, 2D semiconductors must be free of contamination,
with precise control over crystallographic ordering and layer coupling. Their
electronic properties should also be tunable and scalable to ensure reliable
performance in quantum applications. Two-dimensional (2D) layered mater-
ials, like metallic graphene, insulating hexagonal boron nitride (hBN), and
semiconducting metal mono-chalcogenides (MX) and dichalcogenides (MX

0 er interesting opportunities for developing devices with new functions due
to their unique optical and electrical properties [1{10]. One promising ap-
proach is the vertical stacking of these 2D layers to form heterostructures held
together by van der Waals (vdW) forces, even with large lattice mismatches
[1, 11]. These vdW heterostructures allow the combination of di erent mater-
ials, leading to new properties. For instance, stacking Wgand MoS, mono-
layers produces unique photoluminescence due to bandgap coupling [10], while

MoS,/graphene heterostructures generate e cient, gate-tunable photocurrent

1



Chapter 1. Introduction 2

[9]. Additionally, heterostructures incorporating hBN or Mo$ as barriers have
demonstrated bipolar eld-e ect tunneling transistors [2].

Currently, most vdW heterostructures are fabricated by mechanical ex-
foliation and manual stacking, which can yield high-quality crystals [7{10] but
lacks precise rotational control and often introduces interface contamination.
This method is also not scalable for large-scale production. Therefore, direct
growth of 2D crystals on top of each other via van der Waals epitaxy is gaining
attention. This approach o ers reproducible interlayer orientations, cleaner in-
terfaces, and more seamless stacking, making it a preferred method for scalable
device fabrication [12{17]. In ourin-situ studies, we observed that atomically-
thin layers of GaSe align with the underlying graphene lattice in the layer
plane. This GaSe/graphene heterostructure features a centrosymmetric GaSe
polymorph (with D 34 group symmetry), a charge dipole at the GaSe/graphene
interface and a band structure that can be tuned based on the layer thickness
[18]. The scalable fabrication of GaSe/graphene has enabled its application in
optical sensors, where the photoactive GaSe layer and the built-in potential at
the GaSe/graphene interface enhance the device's performance. This proof of
concept shows that GaSe/graphene has great potential as a exible component
for developing future devices and advancing technology [18].

Monolayer group 1l1-VI monochalcogenides, which include GaS, GaSe,
InS, and InSe, stand out among other 2D materials because of their poten-
tial uses in potoelectronics and microelectronics. These unique 2D materials
show sensitivity to ambient gases, particularly @ molecules, in devices made
of them. Few-layered GaSe exhibits greater surface chemical reactivity than
InSe when exposed to various atmospheric chemical species and exhibits a
rapid decline in photoluminescence intensity after just a few days of exposure
[19, 20]. Additionally, both thermal and photo-annealing can expedite the ox-
idation of the GaSe surface, leading to the formation of G&s [21, 22]. In
our study, we examined the stability of monolayer GaSe grown on epitaxial

graphene under di erent environmental conditions, with a particular focus on
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its interaction with oxygen and the resulting e ects on its electronic proper-
ties. This oxidation process can signi cantly impact its electronic, optical,
and structural properties, which are crucial for its performance in devices.
An almost immediate oxidation process takes place when GaSe is heated to
high temperatures close to 450C with Ga,03, Ga,Se, SeQ and amorphous
selenium as byproducts [23, 24]. Among them, G@; is a useful substance,
particularly if we can consistently and carefully convert crystalline GaSe into
crystalline Ga03 [25].

In recent decades, molecular systems have also gained prominence as
highly customizable materials for optoelectronic, photonic, and spintronic ap-
plications. These systems o0 er a unique opportunity to actively design and
manipulate the optical band gap of light-responsive materials through chem-
ical functionalization, allowing for precise control over their properties [26{
29]. Low charge carrier mobility and a limited knowledge of charge transport
mechanisms in molecular solids continue to limit the e ectiveness of molecular
devices, considering their interesting potential for technological applications.
Due to these di culties, a large amount of research has been conducted on the
chemical synthesis of novel molecular complexes with enhanced charge car-
rier mobility [30{33]. Among these molecular materials, fullerenes such agC
have attracted signi cant attention due to their unique electronic properties
and potential for improved charge transport. solid G is an van der Waals
crystal and previous studies on g adsorption on Au(111) have revealed many
interesting and complex features [34{39].

The adsorption of G on noble metal surfaces has been widely investig-
ated in recent years, with the interaction primarily attributed to charge transfer
of an ionic nature from the metal surface to the g monolayer [40]. According
to surface dipole theory, adsorption of gz should generally lead to an increase
in the work function of noble metals. However, experimental ndings reveal
more complex behavior. On Cu(111) [41] and Au(111) [34] surfaces, a small

decrease in the work function has been observed upog,@dsorption, while on
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Ag(110) [42] surfaces, a slight increase in the work function has been detected.
These variations suggest that the nature of the charge transfer and the result-
ing dipole formation at the interface are highly dependent on the speci ¢ metal
surface involved, re ecting the subtle electronic interactions betweenggand
di erent noble metals.

