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Introduction

In the world of materials science, the mechanical exfoliation of graphene,
the well-known single layer of carbon atoms, certainly marked a turning
point date for all subsequent materials research [1, 2]. The extraordinary
properties predicted for the so-called two-dimensional (2D) materials
have led, in recent decades, to an ever-increasing interest of the scientific
community, which has turned into a huge production of appealing ma-
terials which differ in both properties and methods of synthesis [3]. In
general, the group includes materials formed by a single or a few atomic
layers which can range from insulators, e.g., hexagonal boron nitride
(h-BN) [4], to semiconductors, such as molybdenum disulfide (MoS2)
[5] and black phosphorus [6], or even to superconductors, e.g., niobium
diselenide (NbSe2) [7].
In this large heterogeneous group, there is a class of single-element 2D
materials which are called Xenes [8] precisely to recall the analogy with
graphene and, at the same time, to emphasize the substantial difference
with the latter one, since they are formed from X elements other than
carbon. Originally, this term was used to refer only to group IVA of
the periodic table, but in recent years it has also been extended to some
elements of the groups IIIA, VA and VIA. Their artificial nature also
outlines their main peculiarity, which is to be characterized by a pseudo-
planar lattice. This represents an additional degree of freedom called
buckling, namely the vertical displacement between the top and bottom
atoms, intrinsically related to a state of mixed sp2-sp3 hybridization [9].
This aspect can result in a high environmental instability of the materials
when exposed to ambient conditions and it represents one of the hardest
challenges to be faced when working with Xenes. It then becomes clear
that the substrate on which the material is grown plays a crucial role
both in its resulting properties and in terms of the interaction that affects
its subsequent device integration.
The purpose of this work of thesis is to study and investigate the actual
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manipulation of Xenes from a processing point of view, in order to dis-
cuss and solve the main issues toward the implementation into device
structures. In particular, the considered material will be silicon (result-
ing in silicene) because it is the most attractive in terms of integration
and compatibility with a large part of the existing technology, and tin
(resulting in stanene) which will be discussed and treated either as a
template layer for the silicene growth and as a promising 2D topological
material.
For each type of sample, the processing schemes are first developed and
optimized in order to provide access to characterization techniques used
to probe the materials properties.
The first issue that is presented is the stabilization of silicene out of
the ultra-high-vacuum system used for its synthesis. A first proposed
solution, based on a capping layer deposition directly after the growth,
such as an alumina layer [10], allows the Xenes to be stabilized and
protected in environmental condition. However, the problem occurs
again when the material has to be transferred from the growth substrate
to the desired one. By taking advantage of the interface engineering of
silicene-stanene heterostructures [11], the role of stanene as a sacrificial
layer against silicene degradation is tested, paving the way to the subse-
quent transfer to the device.
After dealing with the full stabilization, it is possible to exploit the sil-
icene properties by trying to prototype possible applications that best
suit its intrinsic characteristics. For example, it should be emphasized
as recently, in the 2D materials framework, there has been an increasing
research focused on flexible materials [12, 13], with the ultimate goal of
a completely bendable device scheme for sensing and strain engineering
applications. In this context, by exploiting the cleavable nature of the
growth substrate, the stabilized silicene can be an excellent alternative,
especially for what concerns the integration and compatibility with the
complementary metal-oxide semiconductor (CMOS) technology.
Finally, stanene is also regarded as a paradigmatic material from a topo-
logical point of view and, in particular, it will be treated in the form of
few-layer stanene to try to assess its nontrivial properties.



Chapter 1

Two-dimensional materials

In order to give the most general possible definition for two-dimensional
(2D) materials, it can be stated that they refer to a set of crystalline
materials consisting of a single layer of atoms. Despite their simple
and straightforward definition, actually their handling and processing
always present new challenges and non-trivial difficulties to consider,
especially when the aim is to try to integrate them into a working device:
most of them are related to the interaction which the material has with
the external environment and the substrate, its quality and the precise
control of its interfaces. However, although difficult to manipulate,
the exceptional properties that arise when dimensionality is reduced,
such as high carrier mobility [14], a tunable bandgap [15], non-linear
optical properties [16] or mechanical elasticity [17], combined with the
technological progress which inevitably requires ever more extreme
miniaturization, lead to an ever wider study of them.

1.1 Overview of the 2D world

Since the exfoliation of graphene [1], the class of 2D materials has seen an
impressive increase, both in terms of material types and synthesis meth-
ods (see Figure 1.1a). On this last aspect, the first major distinction can
be made by identifying a top-down approach, thus based on obtaining
the material from the solid bulk through physical or chemical processes,
from a bottom-up strategy, which basically involves the direct growth
of the material itself by means of physical and chemical depositions (as
schematized in Fig. 1.1b).
The positive aspects of the top-down approach are practically the ease
of execution, the low cost, and the versatility of this method that allows



4 Two-dimensional materials

the material to be transferred to any desired substrate. In this case, some
of the most commonly used techniques are, for example, the mechanical
or liquid-phase exfoliation. The biggest disadvantage, however, relates
to the low yield and, especially, to the randomness of the entire process,
which does not allow for full control over some key parameters, such as
thickness. It should also be emphasized that this method is only suitable
to those bulk crystals which have a layered structure and, as we will see
in the case of Xenes, is therefore not applicable to every type of material.

Figure 1.1: (a) Classification of the main types of 2D materials Adapted

from Ref. [18]. (b) Schematic summary of the main fabrication methods of

2D materials in the case of bottom-up and top-down approaches.

On the other hand, the bottom-up strategy, based on the growth of
the material from the fundamental atomic or molecular level, is more
oriented to the mass production horizon. The most commonly used
techniques in this context are Chemical Vapor Deposition (CVD) and
Physical Vapor Deposition (PVD). However, like any other method, also
in this case there are negative aspects and challenges which are mainly
related to the actual cost of the technologies employed, the special care
required during the growth and the choice of suitable technologically
relevant substrates.
With regard to graphene, for example, both approaches are feasible. In
2004, graphene was first mechanically exfoliated from graphite [1], but
at the same time, various methods have been investigated to achieve
large-scale growth by CVD [19, 20]. In many aspects, graphene is an
outstanding 2D material, thanks to both its properties and the whole re-
search that has subsequently resulted. Its crystal structure is honeycomb-
like and consists of sp2-hybridized carbon atoms that thus form a perfect
planar lattice, as shown in Fig. 1.2a. Concerning the electrical properties,
it is a zero-gap semimetal where, therefore, the valence and conduction
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band merge at the Dirac points, which are characterized by a local linear
dispersion [21].
Its extraordinary properties are related to its high carrier mobility [22, 23],
tunable optical properties [24], its strength [25] and high thermal conduc-
tivity [26]. At the same time, the missing gap represents a very limiting
factor from the aspect of applications and, although it is possible to tune
the band structure through different techniques [27, 28], there has been
no actual breakthrough over the years.

Figure 1.2: Atomic model of the lattice structure of (a) graphene and (b)

transitional metal dichalcogenides (TMDs). Adapted from Ref. [29].

Beyond graphene, however, there are other groups of similar crystalline
2D materials which may have completely different properties [30]. A
significant group is represented, for example, by the layered van der
Waals crystals which can easily be mechanically or chemically exfoliated
to obtain single and few layers 2D materials. Their crystal structure
is composed of layers of atoms covalently or ionically bonded, while
the different layers are held together by weak van der Waals bonds
perpendicular to the layers axis, which allows their easy exfoliation.
This group includes, for instance, the transition-metal dichalcogenides
(TMDs) which are atomically thin materials composed of one layer of
transition-metal M atoms sandwiched between two layers of chalco-
gen atoms X, with typical MX2 stoichiometry (see Figure 1.2b). The
most common and studied ones are molybdenum disulfide (MoS2) [31],
molybdenum ditelluride (MoTe2) [32] or tungsten disulfide (WS2) [33].
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In particular, these are semiconductive with a tunable and thickness-
dependent bandgap, which is typically between 1 and 2.2 eV and, hence,
is very convenient in nanoelectronic [34] and optoelectronic [35] applica-
tions.
Another type of 2D material that belongs to the family of van der Waals
solids is the hexagonal boron nitride (h-BN) [36], characterized by a
wide bandgap of ∼ 6 eV which makes it an ideal candidate for electrical
insulation and, specifically, a great gate insulating layer for graphene
[37].
Finally, it is also possible to add other types of materials to the list of
2D layered solids that attract a lot of attention due to their potential
topological properties [38], represented by other chalcogenides such as
Bi2Te3 [39] and Sb2Te3 [40].
It should be remembered in general, that all the 2D materials presented
so far can be obtained either through a top-down approach, due to their
layered nature, but also through the bottom-up method. It is clear that,
with the increase of interest in them, the problem of scalability becomes a
challenge to be faced if the aim is to target industrial applications. So far,
the most widely used method of synthesis, for most of them, is growth
by CVD, although perfect control of the growth process is not always
easy to achieve and problems related to the non-uniform thickness and
the defects presence have to be taken into account.

1.2 The Xenes generation

The 2D world is experiencing a continuous expansion and among its
members, here we focus on the class of elementary 2D crystals, termed
Xenes (see Fig. 1.3a), which possess a honeycomb-like lattice structure
similar to that of graphene and which has seen the discovery and expan-
sion in the last decade. Originally, the term was used to refer only to the
elements of group 14 of the periodic table (in particular Si, Ge and Sn
resulting in silicene, germanene and stanene, respectively) characterized
by the absence of a bulk crystal from which exfoliate layers, and there-
fore only achievable by means of 2D crystal growth. These elements
gave rise to the first-generation Xenes and the key technique in this case,
as described further below, is growth by epitaxy.
Recently, the class of the Xenes has been extended to include other el-
ements from groups 13, 15 and 16 of the periodic table that have an
electronic configuration different from carbon and which can also be
obtained by methods different from epitaxy, such as CVD. In Figure 1.3a
the main types of Xenes discovered to date are shown. Anyway, in this



1.2. The Xenes generation 7

thesis work, only Xenes belonging to the first generation will be treated,
specifically silicene and stanene, and the only growth technique used
will be through epitaxy (see Chapter 2). The main feature of this group
of materials is to have, compared with the flat structure of graphene,
a buckled structure, where the hexagonal symmetry is still preserved
(Figure 1.3b).

Figure 1.3: (a) Periodic table where elements of 2D monoelemental crys-

tals are highlighted and their respective methods of synthesis are given.

(b) Typical buckled lattice structure of silicene, germanene and stanene.

(c) Sketch of the evolution of the hybridization from sp2 to sp3. Adapted

respectively from Ref. [8, 29, 41].

This additional degree of freedom represented by buckling ∆ (see Figure
1.3c) originates from the state of hybridization and, while graphene is
characterized by a complete sp2 hybridization, in the case of the Xenes,
a mixed sp2-sp3 hybridization of the atomic orbitals occurs and repre-
sents the most favorable energy condition [42]. This peculiarity is what
causes high environmental reactivity that results in rapid oxidation and
degradation when the material is exposed to air. As will be seen later,
the stability issue will be a key element to be taken into account during
all the fabrication processes leading up to the realization of a device,
and it is definitely one of the toughest challenges that I faced out in
the present work. It should be noted that the process is favored when
the grown material has a reduced thickness, compared to a multilayer
growth where the first layers can be seen as sacrificial slowing down
or inhibiting the degradation [43]. One possible solution, which has
been employed over the years, is the post-growth encapsulation with
a non-reactive protective layer [44, 45], which allows the sample to be
handled outside of the growth vacuum conditions.
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In the following, the essential aspects regarding silicene and stanene, as
the main Xenes addressed in the present work, are reported.

1.2.1 Silicene properties

The atomic structure of what would later be termed as silicene was first
theoretically predicted in 1994 through first-principles calculations [46]
which showed that, in contrast to C atoms, in the case of Si and Ge,
the atoms prefer to be arranged in a corrugated structure, as shown in
Figure 1.4a, where the symmetry D6h changes to the D3d one. After the
discovery of graphene [1], interest in this type of materials grew over
the years and, first through tight-binding models [47] and, later through
density functional theory (DFT) calculations [48], the electronic structure
of silicene was also theorized. As mentioned before, silicene has the
same honeycomb lattice structure of graphene with the only difference
consisting in the presence of a vertical displacement perpendicular to
the plane, which is relative to the sp3 bonding.
In particular, two configurations more stable than the flat structure can
be identified: a low-buckled (LB) one which corresponds to a partial
sp2-sp3 hybridization with a buckling parameter of ∆LB = 0.44 Å and a
high-buckled (HB) configuration, predominantly sp3-like, with ∆HB =
2 Å. Although, from an energetic point of view, the HB configuration
appears to be at lower energy, the phonon modes actually exhibit imag-
inary frequencies in most directions of the Brillouin zone, turning out
that the LB configuration is the most stable one. This type of structure,
with a lattice constant a ∼ 3.8 Å, induces the pz orbitals to combine with
the s orbitals, resulting in a σ and π bands coupling.
This configuration shows a semimetallic character, where the π and π∗

bands cross the Fermi level E f resulting in a linear dispersion at the
K and K’ points (see Figure 1.4b), namely a Dirac cone, with a Fermi
velocity of ∼ 106 m/s [49].
From the experimental point of view, it should be noted that the lattice
structure shown in Figure 1.4a refers to the freestanding form of silicene
and, hence, the realization by means of growth techniques inevitably
presents considerable differences. In fact, growth by epitaxy [50] neces-
sarily takes place on a substrate that also plays a fundamental role in
defining the properties of the material grown.
Not all substrates can be suitable for growth, as this only takes place
in the case of commensurability between substrate and grown material,
and the final atomic arrangement of the Xene will depend on the lattice
match. For this reason, silicene itself has a polymorphic nature charac-
terized by different deformed structures, each governed by hexagonal
symmetries, which often coexist, even in the case of the same substrate,
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and thus regarded as silicene phases.
The majority of the substrates used so far are metallic [51, 52, 53] and, in
this thesis work, the material used as a template is Ag(111), which can be
considered as the most investigated one since its hexagonal surface unit
cell is nearly commensurate with the silicene one [54, 55]. Depending
on different growth parameters, when silicene is grown on Ag(111),
there are several possible phases [55, 56, 57, 58, 59], which over the years
have been simulated and experimentally observed, for instance, through
Scanning Tunneling Microscopy (STM).

Figure 1.4: (a) Atomic structure of silicene where the buckling parameter

∆ and the hexagonal lattice constant α are highlighted. (b) Calculated

band structure of silicene. (c) Top and side representations of the 4 ×
4, 2

√
3 × 2

√
3 and

√
13 ×

√
13 silicene superstructures on Ag(111).

Adapted respectively from Ref. [60, 49, 61].

Structural models, obtained through DFT calculations, are illustrated in
Figure 1.4c and respectively predict three representative silicene phases
on Ag(111) denoted as 4 × 4, 2

√
3 × 2

√
3 and

√
13 ×

√
13. The common

phase expression is based on the Wood notation [62] and identifies the
size of the silicene supercell with respect to the Ag(111) surface unit
cell, but omits, for the sake of clarity, the orientation with respect to
the Ag[110] axis (which is respectively 0◦, 30◦ and 13.9◦). These are
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just some of the multiple superstructures in which silicene can arrange
itself when grown, in general, on metallic substrates. Although complex,
several efforts have been made to define phase diagrams [63, 64] and
predict the structural evolution of silicene as a function of the two key
growth parameters, namely temperature and time of deposition: the
balance of these parameters aiming a single phase selection leads to a
non-trivial complexity of the Xene growth processing.
The as-grown silicene also differs from the freestanding case in terms
of electronic properties since the interaction with the substrate must be
taken into account. The metal substrate greatly influences the silicene
electronic behaviour leading to a strong hybridization resulting in phase-
dependent electronic structure for the supported silicene [65, 66, 54].
Hence, the interaction with the substrate poses a great challenge in the
realization of a device since the actual decoupling is basically a non-
trivial task.
This issue motivates the use, in the present work, of Ag(111) on mica
substrate which in principle, after an ad-hoc transfer process, allows
the thin layer of Ag (∼ 300 nm) to be employed for electrical contacts
acting on an Ag-free silicene conductive channel. At the same time, the
problem of interaction with the substrate also opens the way for the
study of heterostructures in which different layers of Xenes can be used
as templates for the growth of silicene, in order to decouple it from the
metal substrate. To address this issue, among the samples taken into con-
sideration, I focused on silicene-stanene heterostructure configuration,
first realized in 2021 [11]. All these aspects are discussed in Chapter 3.

