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Introduction

Graphene has attracted enormous interest in various fields of science and technology, paving
the way for the synthesis and exploration of new two-dimensional (2D) materials. Similar
and sometimes complementary properties to those of the carbon honeycomb lattice have
broadened the range of applications, shifting the focus from nanoelectronics to other areas
such as photonics and optoelectronics.

Of all the possible families, there is a small cluster of 2D materials that has attracted
particular interest since its debut: Xenes of group 14. Xenes constitute a single-element class
of graphene-like 2D materials. Their electronic structure ranges from trivial insulators to
tunable gap semiconductors and semi-metals but, due to a mixed sp>-sp> orbital hybridization,
they have an extremely reactive buckled structure and do not form van der Waals crystals.
In fact, because of their intrinsic artificial nature, Xenes are mainly grown by epitaxy on
specific lattice-matched substrates. While the strong interactions can be controlled to change
the response of materials as required, the same interactions severely limit the access to
Xenes optical response and then their integration into devices. Silicene grown on Ag(111) is
emblematic of this. On the one hand, the Ag(111) substrate is crucial in forcing silicene to
preserve the 2D honeycomb structure; on the other hand, it irreversibly affects the silicene
electronic features.

The aim of this work is to identify strategies to access the optical and thermo-optical
response of Xenes in order to develop an integrable Xene-based platform. Specifically,
two strategies are proposed to overcome the problem of Xenes interaction with the native
substrate. The first is to replace the silver substrate with an insulating one, such as sapphire.
The second is to engineer the metal substrate by introducing a buffer layer that decouples the
overlying Xene. Some technology transfer experiments to develop a plasmonic device based
on the Xene-on-Al,03(0001) platform are also reported.

By combining Fourier transform infrared spectroscopy (FTIR) and Vis-UV spectropho-
tometry, it is possible to extract the optical properties of a material in a wide frequency range.

The encouraging results, obtained by growing silicon nanosheets on Al,03(0001), have set
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the scene for the use of the same substrate to grow stanene and thus enable the determination
of its optical response from THz to UV.

Finding new suitable substrates is not the only viable route to preserve the properties of
epitaxial Xenes. Introducing a buffer layer between an already known substrate and the Xenes
may prove to be another valuable strategy to decouple them and gain access to fundamental
properties. Here again, silicene is the forerunner for Xenes. The sequential growth of stanene
and silicene on Ag(111) surface gives rise to what has recently been termed a “full Xene
heterostructure”. Clearly, the same concept can be extended to other systems and fits into
the general framework of 2D heterostructures. Piling up Xene of different nature may be
extremely advantageous. In some cases, it allows a large part of the know-how developed
on the early system to be transferred to the new configuration. Access to the optical and
structural properties of the heterostructures is possible through well-proven experimental
techniques, such as Raman and optical spectroscopy. A careful study of the Raman response,
as a function of variables like the spatial position or power of the incident radiation, can also
provide additional data on induced strain, doping and even thermal behavior of the system
under investigation.

Finally, the Dirac-like behavior observed in the infrared optical conductivity of 2D
silicon nanosheets revealed the chance to get a Dirac plasmonic response from Xenes. Large
carrier mobility and tunability make Dirac materials highly demanded for nanotechnology
applications where the manipulation of light is required. The plasmonic resonance in Dirac
systems is dependent on the doping level that, due to their semi-metallic nature, can be easily
controlled through chemical doping or electrical gating. The high levels of charge injection
obtained at low voltages make the ionic liquid gating an ideal method for controlling charge
carrier density in 2D materials. However, this is only one of the two ingredients required to
experimentally observe Dirac plasmon response. In far field, plasmons cannot be excited
directly by the electromagnetic radiation. It requires an extra momentum, which can be
added by periodically patterning the surface of the material. The fabrication of patterned
Xene-based structures, with good control over shape and quality, is particularly challenging.
The removal or etching of materials with high selectivity towards underlying layers, at
extremely low thickness, requires atomic precision that can only be achieved with specific

chemistry and dedicated etching tools.



Chapter 1
Two-dimensional materials

Since 2004, when the first graphene flake was isolated [128], fundamental and applied
research on two-dimensional 2D materials has never stopped. In their structures the atomic
arrangements and bond strengths along two dimensions are similar and much stronger
than the bonds along the third dimension. 2D material properties are consequences of the
elemental constituents, the symmetry of the crystalline structures, and especially the strong
confinement in the direction perpendicular to the 2D plane. The ideal spatial distribution of

several 2D materials is pictorially illustrated in the sketch in Figure 1.1.

1.1 A short trip through the ''flatland"

The following is a quick overview of the best known 2D materials and their main properties.

Its purpose is to introduce the overall context in which this work has developed.

* Graphene: In graphene the carbon atoms are arranged in a honeycomb lattice. The
sp? hybridization between one s orbital and two p orbitals leads to a planar structure.
The uninvolved p orbital, which is perpendicular to the planar structure, can covalently
bond with neighbouring carbon atoms. Since each p orbital has an extra electron,
the 7 band that is formed is half-filled. The energy band dispersion satisfies the
Dirac equation, making graphene a Dirac semi-metal. Due to the unique electrical
and optical properties, including ultra-high carrier mobility, ballistic transport effect,
wide spectral response range and ultra-fast optical response time, graphene shows
considerable potential for optoelectronics and photonics applications. Conversely,
the main obstacle to the use of graphene in electronics is the well-known absence of
an energy gap between its conduction and valence bands, at typical devices working

temperature [52].
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Fig. 1.1 Pictorial sketch of different staked 2D materials. From top to bottom, the sketches
represent graphene, hBN and TMDs structures. Adapted from Ref. [155].

* Hexagonal Boron Nitride (hBN): Layers of hBN consist of hexagonal rings of
alternating B and N atoms, with strong covalent sp? bonds and a lattice constant
nearly identical to that of graphite [129]. The wide band gap in the UV spectral range
(~ 6€V), mechanical strength and excellent chemical stability make hBN a suitable
material for gate dielectrics, encapsulation or stabilisation of other 2D materials and
heterostructures [189]. Moreover, hBN has also gained attention in because of a recent
demonstration of strongly confined phonon-polariton modes, with frequencies typically
in the mid-infrared (IR) spectral range, resulting from the coupling of light photons

with optical phonons in polar dielectrics [24].

¢ Insulating Oxides: Many oxides have layered structures and can therefore be seen as a
source for new 2D materials. These include lead oxide and lead salts, phosphorous ox-
ides, and phosphates, molybdenum and vanadium oxides. In these materials, the layers
are often connected by weak covalent bonds, oxygen bridges, or intercalating elements,
and are normally non-stoichiometric. Moreover, layered oxides are normally polycrys-
talline, limiting the possibility of obtaining them by mechanical exfoliation. These
structures are interesting as battery cathode materials, superconductors or passivating
layers [193].

* Transition Metal dichalcogenides (TMDs): The general formula that describes TMDs
composition is MX,, where M is the transition metal element from group 4 (Ti, Zr, Hf
and so on), group 5 (V, Nb or Ta) or group 6 (for instance Mo or W) of the periodic
table, and X is a chalcogen (S, Se, or Te). In their structure the chalcogen atoms are
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in two hexagonal planes, which are separated by a plane of metal atoms. Adjacent
layers are weakly held together to form the bulk crystal in a variety of polytypes, which
vary in stacking orders and metal atom coordination. They offer a broad range of
electronic properties, from insulating or semiconducting to metallic or semimetallic.
This variety can be traced back to the progressive filling of the non-bonding d bands by
the transition metal electrons [129]. In several semiconducting compounds (generally
MoX, and WX5) a transition from an indirect band-gap in the bulk to a direct band-
gap in the monolayer occurs [170]. This behaviour has important implications for
applications of TMDs in photonics, optoelectronics and sensing. Moreover, in recent
years, research on TMDs has been extended to metallic compounds formed by group
10 metals [190]. Some of these, such as PtSe; and PtTe,, have been identified as
topological materials, paving the way for the experimental realisation of new states of
matter [71].

* MXenes: MXenes are a large family of 2D carbides, carbonitrides and nitrides of
transition metals with the general formula M, X, T,, where M represents an early
transition metal, X is carbon and/or nitrogen, and 7 stands for surface terminations
such as OH, O and F. Due to a large variety of transition metals and surface functional-
ities, their properties can be tuned by selecting combinations of transition metals, X
elements, and controlling their surface chemistry. In MXenes the metallic conductivity
due to free electrons of transition metal carbide or nitride backbone is combined with
the hydrophilicity resulting from their surface terminations. This, together with their
mechanical properties, make MXenes attractive for an extremely large number of
applications [66].

* Xenes: Xenes are buckled honeycomb lattices of a single element whose physical
properties are determined by the elemental constituent. Historically, their diffusion as
emerging materials is divided into two phases. Initially, the Xenes family only included
materials composed of group 14 elements, which thus share the electronic structure
with carbon. Subsequently, the definition was extended to include the elements from
groups 13, 15 and 16 group, i.e. elements that are not directly related to carbon. Their
electronic structure ranges from trivial insulators to semiconductors with tunable gaps,
to semimetallic. Their topological properties induced by the spin-orbit effect in heavier

elements are still being studied [62].

Although this is not an exhaustive description, it should illustrate the diversity that charac-
terises 2D materials and the range of possible applications.
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Among the materials listed, there is a small subset that has attracted much interest over
the years because of the strong similarity between its members and graphene. These are the
Xenes of group 14. To this similarity, which is mainly due to the electronic configuration of
single elements, must be added the semiconductor industry’s interest. Despite its outstanding
electronic properties, graphene cannot be integrated in conventional transistor technology for
logic operations. The switching mechanism necessarily implicates the presence of an energy
gap that is missing in graphene at room temperature, but is expected in the band structure of
Xenes. Moreover, the elements of group 14, and Si in particular, show an intrinsic affinity

with semiconductor technologies currently in use.

1.2 Xenes of group 14

In their most stable form, Xenes based on Si, Ge, Sn and Pb atoms have a buckled honeycomb
structure, which differs from the flat structure of graphene mainly due to the different degree
of hybridisation of the chemical bonds. The hybridization is purely sp? in graphene, while
is mixed sp?-sp> in silicene and germanene, and almost fully sp> in stanene and plumbene.
The different degree of hybridisation of the atomic orbitals and the resulting buckling of the
crystal structure have several implications for Xenes.

Firstly, they do not form van der Waals crystals and therefore, they cannot be produced
through methods commonly used for the synthesis of graphene or other van der Waals
materials (e. g. mechanical or liquid exfoliation). Although silicene, germanene, stanene
and plumbene were predicted to be stable in their freestanding fashion, they need peculiar
conditions to be realised. Epitaxy is the most common method of synthesising Xenes and
the substrate plays a fundamental role. Indeed, only a limited number of substrates is
commensurate with the free-standing Xene structure [62].

Stability is a second key aspect when dealing with Xenes. The preference for an sp°
hybridisation, again, makes them extremely reactive. In fact, when exposed to air, 14-group
Xenes are subject to degradation. A solution to this issue was given by encapsulating
silicene first [119], and then phosphorene (the 2D allotropic form of phosphorous) [116].
An amorphous and non reactive Al, O3 capping layer can be deposited on supported Xenes,
resulting in the preservation of their chemical environment. The protective layer is obtained
by sequentially growing elemental Al in the first stage, and Al in an O;-rich environment
in the second stage [116]. A number of benefits can be attributed to the introduction of the
capping layer. It allows materials to be removed from the ultra-high vacuum conditions typical
of epitaxial growth, enabling ex situ characterisation. Xenes are not affected by collateral

contamination and the capping can also works as an insulating layer for applications where a
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gate is required. It is important to note that degradation is significantly reduced even when
multilayer configurations are taken into account [60].

The reactivity of Xenes is also reflected in their interaction with the native substrate. A
given substrate can actually influence the lattice geometry and electronic properties of the
supported material even if there is a correspondence between the lattice constants of the two
materials [117]. This fundamental facet has driven all the progress that has been made, from
2D honeycomb structure theory for silicon and germanium to the latest developments in
device integration. Some of the aspects that will be discussed can be generalised to all the
Xenes in the 14-group. In this respect, silicene and stanene will be taken as a case in point

for the investigation.

1.2.1 Silicene

From a theoretical point of view, the hexagonal lattice of silicon (Si) has been appeared
even earlier than graphene: in 1994 Takeda and Shiraishi [159] proposed the aromatic stages
of silicon and germanium, presenting them as hypothetical materials. In this work they
introduced the idea of a stable corrugated structure with a D3, group symmetry, which is
now recognized as a key feature of group-14 Xenes [117]. However, it took several years
before these structures received the attention they deserved. The isolation of a single layer of
graphene [128] was certainly a decisive event in this respect.

The term silicene was first used in a theoretical paper in 2007 [165], describing a two-
dimensional sheet with a honeycomb lattice composed of Si atoms. In the following years,
many theoretical groups have worked to clarify the structural and electronic properties of
silicene, providing useful information for its experimental realisation.

Based on DFT calculations, a low-buckled honeycomb structure was found to be more
stable than planar or high-buckled structures for silicene in its freestanding form [18]. The
low-buckled silicene configuration was predicted to have a lattice constant of b = 3.83 A and
a bond length of d =2.25 A, while the vertical distortion translates as a buckling distance
A=0.44 A and abond angle 8 = 101°. This implies the interplay of sp* and sp> hybridized
states in the bond. Furthermore, the system exhibited a semi-metallic electronic nature,
with 7 and 7* bands crossing the Fermi level at the K and K’ points. Similar results where
obtained in different theoretical works, reporting values for the Si-Si bond length smaller
than the distance in the bulk Si [70, 99].

Experimentally, the growth of silicene has been reported mainly on metallic templates.
As already mentioned, the choice of substrates requires very restrictive constraints. The
substrate must be commensurate with the predicted stable configuration of the freestanding
Xene and the chemical reactivity with the X- adatoms must be negligible. Most of the studies
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Fig. 1.2 Energy versus hexagonal lattice constant of 2D Si, calculated for various honeycomb
structures. In the inset are shown the planar and buckled geometries together with buckling
distance A and lattice constant of the hexagonal primitive unit cell b. Adapted from Ref. [18].
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Fig. 1.3 LEED pattern of the phase evolution of silicene on Ag(111) depending on substrate
temperature and deposition time. a) Pure 4 x 4 and b) a mixture of 4 x 4 and /13 x
v/13phases. c) Mixture of the 4 x 4 and minority phases. d) and e) 4/v/3 x 4/+/3. Adapted
from Ref. [5].
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on silicene reported in the literature have been performed by choosing Ag(111) as substrate
due to the symmetric character of its surface unit cell [59].

Silicene on Ag(111) shows several phases that depend on both the commensurability
relation with the substrate surface and the allowed buckling distributions. The epitaxial
phases of Xenes are generally described in terms of the substrate primitive lattice vectors
or with respect to the freestanding Xene unit vectors. Temperature and surface coverage
affect the phase reconstruction of silicene on Ag(111) due to the metastable nature of the 2D
structure [5, 120]. The LEED patters of the phase evolution of silicene on Ag(111) reported
by Arafune and co-workers [5] are shown in Figure 1.3. For a low coverage, LEED patterns
show the 4 x 4 phase. Increasing the amount of evaporated Si, in the temperature range
523-543 K, the v/13 x v/13 phase appears. Additional evaporation of Si changes the silicene
structure and the LEED pattern shows a 4/ V3 x4 / /3 phase.

Silicene has also been grown on other metal substrates. ZrB; [54] and Ir [112, 172] were
used as template for silicene deposition, giving rise to buckled structures with electronic
properties dramatically affected by the hybridization with the substrates.

Huge efforts have been made to synthesise quasi free-standing silicene on various sub-
strates, and the debate on the real possibility of obtaining a large area extended non-interacting
silicene layer on such substrates is still ongoing. However, the predicted gap opening in a

band structure very similar to graphene continues to drive silicene research.

1.2.2 Stanene

Theoretical studies of the 2D honeycomb structure of tin (Sn) atoms have often been a natural
extension of those carried out on silicene [100]. According to the generalized gradient
approximation, stanene structure consist of a buckled hexagonal lattice, containing two atoms
in each primitive cell with an optimized lattice constant of ~ 4.5 A. The size of the Sn
atoms, which is larger than that of C, induces inner-core repulsion forces. Consequently,
stanene also has a structure in which adjacent atoms prefer an out-of-plane orientation with
a mixture of sp” and sp> orbital hybridisation states [19]. In another work, the structure of
freestanding stanene has been classified in high-buckled (HB) and low-buckled (LB) [143].
The HB phase is structurally comparable with stable 3-Sn, while the LB phase with a-Sn.
o- (or gray) and - (or white) are the two allotropic crystalline forms of tin. Gray tin
shows a cubic, diamond like structure. It is a metastable phase that can transform into the
tetragonal B phase above the phase transition temperature of 13.2 © C. By introducing an
ad hoc phase-stabilising substrate, this temperature can be increased [154]. The transition
from HB to LB phase involves an increase in lattice constant. A stable structure of hexagonal
stanene in the geometric dumbbell configuration reported in Figurel.4a-b, due to the high
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cohesive energy of the Sn atoms, has also been reported. The stability of this structure is
supported by the positive phonon frequencies over the entire Brillouin zone, that is shown in
Figure 1.4c [161].

g

50

Fig. 1.4 a) Top view and b) side view of the dumbbell stanene structure. The lattice unit
vectors (al and a2), the distance between two dumbbells in a unit cell (1) and the height of the
structure (h) are also reported. ¢) The phonon dispersion of the dumbbell stanene structure.
Adapted from Ref. [161].

The epitaxial growth of stanene has been explored on various substrates. Experimental
results show an high sensitivity of stanene properties to strain and chemical passivation [145].
This is why the correct control of the interfacial interaction is of crucial importance. In 2015,
the growth of 2D stanene nanosheets on Bi;Te3(111) substrate has been reported, along with
an atomic and electronic band structure analysis, paving the way for further experimental
studies [50]. Scanning tunnelling microscopy (STM) images together with the proposed
atomic structure model is reported in Figure 1.5.

Top view . Side view

Fig. 1.5 a-b) atomic structure model superimposed on STM images of the epitaxial stanene
layer. ¢) Side view. Adapted from Ref. [50].
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From the outset, stanene was considered a very promising material because of an aspect
that distinguishes it from other Xenes in the same group: spin-orbit (SO) coupling. This
effect is also present in other elements. However, the atomic weight of tin, compared to that
of carbon and silicon, amplifies its influence on the properties of the system. The next chapter
discusses this topic in more detail. For now, here are some notable experimental results.

A stable superconducting quantum state was observed in a few-layer stanene, grown
layer by layer using MBE technique, on buffer PbTe(111)/Bi;Te3; heterostructures [94].
Similarly, high-quality single layer stanene (in the a phase of Sn) has been grown on
InSb(111). In this case the compressive strain on the "@-stanene" resulted in a gap opening
larger than that expected for free-standing stanene [179]. Epitaxial growth of low-buckled
planar stanene has been developed on an Ag(111), after the formation of an Ag,Sn surface
alloy [187]. Deformation-induced effects in the band structure of epitaxially grown stanene
were observed on a semi-metallic Sb(111) surface [58].

1.2.3 Access to the electronic properties of Xenes

In the experiments reported so far, the epitaxial growth of Xenes has been mainly realised
on metal substrates. Regardless of the specific material, the band structures of silicene and
stanene always share a common feature: hybridisation effects with the substrate. The effect of
the substrate is therefore not only to determine registry in the vertically distorted honeycomb
structure through the commensurability relationship, but also to alter the electronic structure
of the Xenes through hybridisation [59]. The case of Ag-supported silicene can again be
taken as a paradigmatic example of this strong interaction.

Angle-resolved photoemission spectroscopic (ARPES) measurements (see Figure 1.6a)
showed the presence of linear bands near the Fermi level of silicene, which were interpreted
as being due to the hybrid Si-Ag bands rather than the mass-less silicene fermions [168]. The
previous result was also confirmed by optical spectroscopic measurements.

For instance, Cinquanta and co-workers [31] reported a combined experimental and
theoretical study of the optical response of silicene on Ag, where electronic transitions
involving Ag states were found to contribute significantly to absorption. Figure 1.6b shows
the calculated absorption spectra of supported and unsupported silicene compared to that
of an amorphous silicon layer. The strong Si-Ag hybridization has been proven to deeply
affect the electronic properties and therefore the optical response of the supported silicene.
The resulted absorbance spectrum is a superimposition of different contributions with mixed
Si-Ag and Ag-Ag transitions. In particular, the absence of a peak at 1.6 eV combined with the
sharpening and redshift of the main absorption peak to around 3.3 eV in supported silicene,
was attributed to Si-Ag hybridisation. It is worth reporting on recent studies of Au(111)-
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Fig. 1.6 a) ARPES intensity maps for clean Ag surface (left) and after formation of silicene
(right). The inset shows the scheme of the 2D Si layer with respect to the Ag(111) surface.
The red arrow indicates the measurement direction. Adapted from Ref. [168]. b) Calculated
absorbance of Ag-supported and unsupported 4 x 4 superstructure compared to the supported
and unsupported amorphous silicon. The calculated absorbance of the bare Ag is also
reported. In the inset the absorbance of 1 x 1 free-standing and unsupported silicene are
compared. Adapted from Ref. [31].

supported silicene and passivated by hBN. Optical measurements showed the preservation of
the low-energy band structure around the Fermi level and thus the preservation of the Dirac
electrodynamics expected for silicene [56].

Silicon nanosheets on A/, O3(0001)

One way to preserve the properties of Xenes seems to be to grow them on commensurate
insulating substrates, so that their electronic states occur in the substrate gap [101]. Using
Al,03(0001) has recently been suggested as a possible strategy in this respect. Al,O3(0001)
is a dielectric material with a reported experimental band gap of ~ 9 eV [55]. As a large-gap
semiconductor, with a sufficient work function, the substrate ensures that the electronic
states of the Xenes are in the gap and do not interact with its own. Moreover, silicene and
stanene are predicted to grow with limited interaction with on its Al-terminated surface [26,
169]. Basically, it can stabilize a monolayer honeycomb structure of silicene and stanene
without destroying the Xenes electronic states. The experimental realisation of 2D silicon on
Al,03(0001) was reported a short time after these theoretical predictions.

Grazianetti et al [61] investigated the optical properties of Si nanosheets at 2D limit,
epitaxially grown on Al,O03(0001), as function of films thickness. The optical conductivity of
thin samples, reported in Figure 1.7a, show an overall behavior similar to that expected from

the ideal silicene. As it will be discussed later, the optical conductivity is strongly related
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Fig. 1.7 a) Real part of the optical conductivity o} (®) for 0.5 (black), 1.5 (red), 3 (green),
5 (blue), and 7 nm (purple) of epitaxial silicon. b) Real part of the optical conductance
G (o) normalized to the universal optical conductance Gy for the 0.5 (black line) and
1.5 nm (red line) thickness silicon nanosheets. The frequency axis is normalized to the
bonding—antibonding 7 transition appearing around 1.4 eV in Si nanosheets and around 4.6
eV in graphene. Adapted from Ref. [61].

to the join density of states (JDOS), thus it provides reliable band structure information.
The absorption feature at ~ 1.4 eV and the increasing absorption around 4 eV for small
thicknesses, as described in the following chapter, are consistent to those resulting from
interband transitions in the free-standing silicene band structure. In addition, a Dirac-like
behaviour is observed in the IR part of the optical conductance, suggesting the presence of
Dirac fermions hosted by the silicene-like band structure. Normalizing the actual frequency
with respect to the bonding-antibonding 7 transitions for silicene and graphene, they obtained
the universal frequency axis reported in Figure 1.7b. The quantized conductance suggests
that silicon nanosheets show silicene-like properties as already proved for graphene [108].
This experimental scenario has been supported by ab initio calculations.

An interesting aspect to consider is that the encapsulation procedure, introduced at the
top of this section, has been applied also in this case. The amorphous capping layer did not
affect the optical properties of the Si nanosheets on A/, 03(0001) due to its low thickness and
intrinsic transparency, allowing the optical characterisation [61].

Importantly, the identification of Dirac-like optical conductivity in silicon-like nanosheets
grown on optically transparent substrates paves the way for their exploitation in plasmonics
applications. Plasmons offer the possibility of storing the information encoded in a beam
of light at subwavelength spatial scales, a property of great interest for optoelectronic
applications and already exploited in nano-sensors [97, 139]. The subwavelength confinement
implies that the electromagnetic energy associated with the light field is highly concentrated
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in specific points. Here the interaction of light and matter is strongly enhanced thus allowing
for ultrafast processing of optical signals down to the femtosecond timescale. Dirac plasmons
hold great promise for novel tunable optical devices operating in multiple frequency ranges
(from terahertz to the visible) with extremely high speed, low driving voltage, low power

consumption and compact size [64, 34, 104].

