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Abstract

2D materials are in prime position to serve as future building blocks for next gen-

eration electronic and optical devices. They exhibit a wide variety of extraordinary

properties that can be tuned via new material processing technologies such as strain

engineering. One of the most promising candidates to succeed traditional semicon-

ductor materials is silicene, the 2D allotrope of silicon.

The goal of this thesis is the synthesis, characterisation and manipulation of 2D

materials for next generation high performance devices. For this purpose, strain

engineering of graphene and hBN is demonstrated and the properties of silicene on

various growth substrates are investigated. A novel straining approach combined

with state-of-the-art 2D exfoliation and transfer techniques enables the application

of controlled uniaxial-strain onto free-standing graphene/hBN heterostructures. The

strain is verified via Raman spectroscopy combined with ab initio calculations. A

maximum strain of almost 2 % is demonstrated, which ranks among the highest

reached values for free-standing 2D materials. Although, the technique is demon-

strated for graphene/hBN, the explored methodology is applicable to all 2D mate-

rials paving the way for future experiments.

Furthermore, silicene is synthesised via molecular beam epitaxy and various su-

perstructures formed atop of Ag(111) and Au(111) substrates, which are thoroughly

studied in-situ via low-energy electron diffraction. A novel passivation method with

few-layer graphene and hBN is implemented that overcomes the intrinsic instability

of silicene and stabilises it up to 48 hours, enabling thorough and comprehensive ex-

situ characterisation. Thus, the vibrational properties of silicene on both substrates

are investigated, revealing an intact two-dimensional structure unaltered by the



passivation. The encapsulation with transparent hBN further facilitates the imple-

mentation of optical measurement techniques. Differential reflectance spectroscopy

in combination with theoretical calculations reveal that the optical properties of

silicene are preserved when synthesised on top of a Au(111) substrate. Since the

optical properties of silicene are closely related to its electronic band structure it is

also shown that silicene on Au(111), contrary to the case on Ag(111), preserves its

extraordinary Dirac-like electronic properties. The unambiguous evidence of a sta-

ble silicene structure with pristine electronic properties is an important step towards

its integration into next generation electronic and optical devices.
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Kurzfassung

2D-Materialien gelten als aussichtsreiche Kandidaten zur Verwendung als Basisma-

terialien für zukünftige elektronische und optische Bauteile. Sie weisen eine Vielzahl

von außergewöhnlichen Eigenschaften auf, welche z.B durch das Einbringen von

mechanischen Verspannungen oder Wechselwirkungen mit geeigneten Substraten,

kontrolliert modifiziert werden können. Einer der vielversprechendsten Kandidaten

für die Nachfolge traditioneller Halbleitermaterialien ist Silicen, das 2D-Allotrop von

Silizium.

Das Ziel dieser Arbeit ist die Synthese, Charakterisierung und Manipulation von

ausgewählten 2D-Materialien für Bauelemente der nächsten Generation. Zu diesem

Zweck wurde eine Methode entwickelt, die ein kontrolliertes mechanisches Verspan-

nen von Graphen und hBN ermöglicht. Weiters konnte gezeigt werden wie sich die

Eigenschaften von Silicen auf verschiedenen Wachstumssubstraten verändern. Ein

auf SOI basierendes mikromechanisches Verspannungsmodul, kombiniert mit mod-

ernsten 2D-Exfoliations- und Transfertechniken, ermöglicht die kontrollierter uniax-

ialer Verspannung von freistehende Graphen/hBN-Heterostrukturen. Das Ausmaß

der Verspannung wird mittels Raman-Spektroskopie in Kombination mit ab-initio-

Rechnungen verifiziert. Es konnte eine maximale Verspannung von fast 2 % er-

reicht werden, welche sich unter den höchsten erreichten Werten für freistehende

2D-Materialien einreiht. Obwohl die Technik für Graphen/hBN-Heterostrukturen

demonstriert wird, ist sie universell für alle 2D-Materialien anwendbar und ebnet

somit den Weg für zukünftige Experimente.

Darüber hinaus wird Silicen auf Ag(111) und Au(111) unter Ultrahochvakuumbe-

dingungen synthetisiert und die auf den Metallsubstraten gebildeten komensurablen
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Superstrukturen mittels Niederenergie-Elektronenbeugung in-situ analysiert. Eine

neuartige Passivierungsmethode mit dünnen Graphen und hBN Schichten wird im-

plementiert, welche die intrinsische Instabilität von Silicen überwindet und es bis zu

48 Stunden stabilisiert, was eine umfassende ex-situ Charakterisierung ermöglicht.

Dadurch können die optischen Eigenschaften von Silicen auf beiden Substraten

untersucht werden, welche eine intakte zweidimensionale Struktur offenbaren, die

durch die Passivierung nicht beeinflusst wird. Die Passivierung mit transparentem

hBN erleichtert zudem die Durchführung weiterer optischer Messungen über einen

großen Wellenlängenbreich. Reflexionsspektroskopische Messungen in Kombination

mit theoretischen Berechnungen zeigen, dass die optischen Eigenschaften von Sil-

icen auf einem Au(111) Substrat weitgehend erhalten bleiben. Da die optischen

Eigenschaften von Silicen eng mit seiner elektronischen Bandstruktur zusammen-

hängen, kann somit auch gezeigt werden, dass Silicen das auf einem Au(111) Sub-

strat aufgewachsen wird, im Gegensatz zu Silicen auf einem Ag(111) Substrat, seine

außergewöhnlichen Dirac-ähnlichen elektronischen Eigenschaften beibehält. Der ein-

deutige Nachweis einer stabilen Silicen-Struktur mit diesen herausragenden elektro-

nischen Eigenschaften ist ein wichtiger Schritt für dessen Integration in elektronische

und optische Geräte der nächsten Generation.
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Chapter 1

Introduction

Ever since the revolution of calculating machines, the demands for higher computing

powers drives many industries and promotes intense research in the field of micro-

and nanoelectronics. To fulfil the requirement of electronic devices with increasing

performance, constant improvement and scaling of the components in integrated cir-

cuits is necessary. This process was famously described in 1965 by Gordon Moore,

the co-founder of Fairchild Semiconductor and Intel, who predicted that the number

of components per integrated circuit would double every year. A decade later, he

revised his prediction to a doubling of components every two years [1]. While this

prediction was not based on empirical evidence, but rather on assumptions, it held

true since 1975 and is nowadays commonly referred to as “Moore s law”. To put this

predicted exponential growth into perspective, while in the 1960s the first integrated

circuits had about 10 transistors, today the most complex silicon based chips are

comprised of more than 10 billion.
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CHAPTER 1. INTRODUCTION

However, after more than 50 years of constantly scaling the size of transistors, the

physical limits in the silicon based semiconductor industry are reached and recent

studies predict the end of Moore‘s law as soon as 2025 [2]. This can also be seen

by the ever-increasing lifespan of chips, before an improvement by sheer scaling

of the components can be reached. Additionally, the viability of performance en-

hancement via pure semiconductor scaling has ended more than a decade ago. In

order to achieve a significant efficiency increase through scaling of the transistors,

their power density has to stay constant. This effect is known as “Dennard scal-

ing”, named after Robert H. Dennard [3]. However, since the mid 2000s studies are

showing that this is no longer the case due to current leakage and heating effects at

such small transistor sizes [4]. Therefore, the current road map in the semiconductor

industry is no longer based on Moore‘s law but rather a “More than Moore” strategy.

The next step to aim for even higher computing powers is predicted by many to

only be possible via a technological step towards quantum computing. It is, how-

ever, unclear how long it will take, if ever, until quantum computers are advanced

enough to truly supersede current technologies. Another approach is to substitute

traditional semiconductor materials by components that are more eligible for ap-

plications in the nanometre regime. The common problem of all transistors based

on bulk semiconductors is that electrons are subject to scattering when travelling

through nanometric thin channels, due to imperfections in the surface interfaces of

the channels [4]. Materials consisting of only one or a few atomic layers with defect

free surfaces, however, are less prone to these scattering effects. These materials,

referred to as two-dimensional (2D) materials, could aid in reaching the last step of

Moore‘s law and enable transistors to keep shrinking [5].
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CHAPTER 1. INTRODUCTION

Silicene, the 2D allotrope of silicon, has emerged as a promising candidate for future

device integration, since it promises the most straight-forward path for integration

into the silicon dominated semiconductor industry. Additionally, silicene is predicted

to exhibit extraordinary electronic and optical properties due to the presence of Dirac

fermions and a Dirac cone [6]. Initial reports also confirmed the viability of silicene

as a transistor material, although the theoretical predicted carrier mobilities have

yet to be reached [7]. Before being able to integrate silicene into commercial devices

many issues as the complex fabrication process and its intrinsic instability still need

to be addressed. Furthermore, the potential use of 2D materials far exceeds the use

as a transistor, ranging from next-generation electronic and optoelectronic materials

as well as superconductors, topological insulators and many more [8]. 2D materials

do not only allow to breach the next scaling barrier of transistors, but also open

the way for new material processing technologies. For example, strain engineering

is already used to optimise device performances [9], which is, however, limited by

the intrinsic electromechanical properties of 3D bulk materials. 2D materials on

the other hand can sustain much larger strain before fracture compared to their

counterpart [10] and fundamental properties can be tuned or changed even by a

moderate amount of strain [11]. Not surprisingly, a lot of effort has been put into

finding reliable methods to apply strain onto 2D materials in recent years.

This work presents a novel approach for straining of free-standing 2D materials as

well as a comprehensive study on the growth and electronic and optical properties

of silicene on different growth substrates. In the first chapter a profound introduc-

tion into the properties of the materials of concern together with the potential of

strain engineering is given. The second chapter describes the methodology and ex-

perimental setups. The main results of the work are presented in the third chapter

of this thesis and can be separated into two main sections. First, the fabrication
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CHAPTER 1. INTRODUCTION

of the devises used for the application of strain onto 2D materials and the verifi-

cation of the applied strain, using Raman spectroscopy combined with theoretical

ab initio calculations. The second section is dedicated to the growth, passivation

and characterisation of silicene on Ag(111) and Au(111). The growth of silicene is

achieved through molecular beam epitaxy (MBE) under ultra-high vacuum (UHV)

conditions and monitored in-situ via low-energy electron diffraction (LEED) mea-

surements. A novel in-situ passivation method with inert 2D materials enabled the

stabilisation of silicene and its characterisation at ambient conditions. Thus it was

possible to demonstrate the preserved structural integrity of silicene on Ag(111) via

Raman spectroscopy. Furthermore, the analysis of the optical properties of silicene

grown on Au(111) suggest that the interaction with the growth substrate is low and

that the outstanding electronic properties of silicene are maintained on a Au(111)

substrate. In the final chapter, a summary of the main results obtained and an

outlook for further studies is presented.
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Chapter 2

Theoretical Background

In this chapter, the theoretical background of 2D materials is presented, with par-

ticular focus on the materials used in this work. Additionally, the promising appli-

cations of strain engineering for 2D materials are introduced.
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CHAPTER 2. THEORETICAL BACKGROUND

2.1 Two-Dimensional Materials

2D materials are a recently discovered material group, characterised by two macro-

scopic and one nanoscopic dimensions. Their structure allows them to form atomi-

cally thin sheets, with a typical thickness of 0.3 to 1 nm, over large in-plain areas.

They are characterised by possessing strong in-plane bonds and only very weak

van der Waals (vdW) interactions in z-direction, thus obtaining the name 2D ma-

terials [12, 13]. Usually vdW forces only play a minor part for the mechanical

properties of materials. However, due to the interplanar distance of 2D layers not

allowing covalent or ionic bonds, vdW forces are responsible for binding the layers

together, thereby determining the stability of multilayered structures. This leads

to 2D-confinement of their physical and chemical properties, which allows them to

often experience completely different characteristics than their 3D counterparts.

Graphene is the most prominent representative of this material group, since it

opened a completely new chapter of science after its discovery in 2004 [14]. It

showcases the extraordinary properties deriving from a perfectly bonded 2D sp2

matrix, such as ultra-high carrier mobility [15, 16], low surface permeability [17],

high thermal conductivity [18], outstanding fracture strength [19] and extraordi-

nary optical properties [20] just to name a few. However, all material types are

present within the 2D family. From the Dirac 2D materials like graphene and sil-

icene, which obtain a Dirac cone band structure [21], to insulating materials such as

hexagonal boron nitride (hBN) [22] and semiconductors such as the 2D transition

metal dichalcogenides (TMDC) [23]. Today, more than 500 different 2D materials

have been identified [8, 24]. Additionally, it needs to be mentioned that theoretically

all 2D materials can be stacked to form vdW heterostructures [25, 26]. Consequently,

the amount of possible heterostructures is effectively limitless leading to a further

extension of the already wide field of available properties of 2D materials.
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CHAPTER 2. THEORETICAL BACKGROUND

In general, they can be categorised into three different generations. The first being

graphene, quickly followed by a second generation including hBN and molybdenum

disulfide, the most prominent material of the TMDC family. All of these materi-

als have already been studied intensively with more than 100.000 publications on

graphene alone [27]. Recently, a third generation of materials has emerged, which

in contrast to the previous ones have been predicted theoretically before being syn-

thesised experimentally. This group contains silicene, germanene and stanene, the

group-IV analogues of graphene. Most materials from the first two generations can

be found as a layered compound in nature, thereby allowing the formation of 2D

structures via mechanical [28] or chemical exfoliation [29]. On the contrary, ma-

terials like silicene do not occure naturally and need to by synthesised via MBE

under UHV conditions on a stabilising substrate [30–32]. Furthermore, they are

unstable at ambient conditions and hence require a passivation. The properties of

silicene together with the ones of graphene and hBN will be discussed in detail in

the following chapters of this thesis.

2.1.1 Graphene

Carbon atoms are the most versatile building blocks found in nature, being the main

component used by living organisms. However, it has also the unique ability to form

a large variety of complex and stable materials itself. Some of them like diamond

and graphite are already known and used since hundreds of years. Other smaller and

more complex structures like fullerenes and carbon nanotubes were also theoretically

predicted [33] and synthesised [34–36] decades ago. However, although the existence

of graphene was proposed already in the 1940s [37] it was long thought of as a purely

theoretical and academic material. In fact, early theoretical calculations question

the stability of 2D materials all together due to thermal fluctuations preventing their

long-range crystalline order [38, 39].
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CHAPTER 2. THEORETICAL BACKGROUND

Nevertheless, graphene was first experimentally observed in 2004 [14] and recent

works show that graphene obtains its stability by exhibiting a slightly rippled struc-

ture due to out-of-plane fluctuations [40–42]. As already mentioned, graphene ex-

hibits a variety of extraordinary properties and discussing all of them would go

beyond the scope of this thesis, so only the most relevant properties for this work

will be discussed.

2.1.1.1 Structures of Single and Few-Layer Graphene

In crystalline materials, carbon atoms form two types of covalent bonds. Either

the sp3 covalent bond found in diamond, where four carbon atoms are arranged

in a tetrahedral molecular geometry with a bond length of approximately 1.54 Å.

Further, sp2 bonded C atoms can arrange in a planar hexagonal structure as shown

in figure 2.1 (a), whereas one p-electron per atom forms a bond with metallic char-

acter. The nearest-neighbour distance in this structure is approximately 1.42 Å. It

correlates to the conjugated bond, being an intermediate between a single and a

double bond [12, 43].

In ambient conditions, graphite is the most common carbon allotrope, consisting

of atomically flat hexagonal carbon sheets, exhibiting covalent and metallic charac-

teristics. The layers with an interlayer distance of 3.35 Å are held together by weak

vdW interactions [44]. The most common stacking of graphite layers is illustrated in

figure 2.1 (b). In the so-called AB or Bernal stacking, every second layer is rotated

by 60◦. However, there are a couple of only slightly less favourable stacking configu-

rations. For example, rhombohedral graphite exhibits an ABC stacking with every

layer rotated by 60◦ with respect to the subjacent ones, or turbostratic graphite,

where every layer is randomly rotated ±60◦. The AA stacking configuration is not

found in nature, as it is energetically unfavourable [45, 46].
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CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.1: (a) Planar hexagonal honeycomb lattice of a graphene sheet, formed by
sp2 covalent bonds. (b) Bernal stacking in graphite, where every even layer (black) is
rotated 60◦ towards the subjacent one (gray).

Due to the stronger in-plane sp2 bonds compared to the weak interplanar vdW

interactions, the layers of graphite can easily be separated. One isolated layer of

graphite is called graphene, exhibiting completely different properties than graphite.

Furthermore, thin graphite sheets consisting of only a few graphene layers, often

referred to as few-layer graphene (FLG), already show drastically altered properties

compared to bulk graphite. The distinction between FLG and graphite can become

slightly blurred, therefore graphite with a thickness in the low nanometre regime

will be further referred to as FLG.

2.1.1.2 Electronic Properties of Graphene

The outstanding electronic properties of graphene can be explained by its planar

sp2 bonded structure. The sp2 hybridised σ-states form occupied and empty bands

with a huge gap and are mainly responsible for the elastic properties and binding

energy of graphene [47, 48]. Whereas, the π-states and the overlap of them between

neighbouring atoms are responsible for the electronic properties of graphene [49].
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Therefore, it is possible to calculate the graphene band structure using a simple

tight-binding approximation. The energy dispersion relation of the π and π* bands

can be obtained via formula 2.1 [37, 50, 51]:

E(kx, ky) = ±γ

����1 + 4 cos
�√

3kxa

2



cos

�
kya

2



+ 4 cos2

�
kya

2



(2.1)

Where the hopping energy γ is 2.75 eV [52], kx and ky are the components of the

k-vector in the first Brillouin zone of graphene, as illustrated in figure 2.2 (a), and a

is the lattice parameter of graphene with a length of 2.64 Å. The resulting calculated

band structure, shown in figure 2.2 (c), reveals a symmetric band structure of the

valence and conduction band. Notably, the Fermi energy or here also called Dirac

point is set at 0 eV and falls exactly at the crossing of the six valleys located on

the corner of the Brillouin zone, the K and K� valleys. Therefore, one might lable

graphene as a zero-bandgap semiconductor [53], although it also shows semimetal

characteristics [43, 54].

However, what makes graphene unique is not its zero-bandgap, but the behaviour

of its charge carriers. Due to the conical shape of the energy dispersion at the

K valleys, cross-section shown in figure 2.2 (b), the charge carriers of graphene can

behave as Dirac fermions. They can mimic relativistic particles with zero rest mass

with an effective Fermi velocity of of 106 m
s

[28]. Other outstanding properties in

graphene include a carrier density in the order of 1013 cm−2 with a charge carrier

mobility of 200.000 cm2

V s
and thus low sheet resistivity of 10−6 Ωcm [15, 16, 55, 56].
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Figure 2.2: (a) First Brillouin zone of graphene, including certain high symmetry points.
(b) Band structure of graphene following along the high symmetry points of the first Bril-
louin zone. (c) The electron energy spectrum of graphene calculated via the tight-binding
approximation.

All these exceptional electronic characteristics make graphene an interesting can-

didate for technological applications. However, the absence of an energy bandgap

severely limits the use in digital devices. Therefore, bandgap engineering of graphene

is of foremost interest for future device integration.