1.2.2 Stanene properties

If we consider the bulk state, it is possible to find tin (Sn) in two allotropic
forms: the first called α-Sn (or also grey tin), which corresponds to the
stable phase at low temperatures, and a second one called β-Sn (or also
white tin), which is obtained for temperature higher than 13.2 ◦C. The
former has a diamond structure (see Fig. 1.5a) and is a gapless semicon-
ductor, while the latter has a body-centred tetragonal structure and it is a
metal. In 2013, a single layer of α-Sn, called stanene [67], was proposed
and theorized for the first time. As can be seen in Figure 1.5b, stanene as
well as silicene exhibits a hexagonal honeycomb structure characterized
by a buckled shape with a lattice constant, obtained through DFT calcu-
lations, of ∼ 4.6 Å. As in the case of silicene, the used synthesis technique
is growth by epitaxy, and the first experimental result was obtained on
the bismuth telluride substrate (Bi2Te3) [68] and, subsequently, also on
other materials such as indium antimonide (InSb) [69] and lead telluride
(PbTe) [70]. For each of these substrates, as demonstrated also by STM



1.2. The Xenes generation 11

images, the obtained stanene has a smaller lattice constant compared to
the simulated one, and the result is a lattice subjected to compressive
strain with a highly buckled configuration. Obtaining a flatter stanene
is possible if metallic substrates such as Ag(111) [71] or Cu(111) [72] are
used.

Figure 1.5: (a) Bulk structure of α-Sn. Single layer of α-Sn (111) is

highlighted by a black dotted rectangle. (b) Crystal structure for stanene.

(c) Band structure of stanene without (black dash-dotted lines) and with

(red solid lines) spin-orbital coupling. Adapted from Ref. [73, 67].

In Figure 1.5c it is shown the calculated stanene band structure. As can
be seen by observing the black dotted line, the bands cross linearly at
the K and K’ points, when spin-orbit coupling (SOC) is not considered.
On the other hand, when SOC is included, as in the case of the red solid
curve, there is a gap of ∼0.1 eV opening. Tin, indeed, is an element with
a large atomic number, in comparison with silicon or germanium, so it
has an intense SOC term which makes it a perfect candidate for being
considered a topological material [67], as discussed in detail in Chapter
6.
The topological character can come out only if the cubic symmetry of the
crustal lattice is broken and one way to get it is to take advantage of the
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strain induced by the substrate on which Sn is grown. The strain, in fact,
corresponds to applying a deformation to the material that changes the
geometrical structure of the crystal, which is then reflected in a change
in the electronic band structure and in a tuning of its physical properties.
First-principles calculations in the case of InSb(111) substrate [74] predict
that, in the case of compressive strain, a topological Dirac semimetal
(TDS) [75] can be obtained, while in the case of tensile strain, few-layer
stanene turns into a topological insulator (TI) [76].
It is interesting to note that a crossover between TDS and TI is possible
by exploiting quantum confinement, that is, by reducing the thickness of
the material of a 3D TDS to the 2D limit. In the case of Sn, the transition
from α-Sn, which can be treated as 3D TDS, to stanene, which can be
considered as 2D quantum spin Hall insulator, paves the way for many
thickness-dependent opportunities for the system Sn on InSb.

1.3 Motivation and thesis outline

It is evident that Xenes have exceptional and interesting properties
to explore but, at the same time, they are difficult to manipulate if
compared to graphene or TMDs. The lack of their freestanding form
and the necessity to employ a substrate for the epitaxial growth poses
non-trivial challenges on two main fronts:

• the growth engineering, which requires the accurate control of
parameters and the choice of an appropriate substrate

• the post-growth processing, which can get complicated and be
necessary for characterization techniques or device architecture
integration.

In this thesis work, silicene and stanene will be considered in order
to investigate and solve the main issues toward the development of
device platforms. Considering the high compatibility of silicene with
all existing silicon-based technology, the scope of this work will focus
on solving the major problems related to its processing schemes. While,
since stanene is one of the most promising and attractive candidates
in the field of topological materials [74], it will be investigated in the
few-layer form through different types of characterizations.
The reason behind the study of these two materials is originated by the
fact that the specific choice of a substrate determines both the direction of
the potential application of Xenes and the development of the associated
processing steps. For this reason, on one hand, the silicene can be taken
as a case study to explore the possibility of growth and transfer of a
standard Xene configuration grown on a metallic substrate, and on the
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other hand, the few-layer stanene grown on a semiconductor substrate
can represent a paradigmatic example to investigate a direct approach
that allows processing the material without the need for transfer, as in
the case of solid-state physics applications.
Within this framework, the focal points of this thesis work are:

• studying and optimizing process procedures for handling Xenes;

• to present a possible solution for the stabilization of silicene in
environmental conditions;

• exploitation of silicene in possible applications as future perspec-
tives;

• characterization of stanene as a case study of Xene directly grown
on a semiconductor substrate.

As shown in Chapter 2, both types of samples are realized through
Molecular Beam Epitaxy (MBE), characterized through in-situ and ex-situ
techniques and prepared by means of common cleanroom fabrication
techniques. Chapter 3 presents the different types of configurations used
and defines the optimized transfer and processing procedures necessary
according to the specific purposes.
Then, the following Chapters deal with the results obtained, firstly, in
the case of silicene and finally for stanene. One of the main issues to ad-
dress in silicene respect is the stabilization out of the ultra-high-vacuum
system used for its deposition. In-situ encapsulation through capping
layer [10] is a partial solution that offers protection against degradation
in environmental conditions for ex-situ characterization, but it does not
ensure long-term stability when the silicene is stripped off from its na-
tive substrate and transferred to the target one. As shown in Chapter 4,
interface engineering of silicene-stanene heterostructures may provide
a new stabilization scheme in the pre-growth stage with benefits in the
processing step.
Moreover, from the perspective of possible applications, in recent years,
there has been an increasing interest in the study of 2D material-based
bendable systems that may constitute a background for flexible elec-
tronics and photonics [77, 12]. In this context, taking advantage of the
cleavable native substrate, which is epitaxial Ag(111) on mica, and the
effective encapsulation method, silicene and its heterostructures can be
promising candidates, as presented in Chapter 5.
Finally, in Chapter 6, the topological properties related to stanene will
be discussed, performing different types of characterization carried out
in the case of few-layer stanene grown on indium antimonide (InSb)
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substrate.



Chapter 2

Xenes synthesis,
characterization and
processing techniques

The present Chapter provides an overview of the growth method used
for the synthesis of Xenes, i.e., through Molecular-Beam Epitaxy (MBE),
and of the main available in-situ and ex-situ characterization techniques.
Finally, some basic processing steps are explained, considering the avail-
able facilities in the CNR-IMM laboratories in Agrate Brianza.

2.1 Molecular-Beam Epitaxy growth

The MBE technique is one of the physical vapor deposition techniques
in which the material to be evaporated is supplied by heating a source
of the material itself (solid in this case), in order to have a uniform
deposition rate that will form a thin layer on the substrate. Although,
for some Xenes, other synthesis routes can be followed, such as liquid
exfoliation or vapor transport deposition, epitaxy is still the technique
that provides extreme atomic precision, high quality and scalability. It is
worth mentioning, in particular, how for this same technique there are
three different methods to achieve growth, which are defined as:

• epitaxy by deposition: this type of growth is characterized by the
condensation of molten material on the substrate, occurring in
a self-organizing way. In this case, silicene on silver is the most
typical example [78, 79];
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• epitaxy by segregation: this method, used, for instance, in the case of
germanene on silver [80], involves the interdiffusion of the atoms
from a substrate, which represents the material reservoir, placed
below the growth surface;

• epitaxy by intercalation: in this last case, the material is evaporated
onto a matrix crystal, which can be either crossed by atoms to form
a sheet of material on its surface or reactive to form a crystalline
film with a Zintl phase, where the material is placed between two
metallic layers. An example is given by silicides, such as SrSi2,
realized on silicon substrate [81].

The vacuum conditions play a key role during the entire process, and
it is only thanks to these that it is possible to grow high-purity thin
films. Growth takes place under ultra-high vacuum (UHV) conditions
(i.e. ∼ 10−10 mbar) and the deposition rates are so low as to allow the
growth of stacks of different materials. UHV conditions are continuously
monitored through a Residual Gas Analyzer (RGA).
The Xenes samples considered in the present work are realized through
epitaxy by deposition, and the following Chapter 3 will discuss the dif-
ferent realized configurations, giving details of the growth parameters
employed in each case. Two different types of MBE systems have been
used and, in particular, the LAB10 MBE from Scienta-Omicron is used
for the growth of silicene and stanene (Figure 2.1a), while the growth of
few-layer stanene takes place in the Omicron NanoTechnology GmbH
system (Figure 2.1b).
The basic operating principle for both is almost identical, while they dif-
fer in terms of in-situ surface analysis techniques, which will be shown
in the next Section 2.2. The first MBE system basically consists of three
interconnected chambers, namely the loading chamber (in yellow in Fig.
2.1a), the preparation chamber (in violet) and the growth chamber (in
red), in each of which the position of the sample can be moved by means
of high-precision manipulators. In this system, the growth chamber is
equipped with an apparatus for Low Energy Electron Diffraction (LEED)
and Auger Electron Spectroscopy (AES). Also the second MBE system
has three interconnected chambers but, in this case, they correspond to
preparation (in red in Fig. 2.1b), analysis (in blue) and Scanning Probe
Microscopy (in green) chambers. The preparation chamber holds the
MBE evaporators and a Reflection of High-Energy Electron Diffraction
(RHEED) apparatus, while the analysis chamber is equipped with X-ray
Photoelectron Spectroscopy (XPS) system. The last chamber, on the other
hand, is dedicated exclusively to the Scanning Probe Microscope (SPM)
techniques.
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Generally, before growth, the preparation of the substrate surface takes
place through several cycles of sputtering with Ar+ ions and high tem-
peratures annealing. After this step, the actual growth occurs: the basic
principle is always the heating of the material inside a crucible but, ac-
cording to the type of material, different evaporation mechanisms can
be used, such as Knudsen-cells (which are effusion cells), electron bom-
bardment or sublimation. The evaporation rate is carefully controlled by
changing the growth parameters and it is calibrated through a quartz
microbalance.

Figure 2.1: Images of the two MBE systems. (a) Image of ScientaOmicron

LAB10 MBE system, where the loading chamber, the preparation chamber

and the growth chamber are highlighted in yellow, violet and red respec-

tively. (b) Image of Omicron NanoTechnology GmbH MBE system, where

preparation (growth), analysis and SPM chambers are highlighted in red,

blue and green, respectively.

2.2 In-situ characterizations

Although the two MBE systems are equipped with instruments for
different in-situ characterizations, only the main techniques used for the
samples under consideration will be actually discussed, specifically XPS
and LEED techniques.

2.2.1 X-ray Photoelectron Spectroscopy

XPS is a surface analysis technique widely used in several fields. The
operation principle is based on X-ray irradiation of the sample and
the consecutive collection of electrons emitted from the core levels of
the material by the photoelectric effect, as shown in Figure 2.2. The
X-ray photon incident on the surface of the sample ionizes the core
electrons of the atom of the material, which then, after interacting with
the surrounding system, escape with a certain kinetic energy Ek. During
their path toward the surface, the electrons lose a part of their energy due
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to inelastic scattering interaction within the material, and only a portion
of them will reach the detector. This mechanism limits the escape depth
to a few nanometers below the sample surface making XPS a surface-
sensitive technique, as only photoelectrons close to the surface will have
enough residual energy to be emitted.
According to the Beer-Lambert law, the XPS sampling depth l can be
estimated as:

l ∼ 3λ(E) cos θ (2.1)

where λ(E) is the inelastic mean free path of the electrons of energy E
and θ is the take-off angle (TOA) measured from the sample plane. By
varying the TOA at which the electrons are detected from the surface,
for example by tilting the sample, it is possible to enhance the surface
contribution, which can play a major role in the 2D materials charac-
terization. In particular, one can identify a surface-sensitive condition,
characterized by relatively small values of TOA, and a bulk-sensitive
condition, realized with TOA values closer to the right angle.
It has to be noted, that after the photoelectrons emission, the system
presents a hole in the core energy level of the atom, hence, the kinetic en-
ergy of the emitted photoelectrons is also determined by the interaction
between the system and the potential created by the core hole. However,
by assuming this interaction as instantaneous (sudden-approximation),
the kinetic energy can be expressed as:

Ek = hν − |EB| − Φspec. (2.2)

where hν is the energy of the incident photon, EB is the binding energy of
the core level, conventionally expressed as a positive quantity (typically
referred to the Fermi level EF) and Φspec. is the spectrometer workfunc-
tion. Hence, by measuring the kinetic energies, one can directly derive
the binding energies.
A typical XPS spectrum represents the intensity (as counts per second)
as a function of the binding energy of the emitted core electrons and,
by identifying the peak positions, information on the material can be
obtained. The electrons collected, in fact, possess information about
the electronic structure and chemical state, characteristics that make it
possible to detect each element and identify both different atomic species
in chemical compounds and the chemical bond type between them.
XPS spectra typically consist of several peaks with different shape and
intensity, often overlapping each other, related to numerous physical
phenomena that take place in the analyzed sample. Generally, the ox-
idized component of an element appears as a higher binding energy
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contribution often relatively close to the the core-level peak. Hence, for
example, XPS can be used to determine the chemical state of a Xene that
has just been freshly grown but also after being processed. Specifically,
in this work, XPS has been used to identify Xenes degradation or interac-
tion with the substrate in terms of a change in the chemical state against
a change in the shape profile of the core-level line.

Figure 2.2: Energy level schematization illustrating the XPS binding

energy measurement. It should be noted that the kinetic energy in the

spectrometer is different due to a different workfunction compared to the

sample.

2.2.2 Low-Energy Electron Diffraction

The LEED technique is useful in analyzing surface crystallography, al-
lowing the determination of atomic positions at crystalline surfaces. It is
based on the diffraction by a crystal lattice of electrons which, impacting
on a fluorescent screen, create light patterns reproducing the reciprocal
lattice of the unit cell through which the symmetry and periodicity of
the material grown can be determined. A typical LEED characterization
experiment is shown in Figure 2.3a.
An electron beam with energies in the range of 20-300 eV impinges
perpendicularly on the surface of the sample. The electrons are back-
scattered passing through a system of grids placed before a hemispher-
ical fluorescent screen. The backscattered electrons will be either elas-
tically or inelastically diffracted. Thanks to the retarding grids, only
the elastically diffracted electrons will be accelerated toward the screen
and detected, creating a bright spots pattern which corresponds to a
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representation in the reciprocal space.
In terms of the physical underlying mechanisms [82], in a two-dimensional
system, if one defines in the real space the primitive translational vec-
tors as a and b, and a unit vector n normal to the surface then, in the
reciprocal space, it is possible to express the primitive reciprocal lattice
vectors as:

a∗ = 2π
b × n

a × b · n
(2.3)

b∗ = 2π
n × a

a × b · n
. (2.4)

Figure 2.3: (a) Schematization of a LEED experiment. (b) The corre-

sponding Ewald sphere construction. Taken from Ref. [83].

If the incoming and outgoing wavevectors parallel to the surface are
respectively named as kin∥ and kout∥, in addition to the condition of
energy conservation for the elastic scattering, which translates into
|kin| = |kout|, in order to obtain the diffraction pattern, it is necessary to
satisfy the constructive interference condition given by:

kout∥ = kin∥ + Ghk (2.5)

where h, k are integers and Ghk is any of the reciprocal lattice vectors
defined as:

Ghk = ha∗ + kb∗. (2.6)

This condition can be visualized through the construction of Ewald’s
sphere [84], shown in Figure 2.3b, noticing that, instead of reciprocal
lattice points, there are reciprocal lattice rods perpendicular to the surface.
In this way, the condition expressed in 2.5, is satisfied whenever the wave
vector kout terminates at the intersection of the sphere and a rod.
As shown in Chapter 3, in this work the LEED technique has been used
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to characterize the substrate before the growth and to understand the
crystal structure of the Xene layer, for example, in order to identify the
silicene reconstructions, such as those shown in Figure 1.4c.

2.3 Raman Spectroscopy

Raman spectroscopy is a well-known and powerful non-destructive
technique that can be used in various fields to characterize and identify
different materials. In general, when light interacts with matter, scat-
tering processes [85] can occur and, depending on the wavelength of
the scattered light, can be classified as elastic or inelastic. In the former
case, the frequency of the scattered light is the same as the incident
radiation (Rayleigh scattering), while in the latter case, it is different
and the process is called Raman scattering, as shown in Fig. 2.4. Since
the two frequencies are different, it means that after the interaction, the
outgoing photons may be more likely to have a lower energy (i.e., Stokes
Raman scattering) or, in minor cases, a higher one (i.e., anti-Stokes Ra-
man scattering).