2D materials are attractive candidates for next-generation electrical and
optoelectronic devices because of their distinctive electronic and optical char-
acteristics, which have attracted a lot of attention. Among these materials,
GaSe has attracted attention for its tunable band structure and potential ap-
plications in photodetectors, transistors, and other nanoelectronic devices. In
this thesis, GaSe layers were grown on epitaxial graphene, and the transition of
the valence band maximum as the GaSe thickness increased at room temperat-
ure was studied. Beyond material synthesis, understanding the environmental
stability of 2D materials is crucial for their practical application. Therefore,
we examined the e ects of oxygen and air exposure on monolayer GaSe at
room temperature, as well as the impact of heating. Additionally, in the
GaSe/graphene van der Waals heterostructure, the interaction between the
two layers remains robust, highlighting the potential of this heterostructure
for advanced device applications. However, upon heating above 460 we
observed a signi cant transformation in GaSe due to oxidation, leading to its
conversion into GaOs. This structural change highlights the thermal stability
limits of GaSe. Finally, to extend our study to other molecular materials, we
examined the electronic band structure of § thin Im, a well-known molecu-
lar semiconductor, was deposited as monolayers and multilayer thin Ims on an
Au(111) surface to investigate its electronic properties and interactions with
the substrate. These studies contribute to a broader understanding of molecu-
lar materials in nanoscale device applications and highlight the potential of

van der Waals heterostructures in future technologies.
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1.2 Family of 2D materials

The 2D material family has grown over the past ten years due to the substan-
tial interest in this subject. Similar to graphene, other 2D materials, such as
transition metal dichalcogenides (M%) and metal chalcogenides (MX), also
demonstrate signi cant potential for use in ultrathin nanoelectronic and op-
toelectronic devices. This section describes some of the unique properties of
graphene and metal chalcogenide GaSe, which are the 2D systems studied in

this thesis.

1.2.1 Graphene

Graphene is a carbon allotrope. It consists of a single layer of carbon atoms
arranged into a hexagonal honey-comb structure (shown in gure 1.1) with su-
per high carrier mobility [43].A material separated from graphite is commonly
referred to as graphene. Van Bommel and colleagues synthesized thin sheets of
graphene in 1975 by sublimating silicon atoms from silicon carbide, SiC(0001)
crystal at a high temperature and a high vacuum< 10 ° mbar) [44]. Geim
and Novoselov obtained thin akes of graphene from highly ordered pyrolytic
graphite (HOPG) through a microchemical approach in 2004 [45]. Later in
2010, Novoselov and Geim achieved the Nobel Prize in physics for the demon-
tration of graphene.

Graphene is unlike any other material due to its distinct band structure.
At the corners of the hexagonal Brillouin zone (BZ), graphene's conduction and
valence bands converge at six vertices known as Dirac points. The bands have
a linear dispersion E =~kvg for low carrier energies [46]. It appears from this
linear dispersion relation that the electrons act in a massless manner. Because
graphene has no band gap, it is classi ed as a semimetal. The high intrinsic
electron concentration of graphene in epitaxial graphene on SiC is caused by
the carbon layer, also known as the interfacial bu er layer|that is created

when silicon atoms sublimate. This layer is rmly bonded to the substrate
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Figure 1.1: (a) The honeycomb lattice structure of graphene in real space. Two
sublattice sites are labelled A and B. The unit cell is marked by the lattice vectors
and a. (b) The reciprocal lattice of graphene with the rst Brillouin zone shaded.

[47].

Our graphene layer was grown on a semi-insulating 4H-SiC(0001) sub-
strate. So far, among so many techniques, the thermal decomposition of silicon
carbide (SiC) has been used to create large, uniform sheets of graphene, which
are known as epigraphene (epitaxial graphene) [48]. This method is better
than others like chemical vapor deposition (CVD) because it allows graphene
to grow directly on the SiC substrate. The atomistic study of the atomic
and electronic structures of epitaxial graphene is vital for designing electronic
devices [49] and explaining the absence of the quantum-Hall e ect and weak
Shubnikov-de Haas oscillations in high mobility samples [49, 50]. It has been
demonstrated that the interface between the SiC(0001) surface and graphene
shows novel large-scale atomic reconstruction and the fundamental electronic
properties of epitaxial graphene are altered due to the interface [51].

Each carbon atom forms -bonds with it's three nearest carbon atoms
by sp? hybridisation and the remaining out of plane un-hybridised electronic
orbital (p,) of each atom forms a -bond. The in-plane localised strong -
bonds are responsible for the strength and extreme mechanical properties of

graphene, whereas the delocalised electrons ifbonds play a crucial role in
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the electronic properties of graphene. The unit cell of graphene consists of
two atoms, labeled A and B, which are periodically arranged in a triangular

lattice. The primitive vectors in real space are given by

p_
a=(—22%)= 23" CEY
and D
_ 3, a,_a, Pg
SQ—(T, E)_ 5(31 3) (1.2)

Here, @ = j&j = j&] represents the lattice constant, where a :S‘—é 1.42

A denotes the interatomic distance between the two sublattice sites (carbon-
carbon distance), A and B (shown in Figure 1.1) and the lattice constant,as
2.46A. In reciprocal space, the lattice vectors and the coordinates of the K and
K %points, which are the two corners of graphene's Brillouin Zone, are known
as Dirac points. In reciprocal space, the lattice vectors and the coordinates of
the K and K °points are given by

2 P. 2 . P

where, by and B are the reciprocal lattice vectors for graphene's hexagonal

lattice and jBj = jBj = & =2.95A 1.

N

2 2

f— . . — 2
K—(ﬁ,ép—g),K”o—(@, 593) (1.4)

where,jKj = - =17A %

In 1947, Philip Wallace calculated the band structure of graphene using
the tight binding approximation [52]. The tight binding Hamiltonian is written
as

0 1

a=8 0 B (1.5)
S, 0

ik xa

P P .
where, §= ,€F"=2e "% cosi;lkya) + ekx?
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Figure 1.2: Energy dispersion of graphene as a function of momentum,xk show-
ing the linear relationship between energy (k) and momentum (k) near the Dirac
points and representation of the band structure around the Dirac point in the Bril-
louin zone. Figure adapted from Ref. [53].

and t 2:8eV is the hopping parameter [53]. The result of the tight-binding
calculation is given by

S

P
Ex= tjSj= t 3+ ZCosJJ 3k, a) +4cos(73kya) cos(gkxa) (1.6)