2.1.1.3 Mechanical Properties of Graphene

The most important mechanical properties of graphene are the 2D Young’s modulus

(Y2D), the Poisson’s ratio (ν), the bending modulus (Dm) as well as the theoretical

strength (σc) and critical strain (�c). Whereby, the Y2D defines the relation between

the stress in the 2D sheet due to a linear uniaxial strain. The Poisson’s ratio is the

measure of how much a 2D layer contracts along a direction perpendicular to an
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applied uniaxial strain and Dm describes the amount of energy needed to bend an

object. The theoretical strength and critical strain are the point at which a defect

free membrane would break due to in plain stress [57].

The mechanical properties of single-layer graphene (SLG) can be separated into two

regimes. When subject to small in-plane deformation graphene behaves isotropic

and linearly elastic. Whereas, at high deformations the hexagonal symmetry of the

graphene lattice is broken, leading to anisotropic and non-linearly elastic properties

[10]. The values have been predicted by first principle calculations, however exper-

imental measurements of these properties especially at high deformation are very

challenging [58, 59]. In the linear regime the predicted values for Y2D=345 N
m

and

ν= 0.149 [60] are in good agreement with experimentally determined values [61].

The high in-plane stiffness can be explained by the strong sp2 carbon-carbon bond.

For the strength and toughness of graphene two stress directions, illustrated in fig-

ure 2.3 (a), have to be taken into consideration.

Figure 2.3: (a) Zigzag (blue) and armchair (red) directions within the hexagonal honey-
comb lattice of a graphene sheet. (b) Simulated stress-strain curves for SLG under uniaxial
tension in zigzag and armchair directions, adapted from reference [62].
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There so-called "zigzag" (blue) and "armchair" (red) directions can be found, as in all

hexagonal 2D materials. As shown in figure 2.3 (b) graphene has been found to be

one of the strongest materials in nature with a nominal 2D stress close to 40 N
m

and

a maximal strain above 20 %, resulting in a theoretical intrinsic strength of 130 GPa

[58, 61, 62]. The stress-strain curves were simulated via first-principles calculations

(blue line and red dashed line) [59] and atomistic simulations with the reactive em-

pirical bond-order potential (red squares and blue triangles) [62]. The edge energy

along the zigzag direction of graphene is lower compared to the armchair direction,

causing preferable cracking along the zigzag direction for both strain directions [62].

Consequently, this behaviour results in an earlier failure of graphene sheets strained

along the armchair direction. However, the experimentally found fracture toughness

of graphene has been relatively low in comparison [63] to the theoretically predicted

values. This can be explained due to a variety of reasons. First of all as already

mentioned in chapter 2.1.1, graphene is not perfectly flat but exhibits a slightly

rippled structure due to out-of-plane thermal fluctuations [40–42]. Additionally, the

non-linear elastic properties of graphene strongly depend on the presence of defects

such as vacancies, dislocations or grain boundaries [64].

Defects also play an important role for the permeability of graphene towards gases

and liquids. It was shown, that in theory a perfect single-layer of graphene is im-

permeable to standard gases including helium [65], making it an ideal passivation

layer. Whereas the presence of defects, significantly reduces the penetration barrier

in a region that extends beyond the defect site itself [17]. In practice it is highly

unlikely to obtain a large area defect free graphene sheet, compromising the viabil-

ity of graphene as a passivation material. However, it is possible to overcome that

problem by applying FLG [66] instead of SLG.
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2.1.1.4 Optical Properties of Graphene

In this chapter, mainly the phonon dispersion in graphene will be discussed, since it

is essential for the interpretation of the Raman spectrum of graphene, which is one

of the most powerful tools for the characterisation of 2D materials in general. How-

ever, also the transparency of graphene in the visible regime needs to be mentioned.

Although, graphene is only one atom layer thick it was found to absorb about 2.3 %

of light, independent of the wavelength [20]. The opacity increases by 2.3 % with

every superjacent graphene layer. This is a direct consequence of the unique elec-

tronic structure of graphene. However, it makes it quite challenging to locate thin

graphene layers on substrates, which will be discussed in detail in chapter 4.1.

The unit cell of graphene contains two carbon atoms and as a result it exhibits

six phonon dispersion bands, illustrated in figure 2.4 (a) [67]. These bands consist

out of three acoustic (A) and three optical (O) phonon branches, where the vibra-

tions can either be in-plane (i), or out-of-plane (o). Additionally, one has to consider

the vibration direction with respect to the nearest carbon atom and has to separate

them into longitudinal (L) or transverse (T) vibrations. Therefore, the six phonon

dispersion bands can be labelled as iLO, iTO, oTO, iLA, iTA, and oTA [68]. All

Raman active modes in graphene on silicon oxide (SiO2), shown in figure 2.4 (b),

can be explained by first order and double resonance Raman scattering. The exact

positions also depend on the substrate and the excitation energy of the laser [69, 70].

The G band at 1580 cm−1 is the only peak deriving from a first order Raman scat-

tering process and is associated with the iTO and iLO phonon mode at the Γ point.

The D, 2D and D� originate from double resonance Raman scattering processes in

graphene, where the D and D� peaks are defect activated. The D peak at around

1350 cm−1 involves one iTO phonon near the K point and one defect and the D�

at 1620 cm−1 originates from an intravalley process including an iLO phonon and a

defect [71].
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Figure 2.4: (a) Calculated phonon dispersion of the acoustic (blue) and optical (red)
phonon branches of graphene, adapted from reference [67]. (b) Raman signal of a highly
defective graphene layer on SiO2 irradiated with a laser excitation energy of 2.33 eV.

The 2D band is irritatingly named due to its position at approximately 2685 cm−1

being about twice the frequency of the D peak. However, it originates from two iTO

phonons near the K point without the need for any disorder or defects. Therefore,

to avoid confusion the 2D band is also often referred to as G� [72, 73].

From the relatively of the Raman peaks to each other it is possible to investigate

the quality and defect density of graphene by the means of Raman spectroscopy.

Furthermore, it is also feasible to obtain detailed information about the number of

layers, stacking order and structure of graphene [74], which will be discussed in more

detail in chapter 4.1.3.

2.1.2 Hexagonal Boron Nitride

Boron nitride is a chemical compound out of equal numbers of boron and nitrogen

atoms, which is not found in nature [75]. It was already synthesised in 1842 [76],

however the first synthesis of high quality hBN was after the graphene boom in
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the early 2000s [77]. Two dimensional hBN is a structural analogue of graphene

and due to its large bandgap and transparency also often referred to as "white

graphene". Similar to graphene, hBN also exhibits high thermal stability [78] to-

gether with mechanical robustness [79], while being chemical inert [80]. In contrast

to graphene, hBN exhibits a large band gap, due to its atomic arrangement, and

is the most promising 2D dielectric substrate [81]. Especially in conjunction with

other 2D materials hBN can be used to tune their properties by forming so-called

vdW heterostructures, due to the excellent interface properties compared to other

substrates [22]. In the following chapters the properties of hBN most relevant for

this work will be discussed.

2.1.2.1 Structure and Mechanical Properties of hBN

Analogous to carbon, boron nitride can form a variety of stable crystalline struc-

tures. The main allotropes are hBN, sphalerite boron nitride and wurtzite boron

nitride [75], where hBN is the energetically most favourable arrangement [82]. The

structure of hBN, shown in figure 2.5 (a), is comparable to graphene, in which ev-

ery carbon atom is alternately substituted by a boron or nitrogen atom. In plane

they are bound together by strong covalent sp2-bonds and individual sheets only

by weak vdW forces, allowing the fabrication of thin hBN sheets via mechanical

exfoliation. The nearest neighbour distance in hBN is 1.44 Å [83], leading to a very

small lattice mismatch with graphene of only approximately 1.6 %, which will be

further discussed in chapter 2.2. The partially ionic structure of hBN, exhibiting

electron-deficient boron atoms and electron-rich nitrogen atoms, leads to an AA�

stacking configuration, illustrated in figure 2.5 (a), where boron and nitrogen atoms

alternate directly above and below each other.

18



CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.5: (a) AA� stacking configuration of hBN, where boron (blue) and nitrogen
(red) atoms alternate directly above and below each other. (b) Simulated sliding energy for
double layer hBN (red) and graphene (blue) experiencing moderate in-plane strain, adapted
from reference [84].

This ionic structure is also responsible for stronger inter-layer forces compared to

graphene [85], altering the behaviour for multilayer hBN structures compared to

FLG. The mechanical properties of single-layer hBN are comparable to those of

graphene with values of Y2D=271 Nm−1, ν=0.211 [60] and a fracture strength above

120 GPa with a critical strain exceeding 20 % [86]. Multilayer hBN structures exhibit

a distinguishable higher interlayer sliding energy compared to graphene, illustrated

in figure 2.5 (b). Therefore, the mechanical properties of few-layer hBN remain sim-

ilar to the extraordinary properties of single-layer hBN. Whereas, the mechanical

properties of FLG are drastically reduced compared to graphene [84].

The influence of defects on hBN is similar to those for graphene, discussed in chap-

ter 2.1.1.3. However, hBN is proposed to be an even better passivation layer, due

to its chemical inertness and high thermal stability. It was shown, that hBN is

stable up to 1500 ◦C and does not react with most chemicals in ambient conditions.

Furthermore, it is impervious to oxygen diffusion even at temperatures of 1100 ◦C,

making it an ideal passivation material [87].
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2.1.2.2 Electronic and Optical Properties of hBN

In general, hBN is recognised as a wide bandgap semiconductor and thinnest elec-

trically insulation material [88]. However, despite a large number of theoretical and

experimental studies, the nature and magnitude of the hBN bandgap still remains

under debate [89]. The large value of the hBN bandgap make experimental charac-

terisation difficult and due to the non-equivalent atoms in its unit cell the simplistic

tight-binding approximation is not suitable for theoretical predictions. Therefore,

the theoretical predicted and experimentally observed values for the bandgap show

a rather wide variance. Furthermore, the nature and width of the hBN band gap

is influenced by the amount of hBN layers [22]. Bulk and few-layer hBN were

found to have an indirect bandgap, with values ranging from 5.2−5.92 eV. Whereas,

single-layer hBN exhibits a wider direct bandgap of approximately 6.0 eV [90]. The

calculated electronic band structures of single and few-layer hBN are shown in fig-

ure 2.6 (a) and (b).

These electronic properties combined with a surface, free of dangling bonds and

charge traps, while being chemically and thermally stable make hBN an ideal di-

electric material. It was shown, that when using hBN as a substrate the roughness

and fluctuations of other 2D materials could be reduced by up to two orders of

magnitude compared to devices using SiO2. Thereby, the charge mobility and per-

formance of 2D devices can be drastically improved [91].

Additionally, the optical properties of hBN need to be discussed. In wavelengths

ranging from 250-900 nm thin hBN nanosheets have almost no optical absorption

leading to a transparency above 99% [92]. Therefore, the localisation of thin hBN

layers on substrates is even more difficult than for graphene. As for graphene,

discussed in chapter 2.1.1.4, the phonon dispersion of hBN is essential for the char-
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acterisation via Raman spectroscopy. The phonon dispersion bands for hBN are

illustrated in figure 2.6 (c). hBN exhibits one distinct active Raman mode cor-

responding to the E2G vibrational symmetry, deriving from a first order Raman

scattering process and is associated with the iTO and iLO phonon mode at the

Γ point. The exact position depends on the laser excitation energy and substrate

but is approximately located at 1366 cm−1 (figure 2.6 (d)). Raman measurements

can be used to determine the thickness of hBN, since the peak position and intensity

depends on the number of layers [93]. However, it is still under debate if this upshift

is caused by the intrinsic properties of thin hBN layers or due to external influences.

Recent studies suggest that the upshift of the Raman peak with decreased thickness

is due to the higher flexibility of thin hBN layers experiencing more compressive

strain from the substrate [94].

Figure 2.6: Simulated band structure of (a) single-layer and (b) few-layer hBN, exhibiting
a wide direct and indirect bandgap, adapted from reference [95]. (c) Calculated phonon
dispersion relation of the acoustic (blue) and optical (red) phonon branches of hBN, adapted
from reference [94]. (d) Raman spectrum of the G band of bulk hBN on SiO2 with a laser
excitation energy of 2.33 eV.
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2.1.3 Silicene

Silicene is the 2D allotrope of silicon, with a hexagonal honeycomb structure similar

to that of graphene. Although, graphene and other 2D materials exhibit extraor-

dinary properties the realisation of widespread applications for electronic devices is

limited thus far. A 2D material consisting out of silicon promises a more straight-

forward integration into the silicon dominated semiconducting industry and thus

generated a great deal of interest.

The possibility of a stable silicene structure has been predicted as far back as 1994

[96], however it was long thought of as a pure theoretical material since it is a

well-known fact, that silicon does not form sp2-bonds but prefers sp3-bonding [97].

Nevertheless, in 2007 it was shown that silicene could be stabilised by forming a

buckled sp2/sp3 hybridised structure with a Dirac cone [6]. After that prediction it

took a few further years until silicene was first experimentally synthesised on top of

a Ag(111) substrate [30], which remains the most prominent growth substrate.

However, the properties of silicene on top of a Ag(111) substrate strongly differ

from those of free-standing silicene. Therefore, in the following chapters the most

relevant properties of theoretical free-standing and experimentally observed silicene

will be discussed.

2.1.3.1 Structure of Silicene

During the search for a stable 2D allotrope of silicon, it was discovered that buck-

led structures are energetically more favourable compared to planar silicene [6, 96].

This out-of-plane buckling allows silicene to form sp3-like bonds and thereby sta-

bilise its structure. Two stable buckling configurations were proposed, a low buckled

and a high buckled structure with an out-of-plane buckling of 0.44 and 2 Å, respec-
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tively [98]. The low buckled structure, illustrated in figure 2.7 (a) and (b), proved

to be energetically favourable and all following properties of free-standing silicene

will refer to this structure. The nearest neighbors distance in this configuration is

2.25 Å, with two silicon atoms in its unit cell and a lattice parameter of 3.83 Å [98].

For experimentally synthesised silicene the focus will be on the structures observed

on Ag(111) and Au(111), although silicene was recently stabilised on top of other

substrates such as ZrB2 [99] and Ir(111) [100]. In this chapter, the focus will be on

the structures observed on Ag(111), since they have been studied more diligently

thus far. Depending on the growth parameters like temperature and evaporation

rate silicene can form a variety of stable reconstructions on top of Ag(111), which

will be discussed in detail in chapter 4.6.1. The energetically most favourable re-

construction is a highly ordered 3 × 3 silicene phase commensurate with a 4 × 4

Ag(111) super cell [30], illustrated in figure 2.7 (c) and (d).This phase will be re-

ferred to as the 4 × 4 silicene phase. The buckling height of 0.75 Å of the 4 × 4

silicene is slightly increased compared to free-standing silicene and exhibits a much

bigger unit cell with a nearest neighbour distance of 2.2 Å and a lattice parameter

of approximately 11.5 Å [30]. The buckling is strongly influenced by the subjacent

Ag(111) substrate, which has a significant effect on the properties of epitaxial sil-

icene compared to free-standing silicene.

The existence of multilayer silicene is still an ongoing debate and has not been solved

yet. While certain publications suggest the existence of multilayer silicene derived

from surface reconstruction analysis [101], others propose that these reconstructions

are due to silver terminated bulk silicon [102], or even a complete different 2D sili-

con reconstruction [103]. Nevertheless, an unambiguous evidence for the existence

of multilayer silicene has yet to be presented.
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Figure 2.7: (a) Top and (b) side view of the free-standing silicene structure. (c) Top
and (d) side view of the 4 × 4 silicene reconstruction on top of Ag(111). The topmost
silicon atoms are highlighted in red and the unitcells are marked by the black rhombi for
both structures, respectively.
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2.1.3.2 Electronic Properties of Silicene

Although silicene exhibits a buckled sp2/sp3 hybridised structure, the hybridisation

in the silicon atoms behaves similar as sp2-bonds. Therefore, it is predicted to dis-

play a Dirac cone and a linear dispersion in the electronic band structure. Ideal

free-standing silicene is predicted to be semimetallic, with a linear band crossing

at the Fermi energy and the K and K� valleys. If spin-orbit coupling is taken into

account free-standing silicene is predicted to exhibit a small band gap opening of

1.55 meV [104]. The calculated band structure of free-standing silicene is illustrated

in figure 2.8 (a).

Figure 2.8: Simulated band structure of (a) free-standing silicene, exhibiting a Dirac
cone, and (b) isolated 4 × 4 silicene on Ag(111), showing the suppression of the Dirac
cone, adapted from reference [105].

The most promising feature of silicene is that compared to other Dirac materials,

such as graphene, the electronic properties can easily be modified by external influ-

ences such as strain or an electric field. The opening of a bandgap via the application

of an external field is due to the two Si atoms in the unit cell feeling a different elec-
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tric potential since they are located at different vertical heights. It was predicted

that the bandgap opens linear with a rate of 0.0742-0.157 eÅ up to an external field

of about 0.5 V
Å [106, 107]. Furthermore, silicene is predicted to exhibit a high fermi

velocity of approximately 106 m
s

[98] and a carrier mobility of 2.57 × 105 cm2

V s
at room

temperature, which is two orders of magnitude higher than for bulk silicon [108].

However, free-standing silicene has yet to be observed and the experimentally syn-

thesised 4 × 4 silicene on Ag(111) shows different electronic properties. The inter-

action between the Ag(111) substrate and the silicene layer leads to a symmetry

breaking of silicene and a suppression of the Dirac cone, which can be seen in the

band structure of an isolated 4 × 4 silicene in figure 2.8 (b). Nevertheless, early

experiments reported a linear band structure [30], which can be explained due to a

hybridisation between silicene and the Ag(111) substrate [109].

Due to the instability of silicene in ambient conditions, which will be discussed

in detail in chapter 2.1.3.3, the experimental determination of the electronic prop-

erties of silicene are very challenging. Up to this date only one publication claims to

have a working silicene transistor, with a charge carrier mobility of approximately

100 cm2

V s
[7].

2.1.3.3 Mechanical Properties of Silicene

As for most 2D materials silicene is expected to have higher mechanical strengths

than its bulk counterpart silicon, due to its sp2-like bonding. Simulations for free-

standing silicene predict values of Y2D=60 N
m

and ν=0.4 with a fracture strength of

approximately 28 GPa and a critical strain exceeding 15 % [110, 111]. For uniaxial

strains below 2 %, free-standing silicene exhibits isotropic behaviour, as illustrated

in figure 2.9 (a). Furthermore, the buckling parameter decreases linearly, with an

increase of bond length up to a certain threshold for armchair or zigzag direction,
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respectively, shown in figure 2.9 (b) [111]. These properties make silicene also a

highly interesting material for strain engineering.

Figure 2.9: (a) Simulated stress-strain curves for free-standing silicene under uniaxial
tension in zigzag (blue) and armchair directions (red), adapted from reference [111]. (b)
Simulated bond length (solid line) and buckling parameter (dashed line) for free-standing
silicene under uniaxial strain in zigzag (blue) and armchair directions (red), adapted from
reference [111].

The instability of silicene in ambient condition is one of the major obstacles to

overcome for future applications of silicene. There is a broad agreement in the

scientific community that free-standing silicene is unstable in at ambient conditions

and immediately forms stable Si-O bonds destroying the silicene structure [112,

113]. The schematic oxidation process is illustrated in figure 2.10, where the O-O

bond is broken and two new Si-O bonds are formed in an energetically favourable

process. However, there are contradictory observations for epitaxially grown silicene

on Ag(111). Early observations claim that silicene exhibits low reactivity towards

O2 [114, 115] and even stability in ambient conditions for up to a few minutes [7].