Figure 2.4: Schematization of elastic and inelastic scattering processes of

light incident on a material. Ref [86].

There is, therefore, an energy transfer associated with vibrational or
rotational transitions of the material, that is related to a change of po-
larizability α, which provides valuable information about the material
properties.
Using a quantum approach [87, 88], the energy transfer caused by the
incident radiation E can be associated with a transition between discrete
energy levels that will be described by a wave function of the initial state
ψi and one of the final state ψ f . It can be therefore defined a transition
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moment given by:
µ
(1)
f i = ⟨ψ f |α|ψi⟩ · E (2.7)

where α indicates the polarizability tensor, whose matrix element, is
expressed as:

[αxy] f i = ⟨Φ f |αxy|Φi⟩ . (2.8)

In this case, the rotational part is ignored, hence Φ is the vibrational
wavefunction and, in the case of the harmonic oscillator model, it can
be expressed as: Φn = ∏

k
Φvn

k
(Qk) where vn

k is the vibrational quantum

number of a certain state n. Hence, considering the first-order approxi-
mation, it can be obtained:

[αxy] f i = (αxy)0 ⟨Φ f |Φi⟩+ ∑
k

(

∂αxy

∂Qk

)

0
⟨Φ f |Qk|Φi⟩ (2.9)

where (αxy)0 is the value at the equilibrium configuration and Qk are
the nuclear coordinates expressed in normal coordinates of vibrations.
In this equation, the first term expresses the Rayleigh scattering and it is
non-zero only if the quantum numbers of the initial and final state are
equal, while the second term is related to the Raman scattering. Thus, it
is possible to state that a vibrational mode is Raman active if at least one
element of the ∂αxy

∂Qk
tensor is non-zero, and in particular, in the harmonic

approximation, the vibrational quantum number must change according
to ∆vk = ±1, i.e., ∆vk = 1 for Stokes Raman scattering and ∆vk = −1 for
the anti-Stokes Raman scattering. More generally, however, it is possible
to identify selection rules governing the Raman scattering which are a
consequence of symmetry requirements that can be derived from group
theory: a transition between an initial state ψi and a final state ψ f is only
permitted if at least one element of the triple product ψiαxyψ f belongs to
a representation whose structure contains the totally symmetric species.
In general, the Raman scattering phenomenon is related to the degree
of crystallinity of the materials, showing sharp and intense peaks in the
case of crystalline materials, and resulting in broader and less intense
peaks in the case of amorphous materials. Moreover, apart from mate-
rials that are Raman inactive due to strictly symmetry-related issues, if
the material surface is characterized by the presence of many free elec-
trons, as in the case of metals, the laser light penetration can be limited,
resulting in a weak or even undetectable scattered signal (Raman silent
mode).
In the present work, Raman spectroscopy has been used for different pur-
poses, such as, for characterizing Xenes crystal quality after the growth,
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as a material control test after specific processing steps or as a probe to
quantify the level of stress/strain applied to the sample. Typically, the
basic apparatus for performing Raman spectroscopy consists of a laser
source that induces Raman scattering, a system for collecting the scat-
tered radiation, usually in backscattering configuration, a spectrometer
and a Charge Coupled Device (CCD) detector. A notch or edge filter is
usually used to eliminate the Rayleigh and anti-Stokes radiation so that
only the component of the Stokes scattered light is measured.
Lasers of different wavelengths can be used as sources, ranging from 500
nm to 1000 nm, but it should be noted that decreasing the wavelength
increases the likelihood of fluorescence phenomena [89], as it will be
treated in Chapter 3.
In this work, the Raman measurements are performed using a single
monochromator Renishaw InVia spectrometer in a backscattering con-
figuration with a continuous-wave 514 nm excitation coupled to a Leica
optical microscope equipped with different objectives and a motorized
translation stage which allows to obtaining micrometric spatial resolu-
tion.

2.4 Fabrication process

When the growth of the sample is completed and it is brought out of
the UHV conditions of MBE, depending on the type of characterization
or test to be performed, it is typically necessary to employ standard
fabrication processes, e.g., to make electrical contacts or to define a
specific geometrical structure. The two most commonly used fabrication
steps are explained below, while the next Chapter 3 will discuss in
detail how these techniques have been used in the device realization
procedures which have been tested and optimized.

2.4.1 Lithography technique

In general, lithography is a common technique through which it is
possible to print a pattern on a sample by exposing with electrons or
photons a polymer, called resist, which has been previously spin-coated
on the substrate. The effect of the exposure is to change the solubility
of the resist in a development solution with respect to the unexposed
resist. If the solubility is increased the resist is said to be positive, instead
if it decreases, the resist is said to be negative. After the development,
the result is a resist mask that can be used to perform chemical etching
or to evaporate metals. In the end, by removing the remaining resist, it
is possible to achieve the desired pattern. A scheme of this process is
described in Figure 2.5.
The main steps for any kind of lithographic process are:
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Figure 2.5: Schematic description of the lithographic process (electron

beam and optical) and the typical two possible next steps, i.e., etching or

metal deposition.

• cleaning: at the beginning of the process, the surface of the sample
has to be prepared by means of a pre-bake or by oxygen plasma
cleaning;

• spin-coating: the sample surface is covered with the resist, spin-
ning the sample on itself so as to obtain a thin uniform resist layer
(Fig. 2.5a);

• baking: the sample has to be backed on the hotplate in order to
completely dry the resist layer;

• exposure: the desired pattern is printed on the sample surface (this
step depends on the technology used but, in the most common
cases, the sample is irradiated with photons or electrons, see Fig.
2.5b);

• development: by immersing the sample in a specific acid solution
(i.e., the developer), the exposed (in case of positive resist) or
unexposed (negative resist) regions are removed (Fig. 2.5c);

• processing step: at this point, the two most common steps follow-
ing a lithographic process are chemical etching of the material (Fig.
2.5d) or metal deposition (Fig. 2.5e);

• resist removal: at the end, the resist left on the surface of the sample
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is removed by soaking in acetone.

In this work, the optical lithographies have been mainly performed with
Tabletop Maskless Aligner µMLA manufactured by Heidelberg Instru-
ments Mikrotechnik GmbH. It uses a LED with a wavelength of 390 nm
as source and the drawn pattern is directly exposed with a 2D spatial
light modulator (SLM). During the exposure, the sample is moved by
a motion stage under the optical unit, which projects the pattern to be
exposed onto the wafer surface.
However, some of the initial samples, i.e. the oldest ones, have been
lithographed through the Mask Aligner MJB4 manufactured by SUSS
MicroTec. The operating principle is the same, but in this case, the pat-
tern is not directly printed, but a transparent chrome photomask has to
be used. The chrome layer reproduces the desired pattern and, in this
way, the UV light directed towards the sample will only be transmitted
through metal-free regions, reproducing the pattern of the mask on the
sample surface.
Regardless of the employed technology, also for optical lithography, it is
possible to define the dose concept expressed in mJ/cm2. Compared to
other types of lithography techniques such as Electron Beam Lithogra-
phy (EBL), the advantages of this technology are the speed of the process
in the case of extended patterns, the absence of problems in the case
of insulating substrates and the overview camera through which it is
possible to inspect the sample before exposure.
As resist it is used AZ5214 reversal photoresist which, according to the
final goal, can be either positive or negative. Indeed, depending on the
upcoming process to be carried out, it should be emphasized that it
becomes fundamental to choose the correct type of resist. In fact, the
underlying chemical process is different and can affect the resist profile:
even if the desired result should be a resist with a vertical profile in order
to achieve the best pattern fidelity, it is actually relatively difficult to
obtain it.
In the case of a positive process, after development, the resist profile has
typically a positive slope (namely overcut profile, visible in an extreme
version in Figure 2.6a) caused by an attenuation that light undergoes
when penetrating the resist layer, which then results in a higher disso-
lution rate at the top and lower dissolution rate at the bottom of the
resist. Generally, this process is the one selected in case the sample needs
subsequent chemical etching.
Conversely, in the case of a negative tone, the most exposed regions,
i.e., those at the top, will be crosslinked at higher temperatures with
respect to those at the bottom, which will then have a higher dissolution
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Figure 2.6: Different photoresist profiles. (a) Overcut profile typical of

a positive-tone photoresist and (b) undercut profile generally associated

with a negative one. The latter is more suitable for the lift-off process.

rate. This produces a profile with a negative slope (namely, undercut
profile, see Figure 2.6b), which is ideal in the case of lift-off after metal
deposition (process described below).
The two types of tones also differ in process conditions. In the case of
positive resist the steps are the following:

• cleaning and dehydration of the sample carried out by acetone and
isopropanol and subsequent heating by the hot plate at 120 oC for
4 minutes;

• spin-coating of the resist on the surface at a speed of 6000 rpm for
30 seconds;

• tempering of the resist through the hot plate at 90 oC for 1 minute;

• exposure of the sample according to the desired pattern;

• development of lithography by developer AZ400K for ∼ 40 sec-
onds;

• if the sample has to undergo chemical attack by wet etching, then
a step of resist hard bake through hot plate at 120 oC for 3 minutes
is necessary in order to harden and make the resist durable.

On the other hand, to obtain a resist with a negative tone, the process
steps after the resist spin-coating are slightly different and in particular:

• the resist tempering, in this case, is performed on the hot plate at
110 oC for 1 minute;

• exposure of the sample according to the desired pattern;

• reversal bake of resist on the hot plate at 110 oC for 1 minute;
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• flood exposure with a higher dose value (two or three times higher
than the initial) for converting the unexposed areas into a devel-
opable form;

• development of lithography by developer AZ400K for ∼ 40 sec-
onds.

2.4.2 Metal deposition and lift-off

The metal deposition is realized using the electron-beam evaporation
system Auto 304 from Edwards. In this process, the sample is mounted
on a sample holder in the vacuum chamber of the evaporator. The mate-
rial to be evaporated is put in a crucible and, when the pressure inside
the chamber is sufficiently low (∼10−6 mbar), it is heated through the
electron beam and it is deposited on the sample surface until the desired
thickness is reached. When the metal evaporates its deposition rate is
measured by a quartz microbalance which can monitor rates of the order
of ∼ nm/s.
This procedure is repeated also for the other metals to be deposited. De-
pending on the type of material and the measurement to be performed,
different metals can be used; in this work, the pads are realized by first
depositing an adhesion layer of titanium of ∼ 5 nm followed by a gold
layer of ∼ 50 nm. The following step is the lift-off of the metal. This
procedure consists of immersing the sample in a becher full of acetone
in order to dissolve the resist mask, thus leaving only the metal pattern
corresponding to what has been previously lithographed. The sample
is immersed in acetone for a time sufficient to easily remove all metal
in excess by spraying acetone with a syringe on the surface. Finally, the
sample is rinsed with isopropanol and dried with nitrogen gas.





Chapter 3

Xenes configurations
enabling device fabrication
procedures

The purpose of this Chapter is to present the different types of investi-
gated samples and explain the relative processing procedures that have
been studied and optimized. The first part is concerned with silicene
samples, while the second one is related to the case of few-layer stanene.

3.1 Silicene and its heterostructures samples

The first samples to be presented are the silicene samples. In this case, the
substrate used is the commercial Ag(111)-on-mica substrate, supplied
by Mateck. The mica layer has a thickness of 300 µm, while the Ag film
is 300 nm thick. The silicene samples are grown in the Scienta Omicron
LAB10 MBE system described in Sec. 2.1.
Two types of sample configurations have been studied: silicene samples
grown directly on Ag(111), as shown in Fig. 3.1a, and silicene-stanene
heterostructures, where the stanene layer grown on Ag(111) is used as a
template for silicene growth, as reported in Fig. 3.1b. In both cases, the
silicene can be monolayer or multilayer. The general steps for realizing
the samples can be summarized as follows:

• substrate preparation: the Ag(111)-on-mica substrate is prepared
through several cycles of sputtering and annealing;

• growth of silicene samples (Fig. 3.1a): the silicene is directly grown
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on top of the silver layer, increasing the deposition time for the
multilayer growth;

• growth of heterostructure samples (Fig. 3.1b): the stanene is de-
posited on top of the silver layer and subsequently, the silicene is
grown on top of tin;

• encapsulation: the samples are protected through in-situ sequential
deposition of the capping layer.

Before the growth, the substrate preparation takes place through several
cycles of sputtering (through Ar+ ions bombardment) and annealing at
high temperature (∼ 550 oC), in order to clean the substrate surface from
organic contaminants and restore the crystalline periodicity.

Figure 3.1: Two configurations of the investigated samples. (a) Silicene

samples structure and (b) silicene-stanene heterostructure samples. Repre-

sentation not to scale.

Subsequently, depending on the type of sample to be realized, Xenes
growth is carried out by carefully controlling the temperature and depo-
sition time, keeping the substrate at 200±225 oC. After both the substrate
preparation and the growth of each Xene layer, the LEED pattern is
acquired in order to characterize the crystal structure of the surfaces.
The LEED patterns obtained are shown in Figure 3.2.
The first row of the Figure is referred to the case of Ag(111) as substrate
and, in particular: panel (a) shows the pattern of the prepared Ag:1×1
substrate showing the hexagonal symmetry, panel (b) reports the case of
monolayer silicene with mixed phases [64] (4×4 and

√
13×

√
13 R13.9o),

while panel (c) shows the pattern for the multilayer silicene, character-
ized by a

√
3 ×

√
3 R30o termination [90].

The second row, instead, refers to the case where the stanene on Ag(111)
is used as growth template and, in particular: panel (d) shows the re-
sult obtained for the stanene, with a

√
3 ×

√
3 R30o reconstruction on

the Ag(111) [71], while panels (e) and (f) are respectively showing the
monolayer and multilayer silicene grown on top the stanene, both char-
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acterized by a
√

3 ×
√

3 R30o superstructure.
After growth, the samples are protected against degradation by encapsu-
lation, carried out through in-situ sequential deposition of a 5 nm thick
Al2O3 capping layer, by means of reactive molecular beam deposition
[10]. The presence of the Al2O3 layer on top allows the sample to be
taken out of the MBE without damaging it, but at the same time, still
allows optical characterizations, such as Raman spectroscopy.

Figure 3.2: In-situ LEED characterization with the respective incidence

energies. Pattern obtained for (a) Ag:1×1 substrate (black circle), (b)

Pattern obtained for monolayer Si on Ag(111), where the yellow and violet

circles are mixed silicene phases (4×4 and
√

13 ×
√

13 R13.9o respec-

tively), (c) multilayer Si, grown on Ag(111), with
√

3 ×
√

3 R30o termi-

nation (orange circle), (d) Sn:
√

3 ×
√

3 R30o (blue circle) on Ag(111),(e)

monolayer Si on Sn and (f) multilayer Si on Sn, both with phase
√

3×
√

3
R30o (orange circles).

3.1.1 Raman characterization

The Raman technique is one of the most useful tools for characterizing
ex-situ the samples immediately after growth and encapsulation in the
MBE. In Figure 3.3 the top and bottom views of the sample surface are
shown together with the respective Raman characterization. Typically,
the samples have a size of about 1 cm2, but the growth of the material
takes place only in the region highlighted in red in Fig. 3.3, since the
samples are fixed to the sample holder by clamps (corresponding to the
region highlighted in black).
The Ag(111) layer has no Raman active modes (Fig. 3.3a), while mica
substrate, on the contrary, due to its chemical composition, has several
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Raman modes (Fig. 3.3c) characterized by complicated symmetries
[91]. As will be explained in Subsection 3.1.2, these two spectra are of
high importance during processing techniques because they can provide
a reference during sample delamination and transfer, but also in the
etching processes case.

Figure 3.3: Optical images of the top and bottom view of the sample with

the respective Raman characterization. In the top view, the silicene growth

region and the Ag(111) substrate areas are respectively highlighted in

red and black, while the bottom view shows the mica layer (highlighted

in blue). (a) Raman spectrum of Ag(111). (b) Fitted Raman spectrum

of silicene, where the raw data are the scattered points, the solid curve

is the corresponding fit result, and the two dashed curves show the two

components used in the fitting procedure. (c) Raman spectrum of mica.