Using equation (1.6), one can draw the band structure of graphene, as shown
in Figure 1.2. The conduction band minima touch the valence band maxima at
six corners (K and K9 known as Dirac points. To this purpose, it is convenient
to de ne the wave vector asg=K-K (or K" 9 assumingj §j Kj (or jK 9)

and then expanding t§ around g=0. This gives

Pe wsfin,  q)= ~ve(a+ ig)(1+ O@=R?)  (L7)

q =
where, k= ?% Then the Hamiltonian takes the following form

0 1

0 + i
BB _ FTIVE - ve~g (1.8)
Gk Gy 0

where~ = ( *; Y) is de ned by the terms of the Pauli matrices
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0 0 1

1
0 0 i
=B K-B° 'K (L.9)
10 i 0

Equation (1.8) resembles the Dirac equation for relativistic massless particles
except that the velocity of light, c, is replaced by the the Fermi velocity

vF:32t—i‘ = 1 1 m/s, which is 300 times smaller than c. The eigenen-

ergies for this well-known Hamiltonian are given by

E(@= -~vrig (1.10)

These results show that around the points K and K, the energy dispersion for
graphene is linear and similar to the Einstein's relativistic dispersion relation
for massless particlesi = cP, where,c is the speed of light and® = ~k is the
momentum of the particle). As a consequence, the quasiparticles in graphene
are called massless Dirac fermions and the points (K and % at which the
conduction bands and valence bands meet are called Dirac points. Due to
this linear energy dispersion and massless Dirac fermions, graphene shows
many exceptional properties, which includes ambipolar conduction, [54] charge
carrier tunability, high carrier mobility, etc. These exceptional properties have
opened a new playground for physicists and engineers to observe and exploit

many new physical phenomena.

1.2.2 Epitaxial Graphene

Graphene has drawn a lot of interest in the last 20 years as one of the most
promising nanomaterials for a variety of integrated, small-scale applications,
such as optoelectronics, thermal management, sensing, nanoelectronics, and
interconnections [55]. Numerous methods have been developed since graphene
was rst isolated in 2004 [45] in order to create high-quality graphene for use

in next-generation electronic devices. The most widely used techniques are

chemical vapor deposition (CVD) on transition metals and dielectric insulat-
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Figure 1.3: (a) A schematic structural model of monglayer grgphene on the
SiC(0001) substrate, featuring a strongly bound, ordered§ 3 6 3)R30° carbon
bu er layer at the interface and defects within the graphene sheet, adapted from [70]
and (b) The monolayer epitaxial graphene model covers the SiC steps, taken from
[71].

ors [56{58], chemical reduction of graphite oxide (GO) [59], micromechanical
exfoliation of single-crystal graphite [45], unzipping carbon nanotubes (CNTSs)
[60] and high-temperature thermal decomposition of silicon carbide (SiC) [61].
Among these growing graphene on silicon carbide is now thought to be the
most practical option for achieving this potential among the di erent produc-
tion techniques. It has been revealed during the last thirty years that mono-
crystalline graphite forms on the SiC(0001) face when silicon carbide (SiC) is
heated to about 1300C [44, 51, 62{66]. A single layer of graphene on SiC may
currently be successfully grown by carefully adjusting the growth conditions
[48, 49]. With the bene ts of precise control over the number of graphene layers
[67{69] and the potential for large-scale production [49], these advancements
have generated signi cant interest in both the study of fundamental material
properties [62, 63] and the application of these techniques in nanoelectron-
ics [48, 49]. In Figure 1.3, schematic diagrams are shown to understand the
growth of epitaxial graphene on SiC substrate.

From the Greek terms “epi', which means "above' and “taxis', which means
‘in an ordered manner’, the name “epitaxy' is derived. When a crystalline layer

forms on a crystalline substrate, the underlying material's structure is absorbed
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by the newly formed layer. The term “epitaxial layer' refers to the recently cre-
ated layer in this context. It is possible to directly fabricate electronic devices
on the semi-insulating SiC by growing epitaxial graphene on SiC substrates
without the need to transfer the graphene layer to another substrate, which is
one of the main bene ts of this process. When annealing a SiC crystal at high
temperatures, silicon atoms primarily leave the crystal, resulting in a carbon-
rich surface [72]. In the SiC substrate, silicon has a greater vapor pressure
than carbon [61]. Thus during the annealing process, the silicon atoms desorb
rst, leaving behind carbon atoms and enabling the development of a carbon-
rich surface that eventually forms graphene. The high temperature guarantees
that this process yields pristine, well-ordered graphene. Graphene layers were
created by de Heer et al. in 2004 [61] using this sublimation approach, even
though surface graphitization of SiC had previously been noticed [73]. Initially,
the process was conducted in a vacuum rather than in an argon atmosphere,
but it is now typically performed in an argon overpressure atmosphere [74].
Silicon carbide (SIC) is the only chemically stable compound composed
solely of silicon and carbon. Its crystalline structure is characterized by closely
packed double layers of Si and C atoms. SiC is a semiconducor material having
mainly covalent bond (88 covalent and 12 ionic) with a wide band gap of 2.3
to 3.3 eV. The fundamental unit in the SiC structure is a covalently bonded
tetrahedron with four-fold symmetry, consisting of either Si¢ or CSi, as
illustrated in Figure 1.4 (a). The distance between neighboring silicon or
carbon atoms is approximately 3.08A, while the strong sp® bond between
carbon and silicon atoms is due to the short bond length of about 1.8®
[75]. The spacing between silicon layers is roughly 2.21 The unit cell is
connected through the corner atoms of the tetrahedron, with two possible
orientations of adjacent tetrahedrons resulting from a 60rotation. These
rotations and translations give rise to the various stacking arrangements, or
polytypes, of the Si-C bilayers along the c-axis. Figure 1.4 (b) and (c) depicts