1.3 Motivation and outline of the thesis

Silicene and stanene have different properties. However, they present similar problems in
terms of synthesis and characterisation. Their experimental forms, when realised on substrates
of a metallic nature, differ drastically from their free-standing counterparts due to the critical
role played by the substrate. It acts on two levels: while the commensurability relationship
determines the geometric features of the hexagonal lattice, the strong hybridisation with
the atoms alters the band structure. From the examples given in the previous section, two
important facts emerge. The first is that the interaction between silicene and Ag is not
negligible. The second fact is the clear link between the electronic properties and the optical
response of silicene. Both of these aspects can also be extended to the stanene [58, 187, 35].
More generally, the strong radiation-matter interaction that 2D materials experience due to
their spatial confinement is the basis for photonics and opto-electronics applications. Access
to 2D materials optical properties is therefore a fundamental prerequisite for the development
of reliable devices.

This thesis deals with the optical characterisation of different Xene-based configurations.
The main objective is to identify one or more strategies to access the optical properties
while excluding or controlling the influence of the native substrate. The work also aims
to assess the integration of Xenes into a device. In particular, the possibility of using the
a-AlpO3-Xene-Al,03(0001) configuration as a platform to study the plasmonic response of

these materials will be evaluated. The structure of the thesis is the following:

* In the first part of Chapter 2 the band structure of 14-group Xenes is presented, together
with the implications for the optical response of free-standing silicene and stanene. In
the second part, collective electronic excitations, i. €. plasmons, are introduced and
their main features in 2D Dirac systems are discussed in detail. These concepts are

presented to support the results reported in Chapters 4, 5 and 6.

* The experimental techniques used in this work are discussed in Chapter 3. The first part
is focused on the growth technique mainly used to produce Xenes: the molecular beam
epitaxy (MBE). The two systems used to grow two different sample configurations (i.
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e. Xenes on Al,03(0001) and Xenes on Ag(111)) are introduced. The basic concepts
of the X-Ray photoelectron spectroscopy (XPS) and the low energy electron diffraction
(LEED) techniques are then described, whereas optical and Raman spectroscopy are
discussed in more detail. This chapter also describes the photolithography and etching
processes used to fabricate plasmonic gratings. The final section is dedicated to the

ionic liquid gating.

* The experimental realization and investigation of the optical response of stanene-like
thin films grown on Al,03(0001) is the focus of Chapter 4. In addition to direct growth,
the possibility of introducing a graphene buffer layer to control the interaction with the
substrate was being evaluated.

» Chapter 5 explores the possibility of decoupling silicene grown on Ag(111) by intro-
ducing an interlayer of stanene between the two materials. The optical response of
silicene as a heterostructure component is compared with silicene grown directly on
Ag(111). The effect of the tin layer on the overall properties of the system is finally

investigated by means of opto-thermal Raman spectroscopy.

» Chapter 6 illustrates the steps taken to realize plasmonic devices based on silicene-like
films grown on Al,03(0001) and stanene-like films grown on graphene/Al,03(0001).
Finally, some preliminary results of the optical characterisation of the realised devices
are reported in the same chapter.






Chapter 2
Optical properties of IV-group Xenes

As partially shown in the previous chapter, Xenes represent an important platform for the
development of new technological applications. Specifically, the atomically thin nature and
the optical excitations supported by these materials make them particularly attractive in the
fields of optoelectronics and photonics.

This chapter introduces the optical properties of Xenes and their relationship to the
electronic band structure, with the aim of providing a theoretical background to support
the arguments discussed in this work. Some of the physical effects that most influence the
optical response are also presented. The second part of the chapter introduces the basics of
plasmonics. The principles of surface plasmon propagation and confinement are explained,
as well as the grating coupling technique. The last part is devoted to the theory describing

the plasmonic response in 2D systems, with a focus on Dirac materials.

2.1 The electronic band structure

The properties of graphene depend on the sp® hybridization between one s-orbital and two
p-orbitals, and the consequent formation of a o-bond between carbon atoms. The unaffected
p-orbital which is perpendicular to the planar structure of graphene can bond covalently
with neighboring atoms, leading to the formation of a 7-band. Since each p-orbital has
one extra electron, the 7-band is half filled and this makes graphene a semi-metal with a
zero band-gap [123]. Starting from a tight-binding approach, in which the electrons can
hop to nearest neighbors atoms, and expanding the full band structure close to the K point
in the momentum space the well-known linear dispersion for the energy is obtained (see
Figure 2.1a):

E. (k) ~ +vp[k|+O((k/K)?) 2.1)
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where £ is the momentum and v is the Fermi velocity. The low energy dynamics of graphene
charge carriers mimic relativistic particles with zero mass: their transport is governed by the

Dirac’s equation.
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Fig. 2.1 Band structures of (a) graphene, (b) silicene, and (c) stanene along high-symmetry
lines of the 2D hexagonal Brillouin zone. For silicene and stanene, the inset shows a
magnification of the electronic bandgap around the Dirac point together with the band
structure obtained without SO coupling (solid black lines). Figure adapted from Ref. [110].

Differently from graphene, Xenes are buckled and show a mixed sp>-sp> hybridization.
Despite a resulting buckling amplitude, the 7 and ¢ bands are still decoupled, and Dirac
cones are formed by the m and * bands with a zero gap at the corners K and K* of the
Brillouin zone [18] (see Figure 2.1 b-c).

2.1.1 The Spin-Orbit coupling

According to the symmetry of the system, a low energy effective Hamiltonian can be defined
in case of Spin-Orbit (SO) coupling. Considering Xenes in a planar configuration, near the K
point of the Brillouin zone, this will be [100, 99]:

K] —Eo; vr (ke +iky)

~ 22
A A 22

where v 1s the Fermi velocity of 7 electrons near the Dirac points with a linear energy
dispersion, and o is the Pauli matrix. The effective Hamiltonian near point K* is related to
the one near K by the time-reversal operation.

At this point, it is convenient to shift the focus to silicene. The results will then have
a general application to the other Xenes in the group of 14. The effective SO coupling for

planar silicene is obtained from a tight-binding model [184] and is expressed as:

£~ 283 |Ael/(9V5o) (2.3)
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where A is the energy difference between the 3s and 3p orbitals and & is half the intrinsic
spin-orbit coupling strength. The parameter Vs corresponds to the 6 bond formed by the
3s and 3p orbitals. Equation 2.2 leads to the following energy dispersion:

E(k) = +1/ (vpk)? + &2 (2.4)

Taking the values of the corresponding parameters, the energy gap at the Dirac points can
be estimated as E, = 2&. For silicene, this value corresponds to 0.1 meV [99]. This result
is obtained by considering a planar lattice configuration where the angle 6 between the
Si-Si bond and the direction normal to the plane has the minimum value (8 = 90°, sp>
hybridization). In this case the 7 and o orbitals are coupled only through the intrinsic
SO interaction. It has already been seen, however, that for Xenes the most favourable
configuration is the low-buckled one [18]. With a deviation from the planar geometry the
7 and o orbitals can directly hybridize and the effective SO coupling increases, depending
on the angle 0. In the low-buckled structure (6 = 101.73°, mixed sp>-sp> hybridization)
the calculated energy gap for silicene is 1.55 meV. The opening of a gap, greater than that
expected for graphene considering the SO coupling [80], is a relevant result for Xenes.

This band gap opening at the Dirac point, which is shown the inset of Figure 2.1b and
Figure 2.1c, is responsible for the quantum spin Hall (QSH) effect, a state with non trivial
topological properties. This time-reversal invariant electronic state is gapped in the bulk and
conducts charge and spin in gapless edge states without dissipation [81, 99]. The QSH is
robust against scattering. It may be applied in dissipation-less conducting wires, thus limiting
the power consumption of devices [59]. In graphene the QSH effect is weak and can only be
accessed at very low temperatures [80, 72]. Conversely, silicene, germanene, but even more
stanene show a stronger SO coupling than graphene, which leads to energy gaps of 1.55 meV,
~ 23.9 meV and ~ 100 meV respectively [99, 100]. Such values would enable operations
on the device even at room temperature.

The mixed sp?-sp> hybridisation makes Xenes chemically reactive. Therefore, substrate
engineering or functionalization can have a huge impact on the electronic band structure of
Xenes. Chemical functionalisation of 2D materials is already known to be an effective way
of tuning the chemical, physical and topological properties and increasing the environmental
stability of these materials. Significant examples are hydrogenated [42] and fluorinated [144]
graphene. For group-14 Xenes, the most encouraging results come from stanene. Considering
SO coupling, first-principle calculations based on density functional theory, identified a gap
in fluorinated stanene band structure (Figure 2.2a-b), with the valence and conduction bands
degenerate at the I" point [181]. The chemical functionalization induce a parity exchange
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between occupied and unoccupied bands that is non trivial to the topology. The parity change

mechanism is clarified in Figure 2.2c. Chemical functionalizatation creates a QSH insulator
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Fig. 2.2 Band structure for a) stanene and b) fluorinated stanene. Schematic diagram of the
evolution from the atomic s and p,, orbitals of Sn into the conduction and valence bands
at the I point for fluorinated stanene. The p, orbital is saturated by F, thus states around
Fermi energy (green dashed line) are mainly contributed by the atomic s and p, , orbitals. In
stage I, the chemical bonding between Sn-Sn atoms forms bonding and antibonding states for
both s and p, , orbitals. The symbols "+" and "—" denote the parity of the resulting states.
Before turning on SO coupling, the p, and p,, orbitals are degenerate due to the C5 rotation
symmetry and the system is a zero-gap semiconductor. As the SO coupling is "turned on" in
stage II, the degeneracy of the bonding state ] p;c':y> is lifted, opening a full energy gap. This
introduces a non-trivial insulating phase with and inverted order of |s~) and ‘ pj?y>. Figure
adapted from Ref. [181].
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with sizeble non trivial bulk gap of 0.3 eV.

Similar effects may be induced by interaction with the substrate. Tang and co-workers [161]
confirmed the band inversion induced by SO coupling at the I" point and evaluated the im-
pact on the topological properties of stanene due to different substrates. Based on their
simulations, the band inversion observed in stanene proved to be substrate-dependent and
strain-sensitive, providing an opportunity to manipulate the stanene electronic properties.
Electronic structure engineering and bandgap opening in Xenes are highly desirable because
they would overcome the limitations of graphene, making them suitable for digital and
optoelectronic applications. Clearly this approach can be generalised to other 2D materials.

It finds its fullest expression in the realisation of 2D heterostructures.

2.2 The optical response

The band structure, described in the previous section, is strongly reflected in the optical

response of Xenes. That is the reason why spectroscopic studies in a wide photon energy
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range (generally from the THz to the UV) may help to gain information on the electronic
properties, their modification by the environment and the lattice geometry. This investigation
method also enables to clarify fundamental aspects of radiation-matter interaction, which are
certainly useful in the perspective of developing new photonic and optoelectronic device [118].
On first approximation the linear band dispersion of Xenes and graphene, shown in Figure 2.1,

can be described by an unified scheme in terms of optical transitions around the Dirac point.

a) conduction band
. MHz Near-IR Visible
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=S 2.3%
interband o =S40
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E E. Frequency, w
VL Qe
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valence band

Fig. 2.3 a) Sketch of a Dirac cone that is typical of 2D Dirac system like graphene. Allowed
and prohibited optical transitions are the blue and orange arrows, respectively. The Dirac
point and Fermi level are reported. b) Sketch of the universal absorption in a Dirac system
from the THz to the visible domain spectrum as a function of the frequency. Figure from
Ref. [104].

When excited by external radiation, charges may experience interband or intraband
transitions, depending on the energies involved (see Fig. 2.3). Interband transitions consist of
charge carrier excitations from the valence to the conduction band. They occur at energies
hw > 2EF, where Ef is the Fermi energy, and generally lie between mid-infrared and visible
spectral regions. For graphene, the optical absorption in the mid-IR tends to assume the
constant value wo due to the interband transitions, where o = 1/137 [121, 107] is the
fine-structure constant. The deviations from the constant absorbance in the low frequency
limit (hw < 2EF) is attributable to the intraband transitions that can be reduced to a Drude

behaviour of free carriers [107].
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Independent quasi-particle approach

Theoretically, neglecting self-energy and excitonic effects due to the electron-electron in-
teraction in the crystal, the quasi-constant optical absorption in the infrared spectral region
appears to be a common feature of 14-group Xenes [109].

The optical absorption is determined by the imaginary part of the dielectric function £(w),
which is related to the optical transition matrix. The general expression for 2D absorbance is:

Iqu:§Lmqawn 2.5)

where L is the distance between the simulated layers, assuming a graphite-like superlattice
arrangement, and c is the speed of light. In the independent-quasiparticle approximation, in
the limit @ — 0, the absorbance approaches to A(0) = o (with o = e? /fic). That result is
independent of the group-14 element and of the sheet buckling. The constant absorption can
be explained through the conservation of the point-group symmetry of the 2D honeycomb
lattice, which is maintained regardless of the buckling amount. It is worth stressing that the
same result can be analytically derived using the tight-binding method [109].

In contrast to the behavior in the infrared spectral region, in the visible and ultraviolet
spectral regions the absorbance shows different frequency variations for the elements of the
group-14. This is due to the specific band structure of each material. The lineshape of the
absorbance is determined by the van Hove singularities in the join density of states (JDOS).

The calculated JDOS for graphene and silicene is shown in Figure 2.4.
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Fig. 2.4 Interband transition energies along high-symmetry lines in the Brillouin zone for a)
graphene and b) silicene. The red horizontal lines indicate energies of van Hove singularities
which give peak structures in the absorbance. The resulting joint densities of states are also
shown in units of eV. Figure adapted from Ref. [109].

In particular, peaks and shoulders in A(®) can be related to critical points in the 2D band
structure and JDOS [40]. For example, the saddle point at the M-point in the 2D Brillouin
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zone is responsible for a pronounced peak at 4.0 eV for graphene and the peak around 2 eV

for Xenes.

Opening the energy band gap

As shown above, the SO coupling, as well as functionalization or interaction with different
substrates, can lead to variations in the electronic band structure of Xenes. Limiting the
discussion to the SO effect, it induces a fundamental gap Ej, at the K point of the Brillouin
zone. This produces two effects on the optical properties of Xenes in the low-frequency range:
the absorbance is zero for photon energies below the gap and the first optical transitions at K
point involve parabolic bands. The behavior for the absorbance near the gap can be described
as follows [110]:

Alw) = na[l+(§—5))2]®(hw—Eg) (2.6)

In order to calculate the optical response of an isolated sheet it may be useful to introduce
the 2D optical conductivity o>p [111]. In the limit of vanishing reflectivity, the 2D optical
conductivity can be directly related to the absorbance through:

1
A(w) = —Re{orp(w)} (2.7)
&cC
with & the vacuum dielectric constant and c the speed of light. Results of theoretical

calculations based on DFT for silicene and stanene are reported in Figure 2.5. The first
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Fig. 2.5 Normalized optical conductivity of a) silicene, and b) stanene. Real part: black line,
imaginary part: red line. Figure adapted from Ref. [111].

peaks near 2 eV in silicene and stanene is a consequence of the 2D saddle points in the 7-7*
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interband structure located at the six M points at the Brillouin zone boundary. The higher
peaks near 5 eV for silicene and 3.1/4.0 eV for stanene are related to ¢ — o™ transitions
mainly at the I point of the 2D Brillouin zone. As mentioned above, these peaks can also be
related to van Hove singularities in the interband structure [111].

It is important to stress that, in general, the absorbance together with transmittance and
reflectance, is a macroscopic optical property that can be determined experimentally using
spectroscopic techniques. Further information on the relations between different optical
properties and the models used to describe the experimental optical data can be found in
Appendix A.

2.3 Principles of Plasmonics

As mentioned at the end of Section 1.2, the appearance of Dirac electrons in 2D silicon,
epitaxially grown on sapphire, opens the way to the possible identification of a plasmonic
response of the system.

The interaction between photons and electric dipoles can produce, in many materials,
hybrid quasi-particles called polaritons. The best known physical realization of polaritons
are the so-called surface plasmon polaritons (SPPs). SPPs consist of electromagnetic excita-
tions propagating at the interface between a dielectric and a metal, evanescently confined
in the direction perpendicular to the interface [106]. Plasmons enable the manipulation of
light-matter interactions at sub-wavelength scale. Their small spatial extension relative to the
wavelength and the huge optical enhancement (near-field intensities > 10° times larger than
the incident light intensity) can be exploited in various fields. Sensing [3], imaging [103],
optical modulation [156, 65] and non-linear optics [82], to name a few, are all applications
that benefit from the coupling of electromagnetic waves to the collective modes of elec-
trons in plasmonic materials. Noble metals are known to be the best plasmonic materials
available [173] but have many limitations: they are difficult to tune and have large ohmic
losses that restrict their applicability to devices. These restrictions have strongly driven the
exploration of the plasmonic response in systems with different electronic properties. Dirac
materials can be considered a clear example of this [104]. Included in the definition are the
well-known graphene, topological insulators such as BiySes, BiyTes, SboTes [188], Weyl
semimetals like the recent PtTe; [183] and, of course, Xenes [99, 61, 56].
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A general description of the properties of surface plasmon polaritons can be obtained

from the macroscopic Maxwell’s equations:

V.-D=p (2.8a)

V.-B=0 (2.8b)
VXE= —88—]: (2.8¢)
VXH:”aa_]t) (2.80)

These equations link the dielectric displacement D, the electric field E, the magnetic field
H and the magnetic induction B with the external charge and current densities p and J.
These macroscopic fields are further linked via the polarization P and the magnetization M

according to the equations:

D=¢gE+P (2.9a)
1
H=—B-M (2.9b)
Ho

where & and L are the electric permittivity and magnetic permeability of vacuum, respec-
tively. Restricted to a linear, isotropic and non-magnetic media, the following relations can
be defined:

D = ¢eE (2.10a)
B = youH (2.10b)
J=o0E (2.11)

with € the dielectric constant or relative permittivity and y = 1 the relative permeability of
a nonmagnetic medium, and ¢ the conductivity. These linear relations can be generalized
taking into account the non-locality in time and space in a medium. Assuming that the length
scales are significantly larger than the lattice spacing of the material (i.e. homogeneity of the
medium), the response functions to an external field E depend on the differences of spatial

and temporal coordinates:

D(r,) = & / didre(r —v,t —{E(,1') (2.12a)

J(e,0) = / di'dr' o (r— vt — (1) (2.12b)
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The Equations 2.12 simplify by taking the Fourier transform with respect to [ dtdre!(&r—®0)

DK, 0) = ge(K,0)E(K, o) (2.13a)
J(K,0)=o(K,0)E(K, ) (2.13b)

The response of a media under an electric field is thus described by £(K, w) and ¢ (K, o),
both with a wavevector and a frequency dependence. The two response functions are related

by:
io(K, o)

e(K,w)=1+
D

(2.14)

that follows from Maxwell’s equations (Eq. 2.8).

For metals, a further simplification can be introduced due to their spatially local response.
Here K ~ 0 and thus €((K = 0,®) = €(w). This is valid as long as the wavelength A in
the material is significantly longer than all characteristic dimensions, such as the size of the
unit cell or the mean free path of the electrons. This condition is in general still fulfilled at
ultraviolet frequencies.

In the absence of external stimuli (p = 0, J = 0), the characteristic wave equation can be
obtained by combining the curl Equations 2.8c and 2.8d:

2
VXVE:—‘U()%—;Z) (2.15)
that can be rewritten in the Fourier reciprocal space by means of the identities % — —im and
V=Kas:
w2
K(K-E)—K*K = —¢(K, ©)—E (2.16)

1
v Ho€o

field vector two cases can be distinguished:

where ¢ =

is the speed of light in vacuum. Depending on the polarization of the electric

« Transverse waves, (K-E =0) — K> = g(K, a))“’—z2
Cc

* Longitudinal waves — €(K,®) =0

At this point it is useful to introduce the Drude model. The Drude approach allows to
describe the response of a gas of free electrons moving against a fixed background of positive
ion cores when an electromagnetic field is applied. A simple equation for the motion of an

electron of mass m and charge —e in a plasma sea, subjected to an external electric field E is:

mx+myx = —eE 2.17)
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The motion is damped via collision occurring with a characteristic collision frequency
y = 1/7, where 7 is the relaxation time. By assuming an harmonic time dependence of the
electric field E(¢) = Ege*?" and according to the definition of the electrical polarization

P = —ner(t) it can be wrote:
2
P=—-——F——E( 2.18
m(®? +iyw) ®) (2.18)

By replacing this expression in the Equation 2.9a the dielectric function becomes:

w,?
ew)=1-—5—"— 2.19
(@) > +iyo (2.19)
The quantity a)p2 = goii, introduced in Equation 2.19 is the plasma frequency of the free

electron gas with n the number density of the free electron gas. Similarly, a new expression

can be introduced for the conductivity:

1—iwt

o(w)

(2.20)

ne*t

defining the dc-conductivity as 6y = = a)pz‘ceo.

The effect of the electromagnetic field impinging on a metal is to displace free electrons
from their position. This leads to a lack of negative charge, resulting in a coulombic
attraction that forces them to return to their original position. The resulting oscillating
charge-density gives rise to volume plasmons. The plasma frequency @, = \/nezTom can
thus be recognized as the natural frequency of a free oscillation of the electron sea.

It is worth noting that, in general, the Drude model can be used to describes the optical
response of metals for photon energies below the threshold of inter-band transitions. Further
details on the description of the optical properties of solids through classical models can be

found in Appendix A.

2.3.1 Surface plasmon polaritons

At the interface between a dielectric and a conductor, the coupling of the electromagnetic field
to charge-density oscillations determines surface plasmon polaritons (SPPs). In a classical
picture SPPs are particular solutions of Maxwell’s equations (Eq. 2.8) that appear for specific
boundary conditions [130]. In order to define the propagation geometry a simple interface
between two media can be considered, as reported in Figure 2.6. For z < O there is a metal,

which is described via a dielectric function &;(®), while for z > O there is a non-absorbing
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half space characterized by a positive dielectric constant &. It is worth noting that the
requirement of metallic character implies Re[€;] < 0 and for noble metals this condition is
fulfilled at frequencies below the plasma frequency @, defined in the previous paragraph.
The plane z = 0 coincides with the interface sustaining the propagating waves.

Dielectric ¢,

Metal &

Fig. 2.6 Sketch of the interface between two materials. The waves propagate along the
x-direction in a cartesian coordinate system.

If for simplicity the waves are assumed to propagate along the x direction, the electric
field is E(x,y,z) = E(z)e'P?, with B = k,. The last parameters is called the propagation
constant of the traveling waves and corresponds to the component of the wave vector in
the direction of propagation. In the absence of external charge and current densities, the
Equations 2.8c and 2.8d can be combined, resulting in the Equation 2.15. Using the identities
VxVxE=V(V-E)-V2Eas wellas V- (¢E) = E- Ve + ¢V -E, in the absence of external

stimuli the wave equation describing the surface wave becomes:

J°E(2)

52+ (kie —B*)E=0 (2.21)

where kg = @/c is the wavevector of the propagating wave in vacuum. The Equation 2.21
must be satisfied for both media and a similar one can be found also for the magnetic field
[106]. At this point, returning to Maxwell’s equations 2.8c and 2.8d, and assuming harmonic

time dependence (% = —iw), the explicit expressions for the different components of electric
and magnetic fields become:
JE, .
— = —i0UoH, (2.22a)
dz
JE
5 = —iBE, = iouH, (2.22b)
Z
iBE, = iouoH, (2.22¢)
JdH
2 = iweyeEy (2.22d)
Jz
JH
= —ifH, = —iogEE, (2.22¢)

0z
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iBH, = —iwey€eE, (2.22f)

where the propagation along the x-direction (% = if3) and the homogeneity in the y-direction
(a% = 0) have been considered. This system of equations allows two set of self-consistent
solutions with different polarization properties of the propagating waves: the transverse
magnetic modes (TM or p) where only the components Ey, E; and H, are non-zero and the
transverse electric modes (TE or s) with non-zero Hy,H, and E).