The Raman spectrum of silicene (Fig. 3.3b) is generally characterized by
the main E2g peak, related to the symmetric stretching of Si-Si atoms in
planar hexagons and, depending on the specific silicene superstructure,
by minor components, at lower frequencies, of A1g and B2u symmetry
[42, 66]. In particular, the former is related to the intrinsic disorder
related to the non-uniform buckling, while the latter one is associated
with Kekule-distorted hexagonal rings, that together give rise to the
characteristic asymmetrical shoulder around 450-500 cm−1. Also the E2g

mode wavenumber is phase-dependent and it is located at 516 cm−1 for
the mixed phase including 4×4 and

√
13 ×

√
13 superstructures, or at

521 cm−1 for the 2
√

3 × 2
√

3 superstructure. Furthermore, it should be
mentioned that the first order Raman mode also depends on the specific
sample configuration: in the case of multilayer silicene samples, due to
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shorter Si-Si bond length [92], it is characterized by a frequency blue-
shift, compared to the monolayer case, which results in a peak around
522-525 cm−1. In order to perform the Raman analysis, the spectra are
fitted with two Voigt function components, through the WiRE (Windows-
based Raman Environment) software by Renishaw Ltd.

3.1.2 Transfer processes

After the realization of the sample, different types of processes have
been examined to investigate the properties of silicene or to integrate
it into some prototypical devices. One of the first processes tested is
based on the cleavable nature of mica which allows, through mechanical
delamination, to obtain a cm2 scale bendable sample that is sufficiently
deformable to study the effects of an applied strain on silicene.
As discussed in more detail in Chapter 5, flexible samples can be real-
ized starting from mono and multilayer silicene and silicene-stanene
heterostructures epitaxially supported by Ag(111) substrates and will be
referred to as bendable silicene membranes. The fabrication steps of the
bendable silicene membranes are summarized in Figure 3.4.

Figure 3.4: Schematization of the processing steps used for fabricating the

Xenes-based membranes. (a) After the Xenes growth and the deposition

of the Al2O3 capping layer, the sample is flipped for mica delamination

with (b) tweezers and (c) blue Nitto tape. (d) The sample is then flipped

back and attached on a flexible substrate (e) allowing characterization of

the properties of the bendable membranes under mechanical deformation.

From top to bottom, the starting sample configuration (Figure 3.4a)
includes Al2O3 capping layer, active Xenes layers (being silicene or
silicene-stanene), and the Ag(111)/mica substrate as a template. The
process starts by flipping back the whole stack and mechanically remov-
ing a bulk part of the native mica substrate (Figure 3.4b). Then, the
delamination is further refined by means of multiple scotch-tape (3MTM
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Blue Nitto tape) peelings, thus leaving only some residual layers of mica
(Figure 3.4c). Subsequently, the sample can be turned upside down
and attached to a secondary host-substrate, namely a flexible polymer
substrate, using a double-sided tape (Figure 3.4d-e).
In the present case, the polymer used as carrier substrate is a commer-
cial polyethylene terephthalate (PET) sheet which has been preferably
chosen for its good thermal and chemical stability [93, 94]. Anyway,
thanks to the chemical and structural stability of the Xenes layers in the
heterostructure, this transfer process is universally applicable to any
other kind of flexible substrates like amorphous (polycarbonate), semi-
crystalline thermoplastic polymers (polypropylene) or bio-compatible
and -resorbable materials (cellulose, collagen, silk fibroin) [12, 95, 96, 97].
In the time scale required to perform the lithography and lift-off pro-
cesses, the PET sheet is resistant to both temperature and the solvents
used, such as acetone and AZ400K developer. As a demonstration, a test
pattern has been lithographed directly on PET substrate, as shown in
Figure 3.5.

Figure 3.5: (a) Optical image of the defined PET substrate used for the

process. (b) Optical picture of the PET substrate after the optical resist

spin-coating, lithography execution and subsequent development in diluted

acid solution. (c) Optical image of the realized pattern (a microheater with

the XFab project logo) acquired through the optical microscope.

A second type of examined process aims to exploit the Ag(111) layer to
electrically contact the Xene layer. To do this, the samples are flipped
upside down and attached, through an adhesive layer, to a target sub-
strate, for example, a metal plate (Figure 3.6a). Mica is stripped off
with the help of a tweezer (Figure 3.6b) and the remaining residues are
cleaned up further through a stick and take-off procedure by using the
3MTM blue Nitto tape (Figure 3.6c). This step is repeated until the mica
removal is confirmed by close inspection through Raman spectroscopy
monitoring, as shown in Figure 3.7. After complete removal of the mica
residues (Figure 3.6d), the Ag can be selectively etched (Figure 3.6e) with
an optimized home-made solution (see Subsection 3.1.3). At this point,
the Ag layer can either be entirely etched off or patterned so as to realize
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electrical contacts through isolation trenches made of Ag itself.
Although this is a method that has already been demonstrated and pre-
sented in several cases [98, 99], it must be emphasized that it does not
represent a scalable process leading, for example, to a serial definition of
silicene devices.
The most challenging problem of this procedure is the detachment of
the mica from silver, which typically results in a very rough and dis-
connected surface of the latter, and severely limits the subsequent litho-
graphic process, as shown in Figure 3.8a-d.

Figure 3.6: Schematic representation of the process used for transfer and

delamination of the sample. (a) The sample is attached face-down to the

target substrate, for example, a metal plate. (b) A thick layer of mica is

removed by using a tweezer. (c) Mechanical delamination of residual mica

sheets is performed with 3MTM Blue Nitto tape. (d) Sample completely

free of mica leaves exposed the Ag layer. (e) After the chemical etching of

the Ag layer, the process is completed.

It is for this reason that a significant part of this thesis work was focused
on optimizing this delamination and transfer process, in order to obtain
a better and more uniform Ag surface which would allow the entire
process to be integrated into a scalable patterning scheme. In particular,
I defined and optimized a new process based on three steps of lithogra-
phy that can improve the final result and enable future advances in the
realization of Xene-based devices.
Typically, the fabrication of an operating Field-Effect Transistor (FET) is
a common test bench for the validation of any device integration scheme
that aims to assess the electrical properties of 2D materials. Hence, in
the following, it can be taken as an example the implementation of a
back-gate transistor device configuration, with a basic structure repre-
sented by two source and drain pads and a channel region composed of
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the Xene layer.
The problem underlying the previous method is based on the strong
adhesion present between the thick layer of mica and the Ag(111) grown
on it.
In contrast to the case of Au(111) deposited on mica, in which it is
possible to detach the two materials by simple immersion in water, in
the case of silver, there are no chemical solvents that can weaken the
adhesion bond and promote the complete detachment. This inevitably
complicates the process in the case of our samples because, by perform-
ing mechanical delamination, a large amount of strain is released into
the sample stack, in a random and uncontrollable way, making the Ag
surface strongly roughened (see Figure 3.8a and Appendix Afor further
details).

Figure 3.7: (a) Pictures of the mechanical delamination process of mica.

(b) Raman spectra acquired during mica delamination. The blue line

refers to the acquisition before the delamination, i.e., on bulk mica. The

light blue spectrum relates to the acquisition after several tape peelings

of mica substrate. The black line confirms that the mica residues have

been completely removed and, therefore, corresponds to the (Raman-silent)

Ag(111) spectrum.

This surface dramatically hurdles the lithography process and, above
all, affects the subsequent Ag etching step: in Figures 3.8b-d some of
the attempts to etch silver are shown, where the etching turns out to be
random or partially effective. In particular, this is the case of the first
two examples shown in Figures 3.8b and c, whereas in the third case of
Fig. 3.8d, it can be seen the process correctly completed.
The steps of the optimized method are shown in Figure 3.9. To favour
the total detachment of the mica layer, it is necessary to decrease the level
of in-plane strain by pre-defining the desired structures and isolating
them from each other by etching both the Xenes and the Ag layer into
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the surrounding regions (see Figure 3.9a-b).
Subsequently, a second aligned lithography step of the negative previous
pattern is performed (Fig. 3.9c), so that the following adhesive layer
is only present in contact with the sample regions (Fig. 3.9d). In this
way, in the remaining regions, the mechanical mica delamination will
be favoured, thus resulting in structures with a sufficiently smooth and
clean Ag surface (Fig. 3.9e) to be patterned.
The last aligned lithography step (Fig. 3.9f) is used to define the active
regions of the device, which therefore must be Ag-free; in the case in ex-
ample, this step corresponds to defining multiple transistors. Selectively
etching the silver results in the final realization of the sample, which is
ready to be electrically characterized (Fig. 3.9g).

Figure 3.8: Comparison of the previous method with the new optimized

method. (a) Optical image of Ag rough surface after mica delamination.

(b-d) Optical images of Ag etching attempts in the case of the contact

pad and stripes structures (highlighted in yellow). Only in the last case

(d) the Ag etching is successfully completed. (e) Optical image of the

completed sample surface after the new optimized processing scheme. (f)

Zoomed image of one of the realized structures, where it is possible to see

the channel region where the Ag has been etched, leaving the underlying

Xene.

As can be seen in Figure 3.8e-f, the silver surface is more homogeneous,
and it is possible to make several devices in series on a single sample,
thus demonstrating the scalability of the new process.
The success of the new method is based mostly on the second lithog-
raphy step, which allows the adhesive layer to be deposited only in
correspondence with the pre-defined structures and thus avoiding the
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surrounding regions. To demonstrate this, several preliminary tests have
been carried out by repeating the process by performing or avoiding the
second lithography step. The results are shown in Figure 3.10a-d.
In particular, in the panel on the left, it can be clearly seen how few parts
of the sample survive after the mechanical delamination of mica, and
the silver layer remaining is heavily wrinkled. On the right, however, it
can be noticed how the process including the second lithography step
allows for a higher yield and a more homogenous surface.
Furthermore, in Fig. 3.10e, Raman probing at the specific colored points
highlighted in Fig. 3.10d is reported.

Figure 3.9: Schematic representation of the new optimized processing

scheme for device realization. (a) The first lithography step is to define

individual structures. (b) Etching of the Al2O3-Xenes-Ag stack in the

exposed regions. (c) Second lithography step with the negative pattern.

(d) The sample is attached to the target substrate. (e) After completely

removing the mica, the sample is washed in acetone to remove the resist.

(f) The last lithography step is to define the regions where the Ag is to be

removed (in this example it corresponds silicene channels definition). (g)

After the Ag etching the completed sample is rinsed again in acetone to

remove the resist.

In the specific case shown in the Figure 3.10, a layer of epoxy glue was
used as the adhesive layer and its Raman spectrum is characterized by a
strong fluorescence background which also affects the silicene spectrum.
The fluorescence background is closely related to the process of absorp-
tion by molecules which, having been excited to higher electronic states,
emit fluorescence light while relaxing to their lowest vibrational level.
In the glue case, this phenomenon is also enhanced due to the thermal
degradation of the epoxy resin generated during heat curing. Although
the value of the Raman shift is independent of the laser wavelength, this
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phenomenon is closely linked to it, and one possible strategy to limit the
problems is to use near-IR or UV laser sources or through photobleach-
ing methods [100].
In our case, it is impossible to perform the latter process because it dam-
ages the Xene layer. Nonetheless, this effect does not affect the Raman
peak position, enabling us to achieve a satisfactory signal-to-noise ratio.
The overall so-generated background is corrected with a linear baseline
during the fitting procedure, as will be shown in Chapters 4 and 5.

Figure 3.10: Comparison of the results obtained without performing

the second step of lithography (a-b) and performing it (c-d). In the

panel (e) it is shown the Raman characterization of the sample after the

channel opening. The colored dots in (d indicate the positions of the Raman

spectrum acquisition where the black, red and grey colors refer respectively

to the Ag(111), silicene and glue regions.

Alternative solutions with respect to glue, are also possible. It can be
used a polymer layer, such as polymethyl methacrylate (PMMA), which,
being spin-coated, can be more easily controlled in terms of thickness
and subsequently used as a dielectric layer in a typical back-gated device
configuration. In case a more precise control over the dielectric layer is
desired, an additional solution is given by thickening the Al2O3 capping
layer, for example, by Atomic Layer Deposition (ALD) growth, and
either evaporating a metal layer on top or using directly a conductive
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paste as the back gate.
As a last option, to further improve the process and increase the clean-
liness and homogeneity of the surface, methods without an adhesive
layer can be used to hold the sample together with the target substrate.
Some possible alternative approaches are, for example, the cold weld-
ing process [101] based on the use of a metal layer, e.g., deposited on
top of the Al2O3 layer, in order to force the union, at elevated pressure
and temperatures, with a second metal layer evaporated on the target
substrate. Another possible way is represented by the low-temperature
direct bonding between the Al2O3 surface and a second Al2O3 layer
deposited on top of the target substrate [102].

3.1.3 Etching procedures

In order to implement the transfer processes described in the previous
Subsection 3.1.2, it is necessary to test and optimize the etching proce-
dures for each of the materials involved. As already explained in Section
3.1, the capping layer consists of an aluminum oxide layer approximately
5 nm thick. Due to its oxide nature, it can be etched with a so-called
Buffered Oxide Etchant (BOE) solution, which is commonly used in
microfabrication for controllable desired etching and is composed of a
mixture of hydrofluoric acid (HF) and ammonium fluoride (NH4F) in
different concentrations. Since in our specific case the thickness to be
etched is extremely low, the BOE solution used is prepared with the
following ratio:

BOEAl2O3 → NH4F : HF = 100 : 1 (3.1)

resulting in an etching rate of approximately 7 nm/min. As a prelim-
inary test, a striped pattern has been realized, resulting in regions of
Al2O3 alternating with regions of only silicene, as shown in Figure 3.11a.
The Al2O3 etching does not change the position of the Raman peak of
silicene, but it affects only its intensity, as demonstrated by the line-scan
mapping reported in Figure 3.11b. As can be seen from both the Scan-
ning Electron Microscopy (SEM) image and the linear Raman map, the
etched profile is not particularly sharp but shows a kind of thickness
gradient and this is unfortunately a general tendency in wet etching,
especially if the pattern has small features (for example, below 10 µm).
One possible way to avoid the problem would be to use dry etching
techniques through dedicated tools, instead of the wet methodology,
in order to gain greater etching control and a higher fidelity of pattern
replication.
In the case of 3D systems, wet etching can be defined as selective for
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a material if a particular solution has a significantly lower etching rate
when acting on other types of material. When dealing with 2D materi-
als, owing to extremely low thickness, the entire concept of selectivity
becomes relative and uncertain. For this reason, although BOE solution
is commonly used for selective etching of oxides compared, for exam-
ple, to bulk silicon, silicene and stanene can easily be etched if the BOE
used is more aggressive, such as with a ratio of NH4F : HF = 7 : 1, in
approximately 1 minute. However, in the particular case of multilayer
silicene, depending on thickness, it may be necessary to etch it through
the widely used solution of potassium hydroxide KOH (20 wt%), for
approximately 20 seconds.
Concerning the 300 nm thick Ag(111) layer, the chemical etching process
must be carefully tested and calibrated. The commercial Ag etchant so-
lutions based on nitric acid (HNO3) are not appropriate as they severely
damage the entire sample and are too fast to define a temporally con-
trolled etching process.

Figure 3.11: Characterization of the different etching steps. (a) SEM

image of a striped pattern alternating between regions where Al2O3 is

present and regions where it has been etched. In red is highlighted the

region of the line-scanning Raman mapping, shown in (b), to monitor the

intensity of the main silicene peak. (c) SEM image of a square region after

the etching of Al2O3 and silicene. In red is highlighted the region of the

line-scanning Raman mapping, shown in (d), to monitor the intensity of

the main silicene peak.

Conversely, solutions based on potassium iodide (KI) and iodine (I2)
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represent an excellent alternative since they can perform the Ag selective
etching without damaging the epitaxial Xene layers [99]. However, com-
mercial solutions of this type have typical etching rates of ∼ 1 µm/min
and, therefore, are too fast. At the same time, diluting the solution
leads to the formation of unwanted AgI salts as by-products [99] and,
moreover, significantly slows down the entire process resulting in an
incomplete removal of the Ag layer, which causes problems especially
when defining electrical contacts through insulation trenches.
To avoid these problems it is necessary to prepare a home-made solu-
tion obtained by dissolving KI and I2 powders in deionized (DI) water.
The resulting Ag etching rate strongly depends on the temperature and
concentration of the reagents. For example, higher concentrations of I2
compared to KI speed up the etching process but do not facilitate the
by-products dissolution, while the opposite improves the solubility of
the AgI salts [103]. For example, in the case of the etching in the Fig. 3.9b,
a faster and more aggressive Ag etching is preferred, contrary to the case
in Fig. 3.9g in which greater control is required to avoid damage to the
underlying materials. Specifically, in the latter case, the used solution
had the following molar concentrations:

[KI] = 5.13 mol/L and [I2] = 0.98 · 10−3 mol/L (3.2)

with an etching rate of ∼ 50 nm/min. It is worth mentioning that the
preparation of the solutions takes place under a chemical hood where
the KI powder is slowly added to a becher with DI water and stirred at
room temperature. Once the powder is completely dissolved, the small
amount of I2 is added, continuing to stir for several minutes until the I2
crystals are completely dissolved.