the potential atomic con gurations of the atoms in the hexagonal wurtzite unit



Chapter 1. Family of 2D materials 12

Figure 1.4: The crystal structure of SiC. (a)Basic unit cell of SiC. (b) and (c)
Possible stacking orientations of atoms in a closed packed hexagonal structure. (d)
Staking sequence of 4H-SiC polytypes. (e) Schematic drawing of the SiC polar struc-
tures with Si face.Figures are taken from [75, 76]

cell. The most common polytypes of SiC are 4H and 6H with the stacking of
..ABCBABCB... and ..ABCACBABCACB.., respectively. In 4H-SiC, the A
position is a hexagonal site, while the B position is a cubic site [75]. The
stacking sequence for 4H-SiC polytypes and the schematic diagram of the SiC
polar structure with Si face are shown in Figure 1.4 (d) and (e), respectively.
Researchers have successfully grown large-area, single-crystalline mono-
layer (ML) graphene on SiC(0001) with high reproducibility [77{79]. Rather
instead of forming directly on the substrate, the graphene layer is found to
form atop a complex interfacial layer (g 3 6p 3)R3(° carbon-rich, partially
covalently attached to the SiC substrate underneath [80{84]. As an electronic
bu er between the graphene and the SiC substrate, this interfacial layer serves
as a template for the continued growth of graphene. In contrast to graphene,
the bu er layer is electrically inert and does not exhibit linear band dispersion
[81, 85]. The monolayer graphene grown on SiC(0001), however, has the same
electrical characteristics as freestanding graphene because the bu er layer cre-
ates a non-interacting interface with the graphene above it [80]. Lau er et al.
revealed a perfect hexagonal structure in monolayer graphene grown on SiC.

[82].
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1.2.3 Van der Waals crystals

The study of quasi-two-dimensional (2D) atomically thin crystals has emerged
as a highly dynamic subject in condensed matter physics because of their
remarkable potential for a wide range of applications and the fascinating phe-
nomena they display [1, 86]. Two-dimensional (2D) van der Waals (vdW)
heterostructures represent a group of engineered materials o ering adjustable
optoelectronic characteristics for devices with improved functionalities. By
stacking 2D materials to form van der Waals (vdW) heterostructures, research-
ers can design hybrid systems with unique properties that are well-suited for
tunable optoelectronic device applications. For example, a stacked vdW device
0 ers signi cant advantages. Since the interactions between the layers are gov-
erned by van der Waals forces, precise lattice matching is less critical. This
exibility opens up an almost limitless array of material combinations, provid-
ing a vast toolkit for experimentation and device optimization. Moreover,
the combination of materials such as GaSe and graphene can improve the
performance of light-interacting devices like solar cells and photodetectors by
enhancing their distinct qualities. The ability to combine the dierent 2D
materials in these heterostructures allows for the ne-tuning of electronic and
optical properties, making it possible to design highly e cient and versatile

optoelectronic devices.

1.2.4 GaSe on epitaxial graphene

Gallium selenide (GaSe) is a layered metal mono chalcogenide (MX) crys-
tal extensively utilized in optoelectronics [87, 88], nonlinear optics [89], and
photodetectors [90]. In this study, we investigate the surface properties and
electronic band structure of the direct growth of single layered to multilayered
GaSe by molecular beam epitaxy (MBE) on graphene/SiC. Recent reports
highlight a high photoresponse and on/o ratio in photodetectors based on

mechanically exfoliated gallium selenide (GaSe) [90]. However, fabricating
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Figure 1.5: The crystal structure of single layer (1L) GaSe. Top view and side
view are shown.

devices requires large areas of GaSe consisting of just a few tetralayers (TLS).
Therefore, the epitaxial growth of GaSe Ims is considered an appropriate
synthesis method to facilitate broader usage of GaSe in various applications
[91, 92]. Combining semiconducting MX materials with graphene in van der
Waals (vdW) heterostructures blends their excellent optical properties with
graphene's high electron mobility. This combination aims to boost optoelec-
tronic device performance, enhancing features in applications [93, 94]. MX
materials, particularly GaSe, exhibit an indirect band gap when in a single
layer structure, which transitions to a direct band gap starting from approx-
imately seven layers. Recent research on these 2D metal monochalcogenides
suggest that they exhibit electronic and photoelectronic properties distinct
from those of transition metal dichalcogenides (MY [90, 91, 95{97].

The I11I-VI group semiconducting layered compounds GaS, GaSe, and
InSe were rst identi ed in the 1930s [98{102], however received signi cant
attention only between the 1950s and 1980s. The primary reasons for this re-

newed attention were their remarkable nonlinear optical characteristics [103{
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112] and prominent structural anisotropy [113{115]. These materials exhibit
hexagonal symmetry, with each layer consisting of two planes of metal atoms
situated between two planes of chalcogen atoms. The bonds within this tet-
ralayer structure are primarily covalent in nature, with some ionic contribu-
tions [116, 117]. The layers themselves are held together predominantly by
van der Waals forces. Two selenium (Se) and two gallium (Ga) atoms make
up the 2D unit cell of a GaSe monolayer. Two vertically stacked Ga atoms are
positioned between two planes of Se atoms in the structure. The Ga and Se
atoms occupy two di erent triangular sublattices in the honeycomb structure
formed by the in-plane projection of the GaSe monolayer when viewed from
above, shown in the Figure 1.5.