For the simple geometry reported in Figure 2.6 the TM solutions are:

(

Hy(z) = AyelPrehor

for z>0 ¢ E,(z) = iA> w£1082 kye'Pre—koz

Ez(Z):_Al B elBxp—kaz

WEHYEY

\

( .
Hy(z) = AyeiPreh
for z<0< Ey(z) = —iA| —2 kietPrekiz

WEHE]

|E.(2) = —Aighg el

WEHYEY

The reciprocal value of k; , which is the component of the wavevector perpendicular to the
interface in the two media, defines the evanescent decay length of the fields perpendicular to
the interface and quantifies the confinement of the wave. The continuity conditions imposed
on Hy and €E; at the interface require that A} = A, and

ky &
L= 2.23
I & (2.23)

Following the last conditions is evident that the surface waves exist only at interfaces
between materials with opposite signs of the real part of their dielectric permittivities (i. e.
between a conductor and an insulator). In addition, the continuity condition for Hy across the
interface leads to:

k=B —kie (2.242)

k3 = B*—Ik}e (2.24b)

The dispersion relation of SPPs propagating at the interface between a metal and an
insulator is obtained by combining the last three equations:

E1&

B = ko (2.25)

&+ &
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This expression also applies in the presence of damping inside the metal and thus for a
complex dielectric function. Obviously, complex values will also be obtained for 3.
Following the same procedure for the TE modes, the continuity conditions at the interface
for the field components are only fulfilled if A = A, = 0. This means that all the fields are
equal to zero, so surface plasmon polaritons can only exist for TM polarization. To figure out
the properties of SPPs, starting from the dispersion relation, it could be useful to introduce

real values for the dielectric functions of different materials. In Figure 2.7 is shown the real
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Fig. 2.7 Dispersion relation of SPPs at the interface between a Drude metal with negligible
collision frequency and air (gray curves) and silica (black curves)[106].

and imaginary part of the wavevector f3, at the interface between a metal described by the
real Drude dielectric function and air (& = 1) or fused silica (& = 2.25). In the following
an ideal conductor, without damping effect is assumed. The constrained nature of SPPs
means that they appear to the right of the respective air and silica light lines. That is why
phase-matching techniques such as grating coupling are required for their excitation via
three-dimensional beams. Radiation into the metal occurs in the transparency regime, for
® > m,. Between the regime of the bound and radiative modes, a frequency gap region with
purely imaginary 3 that forbids the propagation. For small wavevectors, corresponding to
mid-infrared or lower frequencies, the SPP propagation constant is close to kg at the light
line, and the waves extend over many wavelength in the dielectric space. In the opposite
regime of large wavevectors, the frequency of the SPPs approaches the characteristic surface
plasmon frequency:

oy = (2.26)

V1+6&
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This expression can be obtained putting the free-electron dielectric function into the Equa-
tion 2.25. In the limit of negligible damping of conduction electron oscillations, the wavevec-
tor B goes to infinity as the frequency approaches @, and the group velocity approaches 0. In
this way the modes acquires electrostatic character and are known as surface plasmons. It is
important to stress that in real metals, the conduction electrons suffer both from free-electron
and interband damping. In this case the dielectric function €| (®) is complex and with it also
the propagation constant. The traveling SPPs are damped with an energy attenuation length

given by:
1

L= Sl

Thus, by replacing a real metal dielectric function in the Equation 2.25, a different dispersion

(2.27)

curve is obtained. The result for the case of silver/air and silver/silica interface is reported
in Figure 2.8. In contrast to completely undamped SPPs, the bound SPPs approach a finite
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Fig. 2.8 Dispersion relation of SPPs for silver/air (gray curves) and silver/silica (black
curves) interfaces. The limit for the surface plasmon frequency is achieved due to damping
effects [106].

wavevector at the surface plasmon frequency ;, of the system. This results in a lower
limit both on the surface plasmon wavelength A, = 27/Re[f] and on the confinement
perpendicular to the interface, since the SPP fields in the dielectric fall off as e~ Ikl with
k. = \/B?—&(2)2. A characteristic trade-off between localization and loss is typical for
SSPs: the better the confinement, the lower propagation length. To conclude this section, it
is important to stress that in multilayered system consisting of alternating conducting and

dielectric thin films, each single interface can show bound SPPs. If the separation between
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adjacent interfaces is comparable to or smaller than the decay length of the interface mode,

interaction between SPPs give rise to coupled modes.

2.3.2 Surface plasmon polaritons excitation

As mentioned in the previous paragraph the SPPs are highly confined modes at the interface
between a conductor and a dielectric. The propagation constant 3 indeed is greater than
the wavevector in the dielectric and this results in an evanescent dacay on both sides of
the considered interface. An additional source of lateral momentum is needed to break the
optical momentum mismatch and allow a direct light-plasmon coupling. Prism coupling,
grating coupling or excitation upon charged particle impact are just some of the techniques
that can be applied in order to provide the extra-momentum needed to observe SPPs.

In this work the grating coupling approach was followed in order to excite the SPPs with
light. In this method the increase of the wavevector necessary to match the surface plasmon
momentum is achieved by adding reciprocal lattice vector of a periodic grating G to the
free-space wavevector [142]. In general, the conductor surface has to be structured with a
certain periodicity P over an extended spatial region. For a one-dimensional grating the new
in plane wavevector is K = k+ G, with G = n27 /P a reciprocal lattice-vector of the grating.
Thus, from a conceptual perspective, an array of parallel stripes (Figure 2.9) represents the
simplest geometry to realise, allowing extra-wavevectors to be related directly to the period

of the stripes. In fact, several factors can affect the quality of the stripes. It is important

Fig. 2.9 Array of parallel stripes with period and width equal to 2W and W, respectively,
provides an extra wavevector G = 27t /2W. The red curve describes the plasmon dispersion.
In the absorption process G is added to the light momentum k in order to match the light
dispersion with the plasmon one.
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to stress that all possible SPP frequencies can not be excited through the grating coupling.
When the period of the structure is half that of the effective wave-length of the SPP mode,
scattering may lead to the formation of SP standing waves and the opening of an SPP stop
band.

Finally, it should be noted that localised surface plasmons have been excluded from
this discussion. They are confined modes on to the boundary of metal structures of sub-
wavelength dimensions, such as nanoparticles. The frequency and width of these modes
are determined by the particle’s shape, material, size and environment and they underlie

spectroscopic techniques such as surface-enhanced Raman scattering (SERS) [75, 124].

2.3.3 Plasmons in 2D- electron gases

Even though plasmonic modes can exist in every dimension, 2D plasmons have a set of
features that strongly distinguish them from their 3D counterparts. In a 2D material, electrons
are confined by the attractive potential of the lattice ions that blocks their motion perpendicu-
lar to the plane. At the same time, the electric field produced by the electrons still propagates
in 3D space. The main consequence of this is the lack of screening of the electric field, which
leads to a strongly interacting systems. In order to describe the plasmonic response in low
dimension systems a general theory for long-wavelength plasma oscillations in a solid must
be introduced. The main result of the discussion in Das Sarma and Hwang’s work [146]
is summarised by the formula defining the plasma frequency of a 2D electron system with

parabolic energy-momentum dispersion:

[2me’n
wp ~ qu/z (228)

where e is the electron charge, n is the carrier density per unit of volume, m is the carrier
mass and K is a background dielectric constant. At this point, it is possible to specify the
behaviour of a system where charged carriers obey the Dirac equation. In this case the
energy-momentum dispersion is linear and it is given by & = hvp where vg is the Fermi
velocity. The expression of the Dirac 2D plasma become:

22

/4y eq'/? (2.29)

~Y

P (K'ﬁVF>

(g7n)

where g = g;g, is the degeneracy factor, with g; and g, the spin and valley degeneracy,
respectively. Both the reported equations show the same dependence from the momentum
(v/@)- Conversely, the carrier density dependence of the Dirac system is different from the
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classical 2D electron gas. It is @), o< n'/# for Dirac plasmons and o< n'/2 for the conventional
system.

Observation of Dirac plasmons in graphene

The first observation of Dirac plasmons on graphene has been reported by Ju and co-
workers [79] in 2011. They studied tunable plasmon excitations using Fourier transform
terahertz (THz) spectroscopy. Graphene was grown via chemical vapour deposition on
copper and then transferred onto a Si/SiO, wafer. Its surface was patterned forming micro-
ribbon arrays of different widths W and period 2W, in order to provide the extra momentum
G = 1/W required for the photon absorption process.
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Fig. 2.10 a) Side view of the device based on graphene micro-ribbon array on a Si/SiO,
substrate. The carrier concentration in graphene is controlled using the ion-gel top gate.
b) Control of the plasma resonance through electrical gating. THz radiation was polarized
perpendicular to the graphene ribbons. The plasmon resonance shifts to higher energy and
gains intensity with increased carrier concentration. The inset show the spectra for THz
radiation polarized parallel to the ribbons. ¢) AFM image of graphene micro-ribbon array
sample. d) Change of transmission spectra with different graphene micro-ribbon widths for
the same doping concentration. Adapted from Ref. [79].

Different values of W allowed to map the dispersion curve of the surface plasmons

with momentum. Moreover, plasmon excitations in patterned graphene were controlled by
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tuning the carrier concentration using an ion-gel top gate. The device structure and the
AFM image of a graphene micro-ribbon array are shown in Figure 2.10a and Figure 2.10c,
respectively. The light absorption was evaluated by reporting the change of transmission
spectra at different gate voltage and different ribbon widths. For incident light polarized
along the ribbons, the optical response was well described by the Drude model. On the other
hand, for incident light polarized perpendicular to the ribbon, they observed an absorption
peak originating from plasmon oscillations. The spectra as function of frequency are reported
in Figure 2.10b and Figure 2.10d. For a given carrier concentration the plasmon resonance
frequencies are described by the scaling behaviour of @, o W1/2, which is characteristic of
2D electron gases. The dependence on the carrier density is instead o< n'/4 that is a clear
signature of Dirac electrons.

A similar experiment was carried out to study the response of graphene plasmons at higher
frequencies, in the mid-infrared spectral range. In that occasion, Yan and colleagues [182]
realized nanometric structures (~ 50) nm on graphene surface transferred onto two different
substrates: Si0,/Si and diamonds-like-carbon (DLC) on Si. The extinction spectra of
a ribbon array on SiO, for parallel and perpendicular polarization of light is reported in
Figure 2.11a. The resonance peaks in the extinction spectrum with perpendicular polarization
are the result of excitation of localized graphene plasmons.
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Fig. 2.11 a) Extinction spectra of a ribbon array on SiO, for the two polarizations of light
(perpendicular-red, parallel-gray). The inset shows a sketch of the dipole oscillation in a
graphene ribbon. b) Extinction spectra of graphene ribbons on DLC for different ribbon
widths. The inset shows the plasmons resonance frequency as a function of the wavevector
q = /W where W is the width of the nanoribbon. The gray curve is a fit according to
®p = ,/q. Adapted from Ref. [182].
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In panel b of Figure 2.11 is shown the extinction spectra of graphene ribbons on DCL
with different ribbon widths. They explained the discrepancy between the experimental data
and the expected scaling (\/7r/—W ) as en effect of ribbon edges. By comparing the optical
response of nano-ribbons in the two configurations, they found that plasmons lifetimes and
propagation distances were strongly affected by interactions with substrate phonons and
intrinsic graphene optical phonons, unlike in the THz spectral range. Plasmons can decay via
optical phonon emission.

Overall, graphene has emerged as an alternative 2D plasmonic material due to its remark-
able optical and plasmonic properties. The linear dispersion of the Dirac fermions hosted
in graphene band structure enables broad band applications, in which electric gating can be
used to induce changes in its optical and plasmonic properties.

In light of the data and considerations outlined so far, we therefore wonder whether
Xenes, properly supported or possibly decoupled from the native substrate, can also meet
the demand for new functionalities to be exploited in the development of new photonic and

optoelectronic devices.



Chapter 3

Synthesis, characterization and
processing

This chapter introduces the main experimental techniques used to obtain the results presented
in this thesis. The first part is devoted to the description of molecular beam epitaxy (MBE)
growth technique, employed to fabricate all the Xene-based configurations discussed in
the following sections. The working principles of the X-ray photoelectron spectroscopy
(XPS) and the low energy electron diffraction (LEED) are then described. These techniques
were used to gain information on the chemical status and the crystalline structure of the
samples before removing them from ultra-high vacuum conditions. Outside the growth
chamber, the main characterisation methods involved spectroscopic techniques. Near Infrared-
Ultraviolet (NIR-UV) Dispersive Spectrometry, Fourier Transform Infrared Spectroscopy
(FTIR) and Raman spectroscopy are non-destructive optical techniques extremely useful
for the evaluation of the optical and the structural properties of 2D materials. Opto-thermal
Raman spectroscopy is also described. This approach provides information about the thermal
behaviour of materials under investigation. As far as the plasmonic device fabrication is
concerned, the optical lithography and the ionic liquid gating method, used respectively to
fabricate periodic patterns and to control their electronic response, are described in the last
part of this chapter.

3.1 Synthesis of Xenes

Although freestanding silicene and stanene can exist, there are no crystals made up of layers
that can be peeled off, as is the case with van der Waals materials. Physical Vapour Deposition

(PVD) methods were the first response to the need for experimental realisation of Xenes.
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In a PVD process, the starting material is brought into the vapour phase, usually by means
of thermal evaporation, and is then condensed onto a target substrate. The entire process
takes place under high vacuum or ultra-high (UHV) conditions, allowing the vapour phase
particles to travel to the target substrate without colliding with the background gas.

The interaction between the substrate and the deposited material is of fundamental
importance for the final result of the growth. If this interaction is strong enough, the
growth proceeds by forming an ordered crystalline layer on a substrate with the same
normal orientation, according to precise symmetry and commensurability with respect to the
substrate. This process is known as epitaxial growth or epitaxy.

There are three main approaches to epitaxial growth of Xenes: 1) epitaxy by deposition,
i1) epitaxy by segregation, and iii) epitaxy by intercalation [62, 46]. In epitaxy by deposition,
atoms evaporated from a source under UHV conditions condense and self-organize on a
substrate. This is a non-equilibrium or kinetically driven process where the choice of substrate
and the fine tuning of growth parameters (mainly substrate temperature and deposition flux)
are key factors in the successful formation of a 2D epitaxial lattice. Silicene on Ag is a
typical example [48, 5]. Epitaxy by segregation requires the interdiffusion of precursor atoms
through a substrate deposited on an underlying precursor reservoir. The diffused atomic
species then self-organise into a 2D epitaxial lattice according to the commensurability
relationship with the substrate. An example of this approach is silicene grown on ZrB; [54].
Finally, in the epitaxy by intercalation the atoms of the precursor material are evaporated
from a source onto a matrix crystal, which may be either permeable to the precursor atomic
species or prone to react with them, self-organising into a 2D epitaxial lattice according to
the symmetry imposed by the substrate. An example of this situation is silicene intercalated
between graphene and a Ru(0001) substrate [91].

The Xene-based configurations analysed in this thesis were all grown via epitaxy by
deposition, which is commonly carried out by Molecular Beam Epitaxy (MBE). The MBE
process involves the reaction of one or more thermal molecular beams with crystalline surface,
under UHV conditions. MBE leads to a process characterised by extremely low evaporation

and deposition rates, enabling kinetically controlled growth with atomic precision.

3.1.1 Molecular Beam Epitaxy Systems

Based on the substrate used for growth, the samples analysed in this work can be divided into
two categories. The first includes samples grown on A/, O3(0001), while the second includes
samples grown on Ag(111). Each group was grown in a dedicated MBE system. The two
reactors are briefly described below.



3.1 Synthesis of Xenes 37

Fig. 3.1 a) Scheme of the Omicron NanoTechnology GmbH MBE system used for growing
Xenes on Al;03(0001) substrates. Preparation, XPS analysis and SPM chambers are high-
lighted in orange, blue and green, respectively. b) Picture of the system.

The experimental system Omicron NanoTechnology GmbH used to grow and characterize
in situ A, O3-supported samples is shown in Figure 3.1. It consist of three interconnected
chambers kept at a base pressure of ~ 107!9 mbar: a preparation chamber (orange), ad
analysis chamber for X-Ray Photoelectron Spectroscopy (XPS) (blue) and a Scanning Probe
Microscopy (SPM) chamber (green). The XPS chamber is used to determine the atomic
species in the as-prepared samples and to analyse their chemical state, while the SPM
chamber is used for in-situ morphological characterisation of the sample surface. It is
important to stress that the latter technique was not used to characterize Xenes grown on
Al O3 substrates. Samples can be loaded into (or unloaded from) the system via a fast-entry
lock, and transferred between chambers using dedicated sample holders moved by magnetic
manipulators. Precision-manipulators are used to move and position samples in both the
preparation and XPS/SPM chambers.

The ScientaOmicron LAB10 MBE system was used for Ag-supported sample production.
The setup is shown in Figure 3.2. Again, it is possible to identify three interconnected
environments kept under ultra-high vacuum conditions: i) a loading chamber, ii) a preparation
chamber and iii) a growth chamber. The growth chamber is equipped with Low Energy
Electron Diffraction (LEED) and Auger Electron Spectroscopy (AES) tools. These techniques
share the same electron source and are used for the in sifu characterization of the epitaxial
films. LEED allows surface crystallography to be analysed, while AES is used to determine

the surface chemical composition and depth profile of samples. The sample transfer is done
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Fig. 3.2 Picture of the ScientaOmicron LAB10 MBE system used for the growth of Xenes on
Ag(111) substrate.

manually using precision-manipulators. The more compact structure of the LAB10 MBE

system together with the MISTRAL control system, facilitate the user management.

The procedure for the growth of the samples is the same for both systems, with minor
variations in the preparation of the two types of substrate. Substrate preparation is required
to ensure optimum crystalline quality of epitaxial films. This step is typically performed
by repeated sputtering and annealing, using an ion sputter gun and resistive heaters. Ion
sputtering removes all organic contaminants from the substrate surface using a directional
beam of high-energy inert gas ions (Ar™). The sputtered surface is then thermally annealed
to restore its crystalline periodicity. After substrate surface preparation, thin films can be
grown using various effusive sources for the UHV evaporation. The UHV status during the
evaporation of the atomic or molecular species is cross-checked with a residual gas analyzer
(RGA) attached to the preparation chamber.

The epitaxial deposition of tin on Al,O3(0001) was carried out using a Knudsen cell
(k-cell). The synthesis of epitaxial silicon on Al,03(0001) was performed by resistive
evaporation from an intrinsic silicon wafer, brought to sublimation temperature by an external
generator. The synthesis of stanene on Ag(111) was performed though a k-cell while silicene
on Ag(111) was deposited employing a silicon sublimation source. In both MBE systems,
the Al films used to synthesise the protective capping layer described in Section 1.2 were
evaporated using a k-cell. The voltage and current supplied to the sources is controlled

externally to achieve the appropriate evaporation temperature. A thickness monitor based on
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a quartz crystal microbalance is provided in both MBE chambers to allow correct growth

rate calibration.

3.2 In-situ characterization

The XPS and LEED characterisation methods, used for the in situ characterization of Xene-

based samples, are briefly described below.

3.2.1 X-Ray Photoelectron Spectroscopy

Composition of thin films and chemical bonding at the interface between thin films and
substrate were investigated by X-Ray Photoelectron Spectroscopy (XPS). The physical
principle of the XPS is the photoelectric effect [73]. XPS analysis is thus based on the
electronic photoemission from a core level induced by a X-ray irradiation. The physical
process is schematically represented in Figure 3.3b. A photon, with energy in the soft X-ray
range (<2 KeV), impinges on a sample and photo-ionizes the core-energy level of the atoms
in the material. The excited electrons travel through the sample to the surface, escape into
the vacuum and are collected by an analyzer that determines their kinetic energy (Ey;,). The
XPS sampling depth is limited by the inelastic mean free path of photoelectrons inside the
thin film, i. e., the average length that a photoelectron may cover before losing energy in
inelastic scattering. This limitation makes XPS analysis effective only nearby the surface
region of the samples. Within this restriction, the sampling depth can be varied by tuning the
angle formed by the photoelectrons and the impinging X-ray beam (take-off angle). Deeper
and more superficial regions can be probed in a close-to-normal photoemission configuration
(0 ~90°) and for smaller take-off angles, respectively.

Assuming that the interaction between the escaping electron and the system is instan-
taneous, it is possible to calculate the kinetic energy of the escaping photoelectron Ey;, in
terms of its core-level binding energy (Ep), as illustrated in the diagram of Figure 3.3b:

Eyin = hv —Ep — (pspec

where hv is the energy of the incoming X-Ray photon, ¢ is the work-function of the
spectrometer and Ep is the core-level binding energy of the electron. By convention it is
expressed as a positive quantity with respect to the Fermi level of the system. By fixing the
work-function of the analyzer and the energy of the incoming photons, the kinetic energy
of the electrons determines their binding energy and vice versa. The intensity as a function
of the binding energy of the emitted core electrons is therefore always given by an XPS
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Fig. 3.3 a) Energy levels diagram for the determination of the binding energy of the pho-
toemitted electron. The kinetic energy measured by the spectrometer Ey;, is different from
the kinetic energy referred to the sample vacuum level E l:in' This is due to the difference
between the work function of the spectrometer @, and of the sample ®. b) Sketch of an
XPS experiment.

spectrum. The latter quantity varies between the chemical elements and, for a given element,
it is also influenced by the nature of the chemical bond. Therefore, by studying the peak
positions in the XPS spectra it is possible to quantify the atomic species and how these
species are chemically bonded to each other.

In the present work the XPS measurements on Sn nanosheets deposited on Al,O3(0001)
and on graphene-Al,03(0001) substrates were carried out by means of a non-monochromatic
X-Ray source. It was equipped with a standard magnesium anode at an emission energy of
1253.6 eV (Mg K, X-Ray line). A hemispherical energy analyser with a pass energy of 20
eV was used to collect the kinetic energy of emitted photoelectrons. The take-off angle was
set at @ = 53°so that the emitted photoelectrons probed only the atomic species at the surface

of the as-deposited epitaxial 2D materials.

3.2.2 Low Energy Electron Diffraction

A Low Energy Electron Diffraction (LEED) experiment can provide different information.
In this work diffraction patterns were used to check the quality of the substrate surface after
the preparation and to obtain the surface symmetry and reconstruction of Xenes grown on
Ag(111). The principle behind a LEED experiment is the elastic back-scattering of low energy
electrons incident normally on a crystal surface. There is a direct correspondence between
the observed diffraction pattern and the reciprocal lattice of the surface. The following

relationships express the key requirements for obtaining a LEED pattern. In particular, the
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Fig. 3.4 Scheme (left) of the basic setup used in a LEED experiment. The geometry of
the experiment is compared to the Ewald sphere construction. It is a consequence of the
conservation of energy and electron momentum parallel to the surface for a 2D periodic
surface. The horizontal lines shown in the construction are the ‘reciprocal lattice rods’. Image
adapted from Ref. [175].

components of the incident and scattered electron wavevector parallel to the surface obeys to:
Kour = Kin + 8k

where the reciprocal lattice vector is
g, = ha” +kb*

and the primitive translation vectors of the reciprocal net a* and b* are defined as:

b x
a* =271 n

nxa

b* =271

where A = a x b-n, n is the unit vector normal to the surface and a and b are the primitive
translation vectors defining the periodicity of the sample parallel to the surface [175]. A
simplified version of the Ewald sphere construction, reported in Figure 3.4 can be a convenient
representation together with a typical geometry for a LEED experiment.

A conventional LEED setup, reported in Figure 3.4, consists of an electron gun with
electron optics, an energy-selector acting ad a high pass filter, a fluorescent screen and a
Charge Coupled Device (CCD) camera. The kinetic energy of the electrons emitted by
the electron gun is between 20 and 500 eV. Electrons from a low-energy electron gun are
diffracted back to the fluorescent screen. The innermost grid is maintained at the same

(ground) potential as the sample in order to allow the electrons to travel in a field-free space.
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A second grid is set at a retarding potential just sufficient to reject inelastically scattered
and secondary electrons but allow the elastically scattered (diffracted) electrons to pass
through, where they are then accelerated onto the fluorescent screen. If the periodicity and
the orientation of the surface lattice is the same as the underlying bulk lattice, the surface
is designed (1 x 1). A common case is that the vectors of the surface net differ from those
of the underlying lattice, so that a; = Ma and by = Nb. Vectors ag and b, define the surface
unit mesh and a and b are the translation vectors of the ideal, unreconstructed surface. The
nomenclature for this structure (Wood’s notation) is (M x N). If in addition, the surface
lattice is rotated with respect to the underlying lattice by an angle ¢, the notations become
(M x N)R¢. This notation has been used to identify size and orientation of the silicene and

stanene supercells with respect to the Ag(111) surface unit cell.

3.3 Optical characterization techniques

Spectroscopy is a common approach to measure the energy dependent properties of solids [40].
The general scheme for a spectroscopy experiment consists of sending a probe on a sample
and observing its modification after the interaction with the sample. The range of energies of
interest and the type of interactions to be investigated define the spectroscopic technique. In
particular, in infrared and optical spectroscopy the probe consists in light, thus enabling to
investigate the response of excitations at momentum 7q ~ 0, in the energy range from 103

to 5 eV, thus giving information about the low energy electrodynamics of materials.