3.2 Few-layer stanene samples

The few-layer stanene samples are grown in the Omicron NanoTechnol-
ogy GmbH MBE system, described in Sec. 2.1, on undoped InSb(111)
substrate. Before the growth, the substrate is treated with several cycles
of sputtering and annealing so as to prepare the surface. Tin is evapo-
rated at a rate of ∼ 2 Å/min to the desired thickness (between 5 nm and
50 nm), keeping the substrate at room temperature.
Each sample is characterized by in-situ XPS performed before and after
the Sn growth. A non-monochromatized X-ray source (Mg anode, hν
= 1253.6 eV) in surface-sensitive conditions (take-off angle of 37◦) has
been employed. Before the growth, the In 3d and Sb 3d core levels of the
substrates are shown in Figure 3.12a-b, respectively. After the sputter-
ing and annealing cycles, the substrate is not oxidized as evidenced by
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the presence of single spectral lines related to the elemental In and Sb
without the presence of the oxide-related components at higher binding
energies. After tin growth, in addition to the previously described In
3d and Sb 3d core levels, the Sn 3d core levels (placed in between In 3d
and Sb 3d) are also monitored, as shown in Figure 3.12c. The presence
of heavy elements like In, Sb and Sn is reflected by the spin-orbit effects
resulting in a spin-orbit separation, between the X d5/2 and X d3/2 com-
ponents (where X is In, Sb or Sn), equal to ∆3d

In = 7.55 eV, ∆3d
Sb = 9.37 eV

and ∆3d
Sn = 8.40 eV.

Figure 3.12: XPS core levels respectively of (a) indium (In), (b) antimony

(Sb) and (c) tin (Sn).

When the samples are taken outside of the MBE chamber, Raman spec-
troscopy can be used to identify the presence of the α-Sn. Raman spectra
have been acquired through a solid-state laser (514 nm) in a backscat-
tering configuration coupled to an optical microscope equipped with
a 50x objective, using a laser power of 1 mW and collecting 3 accumu-
lations with an exposure time of 10 seconds. Figures 3.13a-b show the
corresponding spectra of substrate and tin, together with the performed
curve fit.
The InSb substrate exhibits two Raman peaks at approximately 180 cm−1

and 190 cm−1, relative to the transverse optical phonon modes and the
longitudinal optical mode [104], respectively, while the α-Sn is charac-
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terized by a peak centred around 197 cm−1, characteristic 1Γ peak, as
reported in the literature [105, 106].
It should be noted that the three peaks turn out to be in the same fre-
quency region, and therefore it is necessary to have a high lateral spatial
resolution to be able to identify the presence of α-Sn.

Figure 3.13: Fitted Raman spectra of (a) InSb substrate and (b) α-Sn.

The raw data are the scattered points, the solid curve is the corresponding

fit result, and the dashed lines show the components used in the fitting

procedure.

3.2.1 Etching procedures

In this case, although the semiconductor substrate enables a direct ap-
proach to be tested, avoiding the need to develop an appropriate transfer
process, in order to exploit the material properties, such as electrical
measurements, it is necessary to be able to isolate the desired structures
with isolation trenches by chemical etching. After several experimental
tests, it has been found that the best approach to etching Sn is based on
the use of a solution called aqua regia, realized with a mixture of nitric
acid (HNO3) and hydrochloric acid (HCl), with a ratio of:

HNO3 : HCl = 1 : 3 (3.3)

and diluted 1:50 in H2O, in order to obtain an etching rate of ∼ 20
nm/min. It should be noted that this type of etching is strongly isotropic
and therefore requires greater attention when producing patterns with
small features (below 10 µm). Even in this case, however, dry etching
techniques can be used if extreme precision is required.



Chapter 4

Silicene stabilization

As mentioned in Chapter 1, although silicene obtained by epitaxy is a
well-established result [43, 54, 64, 107], its stabilization within a device ar-
chitecture is still missing, due to severe environmental instability. So far,
several methods have been implemented to protect silicene through top
face encapsulation by a protective layer passivation (such as graphene
[108], h-BN [109] or CaF2 [110]) or, as in the present work, sequential
deposition of Al2O3 layer [10]. Despite each method being universal,
and in principle, extensible to other Xenes, this protection is limited
to the top face of silicene, while, once it is detached from the growth
substrate, the bottom face (namely, the interface with the substrate) is
prone to fast environmental degradation [98].
Within this framework, the aim of this Chapter is to first show the degra-
dation monitoring of the transferred silicene samples during ambient
exposure and, subsequently, present a possible new solution to totally
encapsulate silicene after substrate decoupling.

The main experimental results of this Chapter have been published in
the article [111]. My personal contribution includes the ex-situ Raman
analysis and the development of process and transfer methodologies.

4.1 Study of the environmental instability

First of all, the degradability of samples made of silicene directly grown
on Ag(111) has been investigated in order to have as a reference the
rate of the degradation process and to be able to compare and improve
it, subsequently, with the new encapsulation method. For comparison,
both monolayer and multilayer configurations of silicene have been
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considered.
The delamination and transfer process, described in Figure 3.6, has been
applied to each sample and the Ag layer was etched through the pro-
cessing reported in Subsection 3.1.3. The samples were then exposed to
the environmental conditions present in the laboratory, characterized
by a temperature of 21 oC and a humidity level of 40%, monitoring the
chemical status of silicene by means of Raman spectroscopy. The Raman
spectra have been acquired with the 50× objective (0.75 numerical aper-
ture), collecting 3 accumulations with an exposure time of 5 seconds and
keeping the incident laser power below 4 mW to avoid damaging the
samples.
In Figure 4.1 it is reported the Raman characterization in the case of
monolayer and multilayer Si before and after transfer to the target sub-
strate.

Figure 4.1: Raman spectroscopy characterization of Al2O3-capped mono

(a-d) and multilayer (e-h) silicene grown directly on Ag(111). (a) and (e)

are the Raman spectra taken before processing, while (b-d) and (f-h) are

the Raman spectra acquired after the sample transfer and hence from the

Ag-free etched region. In each plot the faint curve is the raw data, the dark

curve is the corresponding fit result and the two dashed curves show the

two components used in the fitting procedure.

It should be emphasized that the spectra shown are only some of the
collected individual spectra, which may appear with slight differences.
This is because, for each sample (of 1 cm2 size) and every step of time,
the spectra were collected in different spatial regions of the surface in
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order to verify the material uniformity and, during the time monitoring,
it was impossible to re-acquire the spectra in the exact same positions.
The spectra shown in Figures 4.1a,e correspond to spectra acquired be-
fore the transfer process, i.e., directly after growth in MBE, and for this
reason, do not exhibit high noise levels. Instead, the remaining spectra
of Figures 4.1b-d and f-h were acquired after silver etching, i.e., on the
transferred sample attached to the target substrate through a layer of
glue. Therefore, the presence of glue is unavoidably responsible for the
increased noise of the related spectra.
Furthermore, spectra acquired in the presence of the underlying glue
layer are characterized by a strong background related to the fluores-
cence phenomenon, as shown in Figure 4.2a and, hence, depending
on different factors, such as the variable glue thickness and inherent
impurities, the spectra can be either more or less noisy.

Figure 4.2: Linear baseline correction procedure performed in the case

of the Raman spectra acquired after Ag etching. (a) Raman spectrum

obtained on the transferred sample. (b) The same Raman spectrum after

the baseline correction.

However, since the Raman peak position is not affected by this phe-
nomenon and the spectrum can be acquired with a good signal-to-noise
ratio, for each spectrum shown, the so-generated background has been
corrected with a linear baseline subtraction during the fitting procedure
(see Fig. 4.2b).
In order to fit the characteristic asymmetric spectrum of silicene, the
Raman analysis has been carried out using a two-component Lorentzian-
Gaussian model. After the MBE growth, the spectra of monolayer
and multilayer silicene are respectively characterized by the main peak
located at 518 cm−1 and 522 cm−1, with a full-width half maximum
(FWHM) of 8 cm−1 and 12 cm−1 (see Fig. 4.1a and e). The obtained
values are in good agreement with the first-order Raman peak of silicene
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[42, 92]. It should be noted, moreover, that in the case of a multilayer
sample, the shoulder, located at lower frequencies, exhibits greater in-
tensity, which can be attributed to the presence of an increased disorder.
At the end of time monitoring, the results show that, after silver etching,
in the case of monolayer silicene, the intensity of the main Raman peak
decreases until it disappears completely after about 3 hours (Figure 4.1b-
d). In the case of multilayer silicene, the time scale is quite different but
the result does not change: the stability of the sample is extended only
on the weekly scale, thus confirming the results already obtained for
multilayer silicene, which is characterized by longer stability [92, 112].
Tables 4.1a-b show the values of the peak positions obtained with the
fitting procedure, expressed as mean value with the relative standard
deviation, respectively for monolayer and multilayer silicene, immedi-
ately after the silver etching and for each time step thereafter.

Table 4.1: Fit results obtained for single (a) and multilayer (b) silicene

samples.

During the silicene degradation process, the absolute Raman peak in-
tensity decreases, but the relative intensity, i.e., the intensities ratios,
remains stable for each type of sample.
It should be also noted that, in both cases, if compared with the values
obtained directly after the growth, the frequency of the main Raman
peak immediately after the etching, results redshifted of approximately
2 cm−1 for the monolayer and 3 cm−1 for the multilayer. This shift is
present when the transferred sample is characterized by Raman spec-
troscopy after the Ag etching and indicates a mechanism of strain release
both during mica delamination and after Ag etching.
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4.2 All-Around Encapsulation

The same time monitoring was then repeated for the samples consisting
of silicene-stanene heterostructure in which the stanene layer, directly
grown on Ag(111), is used as a template for the silicene growth (see Fig.
3.1b). The idea behind this experiment is to exploit the stanene layer,
on which the silicene is grown, as a sacrificial layer when the flipped
sample is delaminated and stripped of silver. In this scheme, then, the
silicene would be encapsulated between the Al2O3 layer and the stanene,
thus realizing an all-around encapsulation (AAE). For comparison, both
single and multilayer silicene samples have been tested, using the same
previous parameters, i.e., collecting 3 accumulations with an exposure
time of 5 seconds. After the MBE growth, the spectra of monolayer
and multilayer silicene are respectively characterized by the main peak
located at 517 cm−1 and 523 cm−1, with a FWHM of 9 cm−1 and 11 cm−1

(see Fig. 4.3a and e). The obtained results are reported in Figure 4.3.

Figure 4.3: Raman spectroscopy characterization of mono (a-d) and

multilayer (e-h) silicene in the AAE scheme. (a) and (e) are the Raman

spectra acquired from the Al2O3 capping layer before the AAE process.

(b-d) and (f-h) are the Raman spectra acquired after 1 day (b-f), 1 week

(c-g), and 1 month (d-h) after Ag etching for mono and multilayer silicene,

respectively. In each plot the faint curve is the raw data, the dark curve

is the corresponding fit result, and the two dashed curves show the two

components used in the fitting procedure.

After silver etching, in this case, it can be noticed that both for the
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monolayer and multilayer case, the stability of the sample has been
improved in a timescale of weeks, as evidenced by the absence of sig-
nificant changes in the Raman spectra over time. As reported in the
previous Section 4.1, the characterization has been again extended to
the entire surface of the samples by scanning different spatial positions
for each step of the time monitoring. In the Tables 4.2 the peak position
values obtained by the fitting procedure and the relative intensities ratio
are shown for both silicene configurations.

Table 4.2: Fit results obtained for single (a) and multilayer (b) silicene

heterostructures.

The results therefore demonstrate that even after one month, it is possi-
ble to identify the presence of silicene by still obtaining its characteristic
Raman spectrum unvaried. This confirms that the stanene represents a
sacrificial layer when the sample is transferred to the target substrate
and the silver is etched. Indeed, after silver removal, the stanene is
exposed to the air, sacrificing itself to prevent the silicene oxidation and
degradation, at least in a sufficiently long time frame for integration
into a device layout. After the successful implementation of the AAE
scheme in the case of silicene sandwiched between the stanene layer
and the Al2O3 capping layer, a thinner sample configuration has been
tested in order to investigate the maximum limit of the scheme in terms
of thicknesses. To do this, the Al2O3 thin layer, deposited at the end
of growth in MBE, is replaced with an additional single layer of tin,
epitaxially grown on top of the silicene surface. The sketch of the new
stacking is reported in Figure 4.4a.
The effectiveness of the in-situ encapsulation of silicene by a thin layer
of aluminum oxide had already been demonstrated in the case of silicon
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grown directly on Ag(111) [10] and was then easily extended to the case
of heterostructures [11].
However, replacing this type of capping layer with another Xene re-
quires preliminary validation before the AAE scheme can be applied to
this type of sample. For this purpose, the new Sn/silicene/stanene sam-
ple has been first characterized through XPS to investigate its chemical
status after 1 day of ambient exposure.
On a ∼1×1 cm2 sample surface two distinct spatial locations have been
sampled and the results are shown in Fig. 4.4b-d. The first plot refers to
the Si 2p core level, while the remaining two are related to the Sn 3d5/2
core level acquired with a different value of TOA.

Figure 4.4: XPS analysis of the Sn/silicene/stanene on Ag(111) configu-

ration after 1 day of exposure to ambient conditions. (a) Si 2p core level

where the red curve is related to the elemental Si component, the red dashed

to the oxidized component, and the green one is the overall fit. (b) Sn 3d5/2
core level measured at the take-off angle of 37o and (c) Sn 3d5/2 core level

at take-off angle of 80o where the blue curve is related to the elemental Sn

component, the blue dashed to the oxidized component, and the orange one

is the overall fit.

In the case of silicon (Fig. 4.4b), the most intense component at EB =
98.77 eV is related to the elemental Si, characterized by an asymmetric
shape profile due to the doublet separation of 0.63 eV between the 2p1/2
and 2p3/2. Instead, the minor component at EB = 101.99 eV is related
to the formation of silicon oxide (SiO2) [11]. This result is in agreement
with what has been obtained also in the case of the Al2O3 capping layer
[44], and hence confirms the possibility of partial oxidation of silicene
caused by an inhomogeneous capping layer which can present defects
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and percolation paths.
Considering instead the Sn 3d5/2 core level, interestingly, when the XPS
is performed with a TOA = 37o (see Fig. 4.4c), i.e., surface sensitive
conditions, the main component (at EB = 486.76 eV) results from the
oxidized tin [113, 114], while, if the XPS is carried out with a TOA = 80o

(see Fig. 4.4d), i.e., bulk sensitive conditions, the component related to
the elemental Sn state, at EB = 484.77 eV, increases [11].
This result thus proves that, after one day of ambient exposure, the top
Sn layer is almost completely oxidized, while the bottom one, between
Ag substrate and silicene, is in its pristine chemical status. After estab-
lishing the validity of the encapsulation through the use of an additional
layer of Xene on top of the sample, the time monitoring through Raman
spectroscopy has been performed for the non-transferred single-layer
silicene protected by the top Sn capping layer up to 1 month, as shown
in Figure 4.5a-d.
Directly after the growth, the Raman spectrum of the single-layer silicene
embedded into two Sn layers shows the main peak located at 518 cm−1,
with a FWHM of 10 cm−1 (see Fig. 4.5a) that is, in agreement with the
values of previous samples.

Figure 4.5: Raman spectroscopy characterization of monolayer silicene

embedded into two Sn layers. (a-d) Raman spectra monitored from the top

Sn capping layer after growth up to one month of air exposure. (e-h) Ra-

man spectra monitored from the bottom Sn capping layer after the sample

transfer and subsequent Ag etching up to 1 month of air exposure. In each

plot the faint curve is the raw data, the dark curve is the corresponding fit

result, and the two dashed curves show the two components used in the

fitting procedure.