Although bulk GaSe has a direct band gap based on theoretical stud-
ies [118{120], it undergoes a direct-to-indirect band gap transition when the
number of layers is reduced below a certain threshold. Speci cally, when the
number of layers drops below seven, the conduction band minimum stays at
the center of the Brillouin zone (), but the energy of the valence band near
decreases. As a result, the valence band maximum (VBM) moves away from

to nearby points in the Brillouin zone, forming a Mexican hat-shaped en-
ergy prole [119, 121]. At the single layer (1L) level, the di erence in energy
between the valence band maximum (VBM) and the highest valence band
state at reaches its maximum, and the "Mexican hat'-like feature covers a
large portion of the Brillouin zone. This unusual band structure creates a
high density of states (DOS) and leads to an almost one-dimensional van Hove
singularity near the VBM [104, 122{125].

Numerous studies have already been conducted on the characteristics
of the valence electron states of IlI-VI compounds [116, 126]. In particular,
Rybkovskiy et al. provided a comprehensive overview, explaining the nature
of these valence band states and their underlying electronic structure [104].
Their work o ers valuable insights into the fundamental properties of these

materials, contributing to a deeper understanding of their electronic behavior.
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Figure 1.6: The electronic band structure GaSe, adapted from Ref. [104] . (a)
presents the electronic band structure of 1L GaSe with spin-orbit coupling e ect. (b)
shows the evolution of the top most valence band of GaSe with an inceasing thickness.
(c) presents a sketch of the electronic bands of 1L GaSe near point.

The lowest group of narrow energy bands in Ill-VI materials arises from the
3d orbitals of In/Ga atoms, with their small bandwidth resulting from weak
spatial overlap between their wave functions. Following these are two energy
bands associated with thes orbitals of S/Se atoms, which are signi cantly
separated from higher electronic bands. Of particular interest are the energy
states within the range of 7to O0eV, as these exhibit strong hybridization
and are near the top of the valence band [104]. This study focuses on the
uppermost energy levels that in uence optical and transport properties. The
topmost valence band at the point is composed of S/Se, orbitals and
Ga/ln sorbitals. Just below this, there are eight closely spaced energy states,
partially split due to spin-orbit coupling, which are formed by thep, and py
orbitals of S/Se atoms at the point. The most notable di erence between
the valence band structures of single 111-VI layers and their bulk counterparts
is the shape of the topmost valence band. In bulk materials, the valence band
maximum is located at the center of the Brillouin zone ( point), but in single
layer materials, this band exhibits a local minimum at , with the maximum
shifting along the K direction towards K. This shift results in the emergence of

a new ring-shaped valence band maximum (RSVBM) [104]. Furthermore, the

density of states (DOS) for this type of extremum follows a two-dimensional
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energy dependence, contrasting with the three-dimensional behavior seen in
typical parabolic bands in bulk materials. In Figure 1.6 presents the electronic
band structure of GaSe, where Figure 1.6 (a) reveals the "Mexican hat' shape
structure of single layer GaSe and Figure 1.6 (b) shows the evolution of the top
of the valence band of GaSe with an increasing thickness. This investigation
revealed the transition from ring shaped to parabolic valence band maximum
with increasing thickness of the layer.

The appearance of this ring-shaped maximum can be explained using
k:p theory, by adapting from Ref. [104]. The curvature (or e ective mass) of
energy bands and their distance from one another can be connected using the
k:p hypothesis. When a nondegenerate levet, is present, the inverse of the

e ective mass,m ,, at k = kg is given by

Mg -1+ 2 X jpnjj2

ma Y m, Eaka) Ei(k) -

6
where mg is a free-electron mass and, are the momentum matrix
elements between the states and | [104]. The e ective mass of a band in
semiconductors is inuenced by its interaction with both lower and higher
energy bands. Speci cally, interaction with lower-lying bandsg; < E,) tends
to reduce the e ective mass, while interaction with higher energy band&( >
En) tends to increase it. The extent of this in uence depends on the proximity
of the interacting bands, with closer bands having a more signi cant e ect
[104]. In the case of the topmost valence band of a single 111-VI semiconductor,
the nearest bands are the lower-lying valence bands, formed py and py,
orbitals of S/Se, and the higher conduction band. The interaction between
these states follows selection rules derived from group theory, with the topmost
valence band at the point transforming according to the ] representation
of the D4, group. For the in-plane hole e ective massrf,), interaction is
allowed with the lower state of ; symmetry, but there is no interaction with

the conduction band ( ,) due to the absence of a momentum matrix element,
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shown in the Figure 1.6 (c). This interaction with the nearby ; state causes a
positive curvature in the valence band near the point, which corresponds to

a negative e ective mass for holes (since the hole mass is the inverse of electron
mass) [104]. As a result, a local minimum occurs at the center of the Brillouin
zone. However, as the topmost valence band moves away from the point, it
bends downward, eventually reaching a maximum where a ring-shaped band
forms. In bulk crystals, the energy separation between the; and 3 states

is larger, causing the downward dispersion to dominate, leading to a larger

positive hole mass in bulk materials compared to the single layer case [104].

1.2.5 GaSe oxidation and the formation of Ga 203

Layered 2D semiconductor GaSe has promising uses in photonics, nanotech-
nology, and optoelectronics. However, when GaSe is exposed to air, it can
oxidize on its surface just like a lot of other semiconductor materials [127].