3.3.1 NIR-Vis-UV Dispersive Spectrometry

The NIR-Vis-UV (NIR-UV) spectroscopy made it possible to investigate the optical response
of Xenes in the spectral region where interband electronic transitions are expected to occur
and where the effects of hybridisation with the substrate are most evident (see Chapter 2).
Dispersive spectrometers use light sources that generate a broadband of electromagnetic
radiation across the UV-NIR spectrum (typically 190 to 3200 nm) to illuminate a sample. A
dispersion device, such as a monochromator, separates the broadband radiation into wave-
lengths. One or more detectors then measure the intensity of the transmitted or reflected
radiation by the sample at each wavelength. The transmittance and reflectance measurements
discussed in the following chapters were acquired through two different but almost super-
imposable instruments: an Agilent Cary 5000 and a Jasco V-770 spectrophotometers. They
are symmetrical double beam spectrophotometers which can work both in transmission and
reflection mode. The light sources are a deuterium arc in the UV (190 to 350 nm) and a
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Fig. 3.5 Optical path of Jasco V-770: starting with the light source, the radiation is focused on
the entrance slit of the monochromator. Here it is dispersed by the grating and focused on the
exit slit. The monochromatic light is split into two beams by a sector mirror: one going to the
sample channel and the other to the reference channel. The beams transmitted by the sample
and the reference are alternately incident upon the detector. If the reference sample-holder is
left empty in the transmittance mode (or it is occupied by an aluminum mirror in reflectance
mode), the double beam configuration allows to obtain absolute spectral measurements. The
dotted red line highlights the monochromator Czerny-Turner configuration.

tungsten halogen lamp in the VIS-NIR (330 to 3200 nm) spectral regions. The main differ-
ences between the two tools concern the monochromator configuration and the detection
system. In the Jasco V-770, the monochromator is based on Czerny-Turner configuration and
the signal detection takes place via the combination of a photomultiplier tube (PMT) and
a PbS photoconductive cell, which cover the VIS-UV and and the NIR region respectively.
In the Cary 5000 for the monochromator an out-of-plane double Littrow geometry is used
while detection is carried out using a single detector for the whole measurable spectral range.

Figure 3.5 shows the optical path of the Jasco V-770 spectrophotometer.

3.3.2 Fourier Transform Infrared Spectroscopy

Fourier transform Infrared (FT-IR) spectroscopy has been used in this work to characterize
Xenes in the infrared spectral region, between 0.01 and 1 eV. In this technique the Fourier
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Fig. 3.6 Scheme of Michelson interferometer for collimated beams. Image adapted from
Ref.[63].

Transform analysis is applied to convert a spatial dependent interferogram /(J), coming from
the sample-radiation interaction, into a frequency dependent power spectrum B(®). The
Michelson configuration is the most common interferometric configuration. It is schematized
in Figure 3.6 and consists of a light source, a beamsplitter, two mutually perpendicular plane
mirrors and a detector.

The light beam goes from the source to the beamsplitter which splits the beam into two
equal beam. One beam is transmitted to a movable mirror at distance L+ §/2 whereas
the other beam is reflected to a fixed mirror at distance L. The movable mirror can either
be moved back and forth at a constant velocity or be held at equally spaced points for
fixed short periods and stepped rapidly between these points. The two methods define the
continuous scan interferometer or the step-scan interferometer, respectively. The beams are
reflected from the mirrors and then recombined by the beamsplitter. As the path difference
is 8, when the beams are combined an interference pattern is created. The interference
is constructive if & is a multiple integer of the wavelengths (6 = nA) and destructive if
0 = (n+1/2)A. This interference pattern defines the interferogram and its Fourier transform
determines the power spectrum of the source. The detector reads information about every
wavelength simultaneously, unlike in dispersive spectrometry (the so-called multiplex or
Fellgett’s advantage).

The intensity of a collimated beam at the detector, measured as a function of the optical

path difference, in an ideal beamsplitter case, is given by:

I'(8) =0.51(V)[1 + cos(2mEVp)] (3.1
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where I(Vp) is the intensity of a monochromatic source and ¥y is the radiation wavenumber
which corresponds to 1/Ay. I'(8) consist of a constant component and a modulated compo-
nent. The modulated component is generally referred to as the interferogram. When the fixed
and movable mirrors have the same distance from the beamsplitter (zero-path-difference
condition), the beams are in phase and interfere constructively. In this situation, the intensity
of the beam passing to the detector is the sum of the intensities of the beams arriving from the
fixed and moving mirrors. The amplitude of the interferogram as observed after detection is
proportional not only to the intensity of the source but also to the beamsplitter efficiency, the
detector response, and the amplifier characteristics. Of these factors, only Iy varies from one
measurement to the next for a given system configuration, while all the other factors remain
constant. The Equation 3.1 may be modified introducing a single wavenumber-dependent

correction factor H(Vp). The modulated component of the signal from the amplifier is:
S(8) = 0.5H (V)G (Vo)I(Vy)cos(2mdVy) (3.2)

where G(Vy) is the responsivity of the detector and amplifier for radiation of wavenumber V.
At this point it is possible to define the single beam spectral intensity as:

B(Vy) = 0.5H (Vo) G(Vo)I(Vo) (3.3)
So the equation representing the interferogram is therefore:
S(8) = B(Vo)cos(2md V) (3.4)

The parameter B(Vy) gives the intensity of the source at the wavenumber ¥, modified by the
instrumental characteristics. The spectrum is obtained from the interferogram by computing
the cosine Fourier transform of S(&). If the source is not monochromatic, the measured inter-
ferogram is the resultant of the interferograms corresponding to each wavelength. Examples
of spectra and related interferograms are shown in Figure 3.7. For a continous source the

interferogram can be represented by the integral:
S(8) = / B(V)cos(27v8) dV (3.5)
The inverse Fourier transformation, for (&) even function, will be:

B(v) =2 /O " S(8)cos(2nv8) dS (3.6)
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Fig. 3.7 Examples of spectra and their interferograms: a) two infinitesimally narrow lines of
equal intensity; b) Lorentzian band centered at the mean of the lines in (a); the frequency
of the interferogram is identical to (a) and the envelope decays exponentially; ¢) Lorentzian
band at the same wavenumber as (b) but of twice the width; the exponent of the decay for the
interferogram has a value double that of the exponent for (b). Image adapted from Ref.[63].



3.3 Optical characterization techniques 47

According to the previous equation, to have a complete spectrum measure at infinitely high
resolution, the moving mirror scanning should be an infinitely long distance. The finite
resolution of real spectra is the effect of measuring the signal over a limited retardation. This
truncation introduces some non-physical contributions to the power spectrum, such as line
broadening and spurious oscillations (sidelobes), generally known as spectral leakage. In
order to reduce these spurious effects an appropriate truncation function can be introduced
(apodization function) which depends on the experiment.

It is important to stress that the spectrometer sampling is discrete. Usually the wavenum-
ber calibration and the interferogram sampling is reported to a single wavelength which
in our case is the He-Ne laser frequency. Performing the sampling every time that the
laser interference pattern has a minimum allows to sample intensity at equal spaced times.
Since the wavelength of the He-Ne laser is A = 633 nm, the number of points sampled per
centimeters is N = ;f—/’g ~ 31600. In this case the numerical operation to be performed to get
the power spectrum is the Discrete Fourier Transform (DFT).

The discrete sampling of an interferogram is based on the Nyquist criterion, according
to which if any waveform that is sinusoidal function of time or distance can be sampled
with a sampling frequency or wavenumber greater than or equal to twice the bandpass of the
system, there is not loss of information [63]. The power spectrum obtained from DFT shows
periodicity in frequency domain and time domain. Due to the frequency periodicity, the
spectrum between 0 and N/2 acquired points is the mirror image of the one between N/2 and
N while, due to the time infinite periodicity, the spectrum has an infinite number of replicas.
These effects, known as aliasing, can bring spurious contributions to the power spectrum.
To sample the spectral range between V4, and V,,;,, with a resolution of AV, the required

number of sampling points will be:

Z(Vmax - \N’mm)

N. =
s AV

(3.7

The last aspect considered in this brief introduction to FTIR spectroscopy is the spectrum
phase corrections. In the case of DFT an imaginary component to the power spectrum could
emerge due to inhomogeneities of the intensity of light, mechanical instabilities or difficulties
in setting the zero path difference. To correct these effects a low-resolution test spectrum can
be sampled before measuring to extract the phase, leading to the imaginary component of the
spectrum @ (V):

B(V) =R(V)+il(V) = B(V)eV) (3.8)
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Fig. 3.8 a) Picture of the FT-IR spectroscopy experimental station at Terahertz labora- tories,
showing the Bruker VERTEX70v spectrometer and the Hyperion 1000 microscope. b)
Bruker VERTEX70v sample compartment. A plasmonic device is mounted inside, ready to
be measured in the transmission mode.

where the phase can be calculated as:

1(v)
R(V)

¢ (V) = arctan 3.9

All the IR measurements reported in this work have been performed at Terahertz labora-
tories of the Physics Department of Sapienza University of Rome. The spectrometer used to
characterize the samples in the FIR-MIR spectral region is a Bruker-VERTEX 70v and it is
shown in Figure 3.8a, together with the IR microscope. This instrument usually works in
vacuum and it allows to perform the measurements in both reflection and transmission mode.
The internal light source is a Globar and the transmitted (or reflected) radiation is detected
by a DTGS detector. The interferometer can also be coupled to a Bruker Hyperion 1000
infrared microscope which covers the spectral range between 0.05 to 1 eV. The microscope
uses a liquid hydrogen-cooled MCT module for detection. Moreover, since the plasmonic
properties of microribbon patterned devices depends critically on the light polarization, on
these structures the measurements must be performed with linearly polarized light.

Overall, FT-IR spectroscopy and NIR-UV spectrometry are important techniques to
investigate the response of materials to the electromagnetic radiation. Indeed, despite their
different operating principles, both techniques enable the detection of the same macroscopic

optical properties in different spectral ranges. Therefore, their combination makes it possible
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to cover an extremely wide spectral interval, ranging from a few meV to ~7 eV. Here the
transmittance and reflectance of several Xene-based samples were measured in order to

obtain their optical response. Reflectance and transmittance can be defined as:

R(w) = ;EZ; (3.10)
T(0)= 11;((2>) 3.11)

where I,(®) and I;(w) are the intensities reflected and transmitted by the sample, while Iy(®)
is the incident intensity. In Figure3.8b is shown the VERTEX 70v sample compartment.
Mounted in the sample holder is one of the device designed to measure the transmission
of silicon and tin nanosheets as function of the gate voltage. Details of the configurations
used for each optical characterisation are given in following chapters. Models and methods
used to extract the microscopic properties such as the optical conductivity or the dielectric

function of silicene and stanene from 7 (®) and R(®) are described in Appendix A.

3.3.3 Raman Spectroscopy

In radiation-matter interaction, the most intense optical processes are related to reflection
and absorption. However, a small part of the incident light can be affected by scattering
processes [9, 186]. Raman scattering is probably one of the best known and most used in the
characterization of 2D materials. In particular, Raman spectroscopy has really proven over
the years to be a fast, non-destructive and high-resolution technique and graphene is probably
the most striking case in this respect [53]. Raman spectroscopy allows to obtain information
about both atomic structure and electronic properties and can be used to determine the
effects of perturbations such as electric and magnetic fields, strain, doping or disorder in 2D
structures [51]. In this work, the potential of Raman spectroscopy has been fully exploited
to shed light on different aspects: from the structural quality of silicene and graphene to
the effects of local heating on heterostructures, but also to assess the effectiveness of the
ionic-liquid gating as reported at the end of this chapter.

Keeping a classic approach the basic mechanism of Raman scattering is the modulation
of the dielectric susceptibility by fluctuations due to a fundamental excitation. Various
elementary excitations may be involved in the scattering process, but in solids Raman
scattering can be mainly related to the lattice vibrations [186].

In an isotropic medium, the incident radiation induces a polarization:

P(k;, 0;) = x (k;, 0;)E(k;, @;) (3.12)
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In the framework of the adiabatic approximation, fluctuations of susceptibility can be ex-
pressed as a Taylor series in the atomic displacement Q(r,?) = Q(q, ®p)cos(q-r — wyt)
associated with a phonon:

where ¥, is the electric susceptibility of the medium with no fluctuation, the second term
represents an oscillating susceptibility induced by the lattice wave, and q with @, are phonon
wavevector and frequency, respectively.

So the polarization in presence of atomic vibration becomes (at the first order):

P(l‘,l‘, Q) = %O(kl’, a),-)E(k,-, 0),') + (8x/8Q)OQ(r,t)E(k,~, (Dl') 3.14)

The first term Py (r,#) represents a polarization vibrating in phase with the incident radiation
E(k;, w;) = E;(k;, ;) cos(k; - r — @;t) whereas the second term P;,;(r,¢,Q) is a polarization
wave induced by the phonon.

By making the expression of P;,4(r,#,Q) explicit, two components emerge:

Pia(r,1,Q) = (9%/9Q)0Q(g, @) cos(q - T — yr) x E;(ki, ;) cos(k; - T — at)
_ %(ax/8Q)oQ(q, ) E;i (i, yt)

x{cos[(ki+q) -r— (@ + @)t

+cos[(ki—q)-r— (0, — ap)t]}

(3.15)

From the above equation, it is easy to recognise a first shifted wave with wavevector kg =
(ki — q) and frequency ws = (®; — @) and a second one with wavevector kas = (k; +q)
and frequency s = (; + @yp). They describe the Stokes and Anti-Stokes components of
the Raman spectrum, respectively. The Stokes process is the most probable and is the one
generally referred to.

Typical Raman experiments are performed in the IR-UV spectral range, between 1.2 and
5.4 eV. For lattice parameters of the order of ~ 10~! nm (~ 0.142 nm in graphene [174]
or ~ 0.23 nm in silicene [168]), ki, ks < 7 /a, then ¢ < m/a. It means that in first-order
scattering only phonons near I' (q ~ 0) are measured.

The intensity of scattered radiation is proportional to:

Iy o< |e; (9 %/9Q)oQ(ey) - €| (3.16)
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where e; and e; denote the polarization of incident and scattered radiation. By introducing a

unit vector parallel to the phonon displacement Q, the Raman tensor can be defined as:

R = (dx/9Q)oQ(ay) (3.17)

The Raman tensor relates the polarization of the scattered to the polarization of the incident
radiation and its non-vanishing elements are determined by the symmetry of the crystal. It
follows from this that not all the zone center phonons of a crystal are Raman active. Despite
the approximation, even with the classical approach, the potential of Raman spectroscopy in
determining the properties of crystalline solids such as frequency and symmetry of phonon
modes, is evident. Indeed, the symmetry of the Raman tensor depends on the symmetry of
the material.

More generally Raman scattering can be described by the time-dependent perturbation
theory [9]. Applying quantum mechanics, an inelastic light scattering event involves the
destruction of a photon of frequency ®; incident from a light source, the creation of a scattered
photon of frequency @, and a creation or destruction of an optical phonon of frequency @y.
The first two processes arise from the electron-radiation interaction while the last process
arises from the electron-phonon interaction. If the excitation is selected to match a specific
energy level, then the process is resonant and the intensities are strongly enhanced due
to the greater perturbation efficiency. The non-resonant condition is, however, the most
common. Electron-hole (e-h) pairs and excitons may be involved in the scattering mechanism
as intermediate states.

A basic experimental set-up for Raman spectroscopy consist of a collimated and monochro-
matic source, an efficient optical system to collect the weak scattered radiation, a spectrometer
and a highly sensitive detector. Two different tools for Raman spectroscopy were used to
characterize Xenes. The first is a T64000 spectrometer (Horiba Jobin-Yvon) which is triple
grating system equipped with a 532 nm solid state laser. The second one is a single monochro-
mator InVia spectrometer (Renishaw) equipped with a 514 nm solid state laser. In both
machines, Raman signal detection is performed by a liquid hydrogen-cooled CCD device.
Coupling with optical microscopes also allows Raman analysis with micrometric spatial
resolution. All spectra are collectred in the backscattering configuration. Moreover, the
xyz referenced motorized stages make possible Raman maps to be generated, acquiring
spectra from different positions on the sample. By following a specific spectral feature, the
distribution of individual chemical components or the variation of other effects such as phase,
stress/strain and crystallinity can be reconstructed. An example of this specific use is reported
in Chapter 4.
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Temperature-dependent Raman Spectroscopy

In harmonic approximation the Raman line shape is a §-function centered on the optical
phonon frequency. Experimentally, however, the Raman line is broadened into a roughly
Lorentzian shape with a width that increases with increasing temperature. This width can
be attributed to anharmonic terms in the lattice potential energy [9]. In addition to line
broadening, anharmonicity causes a shift of the frequency of peak to lower values as the
temperature increases. The complex quantity that results from the anharmonic contributions
is the phonon self-energy A(w,,T) +iI'(w,,T). It accounts for the renormalization of the
phonon energies due to the interaction induced by the anharmonicity [163, 10, 74]. The
real part of the self-energy is associated with the frequency shift and is responsible for the
temperature dependence of the phonon frequencies while the damping is described by the
imaginary part. I'(@,, T) is liable for the broadening of the Raman spectra. If the Raman
line shape is fitted by a Lorentzian function, 2I'(®,~0,T) corresponds to the full width
at half maximum of the peak [163]. Other contributions that can be considered are the
electron-phonon interaction and the effects of temperature and pressure on phonon modes.
While the effects of temperature on mobility can be traced back to the former one, the latter
are directly responsible for thermal expansion. The weight that each of these contributions
has on the Raman response of a 2D material depends strongly on the intrinsic properties of
the system and the possible interaction with the substrate.

Generally, the temperature dependence of the Raman peaks of a supported 2D material is

described as the sum of three terms [185]:
A0(T) = Awx(T) + Aoy (T) +Aay(T) (3.18)

The first, Awy (T ), is the frequency shift due to the anharmonic phonon-phonon processes
while the second term Awy (T') describes the lattice thermal expansion. Finally, Awy(T)
represents the effect of the mechanical strain caused by the thermal expansion coefficient
mismatch between the supported material and the underlying substrate. Conversely, the
temperature dependence of the bandwidth of Raman peaks is mainly linked to the anharmonic
phonon-phonon interaction [10].

The actual behaviour of the system can be described through approximate expressions
that are derived by making assumptions about the processes involved. The model developed
by Balkanski [10] is among the most widely used to fit the anharmonic part of the frequency

shift. This approach is based on the multi-phonon decay processes stemming from the cubic
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or quartic anahrmonicity of the lattice potential. The first term in the Eq. 3.18 will be:

3 n 3 )
e—1 (er—1)32

AwaA(T) =A(1+ 2 D) +B(1+

ex_

(3.19)

where the two coefficient A and B represent the cubic and quartic anharmonic constant.
This expression depends on the Bose-Einstein phonon population where x = hw/2kgT and
y = hw/3kpT, with kg the Boltzmann constant. A similar expression is also given for the
line width.

Studying Raman scattering as a function of temperature thus becomes extremely useful
in better understanding all those physical effects that can be attributable to anharmonic
phonons, such as thermal expansion, specific heat and thermal conductivity. In contrast to
other 2D materials such as graphene [8, 21, 185, 98, 49], black phosphorous [171, 163, 47]
and TMDs [137, 191], there is a lack of works reporting experimental studies on the thermal
response of epitaxial Xenes, mainly due to configurational issues. The greatest limitation is
probably is the strong interaction between the films and the native substrate. Being able to
derive partial information or effective quantities determined by the interaction of Xenes with
the materials they are supported by is certainly an important step towards the development of
devices based on specific configurations.

It is worth noting at this point that the same laser used for the scattering spectroscopy can be
used as a source of local heating and can affect the phonon response of the measured sample.
This is the concept behind the optothermal Raman spectroscopy, used in Chapter 5 to gain
information on the thermal behaviour of silicene on silver and the same silicene, placed
within a heterostructure.

3.4 Plasmonic devices fabrication

Periodic surface patterning is a widely used method to experimentally observe the plasmonic
response from different systems [79, 37, 6, 41]. The simplest periodicity can be achieved
by making parallel stripes. Despite the elementary geometry, these structures are very
efficient in spatially localising the collective electron modes. In order to investigate the
plasmonic response in Xenes on A/, O3(0001) samples, micrometric stripes were realized by
performing optical lithography on silicon nanosheets on A/;03(0001) and tin nanosheets on

graphene-Al,03(0001). The patterning process is accurately described below.
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3.4.1 Optical Lithography

Conventionally, optical lithography or photo-lithography consists of transferring patterns
to a material from master images [126]. During the process, the photo-resist is applied and
subsequently exposed to UV light through a mask. Chemical changes occur in the exposed
regions making the photoresist more soluble (positive) or less soluble (negative resist) in a
given solvent. According to the type of resist, a selected part of it is removed leaving on the
surface a photo-resist pattern. The quality of the resulting profile depends on the combination
of several parameters such as photoresist properties, exposure and development conditions.
The next two steps consist in transferring the pattern from the resist to the sample by means
of an etching process of the unprotected part of the sample and removing the resist. The
wavelength of the photon source determines the maximum resolution of the process that can

be estimate as follows:
R=(d-2)'?

where d is the resist thickness and A is the wavelength of the optical radiation. In our case,
considering the typical thickness of the photoresistive material and the wavelength equal
to 435 nm, the minimum feature size that can be printed is R = 0.7um, well below the
dimensions of interest for stripes. Stripes fabrication, on epitaxial silicon and tin on graphene
supported by Al,03(0001), was performed in a class 1000 clean room at CNR-IMM of Agrate
Brianza. The clean room is equipped with several systems for film deposition, electronic
and optical lithography, etching processes and diagnostics. To study the optical/plasmonic
response of Xenes a specific mask, made by stripes with different widths and periodicity, was
designed. The whole process is shown in Figure 3.9. It can be summarised in the following

steps:

* Cleaning: the sample is initially heated at 120°C for a few minutes in order to drive off

any moisture that may be present on the surface;

* Coating: the sample is covered with photoresist by spin coating. The resist is spread
over the sample surface and it is spun at high speed to produce a uniformly thick layer.

Setting a rotation speed of 6000 rpm for 30 s produces a layer of about 1 yum thick;

» Baking: the photoresist-coated sample is pre-backed at 90 °for 60 s on an hotplate, to

drive off the excess of photoresist solvent.

» Exposure: in this step the desired pattern is written on the resist. A specially designed
mask was used to obtain the stripes by placing it in contact with the resist before

exposure. When exposed, positive photoresist becomes soluble in the developer.
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Fig. 3.9 Patterning process steps.

* Development: as a result of the exposure, the photosensitive material experiences a
change in its physical and chemical properties, varying its solubility with respect to
a specific solvent. For stripe widths between 3 and 5 um, the optimum development

time was estimated to be 40-45 seconds.

* Hard-baking: the sample is heated to 120 °for a few minutes in order to make the

photoresist structure more stable for subsequent steps;

* Wet-etching: an etchant solution such as and acid is used in order to chemically
attack the underlying film while leaving the photoresist intact. This form of etching is
selective and isotropic. In particular the etching solutions were chosen according to
the sequence of the layers that form the sample.

* Resist removal: the not exposed resist, which was not removed in the development
step is removed by acetone, leaving the desired patterned material on the substrate.

As just mentioned, the selectivity of the etching process requires choosing specific chemicals
depending on the material to be removed. The 5 nm of capping layer were removed exposing
all the samples to a buffered oxide etch (BOE) (50:1) for about 5 s. For the silicon films,
KOH (20%) was used with exposure times dependent on the films thickness. For tin films,
tests were carried out with aqua regia, which proved to be very aggressive for such thin
films and therefore difficult to handle. Further optimisation tests showed how the strong
oxygen reactivity of tin can be exploited during etching. The opening of the alumina channels
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facilitates tin oxidation, which can be easily removed by exposing the sample back to the
BOE. Finally, to remove graphene, O, plasma etching (5 min at 80 W) was performed. This
type of process is a mix of chemical etching due reaction of the film with the plasma and
physical sputtering due to the directional bombardment of the ions hitting the substrate.

It is worth noting that the electron beam lithography (EBL), also present in the CNR-IMM
unit laboratory, was not used because of the insulating nature of the supporting substrate
(Al,03(0001)). EBL is a fabrication technique based on the controlled irradiation of the
sample covered with a sensitive resist via a focused beam of electrons. Typically a scanning
electron microscope (SEM) is integrated with a lithographic system for the control of the
electron beam and/or the SEM stage. This technique allows to obtain features with nanometric
definition in very small areas with a low defect densities.

To make metal contacts on silicon and tin films, the lithographic process has been re-
peated using a mask-less system. In maskless photolithography a CAD-drawing pattern is
exposed directly onto the substrate surface with the help of a spatial light modulator. This
direct-write process facilitated alignments on previously made patterns, optimising the space
available on the sample surface. A 1 x 3 mm? electrode was created perpendicular to the
stripes direction by opening the capping layer and evaporating Cr (10 nm) and Au (50 nm).

Finally, the resist was removed with an acetone bath.