The results, after different time steps, show no significant change in the
Raman spectrum of silicene, thus demonstrating that the top Sn capping
layer can replace the Al2O3 as a method of preserving silicene in ambient
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conditions.
At this point, the sample composed of monolayer silicene encapsulated
into two Sn layers has been transferred from the growth substrate, i.e.,
Ag(111) on mica, to a target substrate, in order to repeat the Raman spec-
troscopy time monitoring also for the thinnest configuration represented
by the Sn/silicene/stanene stack.
The results obtained up to 1 month are shown in Figure 4.5e-h. The
silicene first-order Raman peak is still traceable even one month after
the Ag etching, thus demonstrating the effectiveness of the AAE scheme
for the thinnest configuration. As can be noticed in Fig. 4.5, the orange
curves are noisier compared to the violet ones because the first ones
have been acquired immediately after the sample was grown, i.e., once it
was taken out of the UHV conditions inside the MBE chamber, while the
latter have been acquired after performing the transfer process shown in
Fig. 3.6, i.e., on the transferred sample attached to the target substrate
through the glue.
In fact, as already explained in Sec. 4.1, the presence of the glue is un-
avoidably responsible for the increased noise of the related spectra and,
moreover, in order to ensure a homogenous match, each Raman spec-
trum has been acquired with the same previous parameters reported.
Tables 4.3a-b show the peak position values obtained from the fitting
procedure and the relative intensities ratios.

Table 4.3: Fit results obtained in the case of silicene sample protected by

the Sn layer. (a) Refers to the case of spectra acquired after the growth and

(b) refers to the spectra acquired after the sample transfer.

Finally, since Figures 4.3 and 4.5 show only some of the collected individ-
ual spectra, Figure 4.6 reports the standard deviation of the normalized
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spectra for each sample configuration. In this way, it can be noted that,
due to the presence of glue, more significant deviations of Raman spec-
tra occur in the case of the transferred sample after the Ag etching (Fig.
4.6a-b,d) compared to the characterization performed directly after the
growth (Fig. 4.6c).
The AAE scheme proved to be effective in protecting silicene from degra-
dation both when implemented with the thin Al2O3 layer and with 1
ML-thick Sn layer on the top surface. It can be applied to single-layer
and multilayer silicene, provided that this is grown on the stanene on
Ag(111) template.

Figure 4.6: Mean spectra (solid lines) and standard deviations (shaded

regions) for single (a) and multilayer (b) silicene heterostructures, and

for silicene sample protected by the Sn layer, where (c) refers to the case

of spectra acquired after the growth and (d) refers to the spectra acquired

after the sample transfer.



Chapter 5

Strain engineering of
silicene

Thanks to their excellent properties combined with high mechanical
robustness, 2D materials are of particular interest for the near-future
nanotechnology concerning the Internet of Things (IoT) world, such as
flexible and wearable electronics or photonics [12, 13]. Examples of ap-
plications in this context are flexible transistors, strain sensors, electronic
tattoos and origami-inspired bendable systems [115, 116, 117, 118].
Both organic and inorganic 2D materials could represent the perfect
candidates since they exhibit optical and electronic properties suitable
for application in nano-photonics and -electronics and, at the same time,
they are characterized by robust mechanical properties, which allow
them to withstand high levels of strain before fracturing.
In this context, it is possible to refer to strain engineering, to denote
a general strategy applied to the materials in order to tune their fun-
damental properties and, for example, to enhance device performance.
Mechanisms accessible through strain engineering are, for instance, ex-
citon manipulation [119, 120], carrier mobility boosting [14, 121, 122],
piezoresistivity [123] and electronic bandgap tuning [124].
As mentioned in Chapter 1, although exfoliated 2D material flakes are
highly promising, their lateral dimension is typically limited to the mi-
crometre scale thus severely limiting their integration in the process of
large-scale device realization.
In this respect, silicene, ensuring large-scale uniformity [125], is a valid
alternative to scale up flexible devices on a cm2 scale with the benefit
of compatibility with both complementary metal-oxide semiconductor
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(CMOS) platform and current silicon semiconductor technology.
The aim of this Chapter is to present the bendable membranes based
on silicene and silicene-stanene heterostructures, reporting their strain-
responsive behaviour to the application of macroscopic and microscopic
mechanical deformations. Finally, a prototype realization of a silicene
piezoresistor will be presented, as a first demonstration of the techno-
logical potential and a new step towards integration into flexible device
architectures.

The main experimental results of this Chapter have been published in the
article [126]. My personal contribution includes the Xene membranes
fabrication, realization of lithography patterns, performing bending
experiments and both Raman and electrical characterization.

5.1 Raman characterization

To realize the bendable membranes, the procedure presented in Figure
3.4 has been implemented in the case of single and multilayer silicene
directly grown on Ag(111) (see Fig.3.1a) and single and multilayer sil-
icene on stanene template to form the heterostructure configuration (see
Fig. 3.1b).
Raman spectroscopy represents a highly effective tool to monitor the
response of the samples as a function of an applied mechanical defor-
mation [127] and a variation of the Raman shift can be related to an
extrinsically induced strain in the silicene layer, if the incident laser
power is kept below 5 mW to avoid optothermal effects.
In order to better quantify the Raman response of silicene membranes
under externally applied uniaxial strain, a three-point bending device,
whose operational principle is shown in Figure 5.1a, has been assembled.
The instrument is equipped with two cylinders placed on the same plane,
which, thanks to a synchronized vertical movement, allows controlled
bending of the sample that has been previously centred and fixed on a
third cylinder. When performing strain engineering experiments with
optical spectroscopy techniques, this geometry is the most convenient
as it allows to maintain the vertical position of the sample almost fixed
during the bending cycles, avoiding the re-focusing between different ac-
quisitions [124, 128]. The thickness of the sample (∼ 300 nm) is negligible
compared to the total thickness d ∼ 0.2 mm of the flexible polymer and
tape and, since d is significantly smaller than the radius of curvature r of
the membrane (see Figure 5.1a), the applied strain can be approximated
as:

ε =
d

2r
(5.1)
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stating that the sample is under pure tensile loading [122, 129]. The
bending device can be placed under the microscope of the Raman spec-
troscopy setup in order to monitor the evolution of the silicene vibra-
tional mode by applying different incremental tensile strain levels.

Figure 5.1: (a) Schematization of the setup used for applying macroscopic

uniaxial strain to the bendable membranes. (b) Optical pictures of the

sample upon application of 0%, 0.2% and 0.6% uniaxial strain (the silicene

membrane and the supporting flexible substrate are highlighted in red and

cyan, respectively).

The vertical displacement of the two cylinders is controlled through a
rotating mechanism and, by executing a defined number of revolutions,
the desired height can be reached. Before acquiring the measurements,
a general calibration is carried out to calculate and determine the fixed
strain values to be applied to each sample. Using a tripod, photos of
the curved Polyethylene terephthalate (PET) substrate, from the same
position and angle, have been taken and analyzed through vector graph-
ics software, always taking a graduated scale as a reference to match
millimetre scale and points (pt) on the screen. In this way, it is possible
to obtain an estimation of the maximum and minimum value of the
osculating circle diameter that best approximates the curvature and use
the average value to extrapolate the percentage strain level. Based on
the geometry of the bending device, the strain that can be applied is in
the range 0-0.6%.
In Figure 5.2, it is shown the result obtained for each type of sample:
Figures 5.2a,c refer to single and multilayer silicene directly grown on
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Ag(111) substrate, while Figures 5.2b,d refer to single and multilayer
silicene grown on top of stanene layer to form the heterostructure config-
uration. Each acquired spectrum has been fitted with a two Lorentzian-
Gaussian component curve [42], using the Voigt profiles, through the
WiRE (Windows-based Raman Environment) software by Renishaw, in
order to extrapolate the peak positions values. For each applied strain
value, the spectrum acquisition is performed in ten different spatial
positions of the samples surface, within an area of ∼100 µm2. As a
result, it is possible to express the main peak position values as a mean
value associated with a standard deviation, represented by the error bars
shown in Figures 5.2c,d.

Figure 5.2: Raman investigations of the bendable membranes based on

mono- and multi-layer silicene without (a) and with (b) the stanene layer

to form the heterostructure as a function of the applied strain. Frequency

position of the Raman modes of the bendable membranes based on mono-

and multi-layer silicene without (c) and with (d) the stanene layer to form

the heterostructure as a function of the applied strain.

When the uniaxial strain is applied, there is an increase in Si-Si bond
length and a decrease of the atomic interaction, resulting in an expected
redshift of the vibrational frequency of the silicene Raman mode, but, as
can be seen, the evolution of the Raman spectra displays differences in
the response of the silicene-based membranes. In the case of monolayer
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silicene on Ag(111), the main component related to the Raman mode
has extremely low sensitivity to the applied tensile strain, while the
multilayer silicene on Ag(111) is more responsive.
But interestingly, the strain responsitivity is even notable when the
stanene layer is introduced to form the heterostructure (Figure 5.2b left
panel for the monolayer silicene on stanene, and the right panel for the
multilayer silicene on stanene). By performing a linear regression of
the experimental data, it is possible to have a quantitative estimation of
the strain sensitivity of the samples. The results are shown in Table 5.1.
The mono and multilayer silicene membranes display a spectral shift
rate respectively of -0.9 cm−1%−1 and -2.8 cm−1%−1, while the Raman
response of the heterostructures is characterized by a bimodal linear
regime (see Fig. 5.2d). Specifically, the monolayer silicene heterostruc-
ture presents a shift rate of -5.5 cm−1%−1 up to 0.1 % of uniaxial strain
and -1.7 cm−1%−1 for larger strain value, and the multilayer silicene
heterostructure shows spectral shift rates of -7.7 cm−1%−1 up to 0.2 % of
uniaxial strain and -4.3 cm−1%−1 for larger strain values.
To determine this behavior, in the case of the heterostructure, the curve
has been treated as an elementary broken-line function that has a single
break point, and which can therefore be written in the form:

f (x) = A|x − xb|+ Bx + q (5.2)

where the variable x represents the strain values and xb corresponds to
the break point. The fit parameters are A, B, q, including also the break
point ranging between 0 and 0.3%. By extrapolating the values of the
coefficients, the two slopes for the respective regimes are defined as:

m1 = B − A and m2 = A + B. (5.3)

The analysis reported in Table 5.1 confirms that a bimodal linear regime
provides the best chi-square (χ2) value for the heterostructure configura-
tion both in the case of mono and multilayer silicene samples. It is then
possible to state that the heterostructure configuration is characterized
by an increased strain responsivity of the silicene layers, at least for the
strain range below 0.3%, and the observed bimodal regime is strictly
connected with the presence of the stanene layer introduced below the
mono and multilayer silicene.
As the model already developed for graphene [127], it is possible to use
the strain-dependent Raman results shown in Figure 5.2c-d to derive the
Grüneisen parameter γ, for the silicene vibrational mode.
The thermodynamic Grüneisen parameter [130] originally expressed the
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change in internal energy of an isotropic solid as a function of a change
in pressure at constant volume, but it can be asserted, more generally,
that it provides a connection between the thermal and mechanical pa-
rameters of the material. In fact, since the internal energy is determined
by the phonon modes, the macroscopic Grüneisen parameter can also
be extended to a microscopic approach: the response of the lattice vibra-
tions to stress or temperature variation is related to the phonon-phonon
interactions causing anharmonicity of the crystal potential [131], which
reflected in a change of the Raman mode wavenumber.

Table 5.1: Fitting analysis of the strain-dependent Raman response.

Given a general strain tensor ε, any type of strain configuration can be
decomposed into a hydrostatic component εh and a shear component
εs that, assuming equal off-diagonal components, can be respectively
expressed as [132]:

εh = εxx + εyy (5.4)

εs =
√

(εxx − εyy)2 + 4ε2
xy (5.5)

where x and y are the longitudinal and transverse directions with respect
to strain. In the case of a uniaxial strain applied along x direction, if ν is
the Poisson’s ratio, the diagonal tensor components satisfy the relations
[133]:

εxx = ε and εyy = −νε. (5.6)

The solution of the secular equation leads to the phonon shift rates
expressed as [134]:

∆ω±
m = −ω0

mγmεh ±
1
2

βmω0
mεs (5.7)
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where ω0
m is the m peak position at zero strain, γm is the phonon-mode

Grüneisen component and βm is the shear-strain phonon deformation
potential. The hydrostatic strain is related to an isotropic size change
of the atomic lattice and leads to a Raman frequency shift determined
by the Grüneisen parameter γ. The shear strain, instead, is related to an
anisotropic distortion of the atomic lattice and leads to a peak splitting
governed by the shear deformation potential β.
In our case, the spectra show evident signatures exclusively of the hydro-
static component since, within the limits of experimental resolution, only
the E2g peak shift can be identified without any trace of peak splitting.
For this reason Eq. 5.7 can be written as:

∆ωE2g
= −ω0

E2g
γE2g

(1 − ν)ε. (5.8)

In this specific case, it is not trivial to express a single Poisson coefficient
since one is considering a stack of different materials. As far as the
sample is concerned, only the silver substrate (∼ 300 nm) can be taken
into account as it represents the predominant thickness. Furthermore,
since in all the considered samples, after the strain application, the
Raman peak position returns to its initial value, it is possible to state
that there is a good adhesion between the sample and the flexible PET
substrate, which also has a Poisson coefficient value comparable [127] to
that of silver, νAg = 1/3 [135].
Combining equation 5.8 with the results in Figure 5.2 for the monolayer
and multilayer silicene, results respectively in:

γmono,Si = 0.26 and γmulti,Si = 0.80 (5.9)

while for the heterostructure case, it is possible to derive respectively for
the monolayer and multilayer silicene:

γmonoH,Si = 0.67 and γmultiH,Si = 1.54. (5.10)

In order to derive a single Grüneisen parameter for each sample config-
uration, for the heterostructures case it has been used the single linear
regime fit of the Raman response as a function of the applied strain
reported in Table 5.1. For comparison, the values obtained considering
the bimodal regime are reported in Table 5.2.
These values represent the first experimental results of a quantitative es-
timation of the Grüneisen parameters for silicene supported by different
growth templates, but making a comparison with theoretical values is
not straightforward, since most of them refer to free-standing silicene,
i.e., supported by no substrate. At the same time, it has to be considered
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that the theoretical predictions of the vibrational properties of Xenes
turned out to be strongly affected by the buckling configuration, type
and amount of strain applied and substrate interaction [136]. In partic-
ular, the mechanical and electronic properties of silicene are decisively
affected by the interaction with the substrate in a different way [137].
The dependence of the silicene electronic properties on the Ag(111) is
dramatically reduced when the stanene buffer layer is placed in be-
tween. At the same time, however, the theoretical structural models of
the silicene-stanene heterostructures [11] have demonstrated a geomet-
rical intermixing of the Xene layers, which can be responsible for the
observed improved strain transfer when stanene is incorporated into the
membrane.

Table 5.2: Calculated Grüneisen parameters for the heterostructures

considering a single and a bimodal linear regime in the strain-dependent

Raman response of Fig. 5.2d.

5.2 Micro-scale wrinkles

Through the three-point bending system of Fig. 5.1 it is possible to test
the strain-responsivity of the membranes on a macroscopic length scale
(∼ millimeters) of the mechanical deformation. However, it could be
also interesting to investigate the strain response on a different length
scale comparable to micro- or nano-scale of typical device architectures.
Indeed, wrinkles formation has been reported as an effective method
to strain-engineer the material properties, as it allows to localize a high
level of stress in a limited region of the 2D material (typically from a few
microns to hundreds of nanometres scale) [120].
For this reason, a method to intentionally induce micro-scale uniaxial
wrinkle formation has been implemented and tested in the case of the
most strain-responsive membrane, i.e., the multilayer silicene-stanene
heterostructure. Periodical wrinkles can be generated by releasing a cer-
tain amount of elastic tension during the detachment of the membranes
from the flexible polymer substrate (see sketch in Figure 5.3a). To quanti-
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tatively describe the strain distribution throughout the wrinkles, Raman
spectroscopy mapping has been performed in a region of hundreds of
µm2, as shown in Figure 5.3b.
From the Raman mapping, it is possible to investigate the variation of the
Raman peak position as a function of the spatial position. In particular,
in the lateral regions of each wrinkle, there are areas where the sample
shows the peak position around 523-524 cm−1, in agreement with the
data at zero strain value in Figure 5.2b, which can therefore be referred
to as flat; at the top of the wrinkle, however, one can identify an area
where the Raman peak positions shift towards lower wavevectors as a
function of the wrinkled morphology parameters, such as the lateral size
and height amplitude. In order to investigate the wrinkle morphology,
atomic force microscope (AFM) characterization has been performed
across the wrinkle modulation (Fig. 5.4). According to the topography
and height profile, a single wrinkle has a lateral size l ∼ 35 µm, and a
vertical displacement h ∼1.5 µm.

Figure 5.3: (a) Schematization of the tension release process that leads to

the formation of micro-wrinkles into the membranes. (b) Spatial map of

the frequency position of the main silicene Raman peak. Inset: a sketch of

the wrinkles mapped in the Raman measurements.