Beechem et al. demonstrated that oxidation leads not only to the forma-
tion of Ga,03, but also produces reaction by-products, speci cally G&e and

amorphous selenium (Se) [128]. They showed the oxidation process occurs in

two steps:
1 1 1
GaSe+ -0, ! —GaSe;+ -Ga,03 (1.12)
4 3 6
3 1
GaSe+ 2102 ! EGazog + 3Se; (1.13)

Further oxidation takes place via,

Ga,Se; + gOZ I Ga,0O3+3Se (1.14)

1.3 Fullerene, C g9

Cso, also known as buckminsterfullerene or buckyball, is a molecule composed

of 60 carbon atoms arranged in a spherical structure. This structure resembles
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Figure 1.7: Schematic representation of the structure of buckminsterfullerene
(Cs0), taken from the Ref. [130].

a soccer ball, comprising of 12 pentagons and 20 hexagons, forming a truncated
icosahedron. Each of the 60 carbon atoms is connected to three neighboring
atoms. Schematic diagrams of § are shown in Figure 1.7. The carbon atoms
in Cgo are sp? hybridized, similar to those in graphite. This means each carbon
atom forms three sigma bonds with its neighboring atoms, creating a network
of strong covalent bonds. The remaining p orbitals overlap to form delocalized
-bonds, contributing to the stability and unique electronic properties of the
Ceso molecule. Thesp? hybridization is key to the spherical structure, as it
allows the formation of pentagons and hexagons that shape the molecule into
a closed cage. On certain metal surfaces, monolayers @f €xhibit a band
dispersion of the derived bands and sometimes it is referred to as "arti cial

graphene’ [129].

1.4 Electronic band structure

To approximate the behaviour of electrons in bulk materials, the free electron
model is often used. In this model, electrons are treated as if they move within
a uniform potential, with a parabolic relationship between their energy and

momentum. The parabolic electron energy dispersion is given by
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~2k2

B0 = 2m

(1.15)

E (k) is the energy of an electron with wave vectok, ~ is the reduced Plank's
constant and m is the electron e ective mass [131]. This model e ectively
describes certain behaviours of electrons in materials, particularly in metals.
However, it does not account for the conductivity of non-metallic materials
like silicon, nor does it consider the impact of the crystallographic lattice on
electronic properties.

A more precise model for describing semiconductors is the Bloch ap-
proach. In this model, electrons are in uenced by a periodically varying po-
tential caused by the crystallographic lattice. The electron wavefunction is
expressed as the product of a plane wave and a function that shares the same
periodicity as the lattice [132]. The Bloch approach assumes a periodic lattice
with atoms positioned atR = ua, where u is integer. A translation from point

r tor+ ais given by

W(r+a)= €< () (1.16)

where (r) is the wavefunction andk is the reciprocal space vector. The
underlying lattice and the wavefunction must have the same periodicity in
order for this translational relation to maintain. The wavefunction at pointr

is then given by

k(r) = € "u(r) (1.17)

where uy(r) is a function with the same periodicity as the underlying lattice
[132].

In the nearly free electron model, the interaction between electrons and
atoms is considered to be very weak. In this case, the free electron model is

adjusted to align with the Bloch description. At the Brillouin zone bound-
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ary, solving for the electron wavefunction at positiorx results in two possible

solutions,

L E@F re ) cos(%) (1.18)

| (€% e F)I sin(%) (1.19)

where G is the reciprocal lattice vector. In a periodic potential that
shares the same periodicity as the electron wavefunction, these two solutions
are separated by an energy di erence. This occurs because one solution has
a higher electron density localized on the atoms, while the other has higher
electron density between the atoms. This energy separation creates a band
gap within the material. The size of the band gap depends on both com-
position and temperature. The temperature dependence arises from changes
in atomic spacing: as temperature decreases, the material contracts, redu-
cing inter-atomic distances and increasing the band gap. Additionally, lower
thermal lattice uctuations at reduced temperatures further in uence the band
gap.

In bulk van der Waals (vdW) materials, there is signi cant structural
anisotropy, with covalent bonds primarily along thea and b axes, while vdwW
interactions dominate along thec-axis. As a result, the unit cell is typically
larger along thec-axis than along thea or b axes. This structural anisotropy
is re ected in both the electrical conductivity and the Brillouin zone. When
exfoliated into 2D vdW materials, the lattice periodicity is disrupted as the
crystal dimensions become comparable to the electron wavefunction's coher-
ence length. Similar to an in nite quantum well, the energy gaps between
allowed electron standing waves increase as the thickness of the material de-
creases. In real vdW systems, reduced electronic screening also in uences the
band gap energy and the stability of phenomena such as excitons. Together,

these e ects cause the band gap to increase as the material's thickness de-
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creases.

The symmetry of a crystal lattice in real space determines the charac-
teristics of its electronic band structure. The reciprocal counterpart of the
primitive unit cell is known as the rst Brillouin zone. The edges of this
zone represent high-symmetry directions, corresponding to points where the
electron wavevector is commensurate with the real-space lattice. Since an
electron’'s wavevector is related to its momentum by = ~k and wavevectors
outside the rst Brillouin zone are equivalent to those inside, the electron
momentum-energy dispersion of a material can be fully described within the
rst Brillouin zone.

The formation of energy bands in solid materials arises from orbital hy-
bridization. When two atoms, each with one electron, are brought close to-
gether, their electronic energy levels shift, splitting into bonding and antibond-
ing states. Introducing a third atom creates a third energy level, and witiN
atoms in the system,N energy levels emerge from the original level [133].
These levels spread over a nite energy range, and in typical solids whéies
extremely large (1 mole = 6 10?%), the spacing between the levels becomes so
small that they can be treated as a continuous distribution. This distribution
is described by the density of stated)(E) which gives the number of available

states betweerE andE + E asN(E) = D(E) E.