Whereas, recent studies observe oxidation to start at even low O2 coverages of 10 L

and a complete oxidation of silicene at 100 L [116, 117].
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Figure 2.10: Schematic illustration of the oxidation process of silicene, where oxygen
atoms (red) adsorb on free-standing silicene (yellow), adapted from reference [112].

Nevertheless, silicene requires a protective passivation and up to this date there

are only limited experimental investigations of silicene characterisation in ambient

conditions [7, 115, 118].

2.1.3.4 Optical Properties of Silicene

Raman spectroscopy again serves as an important non destructive characterisation

method of silicene. Due to the buckling in silicene and decreased Si-Si bond length

compared to bulk silicon a clear shift of the Raman modes with respect to bulk

silicon is expected [119]. For the interpretation and understanding of the Raman

modes it is again necessary to investigate the phonon dispersion relation of silicene.

The calculated phonon dispersion relation of free-standing silicene is illustrated in

figure 2.11 (a). By analogy with graphene it is also possible to predict the Raman

active modes of silicene. Simulations for the Raman spectrum of silicene predict a

sharp peak at 575 cm−1, which corresponds to the iTO and iLO phonon branches

at the Γ point. Furthermore, similar to graphene the presence of dispersive D and

2D peaks are expected in low buckled silicene, showing the A1g vibrational mode at

the K point [119].
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However, free-standing silicene has yet to be observed and the in-situ obtained Ra-

man spectra for epitaxial silicene on Ag(111) show drastically altered Raman modes,

illustrated in figure 2.11 (b). This can be explained by the significant interaction of

4 × 4 silicene and the Ag(111) substrate, resulting in a highly distorted and complex

phonon dispersion relation. For simplification only the active phonon branches are

depicted in figure 2.11 (a). The E2g Raman mode at 516 cm−1 corresponds to the

significantly lowered iTO and iLO phonon branches in 4 × 4 silicene and the A1 peak

at 175 cm−1 and A2 peak at 216 cm−1 are related to the oTO phonon branch of

free-standing silicene. Whereas, the shoulder next to the E2g Raman mode can be

traced back to the co-existence of smaller amounts of amorphous silicon [120]. Com-

parable Raman spectra have also been observed in ex-situ analysis of encapsulated

silicene in ambient conditions [118]

Figure 2.11: (a) Calculated phonon dispersion relation of the acoustic (blue) and optical
(red) phonon branches of free-standing silicene and the Raman active phonon branches
of 4 × 4 silicene on Ag(111), adapted from reference [120]. (b) Raman signal of 4 × 4
silicene on Ag(111), illustrating the main silicene related Raman features,adapted from
reference [120].
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2.2 Van der Waals Heterostructures

As already mentioned in chapter 2.1 the wide range of 2D materials, leads to an

almost infinite amount of possible combinations of stacking, each with different and

unique properties [25, 26]. A schematic stack of different 2D materials is illustrated

in figure 2.12 (a).

Figure 2.12: (a) Schematic illustration of a 2D heterostructure, consisting out of a stack
of graphene, hBN and MoS2. (b) Formation of moiré patterns between graphene and hBN
at a rotation mismatch of 6 and 11◦.

Nevertheless, it is not trivial to combine and match different 2D materials and obtain

attributes and functionalities with a predetermined outcome. However, there are

already several examples that exhibit the great potential of vdW heterostructures.

Just to name a few, the mobility and performance of graphene devices could be

drastically improved when implemented into a vdW heterostructure with hBN [91].

hBN can serve as a tunnel barrier between graphene sheets [121] and it is also

possible to create tunable light emitting diodes, combining TMDC with hBN and

graphene [122].
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Furthermore, the hexagonal lattice structure of 2D materials combined with a lattice

mismatch between different materials can lead to the formation of a moiré pattern.

A pristine example would be the combination of hBN with graphene, where hBN has

a 1.8 % larger lattice constant and depending on the rotation between the two layers

can form a variety of different moiré patterns, as shown in figure 2.12 (b). These

moiré patterns introduce a periodic, hexagonal perturbation that alters the elec-

tronic band structure of graphene [123]. This change in the band structure can lead

to a variety of different effects and phenomena, most outstanding the recently discov-

ered superconductivity in so-called magic-angle graphene superlattices [124]. VdW

heterostructures are held together by the same vdW forces that stabilise 2D materi-

als. They are a collective name for all low energy forces that attract or repel atoms

and molecules and can be separated into four major contributors [123].

Pauli exclusion principle, that prevents the collapse of molecules and leads to

a repulsive component.

Keesom forces, which are attractive or repulsive electrostatic forces that arise from

interactions between permanent charges such as dipoles.

Debye forces are attractive polarisation interactions when a permanent dipole

induces a dipole into a neighbouring atom or molecule.

London forces are the most dominant forces and arise from the electrodynamic

interactions of instantaneous multipoles.

While they are not as strong compared to bonding forces, they play an impor-

tant role for the properties of 2D materials and vdW heterostructures essentially

naming an entire material group.
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2.3 Strain Engineering of 2D Materials

Mechanical strain can alter the band structure of materials and thereby tune their

electronic and photonic properties. This technique named strain engineering nowa-

days is a standard procedure for the production of high performance field-effect

transistors [9]. Strain engineering is especially interesting for 2D materials, since

they are capable to withstand much higher mechanical strains than their bulk coun-

terparts [10]. This does not only allow to drastically alter and tune the properties of

2D materials but also to explore new fundamental physics emerging at high strain

values [11].

However, it is not trivial to apply high strain values to 2D materials. Most techniques

rely on the deposition of 2D materials atop of a strainable substrate to apply and

control the strain, since it is very difficult to engineer devices that can apply uniform

controllable strain to free-standing suspended 2D materials [125]. Other techniques

make use ot the atomically thin nature of 2D precursor materials, whereby it is

possible to apply high amounts of strain by indenting or bulging the material, either

via an atomic force microscopy (AFM) tip [61], pillars [126] or a gas pressure [127].

Nonetheless, these approaches do not allow a uniform strain distribution and make

it very difficult to control the amount of applied strain. Another well-known method

is to transfer strain to 2D materials on substrates, either by a lattice mismatch or

difference in thermal expansion with the substrate, which can also be made use of in

vdW heterostructures [128]. The schematics of some standard straining techniques

are illustrated in figure 2.13 (a)-(f).

Strain engineering appeared to be a promising approach to overcome the intrin-

sic limitations of certain 2D materials. For example it was predicted, that strain
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allows to introduce a tunable bandgap into graphene [129], which would prepare

the ground for large-scale introduction of graphene into future high performance

devices. Furthermore, it was anticipated that the charge carrier mobility of certain

TMDC can be increased by an order of magnitude, even at moderate amounts of

strain [130]. For other 2D materials it is possible to change the nature of their

bandgap from direct to indirect or vice versa [131]. Thus, it is of highest interest

to develop a straining method that can apply uniform and controllable strain to

free-standing 2D materials.

Figure 2.13: Schematic illustration of common implemented straining methods. Methods
that rely on a strainable substrate and apply strain via (a) bending, (b) stretching or (c)
compression of the substrate and methods that directly apply strain to the 2D layer via (d)
an AFM tip, (e) patterning of the substrate with pillars or (f) gas pressure.
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Chapter 3

Experimental

In the experimental part of the thesis, the implemented techniques used for the

synthesis of 2D materials are introduced and elaborately discussed. Furthermore,

the most frequently used characterisation and analysis methods and their working

principle are introduced.
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3.1 Synthesis of 2D Materials

Due to the extraordinary properties and potential of 2D materials there has been

a rapid development of various synthesise techniques in the past. In general, these

techniques can be divided into top-down and bottom-up approaches. For the top-

down approach a thin layer is produced by a controlled removal of excess material

from a bulk structure. Prominent examples for this method would be micromechan-

ical, electrochemical or ultrasonic exfoliation. Whereas, in the bottom-up approach

nanoscopic thin sheets are grown from atomic or molecular precursors, as in chemi-

cal vapour deposition or MBE [132, 133].

In the following chapters the experimental synthesis methods for the fabrication

of 2D materials used in this work will be discussed.

3.1.1 Micromechanical Exfoliation

Micromechanical exfoliation makes use of the so-called cleavage method, which ex-

ploits the tendency of crystalline materials to separate along preferred crystallo-

graphic structural planes [134]. These preferential cleavage planes are usually dis-

tinguished by a relative structural weakness caused by regular locations of atoms

and ions in the crystal or relatively weak vdW forces connecting the planes. This cir-

cumstance for example is also used for the controlled cleaving of silicon wafers. The

most prominent cleavage direction is parallel to the crystallographic {001} plane,

called basal or pinacoidal cleavage. As all 2D materials are connected by vdW forces

in direction perpendicular to the basal {001} plane, basal cleavage can be used to

create atomically flat substrates.
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There is one major difference between cleavage and micromechanical exfoliation. Mi-

cromechanical exfoliation is based on cleavage, however, as additional requirement

there should be no material left under the surface produced by cleavage. Hence,

micromechanical exfoliation should only produce one atomic layer of the material.

This is possible due to the vdW nature of 2D materials. Micromechanical exfoliation

exploits the circumstance that the forces between the lowermost layer of a 2D ma-

terial and the substrate are stronger than the vdW forces between individual layers.

Thus, it is possible to remove all layers of a 2D material excluding the last layer from

a substrate resulting in a single-layer material [135]. This fabrication method is not

trivial to perform and there have been many adaptions and improvements in recent

years, compared to the first technique developed by Novoselov and Geim in 2004 [14].

Figure 3.1: Schematic illustration of a two-step exfoliation process demonstrated for
graphene. First, a chemical exfoliation step using MIBK and second a mechanical exfoli-
ation, allowing for the reliable fabrication of SLG.
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The technique used for the exfoliation of 2D materials in this work is a combination

of well established techniques of micromechanical and chemical exfoliation illustrated

in figure 3.1. One of the most crucial steps for the production of atomically thin

films is the substrate preparation. The chosen substrates are Si/SiO2 wafers, whose

requirement will be discussed in detail in the following chapter. The substrates are

ultrasonically cleaned in acetone, isopropanol and deionised water, and subsequently

exposed to oxygen plasma to remove organic residues and adsorbents [136]. Prior

to the substrate cleaning, 2D materials are cleaved using an adhesive tape, which is

brought in contact with the substrate immediately after oxygen plasma cleaning to

avoid readsorbance on the surface. The tape is then removed by a chemical exfoli-

ation step using methyl isobutyl ketone (MIBK), resulting in a surface covered by

large flakes with a typical thickness of about 100 µm. A subsequent annealing and

cooling step of the substrate is performed to enhance the vdW interaction at the

interface between the 2D material and the substrate. The increase in temperature

induces pressure at the interface, which is released by the escape of gas between

the substrate and the 2D material. Cooling down to room temperature results in

a reduction of the pressure and causes a small and uniform spacing between the

2D material and the substrate, thereby enhancing the vdW interaction at the in-

terface [136]. Finally, a second mechanical exfoliation using an adhesive tape is

performed to end up with thin preferably single-layer flakes. The lateral size and

thickness of the flakes can, thereby, be influenced by the speed when peeling the

tape. However, there is no direct control of the position, lateral size, thickness and

shape of the flakes. Therefore, it is necessary to produce a large quantity of samples,

choosing those best suited for the experiments.

The main advantage of this technique is that it is a low cost method, which pro-

duces 2D materials of highest quality. The final layer of the exfoliated samples is
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never exposed to anything other than the substrate and ambient. Furthermore,

since the starting material has very low amount of defects the obtained single-layers

have the lowest defect density compared to other synthesis methods. Therefore, it

is the method of choice in fundamental research to probe the intrinsic properties

of 2D materials. However, the large drawback of this method is that it is almost

impossible to scale up the production of exfoliated materials to an industrial level.

3.1.1.1 Identification of Monolayer 2D Materials

A suitable substrate for the exfoliation of 2D materials does not only need to pro-

vide the necessary mechanical properties for a successful fabrication process, but also

must enable their identification. While AFM, Raman and reflectance measurements

enable a precise determination of layer thicknesses, they have a low throughput and

are not feasible to search large areas for exfoliated flakes. Therefore, it is of crucial

importance to be able to identify them prior via optical microscopy. As already men-

tioned, the optical properties of graphene and hBN make optical characterisation

challenging and their visibility needs to be enhanced by the use of an appropriate

substrate. Therefore, the substrate of choice is a Si/SiO2 wafer, since even thin

transparent flakes added to the optical path are sufficient to significantly enhance

the contrast in comparison with the wafer [137]. However, the enhance in contrast

depends on the SiO2 thickness, which will be demonstrated for graphene.

Considering the geometry illustrated in figure 3.2 (a), where light under normal in-

cident from air interacts with a three-layer system consisting of graphene/SiO2/Si,

the reflected light intensity can be calculated as [137, 138]:
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where ri are the relative indices of refraction and defined as:

r1 = n0 − n1

n0 + n1
, r2 = n1 − n2

n1 + n2
and r3 = n2 − n3

n2 + n3
, (3.2)

where ni are the refractive indices of the three-layer system. Φi are the induced

phase shifts due to changes in the optical path by the SiO2 and 2D graphene layer

are defined as:

Φ1 = 2πn1d1

λ
and Φ2 = 2πn2d2

λ
. (3.3)

The assignment of the refractive index n and the layer thickness d is denoted in

figure 3.2 (a), respectively. Since the parameters of the wavelength dependent re-

fractive index for all materials are well known and the silicon layer is assumed to be

semi-infinite, the relevant parameters are the wavelength and the thickness of the

graphene and SiO2 layer. To determine the contrast of SLG on top of the Si/SiO2

wafer, a thickness of 0.335 nm is assumed. The visible contrast of a SLG flake, in

dependence of the wavelength and SiO2 thickness, can then be determined as:

C = Is − Ig/s

Is

, (3.4)
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where Is is the intensity of the light reflected from the bare Si/SiO2 substrate, with

n1 = n0 = 1, and Ig/s is the intensity of the reflected light including the graphene

layer, with n1 = 2.6 − 1.3i. The contrast of the graphene layer is calculated for

visible light with wavelengths between 400−775 nm and a SiO2 thickness ranging

from 0−350 nm within the MATLAB R2019b environment and can be seen in fig-

ure 3.2 (b).

Figure 3.2: (a) Sample geometry used for the contrast determination of graphene. (b)
Calculated contrast for SLG on top of a Si/SiO2 substrate, as a function of the wavelength
and SiO2 thickness. Optical microscopy image of exfoliated graphene flakes on Si/SiO2
wafers with a nominal thickness of (c) 300 nm and (d) 200 nm adapted from reference
[137]. The black dashed borders indicate the extend of the graphene flake (lateral scale bar
5 µm).

Two distinct lines with a maximal contrast of about 15% can be determined and

since the human eye is most sensitive in the green light spectrum, the optimal

SiO2 thickness is around 100 or 280 nm. The importance of the correct substrate

selection is depicted in figure 3.2 (c) and (d), where for a SiO2 thickness of nominally
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300 nm the graphene flake is easily detectable, whereas it is almost invisible on the

silicon substrate with a 200 nm thick SiO2 layer. Therefore, further on all flakes

are exfoliated onto Si/SiO2 substrates with a nominal SiO2 thickness of 100 nm.

Additionally, this calculation can be used for the contrast determination of varying

graphene thicknesses and can also be implemented for different 2D materials and

substrates.

3.1.2 Liquid-Phase Exfoliation

Liquid-phase exfoliation is an effective technique to separate bulk 2D materials into

single or few-layer nanosheets in a more controlled manner. When exposed to ultra-

sonics, shear forces or cavitation bubbles lead to an exfoliation of the vdW material.

There are two main parameters that influence the yield achieved by this method.

The amount of energy introduced into the 2D material solvent media via an ultra-

sonic bath and the liquid media used for the exfoliation. The choice of liquid media

depends on the target vdW material and usually there are a variety of viable candi-

dates, such as ionic liquids or organic solvents. The main function of the solvent is

to enable the separation of individual layers by overcoming their energy barrier and

stabilise the resulting nanosheets via interfacial interactions [139].

In this work graphene is prepared using liquid-phase exfoliation. As already men-

tioned before the choice of solvent is depending on the surface energy of graphene.

The minimal energy cost of exfoliation is expected for solvents that match the sur-

face energy of graphite. The solvent of choice is N-Methyl-2-Pyrrolidone (NMP)

known to have one of the highest yields for SLG sheets [140]. For the exfoliation,

graphite powder is mixed with the NMP solvent and sonicated until a grey liquid is

formed, consisting out of a homogeneous phase and macroscopic aggregates. In the

homogeneous phase are exfoliated graphene sheets ranging from SLG to layers with
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a thickness of several micrometres. The macroscopic aggregates can be removed

from the dispersion by a mild centrifugation. Furthermore, thinner graphene layers

will be concentrated in the upper region of the dispersion after centrifugation. Sub-

sequently, the graphene flakes can be drop-casted on any substrate.

Compared to micromechanical exfoliation, liquid-phase exfoliation can produce larger

quantities of single-layer 2D sheets. Therefore, if even further scaled up this method

could be suitable for mass production. However, the major drawback of liquid-phase

exfoliation is that it is difficult to obtain high-purity single-layer 2D materials and

the placement of the flakes cannot be controlled well.

3.1.3 Molecular Beam Epitaxy

MBE is a refined form of vacuum deposition and epitaxy method for thin-film depo-

sition, where basically an evaporation material get deposited on a heated substrate

under UHV conditions. The main characteristic of MBE is that the materials get

deposited via a molecular flow, meaning that the mean free path of the atoms or

molecules is larger than the size of the deposition chamber. Furthermore, MBE

exhibits a very low deposition rate, which in combination with the heated substrate

allows diffusion of the atoms on the surface and the films to grow epitaxially. All

these features in combination with the required UHV environment results in highest

purity and crystal quality of the grown films [141].

The technique for deposition of thin silicon or silicene films used in this work is

electron beam epitaxy (EBE), which uses an electron beam to heat the evaporation

material to create a molecular beam. The evaporation of silicon is achieved using

a single-pocket electron beam evaporator (EBE-1) from Specs, which is shown in

figure 3.3 (a). The preferred way to evaporate silicon is via the molten drop tech-
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nique, illustrated in in figure 3.3 (b). Its main advantage is that only the tip of the

silicon rod is melted, allowing a more stable and controlled evaporation. The rod

in the EBE-1 is heated locally by an electron bombardment from a ring filament.

Therefore, the rod is held at high positive potential and must be placed inside the

ring filament, which is connected to ground potential. The electrons from the ring

filament are then accelerated towards the rod at very high energies, allowing tem-

peratures in excess of 3500 ◦C to be reached [142].

Figure 3.3: (a) Image of the EBE-1 evaporator for silicon deposition and (b) schematic
illustration of the implemented molten drop technique, adapted from reference [142].

The evaporation rate is controlled using a flux electrode, which is biased with a small

voltage to collect a fractal amount of the ions produced during the evaporation.

Although, the vast majority of the evaporated material is not ionised, the flux can

be taken to calibrate the amount of evaporated material. However, the flux cannot

be converted directly to the amount of evaporated material since it depends on the

material and applied voltage. Therefore, the evaporation rate must be calibrated

using an alternative method (eg. LEED, AFM). For the deposition of silicene a

deposition rate of 0.02 ML
min

is required, which translated to a flux of 1.3 nA. This
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low deposition rate, close to the limit of the EBE-1, combined with the precise

temperature control of the substrate allowed the growth of high quality epitaxial

silicene. The temperature of the substrate is controlled via an external infrared

pyrometer.