3.4.2 Ionic Liquid Gating

Modifying the physical properties of condensed matter systems by controlling the charge
carrier density is a crucial aspect of device optimization both for electronic and photonic
devices. In this sense, the invention of the field-effect transistor (FET) is a milestone in the
technological revolution that began exactly 75 years ago [11]. The working principle of FET
devices is based on the modulation of the transport properties of a material by means of
an applied electric field [136]. The conventional approach involves the use of a solid-state
dielectric layer between the active material and the gate electrode, which is both electronically
and 1onically insulating. The electrostatic doping scheme allows tuning the charge density
excluding side effects such as disorder introduction or lattice structure modification that are
typical of chemical substitutions and pressure application. On the other and, in order to
inject a significant amount of charge, intense electric fields are required. This is probably the
most limiting issue concerning the solid-state dielectric gate. The electrochemical gate (with
liquid, gel or solid electrolytes) is an alternative approach, where the dielectric is replaced by

a ionic compound.
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In this work, an ionic liquid (IL) gate was developed with the aim of modifying the Xenes
carrier density and evaluating effects on their optical and plasmonic response. Ionic liquids
(IL) are ionic compounds, typically molten salts, formed by organic cations and inorganic
anions. In contrast to conventional salts they are liquid at wide range of temperatures and
differ from ionic solutions in the absence of a solvent [192].Among the main properties
are chemical stability, non-volatility, non-flammability, low vapor pressure, relatively small
electronic conductivity and comparatively large ionic conductivity. The application of an
electric potential between the gate electrode and the active material, in contact with the IL,
leads to a migration of cation and anion towards the oppositely charged electrodes. The
IL-gate operation diagram is shown in Figure 3.10 together with a picture of an experimental

prototype. In contrast to bulk dielectrics, IL are polarized only across a thin (~ 1nm) interfa-
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Fig. 3.10 a) Lateral view of an IL-gated device: when V. is applied, ions are accumulated
at the interface with the 2D film and a charge with opposite sign is induced on its surface,
forming the electric double layer. b) Picture of a device for ionic liquid gating. A portion of
the epitaxial film is covered by the [EMIM][TFSI]. It is polarized by a voltage source.

cial layer [164]. The formed electric double layer at the IL/material interface can be seen as a
capacitor capable of accumulating an high density of charges in the channel. Large interfacial
capacitance in the range of ~ 1 — 10uF and extreme charge carrier densities (~ 10'%cm=2)
make the electrochemical gate more efficient than the dielectric gate for 2D materials, since
all of the applied voltage results a chemical potential shift. The typical operating voltages
are in units of volts instead of tens of volts, characteristic for dielectric gates [33, 93]. The
high levels of charge injection makes the electrochemical gate a widely used method in many
areas of fundamental research on 2D materials. Electronic transport measurements and phase
transitions experiments are just few examples. The first graphene top gating using a polymer
electrolyte is reported by Das and co-workers in Ref. [33]. They showed a doping levels
of up to 5 x 10'3cm™2. Comparing this value with the value obtained through back-gate
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configurations, they showed a value much higher than those reported until then. Through
the electrochemical gate, a huge charge injection was obtained also for noble metal thin
films. Despite the difficulty of carrying out field-effect measurements on metals, due to
short electronic screening length of these materials, charge densities up to 4.5 x 101 ¢m =2
by using a polymer-electrolyte solution is reported [162]. In one of the examples shown
in Section 2.3.3, where the plasmonic response of graphene is studied in the IR and THz
frequencies, an ionic liquid was also used to control the carrier concentration in graphene
micro-ribbon arrays [79]. It should be emphasised that in this particular case, the starting

ionic liquid has been manipulated in order to obtain an ion-gel [30].

1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, also known as EMIM-
TFSI, is the IL chosen as gate dielectric in the experiments reported in this work. The
molecular structure of EMIM-TFESI has shown in Figure 3.11. It is polar binary salt composed
of nitrogen-containing cations and imide anions. Given the chemical structure of the IL,
an electrochemical stability window (ESW) can be defined. Within the ESW range, the
electrode is perfectly polarizable and no appreciable current flows. For EMIM-TFSI at room
temperature, the ESW is 4.19 V: from -2.07 to 2.12 V [192].
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Fig. 3.11 Raman spectrum of [EMIM][TFSI] from 500 to 3000 em™ L.

In order to use the EMIM-TFESI as gate dielectric it was previously characterized by
Raman (and Infrared spectroscopy). The Raman spectrum acquired from 500 to 3000 cm ™!

is reported in Figure 3.11 and is in good agreement with previous characterizations [84]. The
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strongest bands in the Raman spectrum can be assigned to the CH stretching vibrations of
the [EMIM] ethyl chain (~ 2960 cm™~1), the ring H-C-C-H symmetric bending combined
with CF3 symmetric bending (at 760 cm™!), and the ring H-C-C-H in plane anti-symmetric
stretching (~ 1431 cm™1). Other recognisable vibrations from the [TFSI] anion are a SO,
antisymmetric bending at 608 cm ™!, a SO, symmetric stretching around 1145 em ™!, and a
SO, antisymmetric stretching with contributions from the CF3 symmetric stretching at 1252

cm’l.






Chapter 4

Xenes on AL,O5 (0001)

Several sections in Chapters 1 and 2 highlight the crucial role of the substrate in the ex-
perimental realization of Xenes by epitaxy. The substrate must be chosen carefully, taking
into account the requirement of commensurability. However, in many cases, this necessary
condition is not sufficient to preserve the original electronic characters of the Xenes, as for
silicene on Ag(111) [168, 31]. Theoretical calculations suggested the use of insulating sub-
strates as a possible solution to this problem. It has been predicted that silicene and stanene
can grow with limited interactions with on A/;O3(0001) [27, 169] and the results reported
on the experimental realization of silicene-like nanosheets are particularly encouraging in
this respect [61]. In this chapter, the possibility of extending the methodology proposed
for silicene-like thin films grown on Al;03(0001) to stanene is explored, with the aim of
accessing its optical properties related to the non-trivial topology.

Al,03(0001) is a dielectric material with an experimental band gap of ~ 9 eV [55]. Itis
optically transparent over a wide spectral range, from infrared to ultraviolet frequencies, and
is therefore suitable for accessing the optical properties of thin films grown on its surface.
A further substrate engineering strategy had to be developed despite the promising results
reported in the first part of this chapter. This is due to oxidation effects of the Al,O3(0001)
substrate on the tin nanosheets. The solution considered and reported in the second part of
this chapter concerns the insertion of graphene as a buffer layer.

It is important to stress that the use of Al;03(0001) substrates is particularly advantageous.
Its insulating nature limits the interaction between integrated circuit components, reducing
leakage current, parasitic capacitance and power consumption. In electronics and photonics,

therefore, it can have a wide range of applications [78, 7, 28].
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4.1 Tin nanosheets

Stanene attracted and continues to attract great interest because of its optical behaviour,
which results from non-trivial topological properties of its band structure (see Sec. 2.1). The
atomic weight of tin is greater than that of the preceding elements in the same group in
the periodic table. This makes the effect of spin-orbit coupling (SOC) more relevant: it
converts stanene from an ideal semi-metal to a quantum spin Hall insulator. Despite the keen
appeal, the experimental realisation of stanene is limited by significant obstacles that strongly
depend on the chemical reactivity of its constituent element. After the encouraging results
obtained with the synthesis of silicon nano-sheets on Al,03(0001) [61], the focus shifted to
the study of the properties of thin tin films on the same optically transparent substrate. The
choice of sapphire as a substrate was also supported by theoretical results in the literature that
consider A/,O3(0001) as capable of preserving structural and electronic properties of stanene.
DFT calculations and tight binding simulations performed by Wang and collaborators [169]
suggest that stanene on Al,O3(0001) can be atomically bound but electronically decoupled
from the substrate, providing high structural stability. This theoretical work also supports the
presence of a significant topologically non-trivial band gap of 0.25 eV.

In this section, with the aim of synthesising the stanene, the optical properties of epitaxi-
ally grown tin nanosheets on A/;03(0001) have been investigated in a broad photon energy
range.

4.1.1 Experimental methods

Tin growth onto Al,03(0001) was performed by molecular beam epitaxy (MBE) using a
k-cell evaporator after the calibration of flux rate through a quartz microbalance. One-side
polished Al O3(0001) substrates were degassed in ultra-high vacuum at ~ 250 °C , for several
hours before tin deposition. Three different samples were grown at variable temperature
ranging from ~ 25 °C (Room Temperature) to 570 °C. The nominal thickness considered,
based on the previous quartz microbalance calibration, is 0.5 nm. In order to assess the effect
of thickness on the optical response of the films, a further sample with a thickness of 1.5
nm was grown at room temperature. For the sake of clarity, the full list of samples analysed
is given in Table 4.1.Tin films were subsequently protected using an in situ grown capping
layer made of amorphous aluminum oxide (~ 5 nm) as for other Xenes [116]. Before and
after the tin and a-A/, O3 depositions, the chemical status was monitored by means of in-situ
X-ray photoelectron spectroscopy (XPS). A more accurate description of the XPS system
can be found in Section 3.2. The absolute transmittance and reflectance were measured at RT

from 0.01 - 6.5 eV. Combining the two configurations (T and R) allowed us to cover a wide
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spectral range, between far-infrared (FIR) and ultraviolet (UV), avoiding the exclusion of the
Al, O3 active-phonon region (0.034 — 0.12 eV) from the analysis. The microscopic optical
properties of the tin films were then extracted from a Kramers-Kronig consistent multi-layer
model [86].

Table 4.1 List of samples analyzed. Thickness and growth temperature are shown.

n Thickness (nm) Growth temperature (°C)

1 0.5 ~ 25
2 0.5 470
3 0.5 570
4 1.5 ~ 25

4.1.2 Results and discussion
In situ analysis

A sketch of the samples structure is reported in Figure 4.1a. The chemical interaction between
tin and A, O3(0001) was evaluated by an in — situ XPS analysis. During the investigation, the
C 1s core level was used as a reference for substrate-induced charging effects. Together with
the C 1s, Al 2p, O 1s and Sn 3d core levels were also evaluated, but only Sn 3d; /2 has been
considered below. Figure 4.1b reports the representative XPS spectra of the sample grown at
room temperature just after the 0.5 nm of tin deposition and before the a-Al, O3 encapsulation.
XPS Sn 3ds, core level shows two components: Sn® narrower at BE = 484.93 eV with a
full-width at half-maximum (FWHM) = 1.18 eV and Srn*" broader at BE = 486.4 eV, with
FWHM =2 eV. For the same tin nominal thickness, i. e. 0.5 nm and regardless of substrate
temperature, all the samples scrutinized showed two components of the Sn 3ds , core level.
The one at highest BE can be related to an oxidation state[ 157, 158]. The difference in BE
between the metallic and the oxidized component is about 1.5 eV in all the 0.5 nm-thick
samples, whereas the ratio between the metal and oxide component shows a temperature
dependence as reported in Figure 4.1c. When increasing the growth temperature (7;) from
RT to 570 °C, the FWHM of the two tin components (Sn® and Sn*T) are as those of 4.1b (1.2
and 2 eV, respectively) but the ratio between the metallic and oxide components Sn’/Sn**
decrease, from 4.99 (as measured when 75=RT) down to 0.69. Further experiments are
needed to determine the exact stoichiometry of the formed oxide, but from a comparison
with published data, some observations can still be made as follows. Usually the BE of the
elemental component Sn° is placed at ~ 484.98 eV while the oxidation states of SnO and
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Fig. 4.1 a) Sketch of the samples from top to bottom: amorphous Al, O3 capping layer, tin
nanosheets grown by MBE at RT, 470 and 570 °C, A/,03(0001) substrate. b) XPS Sn3ds 2

core level of 0.5 nm tin grown at RT showing Sn° (continuous line) and Sn** (dashed line)
components related to the elemental and oxidized states of tin. Open circles represent
experimental data. c¢) The Sn®/Sn** ratio of the three samples grown at different substrate
temperature (RT, 470 and 570 °C). The XPS spectra are recorded before the encapsulation.

SnO; are at 486.16 and 486.79 eV, respectively [157, 158]. Moreover, Sn 3ds ), core level
was observed at BE = 486.2 eV with a SnO stoichiometry on Al;03(1012) [135]. The BE
shift can thus be linked, for all samples considered, with an intermediate oxidation state
between SnO and SnO,. It is also worth noting that other metals oxidise at room temperature
when grown on A/, O3(0001) substrates [125, 15]. The origin of the reported oxidation can be
likely related to the interaction between tin and oxygen atoms of the Al,O3(0001), even if the
surface is Al-terminated [43]. Specifically it can be explained by the interaction between tin
and the adsorbed hydroxyl group (-OH) on the surface of the Al,O3(0001) substrate [2, 125].

Optical characterization

In order to investigate the optical response of tin films, at the two-dimensional limit, the
absolute reflectance R(®) and transmittance T'(®) were acquired from FIR to UV photon
energy range (0.01-6.45 eV). The spectra, for different intervals, are reported in Figure 4.2.
In particular, transmittance measurements have been performed in the substrate transparency
region, i.e. below 0.035 eV and above 0.12 eV, while reflectance measurements have been
collected in the range from 0.035 to 0.12 eV. In this region Al,0O3(0001) shows a strong

phonon absorption [2] that does not permit transmittance measurements. Figure 4.2a-b show
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Fig. 4.2 Macroscopic optical properties of Bare Al,O3(0001) substrate (black dashed line)
and tin nanosheets grown at RT (blue line), 470 °C (orange line), and 570 °C (red line):
a) Transmittance in the FIR spectral region. b) Reflectance in the MIR spectral region. c)
Transmittance in the MIR-UV spectral region.

that in the interval between 0.01 and 0.035 eV, no optical signatures of the tin nanosheets can
be observed. The absence of absorption in this region suggests the presence of an optical
gap fairly compatible with the theoretical prediction for stanene [169]. Indeed, a gap as
large as 0.25 eV opens after SOC is turned on in ab initio calculations, which as mentioned,
is indicative of the non-trivial topological feature of stanene on Al,O3(0001). Conversely,
in the MIR-Vis-UV photon energy range (0.17-6.45 eV) tin nanosheets show an optical
response different from that of the substrate, as shown in Figure 4.2c. The transmittance
for all the samples is lower than that of the reference substrate. Absorption coefficients
of the 0.5 nm-thick films deposited at increasing temperature (from RT to 570 °C ) are
reported in Figure 4.3. a(w) is obtained via the imaginary part of the refractive index as
o(w) = 20k(w)/c, where k(®), known also as extinction coefficient, is the imaginary part
of the complex refractive index 7i(®) and c is the speed of light. The extinction coefficient,
in turn, has been extracted from a multilayer Drude-Lorentz model by considering both
the measured 7'(®) and R(w). The absorption coefficient of tin films has been obtained by
taking into account the actual complex refractive index of Al;03(0001), determined from the
absolute transmittance and reflectance of a bare substrate coming from the same batch. It is
important to stress that the amorphous capping layer, due to its small thickness and intrinsic
transparency, does not affect the optical response of tin nanosheets on Al,O3(0001). Further
details of optical analysis methods are given in the Appendix A.

Despite differences in the ratio of metallic to oxidised component (Figure 4.1), the
optical response in Figure 4.3 shows only a weak dependence on growth temperature of
the samples. Indeed, their absorption coefficients show a quite similar shape characterized
by two broad bands centered at nearly ~ 1.25 and ~ 3 eV. In the same plot (right scale),
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Fig. 4.3 Absorption coefficients o/(®) of 0.5 nm-thick samples grown at RT (blue), 470
°C (orange), and 570 °C (red). The theoretical normalized absorbance A(w) of freestanding
stanene (black and gray lines) is reported for comparison (data from Refs. [111, 76])

theoretical absorption spectra for freestanding stanene are reported for comparison. As
already mentioned in Chapter 2, the absorbance spectrum calculated by Matthes er al [111]
shows a first peak around 1.8 eV as a consequence of 2D saddle points in the 7 — 7* interband
structure of stanene, located at the six M points at the Brillouin zone boundary. The higher-
energy peaks near 3.1 and 4.0 eV are instead related to 0 — o™ transitions mainly at the
I" point of the Brillouin zone [110, 111]. Here the experimental absorption feature of tin
nanosheets at nearly 1.25 eV is redshifted with respect to the theoretical one (at about 1.8
eV) of freestanding stanene, while the theoretical two-peak structure (at 3.1 and 4 eV) merge
in a single broad feature (located around 3 eV) in the experimental data. These effects
are probably due to interaction with Al,O3(0001) substrate, as has already been observed
for silicon nano-sheets grown on the same substrate [61]. The experimental absorption
coefficients in the FIR spectral region show a vanishing intensity towards low energies
(a(@) — 0), without a sharp absorption edge as expected from theoretical calculations [111].
However, it is important to observe that the reported calculation has been performed at zero
temperature and the expected gap, at finite temperature, should be smoothed. Figure 4.3
reports a second theoretical freestanding stanene absorption spectrum, calculated by John et
al. [76] for parallel (to the basal plane) polarized incident light. Their calculated absorbance
A(w) (black dashed line) shows an even better agreement with the experimental data obtained
with an unpolarised light source. In particular, the broad theoretical peak centered at 3.27
eV, due to transitions among parallel bands formed along the K-I" direction by p, and ¢*

orbitals, can be easily compared with the experimental broad feature centered at ~ 3 eV.
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Conversely, the peak at 5.21 eV, related to the electronic transitions from p, hybridized
orbital and 7*, is not observed, being probably hidden by the high-energy experimental
absorption tail. Finally, absorption starts at 1.27 eV with a small hump and not a sharp
peak. For stanene bands do not become as flat as the other Xenes (graphene, silicene, and
germanene) and hence the van Hove singularity related to # — 7* interband transition is
broadened. This is in good agreement with the experimental feature placed at 1.25 eV.
Therefore, comparing experimental data and theoretical calculations, when scaled down to
2D regime, tin nanosheets on Al,O3(0001) reveal stanene-like properties.

Further comparisons of the optical response of tin nanosheets with the absorption spectra
of elemental allotropes of tin and various tin oxides corroborate the findings just presented. In
Figure 4.4a the absorption coefficients of the 0.5 nm-thick tin nanosheets grown at different
temperatures are contrasted with those of SnO and SnO, [132, 149]. Although the spectral
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Fig. 4.4 a) Comparison between the absorption coefficients of Figure 4.3 and those of

SnO (black) and SnO; (gray) (data from Refs [132, 149]). b) Comparison between the

absorption coefficients of Figure 4.3 and those of &-Sn (black) and 3-Sn (gray) (data from

Refs [166, 160].

range examined does not coincide perfectly with the data available for the two oxide forms,
different behaviour can be clearly observed. Both SnO and SnO, are electric insulators and
have an optical gap at ~ 3 eV and ~ 4 eV, respectively. On the contrary, the optical absorption
for all three tin nanosheets starts at lower energies. It might therefore make sense to consider
the optical contribution of tin oxides to the observed spectra only for photon energies of
more than 3 eV, ruling out an oxide-related response at frequencies below this threshold.
On the other hand, a similar comparative analysis is reported in Figure 4.4b, by taking the
absorption coefficient of the a- and B-Sn phases into account [166, 160]. This comparison
highlights that the tin nanosheets does not resemble neither with the zero-gap semiconductor

and the metal form nor with a linear combination of both. Thus the comparisons of all
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spectra shown in Figure 4.4 further suggest that tin nanosheets on Al,03(0001), grown at the
two-dimensional limit, show stanene-like properties.

Recent findings on superconductivity in a few-layer stanene system [45] and topological
states in ¢-Sn thin films grown on InSb(111) [12, 180] also make the study of the optical
response of tin nanosheets with increasing thickness particularly interesting. The comparison
between the real part of the optical conductivity, o1 (®), of 0.5 and 1.5 nm-thick samples
grown at RT is reported in Figure 4.5a.
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Fig. 4.5 a) Real part of the optical conductivity of 0.5 (blue) and 1.5 nm (blue dashed) tin
nanosheets. b) Real part of the normalized optical conductance of 0.5 (blue) and 1.5 (blue
dashed) nm-thick tin nanosheets grown at RT.

This quantity can be calculated as 61 = an c/4w, where o and n are the absorption coef-
ficient and the refractive index of the tin films, both frequency-dependent. The introduction
of a parameter, such as the film thickness, could suggest a dimensional crossover as already
observed for silicon nanosheets [61]. However, in this case, no difference was observed
as thickness increased. Specifically, moving from a nanosheet thickness of 0.5 to 1 nm,
the o7 intensity shows an inverse dependence versus the film thickness. Despite this, the
optical conductivity of the 1.5 nm thick nanosheet shows the same stanene-like features
as the thinner sample, e. i. the broad peaks at 1.25 and 3 eV. A further comparison can
be made in terms of normalized optical conductance G /Gy which is related to the optical
conductivity through G| = o1d, where d is the film thickness. Gg = 2 /4h [87] is instead
the universal conductance, experimentally measured in graphene and confirmed by theo-
retical calculations [113, 107]. This quantity is conventionally used to describe the optical
properties of 2D layered materials [107] and topological insulators[1]. Figure 4.5b shows
that the low-energy spectral features of 0.5 and 1.5 nm G /Gy spectra nearly superimpose
but the broad band at higher energy is lightly blueshifted for the 1.5 nm nanosheet. The
dimensional renormalisation allowed the optical response of tin nanosheets to be reveled,
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independently of thickness d, showing that the stanene-like fingerprints are almost conserved.
This suggests the existence of a single active stanene-like layer in both samples which, in the
thickest sample, is likely superimposed to an optically inert layer.

The optical behavior of the tin films at the 2D limit is very similar to each other and
strongly differs from those of common tin oxide (SnO and Sn0O;) and from those of con-
ventional elemental tin phases (- and 3-Sn). Most importantly, absorption spectra show
characteristic signatures that closely resemble those of freestanding stanene endowed with
SOC-induced bandgap as well as absorption peaks due electronic interband transitions along
high symmetry directions of the Brillouin zone. The non-trivial nature of 2D tin nanosheets
on Al,03(0001) is further corroborated by an interesting thickness-dependent optical re-
sponse characterized by a decrease of the optical conductivity intensity for thicker films.
However, when dimensional renormalization is taken into account through optical conduc-
tance comparison, the optical behavior turns out to be almost identical to the stanene-like

spectrum of the thinnest nanosheet.

4.2 Graphene as buffer layer

As highlighted in the previous section, the optical response of tin nanosheets grown on
Al,03(0001) show stanene-like features when compared to calculated absorbance spec-
tra [111, 76]. Conversely, the XPS analysis show signs of tin oxidation well before the
capping layer deposition. This oxidation process can therefore be explained by the interac-
tion between tin and the adsorbed hydroxyl group (-OH) on the surface of the Al,03(0001)
substrate [2, 125].

It is a matter of fact that the substrate plays a key role in determining structural and
electronic properties of 2D materials. Gaining control over the interaction between the
material of interest and the supporting substrate is all the more crucial, given the intrinsic
metastable nature of Xenes. Nevertheless, from a general perspective, the stacking of different
2D materials offers a great potential for tailoring the properties of each constituent. The
addition of graphene as a buffer layer, reported in the following paragraphs, fits into this
context. On the one hand, there is a strong need to decouple stanene from the Al,03(0001)
substrate in order to experimentally observe its promising properties. On the other hand,
there is a growing interest in the discovery of new physics obtained by combining original
heterostructures [129]. In this respect, at strongly interacting interfaces, new phenomena
may emerge from common effects such as charge transfer or induced strain [155]. To all
this must be added the advances made in the commercialization of graphene. Nowadays,

the use of graphene in electronics, optoelectronics and photonics is severely limited by the



70 Xenes on Al, O3 (0001)

production methods and by the quality of the material obtained. Graphene on Al,O03(0001) is
a technologically relevant system that attracted great interest in recent years [114, 29, 92].
It has been shown that metallic contamination levels, unintentional doping or mechanical
stress can be reduced by employing sapphire as target substrate. Indeed, the tri-coordinated
Al sites on the surface can act as catalytic sites during growth processes making A/, O3(0001)
substrates a metal-free alternative. Moreover, it can itself serve as a substrate for a device
fabricated directly on the synthesised 2D material, without the need for a transfer process [83].
There are examples in the literature where the atomically planar surface of graphene has
been used as a template for the stabilisation of the growth of different 2D materials [68, 138].
Despite this, few works show the direct synthesis of Xenes on graphene to obtain vertical
hetero-stacks. Probably the most prolific line of research at the moment concerns the silicene-
graphene configuration [153, 91, 13]. However, in recent years, the possibility of growing
stanene on graphene has been investigated in different theoretical works. The first-principle
calculations proposed by Wu and co-workers [178] pointed out that stanene interacts with
graphene via van der Waals interaction. Consequently, the preservation of their intrinsic
electronic properties is to be expected. On the contrary, stronger interlayer interaction
between stanene and graphene is reported in Ref. [27] together with an enhanced response
of stanene in the visible spectral region. Both the theoretical works report on a band gap
opening of the hybrid system. Experimental realization of stanene, using a monolayer
graphene as buffer layer, has recently been reported on Cu(111) [177]. A uniform thickness
and continuous morphology for stanene was demonstrated, as well as increased stability in air.
Here the use of MOCVD-graphene as a template for the epitaxial growth of tin nanosheets in
the 2D limit is reported. The main goal is to find a substrate passivation strategy to prevent

the oxidation of newly deposited tin films thus obtain a quasi-freestanding stanene.