The maximum of the uniaxial tensile strain εM, is accumulated at the top
of the wrinkle and can be approximated according to the conventional
strain model [120] for 2D materials:

εM =
π2hd

(1 − ν2)l2 (5.11)

where d is the thickness of the wrinkled sample, h and l are respectively
the vertical displacement and the lateral size of the wrinkle where the
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profile can be approximated to a circular shape (it has been considered
h ∼ 0.5 µm from the topmost of the wrinkle in Figure 5.4 corresponding
to l ∼ 15 µm), and ν is the Poisson’s coefficient of the wrinkled material.
For comparison, wrinkles formation has been induced in a reference
sample made by only the Ag/Al2O3 stack and structures with the same
morphological features were observed. This result confirmed that the
wrinkles composed of silicene/stanene stack are compliant with the
surface modulations produced in the metallic substrate without de-
lamination from it. For this reason, one possible approximation of the
maximum tensile strain on top of the wrinkle can be obtained by replac-
ing in equation 5.11 the Poisson’s coefficient of the Ag film (d ∼ 300 nm),
νAg = 1/3 [135].

Figure 5.4: Optical picture of the wrinkled sample with the indication

of the wrinkled area and AFM topography and height profile of a selected

wrinkle.

In this way, it is possible to obtain the percent maximum tensile strain
of ∼ 0.7% at the top of the wrinkle. Moreover, if considering that the
Young’s modulus of the Ag layer is EAg = 80 GPa [138], thanks to Hooke’s
law:

σ = εE (5.12)

an estimate of the maximum stress in the wrinkle can be obtained, which
in this case turns out to be 250 MPa.
On top of the wrinkle investigated by AFM, a maximum Raman fre-
quency shift of ∼ - 3 cm−1 has been measured with respect to the flat
region. Hence, by comparing this result with the values obtained for the
macroscopic deformation shown in Fig. 5.2b predicting a strain value of
∼0.6%, it can be noted a good agreement with the value derived using
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the equation 5.11.
One of the possibilities that arises from the wrinkled geometry is the
study of the thermal response of the silicene-stanene membrane as a
function of the strain. This can be done by comparing the thermal Raman
characterization performed by globally heating the sample through a
hot plate with the optothermal response of the sample when the Raman
laser source is used both as a probe and a local heater characterized by
different incident powers [139].
Through Raman spectroscopy, it is possible to study the temperature
dependence of the phonon frequency shifts and derive, for example,
the thermal properties of the material such as the thermal conductiv-
ity. In all measurements carried out, it has always to be considered
that the experimental parameters derived are relatives to the entire
silicene/stanene/Ag stack, since, in any case, the Ag layer plays a pre-
dominant role in heat dissipation.
Considering the atomic lattice potential energy in the harmonic approx-
imation, it becomes impossible to take into account the temperature
dependence of the lattice constant and consider, for instance, the thermal
expansion contribution and the anharmonic effects [140]. In particular,
the first one is strictly related to temperature and pressure variations,
while the second one derives mostly from the phonon-phonon coupling.
The anharmonicity, in particular, often results in a Raman frequency shift
and a widening of the spectrum, which can be described by a change in
the phonon self-energy Σ, expressed as a complex quantity [140]:

Σ = ∆(ω(q), T) + iΓ(ω(q), T) (5.13)

where the real part is related to the frequency shift and results in the
temperature dependence of the phonon frequencies, while the imaginary
part is the damping, which partially describes the broadening of the
Raman mode.
Moreover, if the material is not suspended, as in the present case, the
substrate contribution must also be taken into account. For these rea-
sons, the temperature-dependent Raman shift ∆ω of the m mode can be
generally written as [141]:

∆ωm(T) = ∆ωE
m(T) + ∆ωA

m(T) + ∆ωS
m(T) (5.14)

where the first two terms are respectively related to the thermal expan-
sion of the lattice and anharmonic effects, and the latter is relative to the
effect of the strain caused by thermal expansion coefficient mismatch
between the material and the supporting substrate.
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The results obtained for the laser power-dependent Raman spectroscopy
are shown in Figure 5.5 with a comparative inset related to the temperature-
dependent Raman response.
The temperature dependence of Raman peak positions [142] can be
described by the linear relation:

∆ω(T) = ω(T)− ω0 = χ
TT (5.15)

where ω(T) and ω0 are the peak position at temperature T and room
temperature, respectively, and χ

T is the first-order temperature coeffi-
cient.
In the case of the temperature-dependent study, performed by using a
hotplate, it can be noticed that, for the considered temperature range,
there are no significant variations in the thermal Raman response be-
tween the flat (green symbols) and top (blue symbols) regions of the
wrinkle.

Figure 5.5: Opto-thermal measurements of the Raman modes at the

strained (top) and unstrained (flat) region of the wrinkled membrane.

The measurements are carried out by varying the incident laser power in

the range 0.5-60 mW. Inset: thermal measurements obtained by globally

heating the sample on a hot plate in the range 25-150 oC.

Both of them display a decreasing trend that, if linearly fitted, allows to
calculate the temperature coefficient of the flat and top region, resulting
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in:
χ f lat

T ∼ −0.018 ± 0.002
cm−1

oC
(5.16)

χtop
T ∼ −0.019 ± 0.005

cm−1

oC
(5.17)

In analogy with the temperature measurements, the power dependence
of the Raman peak positions can be described [139] by the linear relation:

∆ω(P) = ω(P)− ω0 = χpP (5.18)

where ω(P) and ω0 are the peak position at power P and at the minimum
laser power, respectively, and χp is the power coefficient. By linearly
fitting the data trends it is possible to quantitatively assess the power
coefficients of the two regions of the wrinkle, which turn out to be:

χ f lat
P ∼ −0.11 ± 0.01

cm−1

mW
(5.19)

χtop
P ∼ −0.15 ± 0.01

cm−1

mW
(5.20)

It is hence possible to make a comparative study of the Raman responses
acquired as a function of the change induced by two different meth-
ods, i.e., through hotplate and laser power. The maximum Raman shift
has been obtained in the case of the laser power-dependent measure-
ment and it demonstrates that the temperature induced in the material
through laser heating with the highest power is higher than 150 oC. This
result also stems from the fact that the laser-induced heating mechanism
has a local nature, due to the spot size of ∼ 1 µm, which inevitably cre-
ates a temperature gradient in the sample which is reflected in a different
thermal conduction in strained (top) and unstrained (flat) regions.
The first-order coefficients obtained as a function of both temperature
and laser power describe a redshift of the Raman frequency which can
be interpreted as the sum of all contributions reported in the equation
5.14. These results represent a purely quantitative analysis, as the extrap-
olation of exclusively silicene-related parameters becomes complicated
when dealing with this type of sample compared, for example, to the
work carried out with exfoliated materials [143, 144, 145]. Nevertheless,
they are one of the steps towards a more complete characterization of
the properties of supported silicene.
A possible explanation for a strain-dependent thermal conductivity of sil-
icene could be related to an enhancement of the acoustic phonon lifetime,
which originates from the flattening of the buckled silicene structure
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upon tensile strain [146, 147], although the strain values considered in
this work are considerably lower.

5.3 Piezo-resistivity measurements

The last aspect is the integration of the Xenes membranes into the litho-
graphic process flow. In particular, two different methods for realizing
metal pads, in contact with the active silicene layers, have been tested:
the first way to contact silicene is based on the realization of electrical
contacts on the top surface by etching the Al2O3 layer, while the second
approach is related to the exploitation of the silver layer as the metal to
realize the contacts, after an appropriate transfer process of the sample.
In the first case, it has been demonstrated that the sample can be pat-
terned both at the beginning and at the end of the process flow described
in Figure 3.4. Realizing the lithography process at the end of the mem-
brane realization is possible thanks to the high resistance demonstrated
for the PET substrate (see Fig. 3.5). But if the flexible substrate used is
not sufficiently stable, the sample can be patterned before the membrane
is realized, i.e., before the mica delamination, and then transferred on a
substrate, as shown in Figure 5.6.

Figure 5.6: (a) The sample is taken out of the vacuum and subsequently

(b) patterned by means of optical lithography, thus obtaining (c) the elec-

trical contacts after the metal deposition and subsequent lift-off, as for

example a microheater or the XFab logo. (d) The sample is flipped for

mica delamination through tweezers, and then (e) it is flipped again to be

attached to an arbitrary substrate (a PET polymer in the photo).

In Fig. 5.6b a microheater pattern has been printed through the optical
lithography technique, followed by the Al2O3 etching, the evaporation
of titanium and gold and the subsequent lift-off process (result shown in
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Fig. 5.6c). After this step, it is possible to proceed with the mica delami-
nation (Fig. 5.6d) realizing the flexible membrane with the pre-patterned
sample (Fig. 5.6e).
To evaluate the durability of the flexible device, the patterned mem-
branes have been wrapped around commonly used laboratory objects
having a circular shape with a diameter in the range of 9-60 mm (see
Figure 5.7a). By measuring each diameter it is possible to calculate an es-
timate of the resulting strain applied by using equation 5.1. The obtained
values are in the same range as the strain applied through the three-point
bending system, and the variation of the Raman peak position for the
wrapped membranes (see Fig. 5.7b-c) is in good agreement with the
previous bending tests, reported in Fig. 5.2.

Figure 5.7: (a) Images of the common lab objects used to wrap the mem-

branes. Each object has a different diameter d associated with a different

strain value ε. Evolution of the Raman peak position as a function of the

applied strain induced by wrapping the membranes around the objects

shown in (a), in the case of single and multilayer silicene without (b) and

with (c) the stanene layer.

All the silicene-based membranes have been wrapped up for several
days without visible structural damages both to the sample surface and
metal pattern, as confirmed by the Raman characterization reported in
Fig. 5.8a. No variation in the mode intensity and frequency has been
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detected over the entire temporal window and after the detachment
from the objects. Moreover, all the tested samples have shown high
repeatability of the strain-responsive behaviour, along with robustness
against mechanical fractures over several bending cycles, showing a
reversible shift of the Raman peak frequency within the experimental
uncertainty.
When realizing a pattern on the top surface by etching the Al2O3 layer,
it is possible to contact the Xenes stack, but performing planar transport
measurements, for example, is almost impossible due to the presence
of the underlying silver layer. This type of configuration is therefore
especially useful for vertical configurations.
For this reason, a second approach, oriented to planar measurements,
was also explored for the definition of the electrical contacts on the mul-
tilayer silicene-stanene heterostructure by using the fabrication process
described in Fig. 3.9.

Figure 5.8: (a) Raman characterization of the membrane before the pro-

cessing and after ten days of being wrapped. (b) Raman peak position as a

function of the number of bending cycles.

The realized geometry is shown in the optical microscope image in Fig-
ure 5.9a. Specifically, the first circular image on the left shows the sample
corresponding to the step described in Fig. 3.9e, while in the second
image on the right it is possible to see the completed structure after the
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channel realization (step shown in Fig. 3.9g). The channel length is ∼
100 µm.
The so-obtained two-terminal passive device can be tested as a proto-
typical silicene piezoresistor, where the electrical planar resistance is
measured as a function of the applied strain. Indeed, the piezoresistive
effect describes the change of the electrical resistivity caused by a me-
chanical strain applied.
In order to combine the electrical characterization with the strain appli-
cation, the sample has been mounted on a different setup through which
it was possible to apply strain values in the range 0.4-0.6% (see Fig. 5.9b
for the experimental setup photo and Fig. 5.9c for the bending method
used). Specifically, one side of the sample was fixed to the structure and
the other one was left free to move in a controlled manner by a calibrated
screw, hence associating a strain value for a defined distance covered.

Figure 5.9: (a) Optical images of the sample before and after the channel

opening. (b) Photo of the experimental setup. (c) Pictures of the bent

membrane through the new bending method.

The electrical resistance measurements were carried out by means of a
Keithley Model 2000 Multimeter controlled by using LabVIEW software.
In Figure 5.10 the variation of the electrical resistance as a function time
during a controlled sequence of bending cycles with different strain
values. The initial value at zero strain of the resistance is R0∼ 1.1 MΩ
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and it is recovered after each bending cycle, thus demonstrating the re-
peatability of the piezo-resistive effect and the durability of the sample.

Figure 5.10: Measurement of the electrical resistance of a two-terminal

passive device obtained by using the optimized method reported in Fig. 3.9.

Inset: a sketch of the sample.



Chapter 6

Characterization of α-Sn on
InSb

Alpha-tin (α-Sn) is one of the most promising and especially attractive
candidates in the field of topological materials, due to the presence of
its topological multiphases that are accessible by changing the material
properties (such as thickness and strain) or by applying external electro-
magnetic fields.
In this work, as introduced in Sec. 1.2.2, samples of few-layer stanene
grown on InSb(111) substrate allow us to investigate a different config-
uration in which the Xene layer is grown directly on a semiconductive
substrate compared to a metallic one. In this case, therefore, it is possible
to characterize the Xene directly, without a specific transfer process.

6.1 Topological properties

As mentioned in Subsec. 1.2.2, tin has a large atomic number if compared
with silicon and germanium. This characteristic is reflected in an intense
contribution of the spin-orbit coupling (SOC) term that causes not only
the splitting of the valence band into light hole (LH) and heavy hole
band (HH) bands, but also generates the inversion of LH and conduction
bands [148, 149].
Bulk α-Sn is actually a semimetal with a zero-gap protected by the cubic
symmetry of its crystal lattice and its topological character could emerge
only if this symmetry is broken. One way to break the symmetry is to
apply a strain that can be induced by the substrate on which tin is grown,
in order to open a gap in the band structure, as shown in Figure 6.1. The
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application of a strain, in fact, corresponds to applying a deformation to
the material that changes the geometrical structure of the crystal, which
is then reflected in a change in the electronic band structure and in a
tuning of its physical properties.

Figure 6.1: (a) Calculated band structure for bulk α-Sn, in the case of

tensile and compressive strain. (b) Calculated band structure of 56 ML-

thick α-Sn under an in-plane compressive strain. Adapted from Ref. [149].

As reported in Ref. [149], in the case of a resulting compressive strain,
bulk α-Sn turns out to be a 3D topological Dirac semimetal (TDS), while
with a resulting tensile strain, it turns into a 3D topological insulator
(TI), thus obtaining, respectively, a negative or positive energy gap, de-
pending on the experienced strain (Fig. 6.1a).
In particular, the TDSs group represents the 3D counterpart of the charac-
teristic band structure of graphene that would potentially allow to obtain
electrons with similar mobility or unusual properties [150]. On the other



6.2. Electrical transport measurements 75

hand, the TIs class is characterized by the simultaneous presence of an
insulating behaviour in the bulk and a conductive one on the surface
which lead to non-dissipative currents [151].
Specifically, their surface shows a Dirac-like band structure characterized
by a linear dispersion and spin-momentum locking enabling surface
polarization. Such a band structure, in a 2D material, leads to the forma-
tion of topological surface states (TSS) which cause the current to flow
only on the material interfaces, avoiding the remaining part that will be
insulating. Since the current is limited to the film surface, it is possible
to get high conductivity and full spin-polarization without dissipation
in the bulk. In this respect, it is interesting to point out that a crossover
between TDS and TI is possible by exploiting quantum confinement
resulting from the thickness reduction of a 3D TDS to the 2D limit (as
reported, for example, in Fig. 6.1b).
In the present work, as described in Sec. 3.2, the α-Sn is grown through
MBE on undoped indium antimonide InSb(111) substrate. According to
previous works [74], the mismatch between the lattice parameter of Sn
(aSn = 6.489 Å [152]) and that of InSb (aInSb = 6.479 Å [153]) causes an
in-plane compressive strain of about ε∥ ∼ −0.14%.

6.2 Electrical transport measurements

A first set of measurements was performed at the University of Milano-
Bicocca. In order to perform the electrical transport measurements, it
is necessary to realize a defined Sn structure and contact the material
by realizing the metal pads. First of all, the tin was etched through
the procedure described in Subsec. 3.2.1, and subsequently the pads
pattern was realized by means of a second lithography step aligned on
the previous structure.
These samples were patterned using the mask aligner system that allows,
through the negative lithography, to completely etch the surrounding
Sn regions. The samples belonging to this group had different Sn thick-
nesses (5 nm, 10 nm and 20 nm) and a single-channel structure that was
contacted directly through metal tips.
A microscope cryostat (Linkam HFS600E-PB4) has been used to study
the resistance trend as a function of temperature. It includes two metal
cryogenic tips that can be manually placed on the sample to make elec-
trical contact. These are connected to a Keithley Source-Meter-Unit 2450,
through which the voltage-current curve data can be recorded. The
cryostat is cooled with liquid nitrogen and connected to the PC through
software to control the temperature.
The samples have been analyzed by measuring the current-voltage (I-V)
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curves at different temperatures values between 77 K and 300 K, and the
R(T) trend obtained is illustrated in Figure 6.2a. By measuring R(T), it is
possible to calculate the energy gap value induced by the strain in the
α-Sn films. As reported in literature [154, 155], the curve can be fitted
with two different models, respectively.