3.1.3.1 UHV and Substrate Preparation

UHV is a necessity for the substrate preparation and synthesis of silicene for several

reasons. First of all the pressure must be low to enable molecular flow of the precur-

sor to prevent collisions of the silicon atoms with one another and more importantly

with residual gases. The mean free path λ of the evaporated silicon atoms at a

pressure p can be calculated according to:

λ = kBT√
2πpD2

, (3.5)

where kB is the Boltzmann constant, T the temperature and D the diameter of

a silicon atom of 2.2 Å. Assuming room temperature and a distance between the

source and the substrate of one m, molecular flow of the silicon atoms is already

possible at a moderate pressure of 10−4 − 10−5 mbar. However, the high reactivity

of silicon with oxidizing species as O2 and H2O also require a clean interface. The

number of atoms or molecules to strike a unit area per second can be described as:
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J = NAp√
2MRT

(3.6)

J number of atoms/molecules per area per second [m−1s−1]

NA Avogadro constant [mol−1]

p pressure [Pa]

M molar mass [kg mol−1]

R gas constant [J mol−1K−1]

T temperature [K]

The amount of atoms on a Ag(111) surface is roughly 1.4 × 1015

cm2 , which allows to

estimate the time until the entire surface experiences collisions from a surrounding

gas phase in dependence of the pressure. Assuming a sticking coefficient of 1 for

H2O at room temperature and a pressure or 10−5 mbar the time required for a com-

plete surface encounter is only 0.3 s. Although, not all H2O are adsorbing on the

Ag(111) surface the growth duration for a monolayer of silicene takes significantly

longer, which will be discussed in the following chapters in detail. However, at a

pressure of 10−10 mbar a full coverage of the surface takes at minimum 7.7 hours.

The ultimate base pressure achieved in the actual UHV system is 2 × 10−10 mbar,

enabling the growth, thorough in-situ analysis and passivation of a clean silicene

layer.
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Another crucial step prior to the MBE growth is the preparation of the growth

substrate. This process usually involves an alteration of ion-sputtering and anneal-

ing steps under UHV conditions to remove any oxides or adsorbents, such as water

and organic residues, from the substrate and smoothen out the surface. While a

controlled corrugation of the growth substrate can aid the growth of thin films, by

providing nucleation points, in the case of silicene an as flat and clean surface as

possible is preferable for the growth of a continuous film.

For the sputter cleaning of the growth substrates a "Penning Ion Source Specs

IQP 10/63" is used. Although various inert and reactive gases can be used for

the sputtering procedure, the most prominent operating gas is argon, due to its low

reactivity and high molecular weight. The amount of argon during the operation is

controlled using a leak valve and the gas is channelled within the source into the

cathode chamber via a ceramic tube. A high voltage difference between the anode

and cathode combined with a superimposed magnetic field results in an electron-ion

plasma within the discharge area. The Ar+ ions are then accelerated and focused by

an ion lens onto the target substrate [143]. Important parameters for the optimal

substrate preparation are the sputter yield, which is the number of removed surface

atoms per Ar+ ion impact, and further the ion beam profile. The sputter yield differs

for each substrate material, as well as the respective operating gas and is essential

to determine the sputter rate ( z
t
), which can be estimated with the formula:

46



CHAPTER 3. EXPERIMENTAL

z

t
= M

(ρNAe) × Sjp (3.7)

M molar weight of the target [kg/mol]

ρ density of the material [kg/m3]

NA Avogadro constant [mol−1]

e electron charge [C]

S sputtering yield [atom/ion]

jp primary ion current density [A/m2]

High ion energies usually enable a higher sputter yield and rate, however, also result

in a sharper beam profile. While a sharp beam profile can be beneficial for effective

material sputtering, for the perpetration of growth substrates a broad beam pro-

file is preferred to enable a homogenous surface. Therefore, a compromise between

sputter rate and beam width needs to be found, while keeping the sputter time at

a reasonable level.

The sputter cleaning is even more crucial for the Ag(111) substrate, since it forms

silver sulfide and silver oxide layers when exposed to air, that need to be removed

prior to the MBE evaporation, whereas Au forms no native oxide. The necessary

sputtering parameters are determined using formula 3.7. An ion energy of 1 keV is

chosen to provide a broad sputtering profile with diameter of approximately 16 mm

and an ion current of 3 µA, resulting in a current density of roughly 1.49 mA
cm2 . The

sputter yields with Ar+ ions at this energy for Ag and Au are 5 and 3.5 atom
ion

, re-

spectively [144]. Combined with the molar weight (Ag = 107.89 u, Au = 196.97 u)

and density (Ag = 10.5 g
cm3 , Au = 19.3 g

cm3 ), sputter rates for silver of 0.47 nm
min

and

gold of 0.33 nm
min

are obtained. The substrates are sputtered for 5 min just to remove

the uppermost layer and reduce the risk of a non-reversible surface roughness. The
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sputter cleaning is followed by subsequent 20 min annealing at 520 ◦C, with the

temperature controlled via an external infrared pyrometer. The annealing step is

essential to desorb residual gas, such as H2, H2O, CO and CO2, from the growth sub-

strate [145]. Furthermore, annealing of the substrate enables the diffusion of atoms

along the surface, which promotes the formation of large homogeneous terraces, for

the growth of extended films.

3.2 Analysis Methods

Throughout this work a large variety of analysis methods under UHV and at am-

bient conditions are used and here the working principle of the most frequently

implemented methods will be discussed in detail.

3.2.1 Low-Energy Electron Diffraction

LEED is one of the oldest surface analysis techniques dating back to 1927 [146].

However, to this day it remains one of the most widely used and also most power-

ful techniques available for the structural analysis of thin films. To obtain LEED

measurements in this work a ERLEED 1000A apparatus from Specs is used. A

schematic of the measurement setup and a close-up of the lens and grid system

are illustrated in figure 3.4. The grounded sample is bombarded by a focused elec-

tron beam with well defined energy and the elastically back-scattered electrons pass

through a transparent grid arrangement. The first grid shields the sample from

electromagnetic fields, while the other filter the inelastically scattered electrons and

accelerate the remaining ones onto a phosphor screen. This mechanism causes the

screen to fluoresce and the diffraction patterns can be observed through a viewport.
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Figure 3.4: Schematic illustration of the used ERLEED 1000A measurement setup, in-
cluding a close-up of the lens and grid system, adapted from reference [147].

There are several reasons why low energy electrons are used for surface analysis.

First, one has to consider the De Broglie wavelength of an electron which is defined

as:

λ = h√
2mE

or λ[Å] =
�

150
E[eV ] (3.8)

Usually, the energy of the electrons used for LEED measurements is kept between

30−200 eV, resulting in electron wavelengths that satisfy the atomic diffraction

condition of ≈1−2 Å. Therefore, the electron wavelengths are in the regime of

interatomic distances or even smaller. Furthermore, the elastic mean free path of

low-energy electrons is only a few Å, thus, elastic collisions can only occur in the

topmost layers of the analysed sample, enabling the surface sensitivity of the LEED

measurements [148].
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The obtained diffraction patterns can be analysed either qualitatively or quantita-

tively. Qualitative analysis of the spot positions yields information on the symmetry

of the surface structure. Assuming that the formation of the diffraction pattern only

involves single elastic scattering processes, the evaluation of the crystal lattice is

straightforward. The diffraction pattern can be directly related to the crystal recip-

rocal lattice following the Laue condition for constructive interference and diffraction

of scattered electron waves [149]:

kf − ki = Ghkl, (3.9)

where ki = 2π
λi

is the wave vector for an incident electron, kf = 2π
λf

the wave vector

of a scattered electron and Ghkl is a vector of the reciprocal lattice, where h, k

and l denote the Miller indices. As previously discussed, due to energetic reasons

only the first few atomic layers of the sample contribute to the diffraction pattern.

Therefore, it is possible to reduce the Laue condition to the 2D form, since no

diffraction condition perpendicular to the sample surface can be fulfilled:

k
�
f − k

�
i = Ghk = ha∗ + kb∗, (3.10)

where k
�
i and k

�
f respectively are the incident and reflected wave vector parallel to

the surface and a∗ and b∗ are the primitive translation vectors of the 2D reciprocal

lattice. These vectors can easily be represented graphically and analysed using an

Ewald sphere construction [150].
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Furthermore, also quantitative information can be obtained from the LEED diffrac-

tion patterns. Not only the spot location, but also the spot intensity and sharpness

contain valuable information on their atomic positions and quality of the surface.

A broadening or weakening of the spots alongside of an increase of the background

intensity can be signs of crystallographic imperfections or structural defects in the

sample surface. The formation of ring-like patterns indicates a not well ordered

surface reconstruction, whereas the absence of any LEED spots is usually a sign of

a polycrystalline or amorphous surface. Furthermore, to gain access to the exact

position of the surface atoms it is possible to evaluate the spot intensity as a function

of the primary electron energy [148].

3.2.2 Atomic Force Microscopy

AFM is a powerful measurement tool for the characterisation and manipulation of

surfaces and material properties. Over the years a wide variety of analysis methods

have been developed, ranging from topography measurements to the investigation of

magnetic, electronic or mechanical properties of materials. In this thesis, primarily

the topographic imaging capability of the AFM is utilised and all measurements are

performed using a "Bruker AFM Veeco Dimension 3100".

The basic working principle of an AFM shown in figure 3.5 is rather trivial. An

atomically sharp tip, located at the end of a cantilever beam, systematically rasters

across the surface of the sample, with the lateral and perpendicular movement of

the tip precisely controlled via piezoelectric actuators. As the tip interacts with the

surface of the sample the cantilever follows the topography and this movement is

detected using a laser directed to the tip of the cantilever, which is reflected back

towards a split photodiode. Any movement of the cantilever is, thus, detected as a

change in the cantilever deflection and can be used to gain exact height information
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at any position on top of the sample surface [151]. Since no illumination is need for

the implementation of AFM measurements, its resolution is not limited by optical

wavelengths or aberrations and resolutions in the order of fractions of a nanometre

can be reached, even at ambient conditions [152].

Figure 3.5: Schematic and working principle of the implemented AFM tapping mode
technique.

Using AFM is possible to record the topography of a sample via three different

measurements modes:

• Contact mode

• Non-contact mode

• Tapping mode

During the measurement in contact mode, the tip is in direct contact with the sam-

ple and information on the topography can either be obtained directly by keeping
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the tip-height constant and record the deflection of the cantilever or keeping the

deflection constant and record the z-piezo movement. However, the tracking forces

applied onto the sample by the AFM tip during contact mode operation can lead to

damages or attrition of the tip and sample. Therefore, this method is only viable

to image hard surfaces when the presence of high lateral forces is not expected to

modify or damage the morphological features.

In non-contact mode the cantilever is oscillating near its resonant frequency su-

perjacent of the sample without getting in contact with the surface. However, vdW

or other long-range forces acting upon the cantilever induces a dampening of the

oscillation. A control loop keeps the oscillation amplitude constant by adjusting the

cantilever in z-direction, whereas this movement can be used to obtain information

on the topography of the sample. While this method inflicts less damage to the

sample surface and yields a much higher resolution than contact mode measure-

ments, it is only primarily suitable for measurements under UHV conditions. A

good compromise between these two methods is the tapping mode method, which

is essentially a combination of them and enables the imaging of soft and fragile

samples at ambient conditions. Similar as for the non-contact mode the cantilever

is oscillated near its resonance frequency above the sample surface, while, however,

periodically touching the surface. Again, the change of the oscillation amplitude is

compensated by adjusting the average tip to sample distance, which can be used to

obtain a topography image. Although the forces acting upon the sample surfaces

during tapping mode exceed the ones during contact mode, they are only applied

for a short duration and without inducing destructive frictional forces. Therefore,

it is possible to significantly reduce the damage and attrition of the surface and tip,

while still obtaining high resolution topography images.
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3.2.3 Raman Spectroscopy

Raman spectroscopy is a non-destructive analytical technique for the identification

and characterisation of materials via their vibrational properties. Its working princi-

ple relies upon the inelastic scattering of photons observed for the first time in 1928

by Krishnan and Raman [153]. However, it took until the late 60s to fully establish

this technique, owning to the development of modern lasers, enabling the analy-

sis of small sample volumes [154]. Therefore, Raman spectroscopy is an excellent

technique for the characterisation of thin films and 2D materials.

Figure 3.6: (a) Schematic illustration of possible Raman scattering processes for anti-
Stokes, Rayleigh and Stokes scattering. (b) Schematic visualisation of Raman lines and
Raman shifts, due to Stokes and anti-Stokes scattering processes.
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The main requirement in order to be able to perform Raman spectroscopy on a

sample is its polarisability, which requires the sample to be able to form instanta-

neous dipoles. When a photon from a monochromatic laser source interacts with

the sample and gets absorbed, it can undergo a multitude of different Raman scat-

tering processes, which are schematically depicted in figure 3.6 (a). During most

Raman scattering events, the material is excited to a virtual state for a short time

and returns to the original vibrational state. Therefore, the energy of the sample

is unaltered after the interaction with the laser light and the backscattered photon

exhibits the same energy as the incident photon. This so-called Rayleigh scatter-

ing is by far the most prominent process and usually requires to be filtered out in

order to be able to evaluate Raman measurements. In much rarer cases inelastic

scattering occurs, where after being excited to a virtual state by a phonon the tar-

get molecule or crystal returns to a vibrational state with a higher or lower energy.

These processes are called Stokes, in the case of a loss of energy, and anti-Stokes

Raman scattering, in the case of an increase of energy. A visual representation of

Rayleigh, Stokes and anti-Stokes scattering is illustrated in figure 3.6 (b). Stokes

Raman scattering is usually much more intense than anti-Stokes scattering at room

temperature, since only molecules and crystals that are excited prior to the radiation

contribute to the anti-Stokes line and, therefore, used for the determination of the

Raman signal [155]. Usually the Raman spectra is expressed as Raman shift, which

can be calculated as followed:

Δῡ = ( 1
λ0

− 1
λ1

) × 107 (3.11)

Δῡ denotes the Raman shift [cm−1], λ0 the excitation wavelength [nm] and λ1 the

wavelength [nm] of Raman scattered light. The obtained Raman spectra depend on

the specific arrangement of molecular bonds in the sample and can therefore be used
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to quickly and non-destructive characterise and identify materials. Furthermore, the

form of the peaks and peak shifts carry valuable information on the quality of the

sample or deformations, respectively. In the case of certain vdW materials even the

alteration of a single-layer can drastically alter the Raman spectrum [74], making

Raman spectroscopy one of the most prominent tools for the characterisation of 2D

materials.

Figure 3.7: Optical image of the used Raman setup and simplified illustration of the
optical path during the measurements.

In this work, the vast majority of the Raman measurements are carried out using a

Witec alpha300 confocal microscope setup in backscattering geometry. An optical

image of the setup and a schematic illustration of the optical path of the laser in the

Raman setup is depicted in figure 3.7. Linear polarised light with a wavelength of
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532 nm, emitted from a frequency doubled Nd:YAG laser, is focused on the sample

surface via a Nikon 100x objective (NA = 0.9, WD = 0.23 mm), allowing a minimal

spot size of ≈750 nm. For confocal measurements, the microscope objective lens

also collects the backscattered light, which is filtered by a notch filter to reduce the

intensity of the Rayleigh scattered light and is finally coupled into a spectrometer.

Inside the spectrometer the beam is dispersed via a diffraction grating and projected

onto a charge-coupled device (CCD) detector [156]. All measurements are performed

at ambient conditions and the output power is chosen low enough to avoid laser

heating effects of the samples.

3.2.3.1 Polarisation Dependent Raman Spectroscopy

An additional feature of the actual Raman setup is the inclusion of a polarisation

analyser, that allows to detect the polarisation of the backscattered light, which can

be used to obtain detailed information on the symmetry of the crystal or molecule

and the vibrational mode represented by that Raman peak.

The polarisation dependency of the intensity of the scattered Raman light can be

expressed as:

I ∝ |eiRes|2, (3.12)

where ei and es are the unit vectors describing the polarisation of the incident and

scattered light, respectively, and R the Raman tensor. Graphene and silicene belong

to the C6v point group, which has three possible phonon modes, resulting in three

Raman tensors, which for normal incident measurements can be simplified to:
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RA =

�a 0

0 a


 , RE1 =

�0 0

0 0


 and RE2 =

� d −d

−d −d



The intensity of scattered Raman signal for modes belonging to the E2 phonon

symmetry is independent of the polarisation and modes belonging to the E1 phonon

symmetry cannot be detected via Raman measurements in backscattering geometry.

However, according to formula 3.12 the Raman signal for modes belonging to the A

phonon symmetry can be completely suppressed in cross polarisation.

In the case of parallel polarisation, where θout = θin, with the incident laser light

polarised in an arbitrary angle θin, the vectors describing the polarisation of the inci-

dent and scattered light become ei = es = (cos(θin)
sin(θin)) and the intensity of the scattered

Raman signal can be calculated as:

I� ∝|eiRAes|2 = |
�cos(θin)

sin(θin)



�a 0

0 a



�cos(θin)

sin(θin)


 |2 =

|a · cos2(θin) + a · sin2(θin)|2 = a2

In the case of cross polarisation, where θout = θin + 90◦, the vector describing the

polarisation of the scattered light becomes es = (cos(θout)
sin(θout)) = (cos(θin+90◦)

sin(θin+90◦)) = (−sin(θin)
cos(θin) ).

Consequently, the intensity of the scattered Raman signal can be described as:

I⊥ ∝|eiRAes|2 = |
�cos(θin)

sin(θin)



�a 0

0 a



�−sin(θin)

cos(θin)


 |2 =

|a · cos(θin) · sin(θin) − a · cos(θin) · sin(θin)|2 = 0
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Therefore, the Raman signal for modes belonging to the A phonon symmetry are

additionally dependent on the direction of the polarised light. This allows to fur-

ther characterise the symmetry properties of the studied materials by implementing

Raman measurements in parallel and cross polarisation.

3.2.4 Differential Reflectance Spectroscopy

Differential reflectance spectroscopy (DRS) is a non-destructive measurement tech-

nique that analyses the change in reflectance of a surface upon physical or chemical

modification [157]. It has been introduced in 1985 [158] to study the optical proper-

ties of silicon and germanium surfaces and is nowadays widely used for the optical

characterisation of thin films, especially 2D materials. Furthermore, it can even

be applied to monitor optical changes during thin film epitaxy [159] and addition-

ally can serve as a tool to estimate the thickness of mechanically exfoliated 2D

flakes [160].

The great advantage of this measurement technique, beside being fast to imple-

ment and non-destructive, is that intrinsic optical properties of thin films can be

extracted regardless of the growth or supporting substrate. To gain access to this in-

formation, usually the differential change in reflectance needs to be analysed, which

is defined as:

ΔR

R
= RS+A − RS

RS

, (3.13)

where RS is the reflectance of the substrate and RS+A the reflectance of the sub-

strate including the additional layer atop. When DRS is performed under normal

incidence, it is straightforward to extract detailed intrinsic information of the surface
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film, such as absorption and optical conductivity, which will be explored in detail

and utilised in chapter 4.7.3 of this thesis. Furthermore, this differential change in

reflectance can essentially be observed as contrast in an optical microscope and can

aid in the identification and thickness determination of 2D materials, which will be

discussed more specifically in chapter 4.1.1.