4.2.1 Experimental methods

High-quality monolayer graphene, grown on single side polished A/;O3(0001), has been
used as substrate for tin nanosheets deposition. The 2-inch original wafer, provided by
Aixtron, has been cleaved into ~ 1 x 1 cm? pieces using a commercial wafer saw. The cut
was made on the clean side of the wafer and the effects of this operation on the graphene
layer were evaluated via Raman and AFM analysis on the resulting slabs. Tin deposition
on graphene was performed by molecular beam epitaxy (MBE) on degassed sample using a
k-cell evaporator for which the flux rate was previously calibrated though a quartz micro-
balance. Two samples, 0.5 and 1 nm-thick, were grown at room temperature (RT). Both were
then covered by an amorphous aluminum oxide capping layer (~5 nm) in order to prevent
their degradation in ambient conditions. The overall stacking is thus (from top to bottom)
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a-Al,03/Sn/Gr/Al,05(0001). Chemical properties of the samples were investigated in-situ
by means XPS, monitoring the status of graphene and tin films at all stages of the growth.
Raman spectroscopy was used to assess quality, doping and strain of graphene before and
after the tin deposition. Raman maps over areas of 7 x 7u? were acquired in back-scattering
configuration using a Renishaw InVia spectrometer equipped with 514 nm laser and 50 x
(N.A. 0.75) objective. The incident laser power was kept below 3 mW to avoid heating
effects and sample damages. To gain a better understanding of both the nature of the tin
nanosheets and their interaction with the underlying graphene, an optical characterization
was also performed in the MIR-UV spectral range. The transmittance was measured at
room temperature using a Cary 5000 spectrophotometer, covering the energy range between
0.3 and 6.5 eV. The optical conductivity of thin tin films was extracted though RefFIT by
implementing a multilayer model [86].

4.2.2 Results and discussion
Substrate characterization

In order to address the lack of spectral features unequivocally attributable to tin nanosheets,
we exploited the high sensitivity of Raman spectroscopy to changes induced on the graphene
layer. By evaluating the effects of tin nanosheets deposition on the Raman response of
graphene, indeed, it has been possible to gain information on the properties of the heterostruc-
ture. This is because, for a single layer of graphene, any shift or line widening of the G
and 2D Raman peaks can be attributable to strain and/or doping in the material [90]. The
quality of CVD-graphene on A/03(0001) was monitored before and after the cutting of the
pristine wafer and, subsequently, after the growth of the tin nanosheets. The reduction of
the wafer into small slabs was necessary due to the smaller size of the MBE sample holder,
accommodating samples up to 1 ¢cm?. A representative Raman spectrum of graphene on
Al, O3 (0001), obtained from a single-point acquisition after cutting the sapphire wafer, is
shown in Figure 4.6a. Here, fingerprints of the electron-phonon interaction in a single layer
graphene are well recognizable. The statistical analysis, carried out on Raman maps acquired
over several areas of 7 x 7 /,Lmz, returns the G band located at (1588 + 1) cm~ ! and the 2D
band at (2690 + 2) cm~ !, while the full width at half maximum (FWHM) of the 2D band
is (40 £ 3) cm~!. The latter value, although it is consistent with the expected value for the
FWHM of the 2D peak in graphene on A/, O3(0001), is higher than those recently reported for
as-grown graphene on sapphire [114] and indicates a moderate crystalline quality. Moreover,
the existence of the defect-active peak (D) located at ~ 1350 cm ™! confirms the presence

of defects across the slabs. The Table 4.2 reports the values obtained from the statistical
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Fig. 4.6 a) Representative Raman spectrum of graphene on Al,O3(0001). b) Representative
AFM image of terraces and wrinkles for graphene on Al,03(0001) after the cutting process.
c) Wafer sketches (non-scaled dimensions). The dashed grey lines (bottom) delimit the area
of the slabs resulting from the cut. Green squares highlight the areas where Raman maps
were acquired to determine initial and final conditions of graphene.

Table 4.2 Average value and standard deviation for FWHM, 2D/G and D/G obtained in the
three different areas indicated in Figure 4.6 c.

FWHM  Error 2D/G Error D/G Error

Case (em™  (em™)

Before cut 39 5 2.7 0.6 022 0.05
After cut - A 41 4 2.5 04 021 0.03
After cut - B 40 4 2.5 04 028 0.07

analysis performed on the three areas of the wafer highlighted (green squares) in Figure 4.6c¢.
The FWHM of the 2D mode of graphene increases weakly, from 39 to 42 cm~ !, after the cut,
indicating a slight deterioration in crystalline quality. At the same time the 2D/G and D/G
intensity ratio, which are indicative of carrier and defect concentration respectively, do not
vary significantly. Moreover, the values of the 2D/G intensity ratio (2.5 + 0.2) indicate a low
charge carrier concentration. According to the calibration curve reported by Das in Ref. [33]
we estimate a carrier concentration of ~ 1.5 x 10'2 em™2. In general the cutting procedure
certainly lowered the overall quality of graphene on sapphire but did not compromise the
properties detectable through Raman spectroscopy. The AFM images reported in Figure 4.6b
confirm an high density of wrinkles on the slabs surface with a typical height of 1-5 nm.
Such structures are consequence of the mismatch between the thermal expansion coefficient

of graphene and sapphire and are often reported in literature [114, 29]. Scratches originating
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from the substrate are also visible. These effects might justify the results of the Raman

analysis described above.

Tin nanosheets growth

In situ XPS was carried out to check the chemical status of the tin nanosheets after the growth
and after the a-Al,O3 capping deposition. The Sn 3ds, core level, for the 0.5 nm thick
sample, is reported for both cases in Figure 4.7a-b. The spectra show a narrow peak related

a) As deposited b) After a-Al,05
= ]
) &
= ol
3 i
= =
2 2
IS IS
(2] (2]
o o
< <
488 487 486 485 484 483 482 481 488 487 486 485 484 483 482 481

Binding Energy (eV) Binding Energy (eV)

Fig. 4.7 XPS Sn3ds ), core level of 0.5 nm tin grown at RT on graphene a) before and b) after

the capping layer deposition. Both spectra show only the Sn° (continuous line) component,
which is related to the elemental state of tin. Open circles represent experimental data.

to the elemental tin, which is centered at BE = 484.7 eV witha FWHM = 1.15 eV. At room
temperature, increasing the tin thickness to 1 nm, the XPS analysis still returns a spectrum
with only one component, centered at the same location. The absence of any oxide-related
component suggest that graphene is effective in limiting the chemical interaction between the
tin nanosheets and the A/, O3(0001) substrate. Moreover, the lack of additional components
in the Sn 3ds; core level spectrum supports a framework in which the interaction between
tin and graphene is low. After growth, the tin nanosheets were extracted from the vacuum
condition and characterised by means of Raman spectroscopy. The Raman active phonon
modes of stanene, &-Sn and -Sn are generally expected in the spectral region between 100
and 500 ecm~1 [147, 102, 154, 133] but neither Sn- nor stanene-related signatures have been
detected in our samples. This fact, already reported in literature, could be traced back to the
metallic nature of stanene [102, 36] or to substrate effects that do not promote the increase in

signal generated by a few atomic layers. Optical interference is an example of the latter [96].
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Raman correlation-map

The evolution of the Raman spectrum of graphene with increasing thickness of tin nanosheets

is shown in Figure 4.8a. Clear variations in graphene Raman modes are the broadening of
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Fig. 4.8 a) Raman spectra of graphene before (gray) and after the growth of tin nanosheets
0.5 nm (blue) and 1 nm (green) thick. b) Correlation plot between the frequencies of the
G and the 2D modes of graphene (@g, @>p) measured on pristine graphene and after the
growth of tin nanosheets, 0.5 nm (blue) and 1 nm (green) thick. The "strain" orange line
describes neutral-charge graphene under compressive or tensile strain. The "doping" orange
line indicates p-type doped graphene.

the 2D mode and the blue-shift of the G and 2D modes. Specifically, the FWHM of the
2D peak in the spectra reported in Figure 4.8a increases with the thickness of deposited
tin, from 35 for 0.5 nm to 42 cm™! for a 1 nm thick nanosheet. Moreover, the D peak is
still visible without any important variation suggesting that the quality of graphene has not
been affected by the growth. As mentioned above, Raman spectroscopy is an highly useful
method to extract information on doping and strain to which graphene is subjected. An
inverse approach was thus used to shed light on the interaction between tin and graphene.
We exploited the variation of the Raman response of graphene, induced by the deposition
of tin films with different thicknesses, with the aim of gaining information on the resulting
heterostructure. The correlation plot of the G peak Raman shift with the one of the 2D
peak is reported in Figure 4.8b. The usefulness of this graphical representation lies in the
fact that it makes possible to separate the contribution of doping and strain [90]. The two
dashed orange lines specify the directions along which the strain-induced and the hole-doping
induced shifts are expected. Moreover, the point where the two lines intersect, located at
(w2, ) = (1582,2677), identifies graphene not affected by strain or excess charges[90].

The map points of the 0.5nm-thick sample are virtually superimposable on the bare graphene
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map points. No substantial differences are observed between uncovered graphene and after
the deposition of 0.5 nm-thick tin nanosheet. The dispersion, when tin nanosheets thickness
increases, reveals that graphene is subject to increasing compressive strain while the effect
on charge doping is practically negligible. Assuming an uniaxial strain-sensitivity of the G
mode Awg/Ae = —23.5 em™! /% [185, 90] the corresponding compressive strain due to 1
nm-thick nanosheet deposition is about 0.5%. Interestingly, the type of stress undergone by
graphene can provide information on the possible intercalation of tin atoms. It has recently
been reported that under certain temperature and impurity conditions, silicene grown on
graphene can exhibit intercalation [44]. In this case the Raman spectrum of graphene shows
a splitting of the G peak and the 2D peak downshift which are indicative of the tensile strain
experienced by graphene [115]. The different Raman response and the compressive strain to
which graphene is subjected after the tin nanosheets deposition, leads to a first approximation
to rule out intercalation effects. Finally, it is important to stress that effects such as desorption
and intercalation occur mainly during high-temperature treatments, whereas all the samples

scrutinized here were grown at room temperature.

Optical characterization

The optical response of the heterostructures formed by the tin nanosheets and graphene
on Al,03(0001) has been investigated by NIR-UV spectroscopy. Figure 4.9a shows the
absolute transmittance for the two tin nanosheets samples, together with those for graphene
on Al;03(0001) and the bare substrate, in the photon energy range 0.3-6.5 eV. The lowering
of reported transmittance spectra is consistent with an increase in absorption as the tin
nanosheets gain in thickness. The insert also shows the fit results from which the optical con-
stants for the different components of the heterostructures were extracted. The conductivity
of graphene, 0.5 nm and 1 nm-thick tin nanosheet were obtained through fitting the NIR-UV
measurements with the RefFIT software [86]. The transmittance of the samples, togheter
with the substrate, was fitted by using a double (graphene-Al,O3) or a three (Sn-graphene-
Al,03) layers Kramers-Kronig consistent Drude-Lorentz model. The extracted real part
o1 () of the optical conductivity was used to calculate the normalized optical conductance
G1/Go = 01(w)d /Gy reported in Figure 4.9b, where d is the thickness of the considered layer
and Gy = 2¢?/h is the universal conductance [87]. G;(®) for graphene shows the typical
behaviour described by the superposition of a nearly flat background in the whole IR range
(0.3-1.5 eV) due to the intraband transition [107], and an asymmetric absorption peak at ~ 4.6
eV. This feature is related, in the independent-particle description, to the interband transitions
from the bonding 7 to the antibonding 7* states, near the saddle-point singularity at the M

point of Brillouin zone [108]. At the lowest thickness of tin, G (@) shows a small absorption
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Fig. 4.9 a) Transmittance of supported graphene (gray), 0.5 nm (blue) and 1 nm (green) thick
tin nanosheets. The bare Al;03(0001) transmittance (black line) is reported as reference. b)
Normalized optical conductance of graphene (gray), 0.5 nm (blue) and 1 nm (green) thick tin
nanosheets, extracted from multi-layer models.

peak around 0.9 eV and rises around 1.5 eV up to the UV range. The maximum value occurs
at ~ 5 eV. When the tin nanosheet thickness increases to 1 nm, the absorption peak in the
IR region disappear and the rise becomes steeper with a small maximum shift to higher
energies. Surprisingly, both tin nanosheets exhibit an enhanced optical response compared
to graphene, starting at ~ 2 eV, as expected for the stanene-graphene heterostructure [27].
In order to clarify the origin of the spectral features described above for the tin nanosheets,
Figure 4.10a compares the absorption coefficients o/(®) of 0.5 and 1 nm-thick tin nanosheets,
of the a- and B-tin [22, 160]. The optical behaviour of tin nanosheets deviates from that
of the two allotropic form of tin. Towards low frequency, however, the way in which a(®)
of tin nanosheets approach to zero is much more similar to that of a-Sn. As mentioned in
previous sections, the general interest sparked by a-Sn is related to its non-trivial electronic
and topological properties. -Sn is a zero band-gap semiconductor [22] and, when strain
is applied, a-Sn is expected to be a topological Dirac semi-metal [180]. Moreover, under
moderate tensile strain it can turn into a topological insulator with a topological gap of ~ 50
meV [154]. Epitaxy on lattice matched substrates has been reported as a possible approach
to stabilize o-Sn [154, 39]. It is important to stress that the poor correspondence between the
optical response of the tin nanosheets and the o-Sn might be attributed to the small thickness
of the nanosheets compared to the reference (128 nm). Finally, Figure 4.10b reports the
comparison between o7 (@) of the tin nanosheets and the calculated normalized absorbance
of free-standing stanene as reported in Refs. [111] and [76]. The spectrum calculated by
John et al [76] shows the best agreement with the experimental data for the broad peaks
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Fig. 4.10 a) Comparison between the absorption coefficients of 0.5 nm- (blue) and 1 nm-thick
(green) tin nanosheets and those of a-Sn (gray) and -Sn (black) (data from refs [22, 160]. b)
Real part of the optical conductivity of 0.5 nm- (blue) and 1 nm-thick (green) tin nanosheets
compared with the normalized absorbance of stanene reported in Ref. [111] (black) and
Ref. [76] (gray).

at ~1 and ~5 eV. These absorption features are related to 7 — 7" interband transitions and
electronic transitions from p, hybridized orbital and the 7*, respectively. The considerations
that emerge from the comparisons in Figure 4.10a-b demonstrate once again the critical role
of interlayer coupling in modifying the optical properties of a hybrid system.

The successful growth of non oxidized tin nanosheets at 2D limit has been reported.
The structural characterization by Raman spectroscopy demonstrated that graphene after tin
deposition turns out to be affected by compressive strain but not by charge transfer effects.
The strain can be related to the interaction with tin overlayer which, however, shows no
signs of intercalation. Optical measurements in the NIR-UV spectral range identify an
increased absorption starting from 2 eV towards higher energies, as expected from theoretical
calculations performed on stanene-graphene heterostructure. The poor correspondence
with the calculated spectra of freestanding stanene can be attributed to strong interlayer
interactions. In 2D heterostructured systems interlayer coupling can strongly modify the
response of the individual components. More importantly, similarities were observed in the
optical response of the tin nanosheets and the semi-metallic allotropic form of tin, suggesting

the possibility of stabilising &-Sn on graphene-Al, 03(0001) at room temperature.






Chapter 5
Xenes heterostructures on Ag(111)

As mentioned in Chapter 4, the advent of 2D heterostructures is currently reshaping the
frontiers of emerging materials research. The benefits of assembling layers of different
materials include not only an increase in possible functionalities, but also a better stability
of the single heterostruture components, and Xenes are certainly not excluded from this
prospect. It has recently been shown that two well-established configurations such as silicene-
on-Ag(111) [168] and stanene-on-Ag(111) [187] can operate as templates for the epitaxy of
the reciprocal Xene single-layer, giving rise to two different types of Xene-based heterostruc-
ture [36]: (top-to-bottom) silicene-stanene on Ag(111) and stanene-silicene on Ag(111).
Inserting one or more layers of Xenes between two different weakly interacting layers, with
the aim of preserving their features, might be a successful strategy to move towards device
integration. Moreover, the same approach could also prove useful for extracting all those
properties that would otherwise be hidden by hybridization effects.

For epitaxial silicene, different experimental and theoretical studies pointed out that
interface states, built up by mixed silicon and the native substrate wave functions, have
a great impact on the its optical response. Moreover, to the best of our knowledge, for
silicene on silver, no evidence is found of Si adlayers maintaining freestanding silicene
optical properties [31, 69]. While the stability in air can be controlled by introducing a
non-reactive capping layer such as amorphous Al,O3 [116], decoupling silicene and its
substrate is still an unsolved issue. On this basis, the following chapter reports on the first
optical characterization of silicene in the new silicene-stanene-Ag(111) configuration. The
role of stanene as a “buffer’ layer is investigated by analyzing the optical response of epitaxial
silicene through both power-dependent Raman spectroscopy and reflectance measurements
in the near infrared (NIR) - ultraviolet (UV) spectral range.
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5.1 Experimental methods

Silicene and stanene on commercial Ag(111)/mica substrates were deposited using the
Scienta Omicron LAB10 MBE system described in Section 3.1. The samples realization
took place in three steps: substrate preparation, growth, and encapsulation. Several cycles
of sputtering and consecutive high temperature annealing (~550 °C) were performed on
Ag(111) substrates before Xenes growth. For heterostructures, first a Sn layer was deposited
on the prepared substrate, then the Si layer is deposited on top of tin. The multilayered
silicene samples were obtained by increasing the deposition time and monitoring thickness
by means of a calibrated quartz microbalance. All samples were encapsulated with the non-
reactive and amorphous Al, O3 capping layer to prevent degradation in ambient conditions.
After the growth, Raman and NIR-UV spectroscopic characterizations were performed on
the encapsulated samples. Raman measurements were carried out using a Jobin-Yvon T6400
spectrometer in back-scattering configuration with a continuous-wave 532 nm excitation
and a 50 (0.75 numerical aperture) objective. To obtain the variation of Raman response
versus the incident laser power a neutral density filter was added in the optical path and the
samples surface was irradiated with a series of laser power from 1.8 to 60 mW. We measured
the output laser power before the objective to take into account the laser energy loss in the
optical path and the attenuation due to the filter. All spectra were acquired with an exposure
time of 20 seconds, considering 3 accumulations. The samples were optically characterised
through a JASCO 760v spectrometer, covering the NIR-UV spectral region, from 1.25 to
5 eV. The reflectance at near-normal incidence with respect to the sample surface (capping
layer side) was measured by taking as reference an aluminum mirror. The possibility of
neglecting the encapsulating layer from the optical analysis was confirmed by comparing the
reflectance of bare and capped Ag. Several spectral acquisitions were performed to control
experimental errors due to the extreme sensitivity of the reflectance to inhomogeneities and

surface tilts. Both Raman and NIR-UV measurements were carried out at room temperature.

5.2 Results and discussion

The models of substrates and silicene-based configurations examined are shown in Figure 5.1
together with the respective Low Energy Electron Diffraction (LEED) patterns acquired
in-situ during the different stages of growth. Keeping out the substrate column (panels
a-b), from top to bottom, there are: (c) monolayer silicene directly grown on Ag(111), (d)

monolayer silicene grown on stanene-Ag(111) template, (e) multilayer silicene on Ag(111)
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and (f) multilayer silicene on stanene-Ag(111) template. The number of layers making up

the multilayer structures was nominally set at three.

Substrate

Ag(111)

Sn on Ag(111)

Fig. 5.1 Sketches and in-situ LEED characterization of substrate and Xenes stacking on
Ag(111) substrate. LEED patterns obtained for: substrate templates (a) Ag(111) and (b)
stanene on Ag(111), (c) monolayer silicene grown on Ag(111), (d) monolayer silicene grown
on stanene-Ag(111), (e) multilayer silicene grown on Ag(111), (f) multilayer silicene grown
on stanene-Ag(111). Color coding of solid circles: gray - Ag:1x1, red - v/3 x v/3 R30°0rder
Sn spots, blue - integer order Si spots, orange - v/13 x /13 R13.9°0rder Si spots, pink -
v/3 x v/3 R30%0rder Si spots with respect to the integer order Si spots inside solid blue
circles. The incident energy during LEED image acquisition is 50 eV except for (b), where
the energy used is 33 eV.

In situ characterization

The LEED, presented in more detail in Section 3.2, is a surface-sensitive technique and
is therefore indicative of the characteristic crystal structure of supported two-dimensional
Xenes. The diffraction pattern of the just prepared Ag substrate, reported in Figure 5.1a,
discloses the sharp hexagonal symmetry of its (111)-terminated surface. The subsequent
deposition of (b) stanene on Ag(111) and (c) silicene on Ag(111) reproduce the relative
structures previously observed for these configurations and confirm the epitaxial growth.
In particular, Sn grows by assuming a V3 x /3 R30° reconstruction on the Ag(111)
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surface [187], while silicene shows a mixed phase with the coexistence of spot from
4 x 4 and V13 x /13 R13.9°superstructures [120]. Silicene reconstructions for the sin-
gle layer deposition and the multilayer on top of stanene-Ag(111) would be consistent with
a v/3 x /3 R30°structure, as well as multilayer silicene directly grown on Ag(111) [167].
However, it should be noted that further investigations are ongoing to clarify the mecha-
nisms that determine the mutual distribution of tin and silicon atoms in heterostructures and
thus shed light on the resulting surface reconstruction. After the in situ characterization, 5
nm-thick amorphous Al, O3 was deposited on the surface of the samples to prevent Xenes

degradation throughout the ex-situ measurements [116].

Raman analysis

Representative optical images of silicene on Ag(111) and silicene on stanene-Ag(111)
samples shown in Figure 5.2a-b highlight growth areas on the order of ~ cm?. The large-scale
homogeneity of Si depositions is supported by repeated Raman measurements performed at

different positions over the whole surface of the samples.
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Fig. 5.2 Optical images of (a) silicene on Ag(111) and (b) silicene on stanene-Ag(111).
Dashed yellow lines indicate the growth area. ¢) Room temperature normalized Raman
spectra obtained at low incident laser power. d) Fitted Raman spectra of a multi- (top) and a
single-layer (bottom) of silicene on stanene-Ag(111). In both cases the raw data are shown
as circles (violet and blue respectively). Black dashed lines are the fit results, while yellow
and orange curves are the two used Lorentzian-Gaussian components.

The preliminary Raman characterization of silicene in the configurations just described
was performed at incident laser power below 3 mW to avoid damage and uncontrolled heating
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effects. The spectra acquired with a laser power of 1.8 mW are reported in Figure 5.2c.
The Raman analysis was carried out by fitting all the curves through a two-components
Lorentzian-Gaussian model so that the typical asymmetric shape of silicene spectrum could
be described. Indeed, as reported in Appendix B typical Raman spectrum of silicene is
dominated by a sharp and intense peak in 515-522 cm™! spectral range, due to the symmetric
stretching of Si-Si atoms in planar hexagons (E», modes). Moreover, the vertical buckling is
held accountable for the A1, breathing mode that generates the asymmetric shoulder between
450 and 500 cm~! [32]. In Figure 5.2d the fitting results for multilayer (top) and monolayer
(bottom) silicene on stanene-Ag(111) are shown as an example. For a single layer of silicene,
supported by Ag(111) or stanene-Ag(111), the spectra are dominated by an intense band
located at 518 cm ™! with a full width half maximum (FWHM) of 8.0 cm™! and 9.5 em™!,
respectively. The fit results show a good agreement with the first order Raman peak expected
for a low-dimensional crystalline silicon phase [32]. Conversely, for thicker samples the
change of the spectral peak position to higher Raman shifts, up to 522 cm™!, is consistent
with the reported multilayer silicene growth [60]. It was also observed that the protection by
a-Al, O3 encapsulation provide a durable preservation of the samples. This is confirmed by
the Raman signal of silicene still detectable even after two months of air exposure (spectra
not reported here).

At this point, it is worth noting that besides being used as a probe, laser excitation can
also be applied to induce a localised temperature rise in the system under investigation.
Briefly, due to the relatively small thicknesses involved in the case of 2D materials, even
a low absorbed laser power can result in local heating and subsequent temperature rise in
the surroundings of the illuminated area. Appreciable changes in the Raman spectrum due
to the increase in temperature can be related to several physical properties at the very 2D
level, which include anharmonic effects in the phonon-phonon interactions [163], thermal
properties [21, 171, 47, 16], and thermal-mechanical response of the 2D layer [191, 49] to
the optical absorbed power (see Section 3.3 for more details). To investigate the role of the
stanene interlayer in modifying the interactions between silicene and silver, we analyzed the
effect of laser-induced heating by taking the silicene-related Raman modes as a benchmark.
The panels in Figure 5.3 show Raman spectra acquired by varying the incident laser power in
the range 3.3-60 mW for silicene on Ag(111) (panel a), silicene on stanene-Ag(111) (panel
b), multilayer silicene on Ag(111) (panel c) and multilayer silicene on stanene-Ag(111)
(panel d). In contrast to silicene directly grown on Ag(111), the spectrum of silicene in
contact with stanene shows a significant redshift (Aw) as the power of the incident radiation

increases (see Figure 5.3b).
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Fig. 5.3 Effect of the incident laser power increase on the Raman spectrum of (a) silicene,
(b) silicene on stanene, (¢) multilayer silicene and (d) multilayer silicene on stanene. All
configurations are supported by an Ag(111) substrate.
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Table 5.1 Results of linear fit applied to peak position data as a function of incident laser
power.