1.5 Energy band alignment

When two semiconducting materials come into contact, their electronic band
structures are altered at the interface. The nature of this change depends on
several factors, including the relative positions of the materials' valence and
conduction bands, their Fermi levels, dielectric permittivities, and the charge
carrier densities. For semiconductors with known band alignments, the An-
derson rule helps predict their behavior at the interface. According to this

rule, the vacuum levels of both materials must be aligned. The electron af-
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Figure 1.8: Sketches of (a) the vacuum level aligned valence and conduction bands
in two separate semiconducting materials and (b) the same materials brought into
contact, illustrating the band bending at a heterostructure interface.

nities and band gaps of the materials are then used to calculate the o sets
in the conduction and valence bands at the interface. Figure 1.8 shows the
band edge positions of two materials aligned to the vacuum level. Using the
electron a nities, denoted as ; and », and band gap energiesHy:, Eg,), we
can determine the conduction band o set ( Ecg) and the valence band o set

( Evs). When the materials are joined, their bands bend in response to the
di erence in Fermi levels ( Eg). This bending creates a built-in potential in
the heterostructure, with its magnitude depending on the Fermi level di er-
ence. The direction of this band bending will adjust to align the Fermi levels
across the interface, while the shape of the bending is in uenced by the charge

carrier densities and dielectric permittivities of each material.
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1.6 Work function

The work function, is the minimum energy required to remove an electron
from the Fermi level of a material to the vacuum level. It is a crucial para-
meter in surface physics, as it determines electron emission properties, surface

reactivity, and electronic behavior at interfaces. It is expressed as,

= Evacuum EE (1.20)

where Eyacuum 1S the vacuum energy level andeg is the Fermi level of the
material. The work function is in uenced by surface composition, crystallo-
graphic orientation, adsorbates, and charge redistribution. In heterostructures
and interfaces, changes in the work function play a critical role in band align-
ment and charge transfer processes. Understanding and controlling the work
function is essential for applications in electronics, photovoltaics, catalysis, and
sensor technologies.

The work function is heavily in uenced by the surface dipole layer, which
arises due to variations in charge distribution at the material's surface. This
dipole layer is formed from either intrinsic properties of the material such
as atomic arrangement and electron density or extrinsic factors such as ad-
sorbates, external elds or interface formation. The surface dipole model de-
scribes how the redistribution of charge at the surface of a solid a ects its
work function and overall electronic properties. When a material's surface is
exposed to external in uences, it develops a dipole layer due to an imbalance
in charge distribution. The general relation between the work function and

surface dipole can be described as

= 0 (121)

where ¢ is the intrinsic work function of the pristine surface and modi-

cations due to the surface dipole. When a charge transfer occurs between
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two materials such as an adsorbate and a metal surface, an interfacial dipole
is generated, leading to an increase or decrease in the overall work function.

Wigner and Bardeen et al. suggested that the work function is given by [134]

- +D-= P (1.22)

The rst term refers to the bulk chemical potential of the electrons relative
to the average electrostatic potential inside the metal, while the second term
represents the energy needed to cross the dipole barrizrat the surface. This
surface dipole barrier, which causes the anisotropy of the work function in
metals, arises from the redistribution of electron density at the surface. In
this equation, e is the charge,p is the dipole moment density and is the
permittivity of free space. The dipole barrier would not exist if the surface
atoms' charge distribution remained unchanged.

Smoluchowski et al. proposed that the surface dipole layer is in uenced
by two key e ects [135]. The rst is the partial redistribution of charge from
the polyhedra of surface atoms, creating a negative dipole layer that increases
the work function. The second e ect is the smoothing of the surface, which
forms a positive dipole layer that lowers the work function. Generally, the
work function change due to adsorbates can be predicted based on their elec-
tronegativity. When an adsorbate is more electronegative than the substrate,
electron transfer occurs from the substrate to the adsorbate, leading to an
accumulation of negative charge on the outer surface and positive charge on
the inner side. This results in a negative dipole oriented inward, reinforcing
the existing surface dipole caused by electron spill-out and increasing the work
function. Conversely, electropositive adsorbates facilitate electron transfer to
the substrate, reducing the work function [136]. The dipole model e ectively
explains variations in work function across several scenarios. For instance, in
molecular adsorption, electron-donating adsorbates lower the work function,

while electron-withdrawing adsorbates increase it. Charge transfer at inter-
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faces also leads to work function shifts due to electron movement between con-
tacting materials. Additionally, self-assembled monolayers, which are ordered
molecular Ims, modify the work function based on their intrinsic dipole mo-
ments. However, despite its utility, the dipole model has limitations. It fails

to account for nonlinear charge redistribution in cases where strong hybrid-
ization between adsorbates and substrates occurs, leading to more complex
charge transfer than simple dipole formation. Furthermore, quantum e ects,
particularly in ultrathin Ims and 2D materials, alter charge distribution in
ways the classical dipole model cannot explain. Screening e ects, such as elec-
tron spillover and surface screening in metals, may also reduce or counteract

the dipole-induced changes in work function.

1.7 Thesis overview

The structure of this thesis is as follows:

In this study, several experimental methodologies and sample preparation
are described in Chapter 2.

Chapter 3 investigates the transition of the top of the valence band in
GaSe from a ring-shaped structure to a parabolic shape as the layer thickness
increases when grown on epigraphene. This analysis will focus on how the elec-
tronic band structure evolves with thickness, particularly the transformation
of the valence band maximum and its e ects on the electrical characteristics
of the substance.

Chapter 4 discusses the e ects of oxygen exposure and heat treatment on
monolayer GaSe, focusing on its resistance to oxidation at room temperature
and the transition to amorphous gallium oxide when heated above 450.

The aim of the chapter 5 is to investigate the band structure and HOMO
dispersion of single layer g and multilayer Cgo deposited on Au(111), focusing
on how the interaction with the substrate a ects their electronic properties.

The main ndings of the thesis are summarized in Chapter 6, which also
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o ers a roadmap for the future research possibilities.



Chapter 2

Experimental Method

This chapter explains the experimental techniques used in this study, from
sample preparation to data analysis. It describes di erent methods for study-
ing materials, especially their surfaces. The techniques include angle-resolved
photoemission spectroscopy (ARPES) and x-ray photoelectron spectroscopy
(XPS) to study electronic and chemical properties. Scanning tunneling micro-
scopy (STM) is used to see surfaces at the atomic level. Low-energy electron
diraction (LEED) helps to understand surface structures, while re ection
high-energy electron di raction (RHEED) is used to monitor thin Im growth

in real time. The chapter also explains how the data from these techniques are

processed.