The setup used for the DRS is based on the Raman measurement system, described

in chapter 3.2.3 and depicted in figure 3.7. Again, the Witec alpha300 confocal mi-

croscope setup in backscattering geometry is used, however, instead of recording the

Stokes Raman scattering the back-scattered Rayleigh light is analysed. A broadband

laser "SuperK Extreme NKT" serves as a white light excitation source. Whereas,

the light is coupled into a "SuperK Select NKT" monochromator, that enabled the

emission of monochromatic light at specific laser energies between 0.8−2.6 eV. The

light is focused onto the sample surface via a Nikon 100x objective (NA = 0.9,

WD = 0.23 mm), allowing a minimal spot size of ≈750 nm. The back-scattered

light is then coupled into a spectrometer and recorded using a CCD detector, with-

out the use of any notch or edge filters to preserve the intensity of the Rayleigh

peak. The reflectance of the sample is recorded implementing area scans of the

surface. In this way both reflectance information of the substrate with and without

the additional surface film are comprised in a single measurement. The fact that

the measurement time is significantly shorter than for Raman analysis, due to the

much higher intensity of the Rayleigh line, enables the recording of extended high

resolution µ-reflectance mappings, with significantly increased accuracy compared

to single point measurement.
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3.3 Straining Module

The straining devices used in this work have been original designed to apply high

uniaxial strain to silicon and germanium nanowires [161]. However, through mi-

nor changes in the fabrication process it is possible to facilitate the straining of

2D structures.

3.3.1 Fabrication of Straining Device

The fabrication of the straining modules is based on a silicon on insulator (SOI)

wafer diced into squares of 12×12 mm2. The actual SOI substrate has a 500 µm

thick handle layer (HL) and a 3 µm thick device layer (DL) separated by a 1 µm thick

buried-oxide (BOX). The fabrication of the device and integration of the 2D mate-

rials is schematically illustrated in figure 3.8.

Figure 3.8: Schematic illustration for the fabrication of the straining devices and inte-
gration of the 2D flakes.

61



CHAPTER 3. EXPERIMENTAL

1 The SOI substrate is cleaned by a standard procedure using acetone, iso-

propanol, deionised water and an oxygen plasma treatment.

2 About 1 µm wide trenches are patterned by optical lithography using an

AZ5214E positive resist process.

3 The DL is selectively removed at the patterned trenches by a cryogenic reactive-

ion etching process at -108◦C in SF6/O2 atmosphere. The process is stopped

as soon as the BOX layer is reached, which is controlled via an interferometer.

4 An undercut of the trench is formed by selectively etching the BOX in 40%

hydrofluoric acid (HF), effectively forming suspended beams. The etch rate

of the BOX layer is about 800 nm
min

and the target length of the undercut is

between 40−100 µm, resulting in etch times of 60−120 min.

5 The straining module is thermally oxidised to further narrow the trenches and

reduce the surface roughness induced by the etching processes. This process

step can also be substituted by an evaporation of a 200 nm Au film, which

additionally can be used for contacting the 2D materials.

6 Transfer of the 2D materials across the trench of the straining module. The

transfer methods will be discussed in detail in chapter 4.2.

7 The trenches are filled in a 3-step process with a LOR3A lift-off resist as a

support for an additional AZ5214 resist layer. Subsequently, openings for the

pinning of the 2D materials are formed by an image-reversal photo-lithography

step.

8 Finally, the 2D flakes are pinned down by sputtering a 5 nm Ti adhesion

layer followed by a 200 nm Au layer, where the excess material is lifted-off in

dimethyl sulfoxide (DMSO).
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3.3.2 Straining Principle and Application

The straining of the 2D materials is based on a 3-point bending approach shown in

figure 3.9 (a). Thereby, the substrate is fixed on two sides and a force applied in the

middle of the sample. This results in a bending of the substrate where the bottom

surface is compressively strained, whereas the top surface is tensily strained. Simi-

lar approaches were already used for straining of 2D materials, which rely on highly

bendable substrates [162]. However, using this method the strain is not applied

uniformly and the fixation solely relies on the adhesion to the substrate, limiting

the amount of applied strain. Additionally, in contrast to the approach used in this

thesis it is not possible to strain free-standing 2D materials.

The bare SOI substrates can typically sustain about 0.3 % surface strain before

fracture. This would drastically limit the applicable strain if a standard 3-point

bending approach would be used and where the innovative design of the straining

module comes into play. As previously described, the with HF underetched DL

forms suspended beams. This design allows an amplification of the strain applied

in the gap of the trench via a leverage effect. The strain enhancement is defined as:

�g = � × u

g
, (3.14)

where �g is the applied strain in the gap, � the strain applied at the top of the

HL, which is approximately the strain applied to the substrate, u the length of the

undercut and g the width of the trench. Therefore, theoretically the applied strain

is only limited by the fracture strain of the substrate and the ratio between the

gap and the undercut. For the actual devices, the minimal gap size of the trench

is approximately 2 µm and the maximal feasible undercut before the DL starts to
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bend downwards is 200 µm. Taking into account the SOI fracture stress of 0.3 % an

applied strain of above 20 % is feasible. However, other limiting factors as a hang

down or slipping of the 2D flakes also need to be considered. Beside the potentially

high strain levels, this method also has other distinct advantages. It is possible to

apply strain to free-standing 2D materials and the strain is very uniform, due to the

minimal bending of SOI substrate. Furthermore, the pin down with the Au fixing

prevents slipping of the 2D flakes and can potentially serve as electric contacts, en-

abling electrical characterisation of strained 2D materials.

Figure 3.9: (a) Schematic illustration of straining principle via the 3-point bending ap-
proach and enhancement via the leverage effect. (b) Image of the used straining module,
with the straining device marked in blue.

The strain is applied to the straining module via a specially designed 3-point bend-

ing module, depicted in figure 3.9 (b). The straining device is fixed on top with

two adjustable steel plates and force is applied at the bottom of the substrate via

a centred cylinder, which can be lifted up upon operation of the micrometre screw.
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This allows a controllable continuous and repeatable application of strain. Addi-

tionally, the module can be mounted into the Witec-system, allowing in-situ optical

and Raman characterisation of the strained 2D layer.
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Chapter 4

Results and Discussion

In this chapter the experimental results conducted for this thesis are presented. It is

mainly separated into two parts. First, the exfoliation, characterisation and strain

engineering of vdW materials. Second, the synthesis and passivation of silicene

on various substrates and subsequent characterisation under UHV and at ambient

conditions, requiring proper encapsulation.
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4.1 Identifying Monolayer 2D Materials

Most of the interesting properties of 2D materials only emerge when their thickness

is reduced to only a few or ultimately one atomic layer. For detailed investigations

or practical applications, it is of crucial importance to be able to locate single and

thin few-layer 2D flakes reliably. However, the optical properties of the 2D materials

used in this work, graphene and hBN, make the identification of thin layers challeng-

ing. In this chapter the results of the implemented characterisation techniques are

presented, where in accordance with the discussion in chapter 3.1.1.1, the 2D flakes

are initially identified via optical microscopy.

4.1.1 Reflectance Spectroscopy Characterisation

The reflectance measurements are performed using the setup described in chap-

ter 3.2.4. Figure 4.1 shows an optical microscopy image of an exfoliated graphene

flake on a Si/SiO2 substrate and figure 4.1 (b) the respective µ-reflectance mapping

obtained at a laser wavelength of 650 nm. The contrast of the graphene layers can

be calculated as:

C = Rs − Rg/s

Rs

, (4.1)

where Rs is the intensity of the reflected light from the Si/SiO2 substrate and Rg/s

the intensity of the reflected light with graphene layers of varying thicknesses atop.

The intensity of the reflected light is averaged from the areas marked in figure 4.1 (a),

within the Gwyddion version 2.57 environment, allowing for higher accuracy than

for single point measurements. However, to be able to interpret the obtained con-

trast of the different layer thicknesses, is it necessary to determine the theoretically
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expected contrast. Therefore, the same method described in chapter 3.1.1.1 can be

used, however with a specified SiO2 thickness and the amount of graphene layers and

laser wavelength as parameters. The actual thickness of the SiO2 layer of 114 nm is

determined via ellipsometry measurements. For the determination of the thickness

of the graphene layers, the theoretical calculated contrast of graphene flakes with a

thickness of 1−7 layers (dotted black lines) is compared with the measured contrast

from the reflectance measurements (open circles), illustrated in figure 4.1 (b). The

measured contrast follows the theoretically calculated values very accurately, allow-

ing a clear assignment of the layer thicknesses.

The determination of the thickness of 2D materials via DRS proofed to be a very

accurate, but also quite time consuming method. However, in this work it also

serves as proof of concept for reflectance measurements of silicene capped by hBN

in chapter 4.7.3.
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Figure 4.1: (a) Optical microscopy image of an exfoliated graphene flake with different
amount of layers on top of a Si/SiO2 substrate. (b) Reflectance mapping of the graphene
flake depicted in figure (a) at a laser wavelength of 650 nm. The marked regions are used
for the determination of the contrast (z-scale in detected counts [a.u.] and lateral scale bar
5 µm). (c) Comparison of the experimentally determined contrast (open circles) of the
graphene flakes with the theoretically calculated contrast of 1−7 graphene layers (dashed
black lines) on a Si/SiO2 substrate with a 114 nm thick SiO2 layer.
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4.1.2 AFM Characterisation

AFM is a straightforward characterisation method to directly measure the thickness

of the 2D flakes. In order not to damage the 2D structures the tapping mode tech-

nique is applied, as described in chapter 3.2.2. For reasons of comparability and also

to verify the previous thickness determination methods, again the graphene flake in

figure 4.1 (a) is investigated. Figure 4.2 (a) illustrates the obtained AFM image

and the thickness of the graphene layers can be determined either via a line scan

across the flake or the one-dimensional height distribution, depicted in figure 4.2 (b).

This again allows to accurately assign the number of layers, assuming a thickness

of approximately 0.335 nm for SLG and is in good agreement with the previous

determination via reflectance spectroscopy. However, it has to be noted that the

thickness of SLG determined via AFM measurements usually extends 0.335 nm due

to an additional water film present at ambient conditions. However, any flake with

a thickness below approximately one nm can be assigned to a monolayer.

Figure 4.2: (a) AFM image of the graphene flake depicted in figure 4.1 (a) (lateral scale
bar 5 µm and logarithmic z scale 6 nm). (b) Height distribution of the in (a) illustrated
AFM image.
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AFM measurements provide very accurate results but are again quite time consum-

ing. However, they provide additional information on the quality of the 2D flake

that cannot be identified by optical means, as small contaminants or wrinkles. Fur-

thermore, it is a direct measurement technique and does not rely on any intrinsic

properties of the investigated material, making it universally applicable.

4.1.3 Raman Characterisation

As already discussed in chapter 3.2.3, Raman spectroscopy is a powerful non destruc-

tive analysis method that allows quick and detailed characterisation of materials. It

serves as a reliable and fast method to determine the thicknesses of 2D materials

since Raman vibrational modes are very sensitive to small structural changes and

the number of stacked layers. The thickness determination of graphene will be de-

scribed in detail, however also the thickness of other 2D materials can be determined

using a similar approach.

For the Raman measurements the setup described in chapter 3.2.3 is used. Fig-

ure 4.3 (a) illustrates the Raman spectrum of a SLG, double-layer graphene (DLG)

and FLG exfoliated onto a Si/SiO2 wafer, which all exhibit distinct peaks for the G

and 2D mode, respectively. A reliable way to identify SLG is to analyse the peak

position and shape of the 2D peak [74]. The 2D peak originates from a two phonon

double resonance process and is closely related to the band structure of graphene.

It has been shown that the observed splitting and blueshift of the 2D peak for FLG

can be explained by the splitting of their electronic band structure [74], with re-

spect to SLG where the 2D peak can be fitted with one sharp and symmetric peak.

Therefore, it is rather quick and straightforward to distinguish SLG and FLG flakes

via Raman spectroscopy. Unfortunately, the difference of the 2D peak of SLG and

DLG is not as obvious. However, also the intensity of the G peak, or more precisely
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the ratio between the intensity of the 2D and G peak, I2D

IG
, can be used for identifi-

cation of the number of graphene layers. The intensity of the G peak increases with

each additional graphene layer since more carbon atoms are detected. To better

visualise these effects the graphene flake from figure 4.3 (a) is analysed with respect

to the peak position and I2D

IG
ratio. The resulting Raman mappings are illustrated

in figure 4.3 (b) and (c) and allow for an unambiguous identification of the SLG

region. The features for monolayer graphene are as distinct, that data from single

point measurements are sufficient for a clear identification.

Figure 4.3: (a) Raman spectra of SLG (red), DLG (blue) and FLG (black) exfoliated on a
Si/SiO2 substrate. (b) Raman intensity mapping of the 2D peak at a wavenumber of 2665
cm−1 (z-scale intensity [a.u.]) and (c) I2D

IG
ratio of the graphene flake in figure 4.1 (a)

(z-scale ratio 0.3−2 [a.u.], both lateral scale bars 5 µm).
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Beside, being a rather quick and non-destructive analysis method, another advantage

of Raman spectroscopy is that these measurements are independent of the used

substrate. Furthermore, the absence of a defect peak expected at approximately

1350 cm−1 in the analysed Raman measurements proofs the high quality of the

exfoliated graphene films.

4.2 Straining Device Integration

After being capable of producing and identifying high quality 2D films, the next step

is the reliable integration of 2D materials into the straining devices. All implemented

methods for the transfer of the 2D materials will be briefly discussed, with particular

emphasis on the method that provided the most reliable results.

4.2.1 Liquid Transfer

For the liquid transfer two different techniques are implemented. i) Drop-casting

of 2D materials, obtained via liquid-phase exfoliation discussed in chapter 3.1.2, di-

rectly onto the straining device and ii) Polymer assisted wet chemical transfer.

While it is feasible to obtain thin 2D flakes via liquid-phase exfoliation, there are

serious issues with the placement of the 2D flakes. The thin 2D materials need

to be placed precisely over the trench of the straining device and the drop-casting

technique allows no exact control of the placement. Although several attempts have

been made not a single thin 2D flake ended up suspended over a trench on top of the

straining device. This is attributed to the fact that the thin layers are probably not

stable enough to remain suspended over the trench while the solvent evaporates.

Anyhow, while this technique has been used for the transfer of 2D materials on

top of membranes and other substrates, where the placement is not as critical, it,

however, is not viable for the integration of 2D materials onto the straining device.
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The polymer assisted wet chemical transfer appears a more promising approach for

the integration of 2D flakes into the straining device, as it uses a supporting polymer

layer to stabilise the 2D materials on top of the trench and also enables certain

control over the placements. A schematic of the methodology of the transferring

process is illustrated in figure 4.4 (a). First, 2D flakes are mechanically exfoliated

onto a Si/SiO2 substrate, as described in chapter 3.1.1 (1). Following, a layer of

poly(methyl methacrylate) (PMMA) is spin coated onto of the substrate, which will

serve as the transfer layer (2). To detach the PMMA/2D layer from the Si/SiO2

substrate, the sample is put into a 1 M sodium hydroxide (NaOH) solution at 90◦C.

Figure 4.4: (a) Schematic illustration of the process steps involved in the wet chemical
transfer. (b) Microscope image of graphene flakes suspended over the trench of a straining
device after a finished wet chemical transfer. (c) AFM topography image of a suspended
graphene flake (lateral scale bar 5 µm and logarithmic z scale 15 nm). The line profile in
the inset shows a hang-down of the flake at the red marked line.
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The NaOH etches the SiO2 and slowly releases the PMMA/2D layer from the sub-

strate (3). Notably, it is sufficient to etch parts of the SiO2 layer and the detachment

of the PMMA/2D layer can be finished in deionised water at room temperature (4).

Therefore, even materials that would be etched or modified by NaOH can be trans-

ferred using this method. After the PMMA/2D stack is fully detached it floats on

top of the water and can be transferred onto the straining device (5). This step can

be performed under a microscope and the PMMA layer can be manipulated to a

certain degree to allow control over the placement of the 2D flakes. After a short

annealing step to promote contact between the substrate and the 2D layers, PMMA

is dissolved with acetone (6). Even after the removal of the supporting PMMA layer

the 2D flakes remain suspended over the trenches, as illustrated in figure 4.4 (b).

However, the flakes experienced a large hang-down into the trenches, as revealed via

AFM measurements as shown in the inset of figure 4.4 (c). The hang-down is so

substantial that it cannot be compensated during the straining procedure and, thus,

it is unfortunately not possible to apply reasonable strain onto 2D flakes transferred

via this technique with the implemented straining method. Furthermore, remains

of liquids appear to be trapped beneath the transferred flakes.

Therefore, although it has been possible to transfer 2D materials with the imple-

mented liquid transfer technique, it is not suitable for the integration of 2D materials

onto the straining devices, due to a lack in control of placement and foremost due

to hang-down of the 2D flakes into the trenches.
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4.2.2 Dry-Viscoelastic Transfer

Another well established technique for the transfer of 2D flakes is the dry-viscoelastic

transfer [163], where polymer stamps are used to pick-up 2D flakes and place them

with high accuracy. The here implemented method is based on a temperature as-

sisted transfer technique [164], commonly used for the batch assembly of 2D het-

erostructures.

The stamp for the 2D flake transfer consists of a polymer stack composed of polypropy-

lene carbonate (PPC) and polydimethylsiloxane (PDMS), fixed onto a glass slide

via scotch tape. A schematic illustration and an optical image of the stamp are de-

picted in figure 4.5 (a). The glass slide is mounted into a micromanipulator, shown

in figure 4.5 (b), that allows precise control of the position of the stamp in x, y

and z direction. A schematic illustration of the transfer methodology is shown in

figure 4.5 (c). The Si/SiO2 substrate carrying the exfoliated 2D flakes is mounted

onto a heatable stage directly under a microscope, where the position of the sample

can be controlled in x and y direction. The substrate is heated via a resistance heater

and the temperature can be precisely controlled with a PT100 resistance thermome-

ter. While it is possible to pick-up single-layer 2D flakes directly, usually thicker

hBN flakes are picked-up first to serve as an additional carrying layer. In order

to pick up the hBN flakes the PDMS/PPC stamp is precisely aligned horizontally

above the sample and carefully lowered along the z-axis with the micromanipulator,

approaching the 2D flake. When the PPC completely covers the hBN flake the tem-

perature of the sample is ramped up above the glass transition temperature of PPC

to promote intimate contact to the hBN flake (1). Subsequently, the temperature

is reduced slightly below the glass transition temperature of PPC to harden the

polymer layer and the hBN flake can be picked-up from the Si/SiO2 substrate by

retracting the glass slide (2).
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Figure 4.5: (a) Schematic illustration and optical image of the stamps used for the dry-
viscoelastic transfer. (b) Micromanipulator used for controlling the position, drop-down
and lift-up of 2D materials. (c) Schematic illustration of the process steps involved in the
dry-viscoelastic transfer.