Configuration x(cm™' /mW)  Error (cm™'/mW)
Silicene -0.009 0.002
Multilayer silicene -0.012 0.001
Silicene on stanene -0.035 0.003
Multilayer silicene on stanene -0.069 0.003

As mentioned above and in agreement with the calibration curve reported by Solonenko
et al. [151], the redshift is consistent with a local temperature increase. Moreover, it is clear
that in the multilayer case, the power-dependent redshift is greater. Specifically, moving from
an incident laser power of 3.3 to one of 60 mW, the silicene-related first-order Raman peak
shifts by ~0.8 cm~! for multilayer silicene on Ag(111) and by ~4.0 cm™! for multilayer
silicene with the same thickness, grown on stanene-Ag(111). Therefore, Aw progressively
increases when multiple silicene layers are grown on stanene, but in the same incident power
range the effect is less evident if silicene layers are not separated from the Ag(111) substrate
by the stanene interlayer. Interestingly, the heating process is reversible, suggesting that the
power-dependent study does not induce structural modifications or damage to the silicene
layers.

The trend of the Raman peak positions as a function of the incident laser power follows,
to a good approximation, a linear behavior as it is shown in Figure 5.4a. Therefore, the
heating-induced response can be quantifying by fitting data according to the equation @(P) =
wy + x P, where y is the interpolated frequency when no laser power is applied, ¥ is the first
order power coefficient and P is the incident laser power. The slope ¥ = d®/dP extracted
for each of the scrutinized configurations and the standard error are given in Table 5.1.
The modulus of the slope increases with the number of layers and is up to 6 times greater
in samples where the stanene interlayer is present for the same number of silicene layers.
Deviations among the power coefficient values confirm a distinct response of silicene on
Ag(111) and silicene on stanene-Ag(111) to the incident laser power rise. Indeed, the trends
observed in Figure 5.4a indicate that when silicene is in direct contact with the Ag(111)
substrate the power dependence of Aw is much weaker. The effect just described was
examined in depth also assessing the dependence of the FWHM of the main peak to the
incident laser power, as shown in Figure 5.4b. This study may indeed help to differentiate the
mechanisms at the origin of the observed redshift. As a matter of fact, the Raman FWHM
in unsupported 2D materials is more influenced by anharmonic phonon interactions than
by thermal expansion effects [4, 85]. While the incident power dependence of the FWHM
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Fig. 5.4 First order silicene-related Raman peak (a)-position and (b)-full width at half
maximum versus incident laser power, extracted from two-component fit analysis of the
silicene Raman spectrum. In (a) the lines result from a linear fit made on the data distribution,
while in the second one they are eye guides. c¢) Reflectance of bare silver (black dash),
silicene/Ag(111) (red), stanene/Ag(111) (green) and silicene-stanene heterostructure/Ag(111)
(blue) in the spectral range from 1.25 to 5 eV. d) Relative change of the reflectance caused by
the Xene layers on the Ag(111) substrate. In (c) and (d) the yellow vertical line indicates the
position of the laser frequency used during Raman characterization.
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is weak for all configurations, it increases for silicene on stanene Ag(111) and shows a
dependence on silicene thickness. Specifically, the increase in bandwidth as a function of
laser power is maximum for the single layer of silicene on stanene Ag(111). On the other
hand, the case of silicene on Ag(111) is similar to the multilayer heterostructure. Assuming
that the increase of the thickness of silicene reduces the impact of the interface in the thermal
dissipation is one possible explanation for this fact. In Section 3.3 is shown how the shift in
the Raman spectrum can be caused by several effects such as the phonon-phonon anharmonic
interaction, the deformation of the lattice due to the thermal energy contribution, and the
effect of the mechanical strain induced by a thermal expansion coefficient mismatch between
different layers. Therefore, considering the nearly power independent FWHM, the variation
of Aw reported in Figure 5.4a can be explained in terms of mechanical strain induced by a
different thermal expansion coefficient mismatch in silicene-stanene interface compared with
silicene-silver one [47].

In particular, the latter contribution calls for a deeper understanding of the interaction
between silicene and the supporting substrate. Before turning to optical characterisation in
the NIR-UV spectral range it is important to stress that the peak located at the lowest Raman
shift in the decomposition of the spectrum of silicene was excluded from the discussion due
to its broad spectral width. Indeed, regarding our method of analysis, with an initial FWHM
of the order of tens of cm ™!, this component showed a completely negligible sensitivity to

the laser-induced heating effect.

Optical characterization

To clarify the role of stanene layer in mediating silicene-silver interactions, a comparative
study of the optical response of the heterostructure components was carried out in the
NIR-UV spectral range. To achieve this, a control group was added to the previously
studied set of samples. Several theoretical and experimental studies point the spectral range
under investigation as being of exceptional interest in the study of the optical response
of silicene and stanene. Indeed, it is between the IR and UV regions that some of the
absorptions associated with the band structure of Xenes are expected (see Chapter 1). The
analysed configurations with the NIR-UV spectroscopy are: bare Ag(111), Al,O3-silicene-
Ag(111), AlbO3-stanene-Ag(111) and Al,Os-silicene-stanene-Ag(111). This new set of
samples made it possible to experimentally observe the optical response of a monolayer
of silicene, emphasizing the effect of the Si-Ag and Si-Sn interfaces, while simultaneously
overshadowing the effects due to the increased number of silicene layers. The near-normal
reflectance spectra, acquired in the photon energy range 1.25-5 eV, are shown in Figure 5.4c.

All the reported curves are dominated by the substrate response although distinctive elements
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can be attributed to silicene, stanene, or a combination of both. The main recognizable
spectral feature is related to the silver plasma edge near 3.8 eV. For silver, this behaviour
results from a combination between the free-carriers (intraband) response and the onset of
interband electronic transitions [77]. In order to exclude effects due to the optical properties of
the Ag(111) substrate and to highlight the response from Xenes, the change of the measured

reflectance between 1.25 and 3.8 eV was considered. This quantity can be defined as:

& . Rsubstrate _RSample
R Rsubstrate

(5.1)

where Rgypsirare and Rsampie are the reflectance of Ag(111) with and without the Xenes
deposition, respectively. As already mentioned in Chapter 2.3, in the limit of two dimensions,
the so-defined AR/R is proportional to the variation in the real part of the sheet conductivity
and thus to the absorption of the considered thin film [111]. Based on this, the behaviour of
the spectra shown in Figure 5.4d is strongly suggestive of the optical absorption of the Xenes
layers. Interestingly, at the same photon energy used during Raman measurements, indicated
by the vertical line in Figure 5.4c-d, the presence of the stanene layer in between silicene and
Ag(111) results in an increase of IAR/RI which therefore also indicates an increase in optical
absorption. It goes from 8% for the direct silicene/Ag coupling to 20% for the silicene-
stanene heterostructure. This finding suggests that the higher slope, d @ /d P, obtained for the
heterostructure from the Raman measurements is due to an increase in the local temperature
because of the optical absorption. We speculate that the distinct response may be due to
a different thermal dissipation effect occurring at the silicene-silver and silicene-stanene
interfaces.

The reflectance behaviour in various Xene configurations also discloses an unprecedented
opportunity to gain a tunable optical response from silver by the Xene layer mediation. A
thorough analysis of the reflectance spectra provided deeper insight in this respect. For a
single layer of silicene on Ag(111) (red line in Figure 5.4c), the silver-related plasma edge
shifts to lower photon energies and a small bump appears around 3.35 eV. The latter spectral
feature can be traced back to the strong Si/Ag electronic interaction, as predicted within
the density functional theory framework. Cinquanta and co-workers [31] have shown that
electronic transitions involving mixed Si—Ag and Ag—Si states are responsible for almost
all the absorption between 3 and 4 eV. Conversely, the presence of stanene on Ag (green
line) strongly compensates for the silver plasma edge. The decrease of reflectance before
its minimum value is less sharp and less deep than that observed for bare Ag(111) and it
also results in a weak shift towards higher photon energies. Hence, single layer silicene

and stanene yield different and opposite effects on the optical response of the system when
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they are deposited separately on the Ag(111) surface. The former results in a shift of the
reflectance minimum from 3.85 eV to 3.77 eV, whereas the latter to 4.02 eV. Moreover, as
pointed out above, the reflectance of the silicene-stanene heterostructure (blue curve) shows
a gradual decrease, and its minimum is still shifted to a higher photon energies as with the
stanene layer. The plasma edge compensation is less steep than for a single layer of silicene
or stanene. More importantly, the spectral marker at 3.35 eV is not present, thus confirming
the role of the stanene layer in preventing the silicene/Ag electronic hybridization. As a
final remark is is worth highlighting that, although the tuning of the plasmonic response by
changing the local dielectric environment of the metal is well known, in the present case the
shift of the silver plasma edge is obtained by combining different atomically thin layers. To
explore the latter aspect, the dielectric functions (both real and imaginary part) of silicene on
Ag(111) and stanene on Ag(111) were calculated starting from data reported in Figure 5.4c.
The reflectance was fitted by employing a Drude-Lorentz model, which was subsequently
refined by a Kramers-Kronig (K-K) constrained analysis [86]. At this stage of the analysis
the fitting procedure neglects the thickness of the films, considering the spectrum variations
due to Xene-silver interface effects. The obtained dielectric function components, € and &,
are shown in Figure 5.5a-b. The optical response of silicene-Ag(111) and stanene-Ag(111)

a) 20 _ b) 20
Silicene on Ag(111)
Stanene on Ag(111)
Bare Ag(111)
&0 / & 0
Silicene on Ag(111)
Stanene on Ag(111)
Bare Ag(111)
-20 . . . -20 . . .
2 3 4 5 2 3 4 5
Photon energy (eV) Photon energy (eV)

Fig. 5.5 (a) Real and (b) imaginary part of the dielectric function extracted from the reflectance
spectra of bare Ag(111) (black), silicene on Ag(111) (green) and stanene on Ag(111) (blue).

shows remarkable differences in terms of spectral features around the silver plasma edge
that reproduce those previously observed. In particular, the shift of the energy at which
the real part of the dielectric function crosses the energy axis (indicated with a black arrow
in Figure 5.5a) could be related to a change in the surface carrier density. Recalling the

dispersion relation for SPs propagating at the interface between a metal and a dielectric
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medium (Equation 2.25) introduced in Section 2.3, it is clear how the result obtained may
have implications for the properties of surface plasmons (SPs) in the combined system. The
optical response of the Xene systems described involves several different physical effects.
For instance, the effective surface carrier density change does not necessary correspond to
a change of bulk carrier density induced in the metal, and thus of the plasma frequency. A
mechanism that can modulate the amplitude of the reflectivity can be also associated with an
effective modification of optical damping (e.g. surface scattering) [40].

To summarise, the optical response of Xene-based heterostructures was investigated,
paying particular attention to the properties of silicene in this new configuration. Although
the indirect evaluation of the thermal response through the Raman spectroscopy, the results
pave the way for the experimental investigation of the thermal properties of silicene. In
particular, embedding silicene (or generally, other Xenes) in the heterostructure proves
to be a viable layout to target thermoelectric applications as theoretically proposed [127,
194]. Moreover, a connection between the opto-thermal Raman response and the optical
reflectance from differently configured silicene and silicene-stanene heterostructures on
Ag(111) was established, pointing out the increased optical absorption in the visible spectral
range. Surprisingly, in spite of experimental determination of effects due to each Xene is
challenging, it was shown that the optical reflectance is conditioned by the detail of the Xene-
silver interface, thus providing a quick tool for ex-situ identification of the heterostructure
constituents. Finally, the Xene-induced shift of the silver plasma edge opens up the possibility
of engineering the metal’s plasmonic response by piling up Xene of different nature on top
of the Ag(111) substrate.



Chapter 6
Plasmonic devices

The emergence of Dirac fermions in the absorption spectrum of epitaxial silicene-like
nanosheets grown on Al,03(0001) [61] strongly motivated the research activity presented
in this chapter. On the basis of Xene-on-Al,03(0001) configuration, the possibility of
obtaining a plasmonic response from Xenes has been investigated, using as references some
of the experiments carried out on graphene and reported in the literature (see Section 2.3).
From these [79, 182] it is possible to identify two fundamental elements for studying Dirac
plasmons: the periodic surface patterning and a strategy to modify (or control) the Fermi
level of the system. On one hand, periodic structures can be used to locally concentrate fields
with the aim to increase the absorption efficiency, on the other hand the ionic liquid gating
allows doping to a high electron density.

Next sections report on tests performed on two Xene-on-Al, O3 configurations to assess
their integrability in a plasmonic device. The structure of the devices that were analysed is
shown in Figure 6.1a.

6.1 Micro-ribbon arrays fabrication

The trend in the optical conductivity of silicene-like nanosheets grown on sapphire at low
frequencies suggests the existence of Dirac electrons, and hence plasmons [61]. However,
these collective modes cannot be excited directly by the electromagnetic radiation because
their dispersion law is such that momentum conservation in the photon absorption process
is prevented (see Section 2.3). In other 2D systems the necessary extra momentum has
been achieved by patterning the surface with a sub-wavelength grating [79, 37]. In this way,
confined plasmons are obtained and detected. Plasmon excitation in such arrays correspond
to collective oscillations of electrons across the width of the ribbons. Here this methodology

has been applied to silicon nanosheets on Al,03(0001) and tin nanosheets on graphene-
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Fig. 6.1 Micro-ribbon arrays fabrication: a) Illustration of a typical micro-ribbon array
in a-Alp03-Sn-Gr-Al;,03(0001) sample. b) Superimposition of Raman mapping of the 2D
graphene peak and an optical image of a patterned area. ¢) AFM image of a-Al,O3-Sn-
Graphene micro-ribbon array with a nominal width of Sum and a ribbon and gap width ratio
of 1:1. The deviation from the expected result is a combination of several factors, first of all
the isotropy of wet etching process.

Al,03(0001). The stripes were fabricated by optical lithography and subsequent wet etching
to remove the a-Al, O3 capping layer together with tin and silicon. Oxygen plasma etching
(60 W, 5 min) was then used in order to remove the residual graphene. The optical lithography
process is detailed in the Section 3.4. The micro-ribbon arrays had a width of W = Sum and
period of 2W. The images in the Figure 6.1 and Figure 6.2 show representative results for the

processes performed on the two type of samples.
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Fig. 6.2 Micro-ribbons array fabrication in 2D Si on A/;03(0001) samples: a) Superimposi-
tion of optical images after the wet etching process with (big) and without (small) photo-resist.
b) Raman signal collected from 3 nm-thick silicon nanosheet before photolithography. c)
AFM image of the photo-lithography result on the 1.5 nm-thick silicon nanosheet sample.
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With regard to tin nanosheets on graphene-Al,03(0001), Figure 6.1b shows the hurdles
of identifying the pattern once the photo-resist is removed. The existence of the pattern was
verified by acquiring a linear Raman map following the graphene response and subsequently
confirmed through an atomic force microscope (AFM). The AFM image in Figure 6.1c
shows a fair agreement between the thickness of the removed material and the nominal one,
which can be defined in a first approximation as the sum of the nominal thicknesses of the
different layers (i. e. ~ 7 nm). Over-etching is also evident in the periodicity of the stripes,
which is not completely maintained. This last effect can easily be traced back to the isotropy
of the wet etching process. The difficulty of identifying the pattern after resist removal is
also evident in the case of silicon nanosheets, as shown in Figure 6.2a. AFM mapping was
required due to the low efficiency of Raman scattering on silicon films grown on sapphire,
as shown by the spectrum in Figure 6.2b. The results of the AFM analysis, in Figure 6.2c,
show the low quality of the grating obtained. The reason for this may be related to the initial
quality of the films or the lack of control over the wet etching process of such thin films.

It is worth noting that tin films grown directly on A/, O3(0001) were not considered for
the realisation of plasmonic gratings due to the lack of absorption in the optical response of
tin nanosheets attributable to free electrons.

6.2 Ionic liquid gating implementation

For a given micro-ribbons array, the plasmon resonance can be tuned by changing the
carrier concentration. According to the result reported in Section 2.3, the plasma frequency

in a 2D Dirac system varies with carrier concentration as nl/4

. This is a signature of
massless Dirac electrons. A method widely used to control the carrier concentration in 2D
materials involves the ionic liquid (IL) gating introduced in Section 3.4. The use of ILs
instead of dielectric materials provides an high charge injection for a relatively low operating
voltage [33]. The IL chosen to control the carrier density in the Xene-based configurations
is the [EMIM][TFSI], the main features of which are briefly described in Section 3.4. A
dedicated setup (Figure 6.3b) was designed and realized on a printed circuit board in order
to measure the optical response of the micro-ribbon arrays, as function of the applied gate
voltage (V). In order to have good control of the IL thickness a pan of adhesive tape
(~ 50um -thick) was applied and a co-planar arrangement during the optical characterization
was preferred in most cases. A gold wire with a diameter of 0.25 um was used as gate

electrode.
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Tests on graphene

Electrical characterisation of a device is undoubtedly the most accurate way to determine
gating performance. In the absence of this possibility, the high sensitivity of Raman spec-
troscopy to changes induced on a graphene layer was exploited. In doped graphene, the
doping-induced Fermi energy shift has two main effects: a change in the equilibrium lattice
parameter with a consequent stiffening/softening of the phonons, and the onset of effects
beyond the adiabatic Born-Oppenheimer approximation that modify the phonon dispersion
close to the Kohn anomalies. In particular, the excess charge results in an expansion of the
crystal lattice; conversely the defect results in its contraction. In both cases, this is reflected
in the Raman response of graphene [140, 89, 33]. Specifically, the position of the G and 2D
peaks together with the FWHM of the G peak vary as function of doping. 2D and G peaks
show different dependencies on the gate voltage. For electron doping the position of the 2D
peak does not change until high voltages, while for hole doping the shift in its position is
more pronounced. The position of the G peak shifts visibly for both types of doping. The
peak intensity also shows a characteristic trend with the level of doping [33, 25].

Therefore, the operation of the setup was first evaluated by monitoring the evolution of
the position of the G peak of a sample of transferred graphene on SiO;/Si, as a function
of V. The trend followed by the G peak of graphene, shown in Figure 6.3a, is consistent
with the sign of the voltage applied [33]. This test demonstrated the functionality of the
system developed to modify the carrier density by IL gating. The experiment was then
repeated on graphene supported by Al,O3(0001). In this case, a background signal due to
the presence of the IL covers the Raman signal of graphene, as can be seen by comparing
the intensities of the spectra in Figure 6.3c. The lower Raman efficiency observed here
is due to a substrate effect [20, 21]. Overall, the lack of detectable spectral features for
both Al Oz-supported graphene and Xene did not allow further evaluation with this method.
Plasmonic devices were finally obtained by contacting the patterned samples. The Cr/Au
contacts were fabricated by opening a channel in the a-Al, O3 capping layer.

6.3 Optical characterization of plasmonic gratings

Light-plasmon coupling in Xene-based devices has been investigated using polarized FT-IR
spectroscopy. As reported in Section 2.3, for incident light polarized along the ribbons, the
optical response due to the charge carriers is similar to that of free electrons in a homogeneous
surface. In contrast, for incident light polarized perpendicular to the ribbons, the resulting
spectrum should show an optical absorption originating from plasmons. Transmission and

reflection configuration were combined in order to cover the IR spectral range between
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Fig. 6.3 Tonic liquid gating: a) Raman spectra of graphene on SiO,/Si, at values of Vg
between 2.1 V and -1.5 V. The grey line is a guide for the eyes whereas the dashed yellow
line indicates an IL peak [84] that does not change as a function of V. b) Picture of the setup
developed for the characterisation of Xene-based plasmonic devices. An opening for optical
transmission measurements is located in the centre (below the sample). ¢) Comparison of the
Raman spectrum of graphene on Al,O3(0001) with that of the same system covered with the
IL. The dashed yellow line indicates an IL peak.
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150 and 7000 cm~! (0.019-0.86 eV). The lower limit in this case was determined by the
efficiency of the polariser. Transmittance measurements were performed in the transparency
region of the substrate, while reflectance spectra were recorded in the Al,O3(0001) phonon
absorption region, between 300 and 1200 cm~!. An IR microscope coupled to the Bruker
Vertex interferometer was used as described in Section 3.3. All the spectra were acquired
in air and they were normalized to the optical response of the bare sapphire collected under
the same experimental conditions. Before discussing the preliminary results reported in this
section, it should be noted that the single side polished Al,O3(0001) substrate transmits up to

the 50% of the incident radiation in its transparency regions, as shown in Figure 6.4.
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Fig. 6.4 Measured transmittance spectrum of 500 pm-thick single side polished Al,O3(0001)
substrate. a) FIR spectral region, b) MIR spectral region.

The transmittance and reflectance were measured for two patterned configuration of Xene
on A, O3, namely Sn on graphene-Al,03(0001) and Si on Al,O3(0001). Different spectra
were also acquired under electrostatic doping. As can be seen from the representative spectra
reported in Figure 6.5, no plasmon-related spectral features were detected in this experimental
setup. Figure 6.5a shows the ratio 1-Rsumpie/Rsubstrare calculated from the reflectance of
patterned samples of graphene and 1nm Sn/graphene for the radiation electric field E parallel
to the ribbons, between 300 and 800 cm L. The trend of the two curves is almost flat, with
peaks around 500 cm~! falling in the middle of the phonon absorption region of the substrate.
Figure 6.5b presents the same quantity with E perpendicular to the ribbons. Although the
direction is the same as that of the reciprocal lattice vectors required for energy-momentum
conservation, no variation attributable to plasmonic excitation is observed. Transmission
measurements in the 50-300 and 1200-7000 cm~! ranges yielded similar results. In this case
the extinction coefficient £ = 1 — Tsgppie / Tsubstrate Was calculated from the correspondent
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Fig. 6.5 a-b) Normalized reflectance of Gr-A/,O3 and 1nm-thick Sn on Gr-Al, O3 patterned
samples with W=5um and period 2W. The direction (a- parallel and b-perpendicular to the
ribbons) of the radiation electric field is indicated. c-d) extinction coefficients of the same
samples measured as function of the applied gate voltage V,. The spectra are measured with
the radiation electric field applied perpendicularly to the ribbons.
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transmittance. The optical measurements on the patterned samples were then repeated by
controlling the carrier concentration using the ion-liquid top gate. The gate-dependent optical
response of Inm-Sn on graphene-Al, O3 is reported in Figure 6.5 c-d, with E perpendicular
to the ribbons. Although the trend of the extinction coefficients as a function of Vj; is flat,
the inset of Figure 6.5d shows a slight variation in the intensity of the spectra between 1000
and 4000 cm~!. At this level, it seems reasonable to attribute the variation in the intensity
of the signal to the water and not just to the water in the atmosphere [95]. In fact, water is
recognized as one of the most important impurities in ILs [131]. The ionic nature results in a
highly hygroscopic characteristic, the strength of which depends upon the exact cation-anion
combination [38].

In summary, starting from prototypes with already known behaviour (e.g. graphene-
based [79, 182]), the realisation of plasmonic devices has been systematically extended
to the Xene-on-Al;03(0001) platform. Experiments on graphene on Si0;/Si demonstrate
the operation of ionic liquid gating, but the reported preliminary results on the optical
characterization of the devices do not show any plasmon-related absorption. The study of the
plasmonic response of Xenes requires further investigation. Although the methods reported
here are widely used in the scientific community, there is certainly room for improvement.
Preliminary characterisations that provide information such as the carrier density in the 2D
materials or a more precise choice in the doping control system are some of the aspects that
will be addressed in the near future.



Conclusions

The advent of 2D materials has paved the way for the development of new technologies that
would have been inaccessible until recently. Miniaturisation and low power consumption
are the main drivers of this revolution, which is made possible by the existence of materials
that are similar to graphene, but with extremely heterogeneous properties. The reduced
dimensionality and the associated reduced dielectric screening of the Coulomb interactions
between charge carriers determine a strong light-matter interaction that can be exploited
in photonics and optoelectronics applications. Understanding the optical response of 2D
materials and developing strategies to control it is a key issue in this regard.

The main objective of this work was the optical characterisation of different configurations
based on silicon and tin nanosheets, within the 2D limit. To this end, I evaluated the
effectiveness of different strategies to limit the interactions between stanene-like and silicon-
like films and their native substrates. Specifically, two approaches were considered: the
use of a commensurate insulating substrate, such as A/;03(0001), and the engineering
of the Ag(111) substrate through the introduction of a low-interacting buffer layer. The
main achievements, together with some considerations on the feasibility of developing a
Xene-based plasmonic device, are reported in the following.