2.1 Sample preparation techniques

To ensure the accuracy and reliability of the measurements, it is essential
that both sample preparation and experimentation take place in an ultra-high
vacuum (UHV) environment. This stringent condition is necessary to preserve
the pristine cleanliness of the surface, preventing contamination that could
otherwise introduce variables not relevant to the study. By operating within
a UHV system, we can focus solely on the desired material properties without

interference from atmospheric particles or impurities. Furthermore, the UHV

28
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environment plays a critical role in removing any extraneous particles that may
remain after deposition, ensuring that the system remains uncontaminated
throughout the experimental process.

In this study, the cleaning and deposition of molecules onto a single crys-
tal surface were conductedh-situ within the UHV chamber, directly preceding
the measurements. This process ensures that the surface and molecules are
isolated from external contamination. A detailed explanation of the method-

ology used to achieve this is provided in the following section.

2.1.1 Surface cleaning

Surface cleaning in an ultra-high vacuum (UHV) environment is generally
achieved through a combination of sputtering and annealing techniques. In the
experiments conducted here, the Au(111) surfaces were cleaned using argon
sputtering, where argon gas was ionized and accelerated towards the surface
at 0.75 keV for 20 minutes using commercially available sputter guns. This
high-energy bombardment dislodges fragments from the surface but can also
cause substantial damage to it. The surface was annealed at 600for 10
minutes for restoring its structure. The surface's crystallinity was regularly
checked using low-energy electron di raction (LEED) to ensure that annealing

e ectively restructured the surface after sputtering. Multiple cycles of sputter-
ing and annealing are typically required to achieve a thoroughly clean surface,
and the absence of any unexpected contaminants is con rmed using x-ray pho-
toelectron spectroscopy (XPS). But the SiC surfaces used in Chapters 3 and 4
were not sputtered. Instead, the SiC was outgassed for 4 hours at 6@0and

then annealed at 1300C to produce graphene.

2.1.2 Molecular deposition techniques

In this thesis, we have utilizedin-situ techniques for depositing molecules onto

surfaces, employing a range of methods to achieve precise and controlled de-



Chapter 2. Sample preparation techniques 30

position within an ultra-high vacuum (UHV) environment. These methods
include gas dosing, molecular beam epitaxy (MBE), and sublimation, each
carefully selected to ensure that the deposition process occurs directly under
UHV conditions, thus maintaining contamination free surface. A concise over-

view of these molecular preparation techniques is presented in this section.

Molecular beam epitaxy (MBE)

Molecular beam epitaxy (MBE) is a highly controlled and precise method used
for the deposition of thin Ims, allowing for the growth of materials layer by
layer at an atomic scale. In this technique, molecular or atomic beams of a
desired material are directed onto a crystalline substrate within an ultra-high
vacuum (UHV) environment. UHV conditions are critical for maintaining sur-
face purity and preventing contamination during the deposition process, en-
suring high-quality Im growth. MBE operates by heating solid sources of the
material within e usion cells, which release the material in the form of vapour.
These molecular beams travel in a straight line under vacuum and condense
onto the substrate surface, where they interact and form epitaxial layers. Since
the growth occurs at a slow rate, often on the order of a few angstroms per
second, MBE provides an exceptional level of control over the thickness, com-
position, and crystalline structure of the Ims. This precision is particularly
advantageous when constructing complex heterostructures, quantum wells, or
other nanostructures that require atomic-level accuracy. One of the key fea-
tures of MBE is the ability to monitor and adjust the growth process in real-
time. Re ection high-energy electron di raction (RHEED) is commonly used
during deposition to observe surface crystallinity and growth dynamics. The
monolayer, bilayer, six layers and eleven layers of GaSe were grown on epitaxial

graphene using MBE, which are demonstrated in chapters 3 and 4.
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Knudsen cell (K-cell) sublimation

Knudsen cell sublimation, commonly referred to as K-cell sublimation, is a
widely used method for molecular deposition. In this technique, the evaporant
material is placed in a crucible that is heated by a lament heater operated
by an electric current. A thermocouple is attached to the K-cell to monitor
the temperature of the material during the process. Prior to deposition, the
evaporator, which typically contains the evaporant in powder form, is thor-
oughly degassed to ensure the removal of contaminants. Under ultra-high
vacuum (UHV) conditions, molecules from the K-cell are deposited onto the
sample surface in a direct line of sight by heating the cell to the sublimation
temperature of the evaporant. The sublimated molecules travel in a straight
path with a long mean free path and adhere to the substrate, allowing for the
formation of a uniform layer across a large surface area. The thickness of the
molecular layer deposited on the substrate depends on both the temperature
of the K-cell and the duration of the deposition process. In this study, Knud-
sen cell thermal sublimation was employed to depositsgon Au(111), as well
as to create multilayer structures. A detailed discussion of these deposition

processes can be found in Chapter 5.

Gas dosing

Gas dosing is a method for introducing a species onto a surface by exposing
it to the molecule's vapour pressure, achieved by leaking gas-phase molecules
into the vacuum chamber. This is typically done using a basic ultra-high va-
cuum (UHV) leak valve, which allows a controlled amount of gas to enter the
chamber. This approach o ers the advantage of simplifying dosage estimation,
which is generally considered to depend on the partial pressure and exposure
duration. However, care must be taken, as pressure gauges can vary in sensitiv-
ity to di erent gases. This technique can be applied not only to gases at room

temperature and pressure, such as oxygen, but also to others requiring careful
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