To pick-up the single-layer 2D materials the hBN flake is carefully aligned over the

target flake and the temperature of the substrate is raised above the melting point

of the PPC layer. Therefore, when the hBN flake approaches the target single-layer

flake the PPC polymer essentially behaves as a liquid. The drop-down of the hBN

flake should be done as slow as possible, to avoid non-conformal contact between the

hBN and the target single-layer flake (3). When the two flakes are in full contact the

glass slide is slowly retracted from the substrate, releasing the hBN from the PPC

layer (4). After the hBN is successfully transferred, the sample is annealed again at

high temperature for several minutes to promote the contact between the hBN and

the single-layer target flake (5). These steps can then be repeated to pick-up the

2D heterostructure stack and finally transfer it onto the straining device (6-10).
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A detailed analysis of the thermomechanical properties of the used PPC layer is nec-

essary to select the appropriate substrate temperatures for the transfer. The PPC

layer for the stamp is self-made by dissolving PPC (Sigma-Aldrich, CAS 25511-85-7)

in anisole with a 15:85 weight ratio. The exact glass transition and melting temper-

ature are determined via temperature dependent spectroscopic ellipsometry, which

can be used to precisely determine the thickness of the PPC layer in dependence of

the temperature as illustrated in figure 4.6 (a).

Figure 4.6: (a) The PPC film thickness determined via ellipsometry measurements, in
dependence of the substrate temperature. (b) Evolution and reduction of wrinkles in picked-
up 2D flakes upon heat treatment of the PPC film.

For the actual transfer of graphene, the hBN layer serves two important purposes.

First of all, it acts as a support layer and significantly facilitates the pick-up of

graphene. However, even more important, it stabilises the subjacent SLG flake sus-

pended over the trench of the straining devices. Figure 4.7 (a) shows an AFM image

of a hBN/SLG heterostructure, exhibiting different hBN carrier layer thicknesses.

The depth of the hang-down in dependence of the hBN layer thickness is illustrated

in figure 4.7 (b). The hang-down is drastically reduced for thicker hBN layers and
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even completely compensated for an hBN thickness of approximately 50 nm. For

thin or even single-layer 2D flakes transferred via this technique the hang-down,

unfortunately, still prevents effective straining. Thus, a rather thick hBN top layer

of about 50 nm is required for the functionality of the straining experiments.

The compensation of the hang-down, combined with the placement precision make

the temperature assisted dry-viscoelastic transfer the optimal technique for the in-

tegration of the 2D materials onto the trenches of the straining devices.

Figure 4.7: (a) AFM image of an hBN/SLG heterostructure suspended over a trench of
a straining device exhibiting varying hBN thicknesses (lateral scale bar 5 µm and logarith-
mic z scale 90 nm). (b) Height profiles along the lines marked in (a) demonstrating the
dependence of the hang-down on the flake thickness.
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4.3 Straining of 2D Materials

In this chapter of the thesis the focus will be on the verification and assessment

of uniaxial strain applied onto suspended 2D materials. The strain is applied onto

the 2D materials via a 3-point bending approach described in chapter 3.3.2. The

studied materials are heterostructures of hBN/SLG and hBN/DLG, which allow a

detailed assessment of the capability of the straining device.

4.3.1 Strain Verification

The most straightforward method to estimate the strain applied to the 2D het-

erostructures would be to examine the opening of the trench via optical or scanning

electron microscopy (SEM), assuming that the opening of the trench directly cor-

relates to the applied strain. Figure 4.8 (a) shows a SEM image of an hBN/SLG

heterostructure on a straining device before and during straining. If only the open-

ing of the trench would be taken into account for strain determination, an uniaxial

strain of about 10 % could be assumed. Although, this method has been used to

estimate the applied strain [165] it does not take into account factors that can limit

the applied strain. As previously discussed, the transfer of 2D materials usually is

accompanied by a hang-down of the suspended flakes, which is difficult to assess

via SEM. Furthermore, slipping of the materials during the straining procedure is a

well-known problem for 2D materials and drastically limits the amount of applicable

strain. To better illustrate this effect, figure 4.8 (b) shows an unpinned hBN flake

with applied strain and after relaxation.
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Figure 4.8: (a) SEM images of a relaxed and a strained hBN/SLG heterostructure. The
yellow and red dashed lines indicate the positions of the edge of the trenches (lateral scale
bar 1 µm). (b) An hBN flake on top of a straining device, as deposited, strained and after
strain relaxation.

Even via optical microscopy, a clear hang-down of the flake after the strain has been

applied is visible, indicating the slipping of the flake on top of the straining device.

Therefore, a verification and assessment of the applied strain via SEM measurements

appears to be inaccurate.

A reliable verification of the strain can be done in-situ via Raman spectroscopy.

The applied uniaxial-strain modifies the electronic structure of graphene and soft-

ens the phonon branches, which induces modifications in the Raman spectra [166].

Therefore, Raman measurements can be taken as direct proof for the introduced

strain. For the verification of the functionality of the straining device the Raman G

mode of graphene is examined.
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Figure 4.9 shows the evolution of the graphene G peak for increasing strain of an

(a) hBN/SLG and (b) hBN/DLG heterostructure, respectively. As expected, the

G peaks get red-shifted with an increase of the uniaxially applied strain. Notably,

at higher strain values the peak also splits into two peaks denoted as G+ and G−,

respectively.

Figure 4.9: Raman spectra of the graphene G peak as a function of increasing strain of
a (a) hBN/SLG and (b) hBN/DLG heterostructure. A clear shift and splitting of the G
peak into a G+ (blue) and G− (red) component can be observed.

This splitting can be explained by the origin of the G band. For unstrained graphene

it originates from the double degenerated E2g phonon mode at the Γ point at the

Brillouin zone centre. When exposed to uniaxial strain, the sixfold and threefold ro-

tational symmetries of graphene are disturbed and the symmetry is lowered. There-
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fore, the G band splits into two single bands, where the G+ normal mode is per-

pendicular to the applied strain and the G− normal mode is parallel to it [162].

The different shifts of the two peaks are due to the fact, that the G+ normal mode

experiences a smaller phonon softening compared to the G− normal mode These

results unambiguously verify the functionality of the applied straining method. The

straining process is fully reversible and repeatable over several loading and unload-

ing cycles, proofing the reliability of the Au pin down. Furthermore, the strain is

applied homogeneously over all regions of the heterostructures within the trenches.

4.3.2 Determination of Crystallographic Orientation

The splitting of the G peak also allows to determine the angle of the strain direction

with respect to the crystallographic orientation of the graphene flake via polarisation

dependent Raman measurements. Figure 4.10 (a) and (b) illustrates the intensity

of the G+ and G− peak in dependence of the polarisation of the Raman scattered

light for a strained hBN/SLG and hBN/DLG heterostructure, respectively. For

the measurements, the linear polarised incident laser light is aligned perpendicular

towards the strain axis. An opposite polarisation dependency can be observed for

the G+ and G− peak, due to the two bands corresponding to defined orientations of

the vibrations with respect to the strain axis [162].
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Figure 4.10: Raman spectra of the G+ and G− peak in dependence of the polarisation
of the analysed Raman scattered light for a strained (a) hBN/SLG and (b) hBN/DLG
heterostructures, respectively. The linear polarised incident laser light is aligned perpen-
dicular to the strain axis.
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Graphene belongs to the C6v point group and the G band has an E2 symmetry, where

the intensity of the scattered Raman signal is independent of the polarisation, as

discussed in chapter 3.2.3.1. However, if uniaxial strain is applied the G band splits

into the G+ and G− bands, where the normal modes are orientated perpendicular

and parallel with respect to the strain axis, respectively. If the strain direction

is assumed in an arbitrary angel ϕ with respect to the crystallographic x-axis of

graphene (figure 4.11 (a)), the atomic displacements in the G+ and G− band can be

described by the vectors:

v+ =

�−sinϕ

cosϕ


 and v− =

�cosϕ

sinϕ




Accordingly, the Raman tensors of the G+ and G− band can be described as:

R+ = v+
x Rx + v+

y Ry =

� dcosϕ −dsinϕ

−dsinϕ −dcosϕ




R− = v−
x Rx + v−

y Ry =

�dsinϕ dcosϕ

dcosϕ −dsinϕ




For the unit vectors ei and es, respectively describing the polarisation of the incident

and scattered light, arbitrary angles towards the strain axis, θin and θout, can be

assumed, describing them as:
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ei =

�cos(ϕ + θin)

sin(ϕ + θin)


 and es =

�cos(ϕ + θout)

sin(ϕ + θout)




Using formula 3.12 the intensity of the scattered Raman signal of the G+ and G−

peaks in dependence of the polarisation become:

IG+ ∝ cos2(θin + θout + 3ϕ)

IG− ∝ sin2(θin + θout + 3ϕ)
(4.2)

With the angle of the incident laser light aligned perpendicular to the strain axis

(θin = 0◦), the terms for the intensities simplify to [162, 167]:

IG+ ∝ cos2(θout + 3ϕ)

IG− ∝ sin2(θout + 3ϕ)
(4.3)

Therefore, the angel ϕ towards the crystallographic x-axis of graphene can be di-

rectly extracted from polarisation dependent Raman measurements by fitting of the

data.

Figure 4.11 (b) and (c) illustrates the Raman intensity of the G+ and G− peak for a

strained hBN/SLG and hBN/DLG heterostructure, within a polarisation plot. For

the SLG flake the data are fitted to IG+ ∝ cos2(θout −13◦) and IG− ∝ sin2(θout −13◦),

indicating that the strain is applied -4.3◦ rotated with respect to the zigzag direction

of graphene. Similarly, for the DLG flake the data are fitted to IG+ ∝ cos2(θout−19◦)

and IG− ∝ sin2(θout − 19◦), suggesting a strain direction 6.3◦ rotated with respect

to the zigzag direction of graphene.
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Figure 4.11: (a) The assumed crystal reference system for the determination of the
alignment of the graphene flakes with respect to the strain axis. Polarisation dependency
of the intensity of the G+ (blue) and G− (red) peak of graphene for an (b) hBN/SLG and
(c) hBN/DLG heterostructure.

4.3.3 Strain Assessment

The used experimental setup does not allow a direct assessment of the applied strain.

However, the shift and splitting of the graphene G peak combined with ab initio

simulations can provide a good estimate. However, also the influence of the hBN

capping on the strained graphene layers needs to be considered.
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4.3.3.1 Ab Initio Calculations

To predict the G peak shift and splitting of SLG and DLG under uniaxial strain,

ab initio calculations of their vibrational modes are performed by Riccardo Rurali

and Xavier Cartoixa Soler from the Universitat Autonoma de Barcelona, Spain.

These simulations are achieved by assuming a rectangular unit cell for SLG and

BLG with 4 and 8 atoms, respectively. One lattice vector is strained and the other,

perpendicular to it, is optimised.

Figure 4.12: Shift and splitting of the G peak of graphene under uniaxial strain of (a)
SLG and (b) DLG determined via ab initio calculations. The inset in (a) shows the
evolution of the G peak of SLG, when its mechanical behaviour is dominated by the hBN
capping layer. The lines are linear fits to the simulated data of the of the G+ (blue) and
G− (red) peak of graphene. The slopes of the lines for the G+ (blue) and G− (red) peak
are indicated.

The resulting vibrational modes of SLG and BLG under uniaxial strain are illus-

trated in figure 4.12 (a) and 4.12 (b). By linear fitting of the obtained data points,

slopes for the shift of the G+ and G− mode of -13.86 cm−1/% and -33.80 cm−1/%

for SLG and -15.92 cm−1/% and -32.36 cm−1/% for DLG are obtained. These re-

sults are in good agreement with previous simulations and experimental observations

[162, 168]. To account for the influence of the hBN capping layer, simulations are
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performed assuming perfect contact between the hBN and graphene layer. This is

achieved by straining one lattice vector of graphene and fixing the vector perpen-

dicular to it according to the hBN Poisson ratio. Since the mechanical properties

of hBN and graphene are rather similar it is not surprising, that no significant dif-

ference in the slopes of the G+ and G− mode are found, as shown in the inset of

figure 4.12 (a). Furthermore, perfect adhesion between graphene and hBN during

the straining process and hence a major influence of the hBN on the shift of the

graphene G peak is unlikely. In fact, for the case of heterogeneous stacked hBN/SLG

structures, as present here, even superlubricity was suggested [169].

4.3.3.2 Experimental Data

The theoretically calculated shift and splitting of graphene are compared with ex-

perimentally obtained values. Figure 4.13 (a) and b) illustrate the experimentally

determined evolution of the G+ and G− for different hBN/SLG and hBN/DLG het-

erostructures, respectively. Good agreement with the theoretically predicted values

of free-standing graphene can be obtained in both cases, confirming that despite

the hBN capping the heterostructures can be treated as free-standing. A maxi-

mum strain of 1.3 % and 1.7 % can be reached for the hBN/SLG and hBN/DLG

heterostructures, respectively. Also, the observed splitting of the G peak of the

DLG flake at higher strain values compared to SLG is in accordance with previous

reports [170].
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Figure 4.13: Experimentally determined Raman shift of the G+ (blue) and G− (red)
peak for (a) hBN/SLG and (b) hBN/DLG heterostructures compared with the theoretical
position determined via ab initio calculations. The slopes of the lines for the G+ (blue)
and G− (red) peak are indicated.

At higher applied strains either the straining devices broke or the pin-down failed,

leading to slipping and relaxation of the flakes. However, otherwise the strain can be

applied several times over various loading cycles without detectable changes in the

straining behaviour. The amount of applicable strain depends on the quality of the

pin-down and the ratio between the under-etch and the trench width, which vary

from sample to sample, explaining the difference in the maximal achievable strain.

The shift of the G+ and G− peak in dependence of the strain (�) can be calcu-

lated as [162]:

ΔωG± = −ω0
GγG(1 − ν)� ± 1

2ω0
GβG(1 − ν)�, (4.4)

where ω0
G is the G peak position at zero strain, ν the Poisson ratio, γG the Grüneisen

parameter and βG the shear deformation potential of graphene. The Grüneisen

parameter and the shear deformation potential of SLG can be determined via:
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γG = −ΔωG+ + ΔωG−

2ω0
G(1 − ν)� and βG = −ΔωG+ − ΔωG−

ω0
G(1 + ν)� (4.5)

With the via ab initio calculations calculated Poisson ratio for SLG of 0.185 and

the experimental determined shift of the G+ and G− peaks, values of γG = 1.84 and

βG = 1.05 are obtained, which are in good agreement with previous theoretical and

experimental reports [162, 168].

4.3.3.3 Separation of DLG Layers

In case of DLG when the strain is increased to about 1.5 % the peaks split and

next to the G+ and G− an additional peak at the intrinsic G mode position of

unstrained graphene (purple marked area) appears (figure 4.14 (a)). Even upon

further increasing or decreasing the applied strain the additional peak remains at

the same position until it eventually merges with the G+ and G− peaks when the

DLG flake is fully relaxed (figure 4.14 (b)). Figure 4.15 (a) illustrates a detailed

Lorentzian fitting of the G− (red), G+ (blue) and the additional G0 (purple) peak at

the maximal achieved uniaxial strain. The presence of the additional peak can only

be explained due to a slipping and, thus, a complete relaxation of one of the two

graphene layers. To determine if the bottom or top layer of the DLG flake relaxes

it is necessary to understand how the strain is transferred from the straining device

onto the 2D heterostructure. When the strain is applied using a flexible polymer

substrate the amount of applicable strain is directly governed by the interfacial shear

stress (IFSS) between the graphene flake and the substrate. This also explains why

the maximum strain is limited and strain gradients across the flake are visible until

the flake eventually slips on the substrate [171].
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Figure 4.14: Evolution of the graphene G peak of an hBN/DLG heterostructure upon (a)
increasing and (b) decreasing strain. At high strain values an additional G0 peak appears
at the position of the intrinsic G mode of unstrained graphene (purple marked area), that
remains relaxed for a further increase or decrease of the applied strain

However, even for free-standing and pinned graphene flakes it has been discovered

that the stress transferred to the suspended region is built over large lengths of the

pinned-down region, depending on the graphene/substrate interface properties [172].

This further proves, that the value of applied force is not necessarily the value

transferred to the suspended flake and that reported strain values without Raman

verification have to be treated with caution.
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The IFSS between a substrate and the graphene layer can be calculated via the

shear-to-normal forces given by [173]

dσ

dx
= 2τt

ntg

or
d�

dx
= 2τtntgE (4.6)

where σ is the axial stress on the flake, τt the IFSS between graphene and the sub-

strate, n the number of graphene layers, E the Young’s modulus and tg the thickness

of graphene. Unfortunately, for the actual straining device the stress decay is not

accessible under the Au pin-down. Therefore, a sample with a wider Au pin-down

is fabricated to get access to the strain gradient on the substrate of the straining

device. The modified straining device and the strain gradient of the graphene flake

is illustrated in figure 4.15 (b). A constant strain in the suspended region can be

observed, while strain decreases linearly for areas on the substrate. With the ex-

tracted d�
dx

values an IFSS of about 0.8 MPa between graphene and the substrate is

obtained. While the exact determination of the IFSS with the used setup is difficult,

the obtained value is comparable with previous reports for SiO2 substrates [174] and

higher than for polymer substrates.

For the case of a DLG flake the strain applied to the suspended region is still

mediated by the properties between the SiO2 substrate and graphene layer, how-

ever also the interlayer shear stress (ILSS) between the graphene flakes has to be

considered. The exact value of the ILSS between two graphene layers is still under

debate, however, recent experiments suggest that it is significantly lower than the

IFSS between graphene and the SiO2 substrate [171, 174, 175]. Therefore, a sliding

between two graphene layers is more likely than between the graphene layer and

the substrate. This claim leads to the assumption that for the actual experiments

the top layer of the DLG flake slides with respect to the bottom layer and relaxes,
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giving rise to the observed G0 peak at the at the position of the intrinsic G mode

of unstrained graphene.

The determination of the exact ILSS between the graphene layers is, unfortunately,

not accessible as the region of interest in the used setup is covered by the Au pin-

down. Nevertheless, this is the first report that a Bernal-stacked DLG flake could

be fully separated via uniaxially applied strain, clearly demonstrating the capability

of the implemented straining method.

Figure 4.15: (a) Raman spectrum of an hBN/DLG heterostructure at an uniaxial strain
of approximately 1.7 %. Next to the G+ (blue) and G− (red) peak of graphene an addi-
tional peak (purple) at the position of unstrained graphene is visible. (b) Optical image of
an hBN/SLG heterostructure on a modified straining device to gain access to the optical
properties of the graphene flake on top of the substrate. The graph shows the evolution of
the strain of the graphene flake with respect to its distance from the trench. The slope of
the linear fitted d�

dx is marked in red.
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4.4 Synthesis of Silicene

The two most important parameters for successful growth of silicene are the growth

temperature and silicon evaporation rate. For both used substrates, Ag(111) and

Au(111), silicene growth has been observed at temperatures between approximately

160 − 300◦C and evaporation rates of 0.02−1 ML
min

[176].