Xenes on A/, 03(0001)

The absorption spectrum of tin nanosheets was determined by combining optical measure-
ments in transmission and reflection mode over a spectral range from THz to UV. The main

results in this respect are:

a) The epitaxial growth of tin nanosheets on an optically transparent substrate;

b) An optical behaviour that is different from that of tin oxides and conventional elemental
tin phases;

c) Free-standing stanene signatures in the absorption spectra of the tin films.
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The data show how the systematic use of an optically transparent substrate such as
Al,03(0001) effectively allows the optical response of non-trivial materials to be measured at
the 2D limit. Epitaxial tin films differ from the more common oxide forms and the elemental
o and B phases in their optical behaviour. At the same time, regardless of the film growth
temperature, the absorption spectrum showed spectral features traceable to those expected
for stanene. Despite these promising results, the XPS spectra obtained during the growth
process revealed the presence of oxidized tin components.

A different strategy has therefore been considered in order to control the interaction
between tin and the Al,03(0001) substrate. This strategy consists of introducing a buffer
layer of a different nature between the Xene and the desired substrate. Tin nanosheets
were then grown on graphene-A/;03(0001) substrates by MBE. I have shown that this
configuration can prevent tin oxidation as demonstrated by the XPS analysis. The observed
optical response is consistent with the gray tin phase. Specifically, similarities with the a-Sn
spectrum, suggest the possibility of stabilizing this phase at room temperature using graphene
on Al,03(0001) as template.

Xene-based heterostructures

The introduction of an interlayer to limit the interaction with the substrate also proved to
be a successful strategy in the case of silicene grown on Ag(111). In this regard, the main

findings can be summarised as follows:
a) Decoupling of the silicene from the Ag substrate when introducing a layer of stanene;
b) Indirect access to the thermal response of silicene.

The reflectance measurements showed the absence of the spectral feature previously
attributed to electronic transitions between hybridized Si-Ag states when a layer of stanene
is placed between silicene and the Ag substrate. It was then possible to obtain information
about the thermal behaviour of the silicene-stanene on Ag(111) heterostructure by means of
the opto-thermal Raman spectroscopy. For the heterostructure, the position of the first-order
Si-related Raman peak was extracted as a function of the incident radiation power. The trend
was then compared with that obtained for silicene grown directly on Ag. Although it is an
indirect assessment of fundamental response functions such as thermal conductivity, these
observations can help to understand the properties and the potential of heterostructures and
their components. In addition, this study leads the way for the evaluation of photothermal ef-
fects in silicene, which are critical for its integration into optoelectronic and photonic devices.
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Plasmonic devices

A significant part of the research activity presented here has been devoted to the realization
of devices to measure the plasmonic response potentially due to Dirac electrons hosted by
Xenes. I focused on the a-Al; 03-Xene- Al;03(0001) configuration to test the feasibility of
transferring methods used in other two-dimensional system to a Xene-based platform. In par-
ticular, methods reported in the literature for determining the plasmonic response of graphene
were applied to capped samples of silicon and tin/graphene nanosheets on Al,03(0001). The
surface of the samples was patterned with periodic micro-ribbon arrays using a lithographic
mask I had designed. Various attempts have been made to optimise the etching process
by varying the concentration, geometry and exposure time of the etchant solutions. To
implement the ionic liquid gating, I realized a portable and reusable sample holder on a
printed circuit board (PCB) that would also allow optical transmission measurements to be
made. The temporary impossibility to electrically characterise the samples was circumvented
by exploiting the sensitivity of the Raman spectroscopy to graphene properties such as the
doping level. Periodic patterns were thus realised and the operation of ionic liquid gating on
graphene was demonstrated.

Finally, a preliminary optical characterisation of the plasmonic gratings were reported.
Although these results do not validate the Xenes-based platform, it may be helpful to analyse
the critical issues that arose during the implementation of the plasmonic device in order
to design new experiments. This is done by outlining the problems and proposing some

solutions:

 Poor control of etching processes. It is extremely puzzling to optimise wet etching
processes at such low thicknesses by adapting existing recipes, which were mainly
developed on 3D systems
— Moving to dry etching processes could lead to greater control and reproducibility

of the patterns;

* The efficiency of ionic liquids is affected by their interaction with atmospheric water
— using controlled environments (e. g., glove box), switching to ionic gels, selecting

the most suitable ionic liquids;

* The lack of electrical characterisation of the Xenes and other systems under investiga-
tion makes it difficult to properly identify gating effects on Xenes
— Preliminary characterisation and subsequent identification of the Fermi level.

With this in mind, it can be concluded that there is still room to evaluate the integration of

the Xene-on-Al>,03(0001) platform into a working plasmonic device.
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Appendix A

Methods for optical analysis

A.1 Applied models

FTIR spectroscopy, combined with NIR-UV spectroscopy, makes it possible to cover a
wide energy range. The measurable optical parameters are transmittance and reflectance as
function of photon energy which are defined as:

Ip() is the intensity of incident radiation, whereas I7(®) and Ig(®) are the intensities of
transmitted and reflected radiation by the sample under investigation. 7 (®) and R(®) can be
related to the microscopic optical properties of materials via the Fresnel’s equations. Before
defining and making explicit the Fresnel’ equations, it is worth to recall a general result
obtained by solving Maxwell’s equations and given in Chapter 3.2. The response of a media
under an electric field is fully described by (g, @) and 6(G, ®):

io(g,m)

e(g,o)=1
(¢, 0) =1+ s

(A.1)
€(g,w) and o (g, ®) represent the microscopic properties of matter and they can be defined
as complex quantities to take into account the propagation and dissipation of electromagnetic
waves. In the spectral range between FIR and UV, the radiation enabling to investigate
the response of excitations at § ~ 0 and thus to obtain information on the low-energy
electrodynamics.
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Solving Maxwell’s equations also yields other important relations such as the dispersion

relation between the complex wavevector ¢ and the frequency :

1,
124 (A.2)

where 7 is the versor along the ¢ direction. The complex refractive index appears in the

following relation:

0] 0] W 476
o Org i3 (A3)
C ()]

where n is the refractive index and « is the extinction coefficient. The last two quantities are

completely determined by the complex conductivity and dielectric function:

4oy
nz—K'ZZSIZI—

(A.4)

dnto
2nK = I

& (A.S)

On the other hand Fresnel’s equations describe the experimental optical function R(®)
and 7 (w) in terms of coefficients of reflection and transmission. These relations specify the
amplitude of the coefficients at the interface between two transparent homogeneous media
and they may be considered the starting point for making clear the close connection that
exists between R(w), T'(w) and the microscopic optical properties.

In the special configuration of normal incidence, Fresnel’s equations assume the form:

iy — Ay

F1y = A.6a
12 P ( )
o I75)

R (A.6b)

where 7i; and 71, represent the complex refractive index of the two media. Reflectance and

transmittance can then be expressed as:

I
R:f:yﬁ (A.7a)
0
I .
T:%:Jﬁ% (A.7b)

A material of thickness d, refractive index » and extinction coefficient x can be conceived as

a one-layer system. If this layer comes between two media (labeled by "1" and "3"), the total
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reflection and transmission coefficients of the whole system are respectively:

~ ~ 2i6
ryo+r23e
N3 = """ 5=~ 25 (A8a)
1+ Piaipze
A A 6
~ tiot3e’
13 = (A.8b)

1 + Piofp3e2i®
where the reflection and transmission coefficients of each interface are calculated according
to the Eq. A.6.
The complex angle 0 is defined as
iod
o0=Pp+—
B 2
Here B indicates a phase change and describes the ratio of material thickness and the
wavelength in the medium while « is the absorption coefficient that describes the attenuation
of wave. The general expression for reflectance and transmittance, considering the multiple
reflections and transmissions in a film of thickness d, will be:
(1—e %2 4 4% sin2 B

Rr =R A.9a
" (1 = Re~4)2 +- 4R~ sin? (B + ¢,) (A5)

_ [(1—R)?+4Rsin® r]e—*
Tr = (1 —Re=0d)2 4 4Re—d sinz(ﬁ o) (A.9b)

where R is the bulk reflectivity, ¢, and ¢, are the phase changes of the reflected and transmitted

wave and & and 3 have been defined before.

By now, the close relation between the macroscopic response and the optical constants
should be clear: the transmittance and reflectance, once known, can be used to retrieve
the refractive index or dielectric function. In general, this procedure can be repeated for
multilayer systems, but it results in complex expressions. Thus, excluding special cases in
which the equations can be simplified in accordance with the properties of the experiment (e.
g. thin film approximation [57]), the iterative calculation presented above is not the most
convenient method to use. The matrix method, where matrices describe the transformation
of two plane waves traveling in opposite directions between the layer and their development
within them, appears more general and it is suitable for use in algorithm implementation. In
this case reflection and transmission coefficients are represented as a product of matrices. The
RefFIT software, which is used here for the data analysis, apply the Harbecke’s approach [88,
67].
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A.1.1 Kramers-Kronig relations

In order to solve the systems of equations introduced in the previous section and thus
determine both components of complex optical functions, it is necessary to have both R(®)
and T (w) available at the same time. This is not always possible, e.g. due to absorption
phenomena. Kramers and Kronig (K-K) relations are involved in resolving this issue.

The K-K relations connect real and imaginary parts of any complex function that is analytic
in the upper half-plane[40]. In a linear physical system the analytical nature of a response
function is guaranteed by the principle of causality. Considering a complex function (i.e.
G=G(w)+ iG2(w)), the dispersion relations between its real and imaginary parts are given
by:

2 < Gz( )
= o' A.10b
REC T / w’z (A.10)

where the symbol & denotes the principal value 1ntegra1. Through these general relations
it is possible to derive the expressions connecting the real and imaginary parts of different
optical parameters and response functions. For the complex refractive index which has been

previously defined as 77 = n + ix, the dispersion relations are as follows:

2 [co'xo) | |
—1
k(@) = / o 2 ]da)’ (A.11b)
77:(0 a)’

The complex dielectric constant links the polarization in response to an applied electric field

to the displacement through the following equation:

47P(w) = [E(w) — 1]E() (A.12)

consequently (@) — 1 is the appropriate response function [40]:

o /2 /
e(@)— 1= %go/ O@) oy (A.13a)
N

&(w)=—

o0 32 n
ip/ o7& (@) 1] 4y (A.13b)
0
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Analog considerations can by made for the complex conductivity, the response function
which describes the relation between the current and the electric field in the Ohm’s law.
Therefore, for 6(w) = 01(w) +io(w), the dispersion relations which connect the real and
imaginary parts of the complex conductivity are the given by:

2 = 0 0y

61(60)2;&00 oo wz),d ' (A.14a)

2(0
o () = / w'2 wz,d’ (A.14b)

The equations (A.11)-(A.13)-(A.14) were implicitly used during data analysis with the
software RefFIT.

A.1.2 Drude-Lorentz model

The Drude-Lorentz approach consists in considering the linear response function of a material
as a superposition of several contributions related to different charge excitations: the Drude
contribution which represents the response of an electron gas to radiation and the contribution
of several Lorentz oscillators (such as in insulators).

In spite of these are classical models, they produce a good description of absorption and
dispersion of radiation in a solid [176].
As already seen in the chapter introducing plasmonics, the Drude model describes the
diffusive properties of a metal, following a plasma model, where a gas of free electron of
density n moves against a fixed background of positive ion cores, assuming an average time
relaxation T = 1/I'p. The Lorentz model, indeed, is used to describe the insulators response
where the valence electrons can be considered bonded to the nucleus. In this case the motion

equation corresponds to:
d2*

"z
where m is the electron mass. The Eq. A.15 defines the dynamics of a damped oscillating

+m}/——|—ma)0 7= —¢E (A.15)

system in which the local electric field acting on the electron as a driving force. The second
term on the left in the Eq. A.15 represents viscous damping and provides for an energy loss
mechanism, while the term [mmy27] is a Hooke’s law restoring force. If the electric field has
a time dependence expressed by e~/ the solution to Eq. A.15 has the form:

—eE /m
(w® — %) —iyw

Fw) = (A.16)
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The induced dipole moment for a sufficiently small displacement is defined as p(®) =
—eF(w) thus it can be written as:
¢*E 1

m (@2 — 0?) — iy

p= — &(w)E (A.17)
where & () is the atomic polarizability. The macroscopic polarizability is then the sum over
all charge carriers per unit volume: P = N &(w)ff . At this point the displacement vector can
be generalized as follows:

—

D(0) = &(0)E = E +4nP(0) (A.18)

Now, using the last equation and the macroscopic polarizability expression, the dielectric
complex function is (@) = 1 +4nNé& (). Finally, making clear &(®), the complex
dielectric function in terms of oscillator parameters becomes:

ATNe? 1 S,

=1
m (-0 o (o - o?)—ioy

Ew)=1+

S, describes the oscillator strength and it is defined as:

1
4nNe?\ 2
Sel:( e ) (A.20)
m

Once &(w) is known, the relations defined above in the Egs. A.4 and A.5 can be used to
obtain the optical quantities of interest. The real part of optical conductivity for the Lorentz
model thus will be:

2 2
o1() = 2 dl (A21)

4n (0 — 02)2 + (07)?
Here it is assumed that each atom contributes one electron to the absorption process. However
the same atoms could contribute more than one electron and the dielectric functions becomes
the sum of several terms each of which participates with its own @y;. As it was stated
above, the Lorentz model is used to described the behavior of a bounded charge system
subject to dissipation phenomena. In the view of a quantum-mechanical interpretation this
model describes radiation absorption due to interband transition. Furthermore, the same
model can be used to describe the contribution to the dielectric function due to the IR active
optical phonons. In fact the transverse optical modes can produce a polarization and interact
with electromagnetic radiation [186]. In terms of oscillator parameters, the ionic oscillator



A.1 Applied models 125

strength is given by:
1
47N (Ze)?]?
Sph = m*
where m™ is the ion reduced mass, N is the density per unit volume and (Ze) is the ionic
charge.

Setting by 0 the oscillator frequency @y in the Eq. A.15, the Drude model for the treatment
of the free charges effect to the optical properties of a solid is obtained. Now the equation of
motion for a charge under the effect of an electric field is given by:

d°F dr .
— — = —¢FE A22
e D dt ¢ ( )
In this model the wave function for a free electron is uniformly distributed thus the field
acting on the electron is just the average field. The viscous damping term describes the
ordinary scattering of electrons associated with electrical resistivity and the mean free time
between collisions is defined as T = yp~! and it governs the relaxation of the system to

equilibrium. The complex dielectric function for the Drude model is given by:

2
Wp

Ew)=1- —(w2 o)

(A.23)
The quantity wp in Eq.A.23 is again the plasma frequency.
The contributions just introduced, which are due to free and bound carriers and due to

the ions, can be summed resulting in an expression for the complex dielectric function:

2 2
E(0) = £ — 20”.% +Y —— Sel; — Yy — S”’gf : (A.24)
0 —ipo = (0 — 0%) - %o > (@ ;> — w*) — iY@

The Eq. (A.24) contains the Drude term and an arbitrary number of Lorentz contributions.
The effect of other contributions at higher frequencies is included in €., which is assumed
to be real and frequency-independent in the range considered. This term comes from to the
limit &1 (@ — o) — 1.
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A.2 The RefFIT Software

In order to obtain the microscopic optical functions of Xenes, the reflectance and transmit-
tance spectra were analyzed through RefFIT. The primary goal of this software is to get
information about the complex dielectric function, considering that the linear macroscopic
optical characteristics of materials are completely determined by €. The spectral analysis
is done using the method of the K-K constrained variational fitting, where the ability of the
Kramers and Kronig analysis to extract the full spectral information is combined with the
robustness of the dispersion analysis based on a least-square fitting [86].

The optical properties reported in this work were achieved through a special model for
dielectric function capable to analyze the transmission and reflectance spectra coming from
a multilayer system. As stated at the beginning, analytical expressions can be used to link
the optical properties with transmittance and reflectance at normal incidence for a bilayer
system. Each layer can be described by a Drude-Lorentz model where the parameters @y, @,
and 7y represent the quantities discussed above. The adjustable parameters that characterize
the models of the dielectric function are varied in order to obtain the best match between the
experimental and calculated data points. The curve fitting process, in this respect, is to all

intent and purpose an optimization problem. A x? functional can be defined as:

X2 (p1,p2p) =Y - (A.25)

i

y (yi—f(xi,Pl,---pM))

Here it is supposed to have a set of N experimental data point {x;,y;,0;}, where x; is
the frequency, y; is the data value of reflectance or transmittance and o; is the data error

bar. Finally f(x;, p1,pum) is the yTOdd value as function of frequency and a set of internal
parameters. If it is assumed that all measured values y; are normally distributed, than the
best match would correspond to the minimal value of y2. The function f(x;, p1, py) is in
general a non-linear function of parameters so to perform the minimization of )2 functional
the so-called Lavenberg-Marquardt algorithm is used. The Lavenberg-Marquardt algorithm
is based on the self-adjustable balance between the two minimizing strategies: the gradient
descendent and the inverse Hessian methods. The first method relies on a moving in the

steepest descendent direction which is determined by the gradient defined as:

o 13}(2 . N yi_f(xhp],“'pM) af
Bi=—55—=) c? 9 p (53,1 P (A:20

To improve the fit, the parameters py are shifted by a quantity 8 p; where & p; corresponds to

the product between a constant and 3;. The ’steepest descent’ strategy becomes extremely
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inefficient close to the minimum, especially in the multi-parameter space. For this reason,
near the minimum, it is much better to assume that the function to be minimized has almost
parabolic shape determined by the Hessian defined as follows:

(A.27)

1 9%y2 N1 (df(xi,pi,-.. df(xi,p1,...
Ol X :Zﬁ{ J(xi,p1,--pu) 9f (xi, p1 PM)}
~ o

B 5 aPk3191 3Pk 31?1

1

Here the second order derivative term is neglected because it is not important near the
minimum and may even destabilize the fitting process. The displacement vector 0 py is

determined from the linear system:

M
2 04 dp; =P (A.28)

It is important to focus on the parameters which are generally measured in different units. In

order to obtain dimensionless quantities a normalization of the constant can be introduced:

Spp— constant B (A.29)

Okk
At this point, defining an o-matrix as oy, = oy(1 + 6yA) where A is a dimensionless
constant, it is possible to move from one method to another. The matrix & can be replaced
with @’ in the Equation [A.28]. In this way, for A << 1 the inverse Hessian technique is
taken into account while for A >> 1 the off-diagonal elements can be almost neglected and

the solution of the equation
M
) o Spi = B (A.30)
i

becomes

Bk Bk
5pk_o‘_/£k_m (A.31)
The equation (A.31) has the same form as equation (A.29). It means that by increasing the
parameter A the "steepest descendent" limit is approached. The minimization process is
iterative and stops when the stop criteria are satisfied.

The Lavenberg-Marquardt algorithm may easily handle models that contain a huge number
of parameters because the number of iterations, needed to reach the minimum, it is not
significantly influenced by them. It rather depends on the adequacy of the model to the
experimental data and the success of the initial approximation [88].

It is important to emphasize that any realistic dielectric function complies the Kramers-

Kronig relations. It implies that only one of the two function €; (®) and & () is independent.
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If the physical system is characterized by an optical response which is defined as sum of
different terms due to the presence of independent subsystem, then the Kramers-Kronig
relations must holds for each contribution separately. In addition &(®) ought to satisfy
certain physical conditions. In particular € (®) = €;(—®) and &(®) = —&(—w), hence
it is sufficient to model &(®) for @ > 0 only. Then, &(® > 0) > 0, which means that the
intensity of light cannot increase in the direction of propagation. The last requirement is that
at very high frequencies the optical properties of matter are the same as those vacuum thus
€1(w — o) =1and &(w — 0)=0.

In order to obtain a consistent model from which to get the optical conductivity, it was
useful to apply a two-step scheme. This allowed to address the problem of extrapolation,
typical also of the Kramers and Kronig analysis. First the experimental spectra is fitted by
a series of Drude-Lorentz oscillators, with a limited number of parameters. The associate
dielectric function model described, therefore, the major features of the experimental spectra
and it was possible to assume that the frequency dependence outside the considered spectral
range was right. In the second step the variational function is introduced. It consists in a
large number of oscillators (of the order of experimental points) with the task of extracting
the information model-independently. In this way the variational function can be seen as a
small correction which is able to fit the fine spectra details. Applying this method the result

is an analytical form for the optical functions of the analyzed samples.



Appendix B

Raman spectrum of graphene and silicene

B.1 Graphene

The structural and electronic properties of graphene are strongly reflected in its Raman
response, in some ways more so than for other materials. Graphene’s point group symmetry
(Dgyp,) 1s the same of graphite [122] but it has two atoms per unit cell. The irreducible
representation for the Brillouin zone centre I' in given by: Ay, + B, + Ey,, + E2, with one
degenerate in-plane optical mode E», and one out-of-plane optical mode By, [51]. The E,
phonons are Raman active whereas the By, phonon is neither Raman nor infrared active. In all
carbon based structure such as graphene, graphite and nanotubes, Raman processes involving
up to six phonons can be observed. Usually, however, the discussion is limited to one-
and two-phonon processes. Raman bands are easily recognised in the single-layer-graphene
spectrum (both supported and suspended). The G peak corresponds to the high-frequency E»,
phonon at I' point. In monolayer defect-free graphene only the G peak fulfils the symmetry
and wave vector conditions that a single-phonon mode must satisfy to be active. The D peak
is due to the transversal optical phonons around the K point of the Brillouin zone and it
is active by double resonance. Moreover, it is expected to be strongly dispersive with the
excitation energy due to the screening of atomic vibrations carried out by the electronic states
at the K point(Kohn anomaly) [141]. The same effect can also happen connecting two points
belonging to the same cone around the K point. This gives the so-called D’ peak. The 2D
(2D’) peak is the D (D’)-peak overtone. 2D and 2D’ peaks originate from a process where
momentum conservation is satisfied by two phonons with opposite wavevectors. Thus they
are always present, regardless of the presence of defects.

From the analysis of the intensity, frequency and line width of the characteristic G, D and
2D Raman modes, information about the quality, doping level and strain to which graphene

is subject can be extracted. The line shape of the 2D peak is used to distinguish single-layer
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graphene from multilayered structures [53], while the strength of the D mode is indicative of
the degree of short range disorder in the sample. Both the frequency and the line width of the
G mode together with the 2D peak position, can be used to monitor the doping level [33, 25].
Finally, it should be stressed that often the doping observed for supported graphene arises

from the interaction of graphene with the substrate [14].

B.2 Silicene

This section briefly outlines the notable steps that led to the identification of the Raman
spectrum of silicene and highlights its main features. The vibrational properties of free-
standing silicene and silicene nano-roads were calculated by Scalise et al [148]. The Raman
active modes of silicene were derived from the phonon dispersion curve and identified by
analogy with those of graphene. Following their results, the Raman spectra of silicene are
characterized by a main peak at about 575 ecm ™! that corresponds to the degenerate in-plane
E», zone-centre phonon, whereas the D mode, was found to be located at around 515 em~ L
This optical mode, which is forbidden in the case of perfect sheets, is evident in the case of
defects and disorder as for graphene [23]. Although the experimental realisation of silicene
involves the introduction of a commensurate substrate, the agreement between the spectrum
calculated for free-standing silicene and that measured for silicene on Ag(111) is remarkable.
The Raman response reported by Cinquanta and co-workers [32] is dominated by a peak
located at 516 ¢m~! along with an asymmetric shoulder at lower frequencies (440-500
em™ ). The first feature was related to the E>, modes from different oriented domains.
Conversely, the shoulder is motivated by the interaction of disorder-activated modes (A, and
B»,) and traces of unreconstructed sp3 silicon. In particular, the Raman spectrum of silicene
is found to reflect its hybridized nature, resulting from a buckling-induced distortion of the
sp? hybridized structure. The Raman spectrum obtained in situ for silicene on Ag(111) and
reported in Ref. [152] shows narrow Raman modes at 175 em 1,216 em™ ' and 514 em ™!,
together with broad bands at 350 cm~! and 480 cm!, due to the co-existence of amorphous
Si. In this case, the lowest frequency peaks were associated with active Raman A modes,
which describe the out-of-plane displacement of Si atoms.

The Raman spectrum features of multilayer silicene have also been widely debated.
The topic of discussion concerns the idea that multilayer silicene may be described as a
trivial diamond-like phase [105, 17, 150] rather than a graphite-like phase. Work describing
multilayer silicene as films, growing in successive flat terraces (in analogy to multilayer
graphene), reports the main Raman peak to higher frequencies than that of bulk silicon [134,
60]. The blue-shift can be rationalized in terms of shorter Si-Si bond length with respect to
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the one of bulk Si(111), being consistent with mixed sp>-sp> bonds in multilayer silicene.
Overall, Raman spectroscopy is a powerful technique that can be used to confirm both the

2D nature and the distorted honeycomb symmetry of epitaxial silicene.
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