To calibrate the flux, silicon is evaporated at a controlled and stable flux of 10 nA

onto a SiC substrate, where parts of the substrate where masked to get an estimate of

the amount of deposited silicon atoms by measuring the step height. Figure 4.16 (a)

illustrates an AFM image at the edge of the masked SiC area after 150 min of

evaporation. The height distribution analysis in figure 4.16 (b) reveals a deposited

silicon layer thickness of about 12.4 nm. The deposited silicon layer most likely

is amorphous with a native oxide layer of approximately 2 nm atop. Taking into

consideration the number of silicon atoms present in amorphous silicon and SiO2,

an equivalent growth of silicene monolayers per minute R can be calculated as:

R = dSiO2aSiO2 + dSiaSi

aSilicenet
, (4.7)

where d is the thickness of the respective film, a the number of silicon atoms and t the

evaporation time. The obtained evaporation rate for a flux of 10 nA and a deposition

time of 150 min is, thus, about 0.19 ML
min

. The same calibration is also performed for

evaporation times of 60 and 250 min, obtaining similar evaporation rates. Since prior

experiments report an optimal deposition rate for silicene between 0.02−0.1 ML
min

a

flux of 1.3 nA is chosen, resulting in a deposition rate of about 0.024 ML
min

. For the

actual experiments, the amount of deposited silicon atoms is fine-tuned via LEED

analysis, which revealed an exact evaporation rate of 0.022 ML
min

.

95



CHAPTER 4. RESULTS AND DISCUSSION

Figure 4.16: (a) AFM topography image at the edge of a partially masked SiC substrate
after 150 min of silicon evaporation at a flux of 10 nA (lateral scale bar 5 µm and logarith-
mic z scale 15 nm). (b) Height distribution of the AFM topography image in (a), showing
a silicon layer thickness of about 12.4 nm.

4.5 In-Situ Encapsulation

The main obstacle that hinders the integration of silicene into electronic devices is

its high reactivity with oxidising species and, thus, instability at ambient conditions.

Therefore, a reliable in-situ passivation method applicable under UHV conditions

is required. An ideal passivation material has to be impermeable towards oxidising

species and must not interact with the silicene layer. Furthermore, the passivation

should not interfere with analysis methods used for the characterisation of silicene.

Inert 2D materials such as graphene or hBN have already been proven to be capable

to stabilise unstable 2D materials [177]. Both materials are basically impermeable

to oxidising species [65, 178] and have an inert surface without any dangling bonds.

Furthermore, they are Raman inactive in the fingerprint region of silicene, which

facilitates the evaluation of Raman measurements. Thus far, passivation with hBN

and graphene was implemented through intercalation of the silicene layer [179, 180].
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However, this drastically limits the suitable growth substrates since it needs to be

suitable for both the passivation and silicene layer. The here implemented passiva-

tion method relies on an in-situ exfoliation technique that is suitable to encapsulate

unstable 2D materials independent of the growth substrate.

The 2D passivation materials are first mechanically exfoliated via a sticky polyimide

tape, as described in chapter 3.1.1. The used tape has a silicon adhesive and shows

very low outgassing, hence making it suitable for UHV applications. The tape is

then mounted onto a spring-loaded cylinder on a custom designed UHV-compatible

stage, as depicted in figure 4.17 (a).

Figure 4.17: (a) UHV compatible stamping stage loaded with a polyimide tape with exfo-
liated 2D flakes. (b) Stamping apparatus connected to the MBE system with the mounted
stamping stage. (c) Technical drawing of the sample holder used during the in-situ passi-
vation process.

The stage is then placed inside an UHV chamber adjacent to the growth chamber.

Since the stamping chamber has to be purged for every sample insertion, a bake-out

step is performed prior to the encapsulation to remove adsorbents from the surface
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of the exfoliated flakes and the chamber walls. Figure 4.17 (b) shows the entire

stamping apparatus inside the UHV system, including the mounted stamping stage.

After the silicene growth the sample is transferred into the stamping chamber and

fixed to the sample holder facing towards the exfoliated flakes, figure 4.17 (c). The

position of the sample holder can be precisely controlled in x, y and z direction via

a micromanipulator. The encapsulation is performed immediately after the silicene

growth and cooling of the sample to approximately 80−100 ◦C, to promote adhe-

sion between the 2D flakes and the substrate. The spring-loaded cylinder promotes

uniform contact of the tape to the sample and softens the stamping procedure to

prevent damaging of the substrate.

This encapsulation process stabilises silicene for up to several days at ambient condi-

tions, which is a drastic improvement compared to unpassivated layers and enabled

its ex-situ characterisation, shown in the following chapters.

4.6 Silicene on Ag(111)

4.6.1 Synthesis of 4 × 4 Silicene on Ag(111)

So far Ag(111) is the most prominent growth substrate of silicene and the properties

of the 4×4 silicene reconstruction are well explored. Therefore, it is the perfect tem-

plate to verify the viability of the implemented in-situ encapsulation method. The

temperature at which the formation of silicene on Ag(111) can be induced ranges

from 160−300 ◦C. As several silicene reconstructions exhibit comparable formation

energies a multitude of silicene phases coexist simultaneously and the formation of

a single-phase silicene monolayer has not yet been achieved on Ag(111) [181].
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For the actual synthesis crystalline Ag(111) on mica (MaTecK) used as a growth

substrate. The surface of the approximately 1×1 cm2 large sample is prepared under

UHV conditions by several cycles of Ar+ sputtering and annealing, as described in

chapter 3.1.3.1. For the actual growth of a silicene monolayer, silicon is evaporated

for 45 min with a deposition rate of 0.022 ML
min

. In accordance with previous studies a

preferable formation of the 4×4 silicene reconstruction is obtained at a temperature

of 260 ◦C. The pyrometer data of a full surface preparation and evaporation step

are illustrated in figure 4.18.

Figure 4.18: Pyrometer data during the growth of a ML of silicene on top of Ag(111).
All surface preparation steps and the actual growth process are indicated.

After the growth, the sample is cooled down and analysed via LEED. Figure 4.19

(a) illustrates a typical diffraction pattern obtained for a growth temperature of 260
◦C and a nominal silicene coverage of one ML. It is immediately apparent, that

the epitaxially grown silicene layer exhibits more than one surface reconstruction.

Via detailed LEED analysis the prominent reconstructions could be identified as the
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4 × 4 and
√

13 × √
13 R13.9◦ silicene phase, with the respective diffraction spots

marked in the right half of figure 4.19 (a). For the latter R13.9◦ indicates a rotation

of the silicene unit cell of 13.9◦ with respect to the Ag substrate. The sharp dots of

the diffraction pattern prove the high quality of the grown silicene layer.

Figure 4.19: LEED patterns obtained at an electron energy of 37 eV after deposition of
one ML of silicene at a substrate temperature of (a) 260 ◦C and (b) 300 ◦C. On the right
half of the LEED images the theoretical predicted positions of the diffraction spots of the
Ag substrate (black circles), 4×4 (blue dots),

√
13×√

13 R13.9◦ (red dots) and 2
√

3×2
√

3
R30◦ (yellow dots) silicene reconstruction are indicated.

For comparison, figure 4.19 (b) shows a LEED patterned obtained for a growth

temperature of 300 ◦C again for a nominal silicene coverage of one ML. While the

4 × 4 silicene phase is still present the
√

13 × √
13 R13.9◦ phase vanishes completely

and is replaced by the 2
√

3×2
√

3 R30◦ reconstruction. The 2
√

3×2
√

3 R30◦ silicene

phase forms in Si-rich environments, which is caused by the increased mobility of

the silicon atoms at elevated temperatures. However, previous studies showed that
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silicene phases grown at higher temperatures exhibit a higher amount of defects [182],

which results in broadening of the spots in the diffraction pattern in figure 4.19.

Therefore, samples grown at 260 ◦C are used for the encapsulation experiments and

further ex-situ analysis.

4.6.2 Ex-Situ Analysis of Silicene on Ag(111)

After the growth the silicene on Ag(111) is encapsulated with graphene using the

in-situ passivation described in chapter 4.5. Figure 4.20 (a) illustrates an optical

image and a superimposed AFM image of a typical FLG flake on top of the silicene

layer. To analyse the subjacent silicene layer ex-situ Raman measurements are im-

plemented approximately 30 minutes after sample removal from the UHV system.

The obtained Raman spectrum shown in figure 4.20 (b), exhibits three distinct Ra-

man features at 180 cm−1, 215 cm−1 and 516 cm−1.

Figure 4.20: (a) Optical image, with a superimposed AFM topography image, of a FLG
flake passivating a silicene layer on top of Ag(111). (b) Raman spectrum in the finger-
print region of silicene, exhibiting three distinct peaks at about 180 cm−1, 215 cm−1 and
516 cm−1.
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The same Raman spectrum for silicene on Ag(111) has been previously observed

via in-situ Raman measurements [120] with the Raman modes assigned to an intact

silicene monolayer. As previously discussed, the discrepancy of the Raman spectra

compared to free-standing silicene can be fully explained by the interaction with the

Ag(111) substrate. This proves that the graphene encapsulation layer does success-

fully passivate the silicene layer, sustaining its structural integrity.

Just as graphene, silicene belongs to the C6v point group, which allows a further

specification of the observed Raman modes by implementing polarisation dependent

Raman measurements, as discussed in chapter 3.2.3.1.

Figure 4.21: Raman spectrum of silicene collected in back-scattering geometry, measured
with parallel polarisation configuration (-Z(XX)Z) and crossed polarisation configuration
(-Z(XY)Z). The two Raman modes located at 180 cm−1, 215 cm−1 are only visible in
parallel polarisation configuration and can be assigned to the A phonon symmetry. The
peak at 516 cm−1 is detected in both configurations and, thus, can be assigned to the
E symmetry.
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The intensity of scattered Raman signal for modes belonging to the E2 phonon

symmetry is independent of the polarisation. Modes belonging to the E1 phonon

symmetry cannot be detected, as they are always invisible in backscattering geom-

etry. Whereas, depending on the direction of the polarisation modes belonging to

the A phonon symmetry can be visible or completely suppressed.

Figure 4.21 illustrates the Raman spectra of silicene taken in parallel and cross

polarisation, respectively. The peak located at 516 cm−1 shows no polarisation de-

pendency and can be assigned to the E2 phonon symmetry related to the in-plane

vibrational mode of silicene. Whereas, the two peaks at 180 cm−1 and 215 cm−1 are

completely suppressed for cross polarisation, allowing an assignment to the A phonon

symmetry of the out-of-plane vibration mode of silicene. The presence of an active

A mode in the analysed silicene layer is a clear indication for the 2D character of

the grown structure [120].

4.7 Silicene on Au(111)

Due to strong hybridization effects between silicene and the Ag(111) substrate, its

intrinsic electronic and optical properties are not preserved [183]. Recently, Au(111)

has been proposed to be a promising candidate for the stabilisation of silicene with

pristine electronic properties [184]. STM investigations revealed a strained hexago-

nal silicene structure [185] and ARPES measurements provided compelling evidence

for the preservation of its Dirac cone on Au(111) [186].

4.7.1 Synthesis of Silicene on Au(111)

As growth substrate a 300 nm thick Au(111) film on top of mica (MaTecK) with a

size of 1 × 1 cm2 is used. The Au(111) surface is prepared under UHV conditions

using the process established in chapter 3.1.3.1 for the growth on Ag(111).
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Figure 4.22 (a) illustrates the obtained LEED pattern of a Au(111) substrate af-

ter the cleaning procedure. The LEED pattern is characterised by large and broad

diffraction spots, which usually points to imperfections and defects in the Au(111)

surface. However in this case the broadening of the spots is caused by slightly

misaligned Au(111) domains. This induces further a faint ring in the LEED pat-

tern, caused by some completely random orientated Au(111) domains. Furthermore,

Au(111) is well-known to show a long-range herringbone pattern that causes satellite

spots around the regular diffraction spots of Au(111) [187], that cannot be resolved

with the used large area LEED device but induce further broadening of the diffrac-

tion spots. Therefore, despite broader diffraction spots, the good quality of the

polycrystalline Au(111) substrate can be confirmed with the majority of the do-

mains oriented in a preferred direction.

Figure 4.22: (a) Diffraction pattern of a Au(111) substrate (black circles) obtained at 48
eV acceleration voltage. (b) LEED image of a Au(111) substrate after the deposition of one
ML of silicon at a deposition temperature of 260 ◦C, obtained at 37 eV acceleration voltage.
The diffraction pattern can be explained by a combination of two known Au-silicides [188],
AuSi2 R30◦ (blue dots) and Au4Si2 R22◦ (yellow dots), and a 2 × 2 R30◦ silicene phase.
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For the silicene growth, nominally one ML of silicon is deposited at a growth temper-

ature of 260 ◦C. The presence of the herringbone pattern and randomly orientated

Au(111) domains, however, make the interpretation of the LEED pattern of the

grown silicene layer challenging. Furthermore, Au and silicon can form surface Au-

silicides that are formed additionally to the silicene layer [185] and, thus far, three

different surface Au-silicides could be identified [188]. The obtained LEED pattern

after the silicene growth is shown in figure 4.22 (b). Certain spots of the diffrac-

tion pattern can be explained by two Au-silicide phases, AuSi2 R30◦ (blue dots)

and Au4Si2 R22◦ (yellow dots). Some other diffraction spots remain unexplained,

suggesting the presence of at least one additional phase. A reasonable correlation

for the silicene related spots can be found when considering a 2×2 R30◦ reconstruc-

tion of the recently discovered strained hexagonal silicene layer [185]. Nevertheless,

to unambiguously prove the formation of a silicene structure on Au(111) the LEED

measurements are not conclusive enough and further analysis is required. Therefore,

the samples are encapsulated with graphene and hBN using the technique described

in chapter 4.5 to enable ex-situ analysis.

4.7.2 Vibrational Properties of Silicene on Au(111)

Raman spectroscopy is used to get detailed information on the structural properties

of silicene on Au(111). Bulk Au-silicides are Raman inactive in general [189] and

also the expected surface Au-silicides have no reported active Raman modes. There-

fore, Raman measurements are expected to be more conclusive than the diffraction

measurements, as they are not superimposed by the presence of the Au-silicides.

For silicene on Au(111) passivation with transparent hBN is possible, facilitating

the use of optical measurement techniques.
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Figure 4.23 (a) and (b) illustrates Raman spectra of graphene and hBN capped sil-

icene on Au(111). Alongside the expected peaks for FLG graphene and hBN at 1590

cm−1, 2700 cm−1 and 1366 cm−1 respectively also a distinct peak at approximately

435 cm−1 can be observed on both samples. The position of the peak appears red-

shifted compared to free-standing silicene and even to the peak observed for silicene

on Ag(111). However, the silicene structure already previously observed on Au(111)

is characterised by an increased lattice constant compared to free-standing silicene

[185]. This increase of the lattice parameter can be treated as the silicene structure

experiencing biaxial-tensile strain. As already demonstrated in chapter 4.3.1 even

small amounts of uniaxial strain in graphene can lead to a drastic change of their

vibrational properties, which is even more pronounced for biaxial strain. Therefore,

a significant shift of the Raman peaks for silicene grown on Au(111) with respect

to the the Raman peak position of free-standing silicene is expected. The exper-

imentally observed peak is in good agreement with the theoretical predicted peak

position of a strained silicene [190], hinting to the presence of a 2D silicene structure.

Figure 4.23: (a) Raman spectrum of a silicene layer passivated by FLG, showing the
expected G and 2D peak at about 1580 cm−1 and 2700 cm−1 respectively and also a distinct
silicene related peak at 435 cm−1. (b) Raman spectrum of silicene encapsulated by hBN,
exhibiting the identical silicene related peak at 435 cm−1 alongside the expected Raman
feature of hBN at 1366 cm−1.
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Furthermore, the vibrational properties of the silicene layer appear the same for

hBN and graphene. This proves that, as in the case for silicene on Ag(111), the

graphene and hBN encapsulation layers do not alter the properties of the passivated

silicene structure.

The use of hBN as encapsulation material also allows direct optical access to the

passivated silicene layer. Remarkably, all areas that showed the Raman signature

of silicene are accompanied by a distinct contrast in optical microscopy. It is well-

known, that certain 2D materials can exhibit strong optical responses at specific

energy ranges, which is also expected for silicene [191–193]. This phenomenon,

however, enables to monitor the degradation of silicene via optical microscopy. Fig-

ure 4.24 (a) illustrates optical images of hBN passivated silicene on Au(111) over a

time-period of several hours.

Figure 4.24: (a) Optical microscopy images of hBN passivated silicene on Au(111),
illustrating the degradation process of silicene over several hours. The dashed white line
indicates the extend of the silicene layer after the removal from the UHV growth chamber
(scale bar 10 µm). (b) Raman spectra of the regions marked in (a) of unpassivated silicene
(black), passivated silicene (red) and already degraded silicene (blue). Two pronounced
peaks at 435 cm−1 and 1362 cm−1 corresponding to the silicene and hBN layer respectively
can be observed.
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Although the degradation of the encapsulated structure slows down, it does not

enable a permanent stabilisation. Most probably due to the imperfect adhesion

between the flake and the substrate allowing oxidising species to enter at the in-

terface. Similar observations have been made for silicene on Ag(111) passivated by

graphene [118]. The degradation process starts immediately after the exposure of

the sample to ambient conditions. Starting from the edges over a period of sev-

eral hours a destruction of the passivated silicene layer can be observed until only

small areas in the centre remain. The time period until the layer is fully degraded

depends on the quality of the encapsulation and small intact regions can even be

detected after several days underneath some hBN flakes. To verify that the optical

contrast is indeed related to the silicene layer, Raman spectra are taken at three

specific points of the sample, as illustrated in figure 4.24 (b). One spot is measured

at the position where the optical contrast is still visible, another where the contrast

disappeared and one outside of the hBN passivation. The distinct silicene peak at

435 cm−1 can only be observed at the areas, where the high contrast is still visible.

This allows to unambiguously affiliate the silicene signal with the optical active layer.

The observation of an optically active silicene layer opens new interesting paths

of characterisation. As the optical properties of silicene can be directly correlated

to its electronic band structure and fundamental information can be extracted via

optical measurements. Therefore, although silicene is grown on a metallic substrate

information of its electronic properties can be obtained indirectly via its optical

properties.
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4.7.3 Optical Properties of Silicene on Au(111)

As already discussed in chapter 2.1.1.4 and 2.1.3.4, 2D materials that exhibit a

band structure with a Dirac cone are characterised by a universal absorption value

of about πα = 2.3%, where α is the Sommerfeld’s constant. This is a direct conse-

quence of the presence of Dirac fermions and has been predicted to be independent

of the studied Dirac material. For silicene, it is also not influenced by sp2 hybridi-

sation and sheet buckling [191]. However, there are also other factors that can

influence the absorption of a Dirac 2D material, directly related to their band struc-

ture. Intense absorption features can occur at critical points of the joint density of

states (JDOS), in dependence of their interband transition energies. These critical

points are commonly referred to as van Hove singularities. In 2D materials three

different types of van Hove singularities can occur. Minima points (M0), saddle

points (M1) and maxima points (M2) in the JDOS [135, 194]. In graphene for ex-

ample a M1 saddle point singularity leads to an intense absorption feature in the far

infrared region [41]. For silicene similar absorption features are expected, originating

from van Hove singularities that are directly correlated to its unique band structure.

Figure 4.25 (a) illustrates the interband transition energies along high-symmetry

lines in the Brillouin zone for silicene and the resulting JDOS, calculated within

the independent particle approximation [193]. The dashed horizontal lines indicate

energies of van Hove singularities that contribute to the formation of absorption

peaks of silicene. The expected absorption spectrum of silicene is dominated by

two intense features, as illustrated in figure 4.25 (b). The first one at about 1.6 eV

related to a M1 saddle point van Hove singularity at the M point of silicene, caused

by the π − π∗ interband transition and a second peak at 4eV which is related to

van Hove singularities with a minimum character, caused by σ − σ∗ transitions. In
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particular the predicted absorption in the visible regime at 1.6 eV is very interest-

ing, as it could explain the experimentally observed optical contrast for the silicene

structures grown on Au(111).

Figure 4.25: (a) Interband transition energies along high-symmetry lines in the Brillouin
zone of silicene, calculated within the independent particle approximation [193]. In the
right panel additionally the JDOS is displayed. The red-dashed lines indicate energies of
van Hove singularities, that contribute to absorption peaks in the optical spectrum. (b)
Calculated absorption spectrum of silicene in units of πα, caused by van Hove singularities
with a saddle point (M1) and minimum (M0) character. Both graphs are adapted from
reference [193].

To gain access to the optical properties of the passivated silicene layer large area tech-

niques are not possible due to the limited lateral size of the passivated silicene layer.

Additionally, the well-known presence of Au-silicides alongside the silicene phase

complicate in-situ measurements with large spot size measurements techniques, as

demonstrated during the LEED analysis. Therefore, normal incident reflectance

measurement area scans with small laser spot sizes are performed, schematically

shown in figure 4.26 (a). These are in principle the same measurements that have

already been used for the thickness determination of graphene in chapter 4.1.1 and

proved to be highly accurate.
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A resulting reflection map of a sample at a laser energy of 2.1 eV is shown in fig-

ure 4.26 (b), where the map is compiled from a large raster of single reflectance

measurements. The Au(111) substrate shows a homogeneous reflection, whereas

at certain areas beneath the hBN passivation layer a clear decrease in reflectance

can be observed. When the obtained spatial distribution of the reflectivity is com-

pared with an optical microscope image taken immediately after the measurement

(figure 4.26 (c)), the reduced reflectivity can unambiguously be assigned to the

presence of the silicene layer, whereas the thin hBN passivation shows little to no

influence on the recorded reflectance mapping. The used setup allows to record

spatial distributions of the reflectivity at specific laser energies in the wavelength

regime of 0.8−2.58 eV.

Figure 4.26: (a) Schematic illustration of the implemented reflectance measurement
technique. (b) Reflection mapping of an hBN passivated silicene layer on Au(111), recorded
at a laser energy of 2.1 eV (scale bar 10 µm, logarithmic z scale in detected counts [a.u.]).
(c) Optical microscopy image taken immediately after the reflectance measurement (scale
bar 10 µm).

As already discussed in chapter 3.2.4 it is necessary to determine the relative change

of the reflectance caused by the deposited silicene layer to analyse its intrinsic proper-

ties, using formula 3.13. The relative change of the reflectance can then be calculated

as:
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ΔR

R
= RAu+Si − RAu

RAu

,

where RAu+Si and RAu is the average reflectance of areas with and without the sil-

icene film respectively, including the hBN passivation layer. Since the reflectivity

is not taken from a single point measurement but as an averaged value it allows

for a high accuracy and an inclusion of the estimated measurement error. In the

examined energy regime any absorption line of the silicene layer should be observed

as a negative peak in the ΔR
R

measurements. Therefore, a clear minimum related to

the absorption of silicene close to 1.6 eV should be observed. In the infrared region

silicene is characterised by a universal absorption value of πα = 2.3%. The change

in reflectivity on metallic substrates as Ag or Au in this energy region is expected

to be very small and gradually approaches zero in the far infrared [195].

Figure 4.27 (a) shows the differential reflectance mappings of the encapsulated sil-

icene layer at various laser energies and the resulting spectrum is illustrated in

figure 4.27 (b). As expected, the reflectivity change in the infrared region is only

minor and progressively decreases for lower energies. Although, the experimen-

tal determination of such a small change in the reflectivity is challenging it is still

possible to clearly distinguish the silicene layer in the reflectivity mappings at low

energies. A clear peak with a minimum at approximately 2.1 eV can be observed.

This peak can apparently be associated with the absorption peak at 1.6 eV, expected

for free-standing silicene due to the π − π∗ interband transition, but appears shifted

to higher energies. However, although the relative change of reflectance provides a

good indication of the properties of the surface silicene film it further needs to be

isolated from the direct influence of the Au(111) substrate, in order to obtain its

intrinsic optical properties.
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Figure 4.27: (a) Differential reflectance mappings of passivated silicene on Au(111) at
different laser energies (scale bar 5 µm, logarithmic z scale from -3.5 % to 0%). The inset
for the reflectance mapping at 0.95 eV exhibits a logarithmic z scale from -0.5 % to 0 %.
(b) Fractional change in reflectance of silicene on Au(111), determined by formula 3.13
from experimental reflection mappings.

The necessary calculations for the determination of the absorbance of the isolated

silicene layer have been performed by Prof. Friedhelm Bechstedt from the Friedrich

Schiller University in Jena, Germany. For a 2D material with a thickness signif-

icantly smaller than the wavelength of the analysing light and assuming normal

incident, the reflectance of the 2D layer can be described as [193]:

R =
�����n1 − n2 − σ̃

n1 + n2 + σ̃

�����
2

, (4.8)

where n1 is the refractive index of air, n2 the refractive index of the Au substrate

and σ̃ is the normalised conductivity of the silicene layer. Since the refractive index

of air is approximately 1 the term simplifies to:
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R =
�����1 − n2 − σ̃

1 + n2 + σ̃

�����
2

In the actual case the reflectivity contrast ΔR
R

caused by the additional silicene layer

has to be determined. Using formula 4.8 with:

σ̃ = 4π

c
σ� and |σ̃| � |n − 1|,

where σ� is the optical conductivity of the silicene layer for normal incident light,

with a real (σ�
Re) and imaginary (σ�

Im) part, and c the speed of light, the change in

reflectivity can be described as:

ΔR

R
= − 4π

c
2

��
1 − n

(1 − n)2 + k2 + 1 + n

(1 + n)2 + k2

�
σ

�
Re

+
� −k

(1 − n)2 + k2 + k

(1 + n)2 + k2

�
σ

�
Im

�
,

(4.9)

where n is the refractive index and k the extinction coefficient of the underlying Au

substrate. The absorption of the free-standing silicene layer can then be directly

correlated to its real part of the optical conductivity via:

A = 4π

c
σ

�
Re (4.10)

This allows to directly extract the absorption of the isolated silicene layer from the

differential reflectance measurements using formula 4.9 and the absorption can, thus,

be calculated as:
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A =(n2 − k2 − 1)2 + 4n2k2

4(n2 − k2 − 1) × ΔR

R

− 4π

c

8nk

(n2 − k2 − 1)2 + 4n2k2 σ
�
Im

(4.11)

For an insulating substrate with a value of k = 0 the term simplifies further to:

A = n2 − 1
4 × ΔR

R
(4.12)

However, also in the case of the Au substrate, with a complex refractive index,

further simplifications are possible. From formula 4.11 it is apparent, that the

contribution of the term containing the imaginary part of the optical conductivity is

negligible due to the small prefactor. Therefore, the absorption can be calculated as:

A = (n2 − k2 − 1)2 + 4n2k2

4(n2 − k2 − 1) × ΔR

R
. (4.13)

This calculation does, however, not take into account influences of the hBN encap-

sulation and degraded silicene layers, which needs to be addressed. Although, hBN

is optically inactive in the energy regime underabout:tips investigation a change in

contrast due to interferences in thin film multilayers has to be expected, similar

as for graphene discussed in chapter 3.1.1.1. On metallic substrates, however, this

effect is not as pronounced as for the carefully tailored Si/SiO2 substrate and only is

a factor in the case of thick hBN layers. Therefore, only silicene passivated with thin

hBN flakes is investigated and no significant change in reflectance could be detected

using thin hBN capping flakes. This finding is also in agreement with reports on

other 2D heterostructures, where the hBN layers lead to a small increase of the rela-

tive change of the reflectance due to interlayer coupling effects [196]. Consequently,
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although the relative change in the reflectance could be slightly overestimated, there

should be no change in the position or shape of the observed silicene related absorp-

tion features. Concerning the degraded silicene layer, this small amount SiO2 should

have negligible effects on the optical properties of the Au substrate and it is highly

unlikely that it is covered by a continuous SiO2 film. In fact, it has been discovered

that complete oxidation of the silicene layer on Ag(111) leads to a dewetting of the

silicon atoms and the formation of SiO2 clusters [117]. Similar effects upon oxidation

of the silicene layer can be expected on Au(111).

Figure 4.28 (a) illustrates the determined absorption of the isolated silicene film on

Au(111) and the theoretically expected absorption for free-standing silicene calcu-

lated within the DFT-IP approximation [193]. The n and k values of Au are taken

from previous studies of Johnson et al. [197], which are confirmed to be accurate for

the used Au(111) substrate in the visible regime by ellipsometry. The isolation of

the silicene layer from the Au substrate leads to a red-shift of the prominent absorp-

tion peak observed in the differential reflectance measurements to approximately

1.95 eV. The absorption in the infrared region plateaus close to the expected value

of πα. Overall, the absorption closely resembles the predicted absorption of free-

standing silicene [191–193], while clearly differing form crystalline and amorphous

silicon [198] and also from other reported silicon allotropes [103, 199]. The slightly

higher absorption in the infrared region is not contradictory to the expected Dirac

nature of silicene. Indeed, for silicene an absorption of πα is only expected at the

limit of ω → 0. At slightly higher photon energies the absorbance increases with

≈ ω2, caused by the deviation of the higher interband energies from the linearity

of the Dirac cone [191]. Consequentially, clear Dirac-like behaviour can be reported

for the silicene layer deposited on Au(111). However, the blue-shift and asymmetry

of the experimentally observed peak compared to the simulated absorption of free-

standing silicene will further be discussed in detail.
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Figure 4.28: (a) Absorption spectrum of silicene on Au(111), calculated from the dif-
ferential reflectance measurements via formula 4.13 (blue line), compared to the theoret-
ical expected absorption for free-standing silicene calculated within the IP approximation
[193]. (b) Experimentally determined absorption values of silicene on Au(111) fitted with
a Fano line shape (blue line) via formula 4.14, indicating that the absorption is influ-
enced by QP and excitonic effects. The curve is compared with the theoretical predicted
absorption of free-standing silicene calculated within the GW approximation including QP
corrections (purple line) and additionally solving the BSE considering excitonic effects (red
line) [193, 200].

4.7.3.1 Influence of the Au(111) Substrate on the Properties of Silicene

Thus far, limited experimental observations of the optical properties of silicene have

been conducted. For silicene grown on Ag(100) and Ag(111) a clear difference in

optical properties could be observed [195, 200], only allowing a comparison of the

obtained results with theoretically predicted values. A discrepancy from the theo-

retically predicted absorption can be expected, however, it does not appear feasible

to explain such a distinct shift to this discrepancy alone. Furthermore, the pre-

dicted absorption spectra for other group IV 2D materials such as graphene have

been found to be highly accurate. Since a silicene structure with an increased lattice

parameter is investigated also the effect on the absorption induced by biaxial-tensile

strain has to be considered. It has been predicted, that silicene maintains its Dirac

cone and Dirac-like properties even for high biaxial-tensile strain up to 17 % [190].
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At the anticipated strain level a noticeable red-shift is expected for the absorption

peak located at 4 eV. However, no significant displacement is predicted for the in-

vestigated peak, related to π − π∗ interband transitions [201, 202]. The possible

influence of the implemented measurement technique and hBN passivation layer

has already been discussed and also provides no satisfactory explanation for the dis-

crepancy between the experimental observed and theoretically predicted absorption.

The absorption peak of silicene on Au(111) does not only appear red-shifted from

the expected position, but also exhibits a distinct asymmetry. An asymmetric line

shape usually is a clear indication for the presence of quasiparticle (QP) and excitonic

effects in the analysed layer and can be best described using a Fano line fitting [40].

Therefore, the absorption peak of silicene is fitted according to:

AF ano(E) = C

�
1 + q2 − 1

1 + s
+ 2qs

1 + s2



= C

(s + q)2

1 + s2 , (4.14)

where:

s = E − Er

γ/2 ,

C is the scaling constant, q the Fano parameter, γ represents the damping and

Er is the resonant energy [203, 204]. A good agreement between the experimental

data and the Fano line shape can be reached, as shown in figure 4.28 (b), thus,

confirming that the absorption of silicene is influenced by QP and exitonic effects.

However, the theoretical absorption calculated within the IP approximation does not

account for such effects. Therefore, the experimental data are compared with calcu-

lations where the QP effects have been treated applying Hedin’s GW approximation
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on the exchange-correlation self-energy (violet curve), while the excitonic effects

are included by solving the Bethe-Salpeter equation (BSE) for the optical response

function (red curve) [205]. The inclusion of the QP effects leads to a blue-shift of

the absorption peak, which is, however, fully compensated by the exciton-mediated

redshift. The experimental determined absorption peak appears in-between the two

theoretical determined ones and again about 350 meV blue-shifted from the expected

value of free-standing silicene.

A similar behaviour, however, has already been reported for graphene on metallic

substrates. The influence of the metallic substrates lead to a blueshift of the ab-

sorption peak of graphene with respect to the peak position on insulating substrates

[206–208]. This has been traced back to the increased screening of the electron-hole

(e-h) attraction by the metallic support [40, 208]. It is reasonable to assume that

similar effects do occur for silicene on Au(111). More precisely, an increased screen-

ing in the silicene layer may be induced via strong image potential effects caused by

the supporting Au(111) substrate. This additional screening influences both QP and

excitonic effects. However, the effect on the QP interband energy remains relatively

small. Whereas, it is more pronounced for the excitonic effects, which are directly

reduced by screening of e-h attraction. The suppression of the excitonic effects re-

sult in a reduction of the redshift of the absorption peak, explaining the observed

net-shift of the peak towards higher energies. Therefore, it can be concluded that

the experimentally determined blueshift of the absorption peak of silicene is due to

the screening of e-h interactions in silicene on the Au substrate. The interpretation

of the peak character as due to a saddle-point van Hove singularity remains, how-

ever, unaffected. Consequently, it can be concluded that the optical and electronic

properties of silicene are preserved on the Au(111) substrate.
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Summary and Outlook

In this work, several advances for straining of free-standing 2D materials as well as

fundamental information on the properties and stabilisation of silicene on various

growth substrates have been obtained: First, the fabrication, device integration,

characterisation and strain engineering of 2D materials. Second, the synthesis and

passivation of silicene on Ag(111) and Au(111) and subsequent characterisation un-

der UHV and at ambient conditions.

Regarding strain engineering of free-standing 2D materials, a novel straining de-

vice is explored. 2D materials of the highest quality are fabricated via a combina-

tion of micromechanical and chemical exfoliation and integrated into the straining

device by a state-of-the-art temperature assisted dry viscoelastic transfer. The ca-

pability of the implemented straining method is demonstrated using SLG/hBN and

DLG/hBN heterostructures. The amount of applied uniaxial strain is evaluated via

Raman spectroscopy, as it leads to a shift and splitting of the prominent G peak of

graphene into a G+ and G− component. This splitting of the G peak further enables
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the determination of the crystallographic orientation of the graphene flakes with re-

spect to the strain direction. In combination with ab initio calculations a maximal

applied strain of almost 2 % is determined, one of the highest strains reported for

free-standing 2D materials so far. Moreover, in the case of DLG it was possible

to reversibly separate the two Bernal stacked graphene layers. While the effective-

ness of the implemented straining technique is demonstrated for graphene/hBN het-

erostructures it is applicable to a large variety of 2D materials, providing a reliable

method for the characterisation of the highly promising properties of free-standing

2D materials under strain. Furthermore, straining devices with a new design, using

piezoelectric substrates, are currently being evaluated. They promise even higher

strain values and also the possibility of biaxial strain, while being UHV compatible.

The growth of silicene on Ag(111) and Au(111) is accomplished via MBE and the

formation of various silicene reconstructions is verified via LEED analysis. To sta-

bilise silicene at ambient conditions a novel passivation method is introduced, where

silicene is encapsulated in-situ with FLG and hBN. The passivation has proven to

extend the lifespan of the silicene layer at ambient conditions from fractions of a

second to several days, allowing comprehensive ex-situ characterisation.

For silicene on Ag(111), ex-situ Raman analysis revealed three distinct vibrational

modes at 180 cm−1, 215 cm−1 and 516 cm−1, proving the effectiveness of the passiva-

tion method and that it does not alter the intrinsic properties of silicene. Combining

standard Raman tensor theory with polarisation dependent Raman measurements

it is possible to unambiguously assign the peaks at 180 cm−1 and 215 cm−1 to the

out-of-plane and the peak at 516 cm−1 to the in-plane vibrational modes. In par-

ticular, the presence of an active out-of-plane vibrational mode is a clear indication

for the 2D characteristics of the analysed silicene layer. For future experiments, it
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is of the highest interest to transfer silicene from the metallic Ag(111) substrate to

a non-metallic support, allowing the probing of its intrinsic optical and electronic

properties. One way to achieve this goal would be a transfer of the passivated sil-

icene 2D stack under UHV conditions.

The synthesis of silicene on Au(111) has been investigated, as recent investigations

indicated that it is a viable substrate to preserve the pristine electronic properties

of silicene. The developed in-situ passivation technique also proved effective with

hBN, adding the distinct advantage that this transparent encapsulation material

facilitates the use of optical characterisation methods. Raman investigations reveal

a clear vibration mode at approximately 435 cm−1, independent of the passivation

material, which is in perfect agreement with the expected biaxially strained silicene

layer observed on Au(111). In order to probe the electronic and optical proper-

ties of silicene, normal incident reflectance measurements are performed and a clear

decrease of reflectivity for silicene could be observed, with a distinct minimum at

approximately 2.1 eV. This is due to an absorption peak of silicene in the visible

spectrum, caused by van Hove singularities in its JDOS and related to its π − π∗

interband transitions. Via theoretical calculations it has been possible to directly

determine the absorption of the free-standing silicene layer, isolated from the direct

influence of the Au substrate. The obtained absorption of silicene exhibits a distinct

peak at approximately 1.95 eV, related to π − π∗ interband transitions, and a low

energy plateau in the infrared region in close proximity to the expected value of πα,

confirming the presence of a Dirac cone and massless Dirac fermions. Furthermore,

the absorption peak is characterised by a distinct asymmetric line shape, indicating

the presence of QP and excitonic effects and appears blue-shifted in comparison to

the theoretically expected absorption peak. A similar shift of the absorption peak

has already been reported for graphene on metallic substrates, due to the increased

122



CHAPTER 5. SUMMARY AND OUTLOOK

screening of the e-h attractions by the metallic support, which is also expected to

occur for silicene on a Au(111) substrate. Hence, it can be concluded that the op-

tical and electronic properties of silicene are preserved on the Au(111) substrate,

although they are indirectly influenced by QP and excitonic effects induced by the

screening of e-h interactions.

This study unambiguously shows silicene synthesised on Au(111) substrates to ex-

hibit pristine optical and electronic properties, which is a huge step towards device

integration and further builds the foundation for various subsequent studies. It also

further serves as an ideal platform for the study of the influence of high strain on

2D silicon structures. The here implemented synthesis, passivation and analysis

methods, however, are not limited to silicene, but can be applied to all 2D xenes.

Germanene, in particular promises novel electronic properties suitable for semicon-

ductor devices and stanine was predicted to show topological properties. Moreover,

the growth and characterisation of functionalised xene derivates are promising ap-

proaches for future studies.
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