Figure 6.2: (a) R(T) curves obtained for α-Sn samples with a thickness

of 5 nm (blue curve), 10 nm (black curve) and 20 nm (red curve). (b)

Evolution of the centre-zone energy gap as a function of Sn film thickness.

Adapted from Ref. [156].

At higher temperatures, the trend can be described by the Arrhenius
model, given by:

Rsemi(T) = R∞eEg/KBT (6.1)

where KB is the Boltzmann constant, R∞ is the resistance at high temper-
ature, and Eg is the energy gap. At lower temperatures, the behaviour is
well described by the Bloch-Grüneisen model, given by the equation:

1
Rmetal(T)− R0

=
1

C1T5 +
1

C2T
(6.2)

where C1 and C2 are related to the prevalence of electron±phonon inter-
actions and the geometry of the Hall bar-like structure, while R0 is the
resistance at T = 0 related to the defects scattering.
As the temperature decreases, the ohmic resistance increases exponen-
tially as in the case of semiconductor [157], while for low temperatures
it shows a metallic character. Hence, by approximating the system as
a metallic channel in parallel with a semiconductive one, the resulting
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resistance can be written as [154, 155]:

1
R(T)

=
1

Rsemi(T)
+

1
Rmetal(T)

(6.3)

Using this approach [154], it is interesting to note that the expected trend
for a 3D metal is described by a T5 scaling whereas in the case of a 2D
metal, the T4 scaling is more suitable [158]. Therefore, to understand
which transport channel is dominant in the material, it is necessary to
understand which trend best fits the curve of the experimental data for
low temperatures.
Each R(T) curve has been fitted with both models and the results are
shown in Table 6.1.

Table 6.1: Energy gap values obtained for the two fits (with T4 and T5) as

a function of the α-Sn film thickness. Adapted from [156].

Comparing the chi-square (χ2) values obtained for both trends for each
sample, the T4 scaling was suitable only for the 5 nm thick sample, while
for the remaining samples, no relevant differences were shown in the
two distinct interpolations. For this reason, it is possible to state that for
the 5 nm thick sample, in the low-temperature region, there is 2D metal
behaviour.
As can be seen, the energy gap value increases with decreasing the film
thickness and this is in agreement with what is expected from quantum
confinement [154, 159].

6.2.1 Magnetotransport measurements

A second set of samples was used to carry out magnetotransport mea-
surements, thanks to the internal collaboration with Dr. Roberto Manto-
van.
In this case some of the initial samples were patterned using the mask
aligner system, while the subsequent samples were patterned using the
maskless lithography. Figure 6.3a shows the pattern of a mask used in
the case of a Hall bar design and Fig.6.3 b shows an optical image of
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the sample after the Sn etching. The maskless technique allows to be
more versatile as one can define the best geometry needed but, in this
case, performing isolation trenches (as shown in Fig. 6.3c) can be less
time-consuming. Given to the employed setup, the samples have to be
bonded to a chip carrier (see Fig. 6.3d) by using a thermocompression
bonding machine with aluminium wire.

Figure 6.3: (a) Optical image of the chrome photo-mask. (b) Optical image

of the sample after the Sn etching. (c) Optical image of a sample patterned

through maskless lithography, after the Sn etching in the isolation trench.

(d) Sample of panel (c) mounted on a chip carrier and bonded to it.

The experiments were performed in the Hall configuration, in the 5-295
K temperature range. An external magnetic field up to 0.8 T was applied
in different directions with respect to the sample plane. As can be seen
in Figure 6.4a, θ is the angle between the magnetic field and the sample
surface, therefore θ=0o denotes a magnetic field applied parallel to the
sample plane, while θ=90o corresponds to directing the field perpendic-
ular to the surface.
It is necessary to point out that, after the Hall bar and contacts realization,
the samples had to be cleaved into a rectangular shape to fit the chip
carrier. The difficulties arising from the (111) orientation of the substrate
in addition to the small size of the employed chip carrier (6 mm × 4 mm)
made this type of characterization challenging from the point of view of
measurement feasibility.
First of all, single-channel resistance as a function of temperature was
measured using geometry conditions similar to those used for the pre-
vious experiments and the result for a 10 nm thick α-Sn is shown in
Fig. 6.4b. It is possible to note that the trend shown in the Fig. 6.2a is
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confirmed also for a different experimental setup.
Subsequently, the transport as a function of the applied external mag-
netic field has been studied. In particular, the magnetoresistance (MR)
of a material quantify the variation of its electrical resistance in an
externally-applied magnetic field B and can be expressed as:

MR%(B, T) =
R(B, T)− R(B = 0, T)

R(B = 0, T)
· 100% (6.4)

Figure 6.4c shows the magnetic field dependence of the MR for different
field orientations, measured at T=6 K, while Figure 6.4d shows the MR
as a function of the in-plane field, for different temperature values. Both
the measurements refer to the 10 nm thick α-Sn sample.

Figure 6.4: (a) Sketch of the measurement geometry. (b) Measurements

of electrical resistance as a function of temperature (without applying the

magnetic field). (c) Measurement of magnetoresistance as a function of an

in-plane (blue and orange traces) and out-of-plane (black trace) magnetic

field B, measured at T = 6 K. (d) Magnetoresistance as a function of the

in-plane magnetic field B, for different temperatures (from 10 to 120 K).

The out-of-plane MR turns out to be larger than the in-plane one, in
agreement with results already reported [160, 149], although the values
obtained proved to be an order of magnitude lower. This discrepancy in
the results can be attributed to inhomogeneities within the α-Sn in the
examined sample.
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6.3 Magneto-optical spectroscopy measurements

Experiments with high magnetic fields are useful for identifying the
band structure of the materials, for example through the analysis of the
optical transitions between different Landau levels. Moreover, they rep-
resent a contactless technique, requiring no sample preparation, to gain
access to the topological surface states because, by applying a strong
magnetic field, it is possible to break the time-reversal symmetry from
which they are topologically protected. For these reasons, we performed
low-temperature magneto-spectroscopy measurements in the Labora-
toire National des Champs Magnetiques Intenses (LNCMI) in Grenoble
(France), with the group of Dr. Milan Orlita. The three samples used for
the measurements are shown in Table 6.2.

Table 6.2: Summary table of samples measured by magneto-optical spec-

troscopy. For each one, the thickness, growth temperature, growth duration

and deposition rate are reported.

A picture and the sketch of the experimental setup is shown in Figures
6.5a-b. A Globar has been used as a broadband source of infrared radia-
tion and the experiments were performed at the temperature of 4.2 K in
the Faraday configuration, which corresponds to the magnetic field per-
pendicular to the light wavevector. The available magnetic field ranged
from 0 to 16 T and was delivered by a superconducting solenoid (Oxford
Instruments).
The sample and the bolometer were placed in a sealed probe kept under
low pressure, ensuring sufficient heat transfer with the helium bath of
the magnet cryostat. The radiation, analyzed through a Fourier trans-
form spectrometer, was guided to the entrance window of the probe and
detected by the bolometer under the sample.
During magneto-transmission measurements, by increasing the mag-
netic field intensity of well-defined steps, it is measured the amount
of light that is transmitted through the material as a function of the
radiation energy. In order to study the effects induced by the magnetic
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field, all the collected spectra at B ̸=0 are normalized to the response at
B=0. Some of the individual recorded spectra from 10 nm-thick sample
are plotted in Figure 6.6a, together with their corresponding derivatives
with respect to the magnetic field B (Fig. 6.6b). For clarity, the spectra
are vertically stacked, with the offset scaling linearly with B.

Figure 6.5: (a)Picture of the setup used for magneto-optical measurements,

at the LNCMI laboratories in Grenoble. (b) Sketch of the experimental

apparatus.

The three grey areas correspond to regions of no signal, respectively due
to: a low signal-to-noise ratio (area 1), a spectral region fully opaque
caused by the reststrahlen band of InSb [161] (area 2) and absorption
inside the beamsplitter (area 3). Specifically, the reststrahlen effect is a
reflectance phenomenon in which the electromagnetic radiation within
a narrow energy band cannot propagate within the material due to a
change in the refractive index combined with the material-specific ab-
sorption band.
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Figure 6.6: (a) Low-temperature magneto-transmission spectra collected

from sample 10 nm-thick sample and (b) their respective derivatives. The

grey areas (1) correspond to the spectral regions where due to the low

intensity of the radiation source there is no sufficiently high signal-to-noise

ratio, while (2) and (3) areas correspond respectively to the spectral region

fully opaque due to the reststrahlen band of InSb and absorption in the

beamsplitter.

The collected spectra are often plotted together with the first or second
derivative with respect to the magnetic field or energy, in order to better
identify the positions of the different resonances.
For each sample in Table 6.2, the measured magneto-optical spectra
and the corresponding derivative with respect to the magnetic field are
presented in the form of false-color maps in Figure 6.7.
The resonances observed are relatively narrow, hence the observed min-
ima can be directly associated with the positions of the resonances.
The magneto-transmission responses exhibit different transitions which
unfortunately were found to be related to the impurities in the InSb
substrate. As shown in Fig. 6.8, by repeating a high-resolution measure-
ment for the substrate only, the same features found in the α-Sn on InSb
samples were obtained.
The energy gap value of InSb as a function of the temperature [162] is
given by:

EInSb
g (T) =

0.24 − 6 · 10−4T2

T + 500
(6.5)

and leads to an energy gap of Eg = 230 meV at T = 4.2 K. For this reason,
the observed transitions in the 0-100 meV energy range may be related
either to defects or to intraband transitions. The InSb(111) substrate is
therefore not suitable for performing this type of measurement, as the
large contribution from the substrate may hide the behaviour related to
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the α-Sn.

Figure 6.7: Magneto-transmission spectra of the three samples. (a-

c) Relative magneto-transmission T(B)/T(0), measured in the Faraday

configuration, of α-Sn samples with thicknesses of 10 nm, 20 nm and 50

nm, respectively. (d-f) Derivative of T(B)/T(0) with respect to the field B.

However, in spite of the strong substrate response, by closely looking at
the collected spectra of Figures 6.7a-c, it is possible to identify a linear
trend below the most intense parabolic resonance that correspond to the
α-Sn cyclotron resonance line. For this reason, to reduce the contribution
of the substrate, it is worth to divide the sample response Ts(B)

Ts(0)
by the

substrate reference response Tr(B)
Tr(0)

. For this purpose, further measure-
ments were carried out on the samples and the substrate, using the same
parameters and magnetic field steps, so that the two responses could be
compared.
The obtained result are shown in Figures 6.9a-c. In this way, as evi-
denced by the white dotted line in the Figures, the cyclotron resonance
line becomes more evident and easily identifiable, especially in the case
of the 10 nm-thick sample.
In the cyclotron resonance condition, the maximum energy will be ab-
sorbed by the charged particle, resulting in the presence of a dip in the
transmitted spectrum. Therefore, by calculating the positions of dips it is
possible to have an estimate of the effective mass value of the material.
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The individual spectra of 10 nm-thivk sample normalized for the sub-
strate response are shown in Figure 6.10a, highlighting with a red circle
the dip position in the spectra. These positions can be linearly fitted to
calculate the effective mass of the α-Sn, as reported in Figure 6.10b.

Figure 6.8: Color map of the derivative of the magneto-transmission

spectra with respect to the magnetic field B for the InSb substrate.

Indeed, the cyclotron frequency turns out to be equal to:

fc =
eB

2πm∗c
(6.6)

then by calculating the slope of the linear fit, it is possible to directly
derive the effective mass m∗ of α-Sn. In the case of 10 nm-thick sample,
I obtained a slope of (7.61±0.07)·107 esu g−1 cm−1 s, thus resulting in
an effective mass of:

m∗
α-Sn ∼ 0.036 me. (6.7)

which is consistent with a Dirac dispersion, leading to high mobility.
The value obtained is lower than the effective mass values reported in
the literature for other Dirac semimetals [163, 164] and being a monoele-
mental material, the α-Sn advantage also lies in its easier growth.
Although this result represents the first estimate of the effective mass
value for 10 nm thick α-Sn grown on InSb(111), the calculated value is
in line with the results observed in the case of α-Sn grown on CdTe(001)
[165] and on InSb(001) [160] substrate.
As can be seen in Figures 6.9b and c, the cyclotron resonance line be-
comes weaker and not well defined in the case of samples with higher
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Sn thicknesses. In general, these resonance spectra are not easily distin-
guishable as they present very broad structures and it is challenging to
isolate them from the background.

Figure 6.9: Magneto-transmission color map of the (a) 10 nm sample, (b)

20 nm sample and (c) 50 nm sample. The white dotted line highlights the

cyclotron resonance line.

Although the positions of the dips in the spectra of 20 nm- and 50 nm-
thick samples could not be identified, the slope of the resonance lines
appears to increase as the thickness of the Sn increases. Since the effective
mass is inversely proportional to the slope, this provides qualitative evi-
dence that the effect of quantum confinement is to increase the effective
mass of the material.
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Figure 6.10: (a) The relative transmission spectra of 10 nm-thick sample

(vertically stacked for clarity) in magnetic field from 1 to 16 T. Red dots

indicate the position of the dip. (b) Linear fit of the positions of the cyclotron

resonance frequencies as a function of the magnetic field B.



Conclusions and
perspectives

The discovery of graphene has triggered the 2D materials research field
giving rise to the Xenes family and generating interest in the investiga-
tion of their electronic, optical and mechanical properties. However, the
path towards a technological implementation perspective is hindered by
synthesis and integration issues.
In a perspective shared by other 2D materials [166, 167], as introduced
in Chapter 1, this thesis work is oriented towards the investigation of the
actual manipulation and processing of different Xenes configurations, by
means of the techniques presented in Chapter 2. Specifically, silicene on
Ag(111) has been considered as a paradigmatic case of Xene grown on a
metal substrate, while stanene on InSb(111) represented a comparative
example of Xene grown on semiconductive substrate. The first one has
been used to implement new transfer and process schemes for the stabi-
lization of Xenes under environmental conditions and integration into
device architecture. The second one has been considered as a possible
option allowing for direct access to the Xene functionalities, such as
theoretically-predicted topological properties.
In this context, the achieved results are summarized as follows:

✓ defining processing steps to achieve a scalable procedure for pat-
terning and integrating samples of silicene and its heterostructures;

✓ testing a possible solution for stabilizing silicene when transferred
from the native substrate;

✓ obtaining deformable silicene-based membranes that allow one to
investigate the strain-induced effects;

✓ realize a first prototype silicene-based piezoresistor;
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✓ directly characterize few-layer stanene demonstrating effects re-
lated to quantum confinement.

In order to have access to device fabrication and characterization of the
material, it is necessary to test and establish protocols that enable a full
manipulation of the material.
To this end, as described in Chapter 3, I developed and optimized dif-
ferent processing procedures that make it possible to solve some of
the critical issues, such as Xenes transfer to device structures. Unlike
graphene, the mixed sp2-sp3 hybridization of Xenes, and in particular of
silicene, results in a high environmental reactivity leading to the material
degradation. For this reason, a key role in this work is related to the
vertically stacked silicene-stanene heterostructures, where silicene is
sandwiched in between an Al2O3 capping layer on the top surface and
the stanene on Ag(111) crystal at the bottom face [11].
As discussed in Chapter 4, the introduction of a stanene buffer layer
enabled us to develop an all-around encapsulation scheme to protect
silicene against degradation under environmental conditions when dis-
assembled from the native substrate. Moreover, a full 2D encapsulation
scheme, where the top and bottom faces of silicene are protected by 2D
tin layers, gives rise to an atomically thin Xene stack, demonstrating a
long-standing silicene durability. The all-around encapsulation consti-
tutes an advancement for the silicene stability and paves the way for
further exploitation of silicene and other Xenes in flexible and wearable
electronics.

With this purpose, in addition to the stability result, this type of samples
was compared with only-silicene sample from the point of view of the
effects induced by macro- and micro-scale strain applied. As detailed in
Chapter 5, starting from epitaxial single and multilayer silicene grown
on Ag(111) or in the heterostructure configuration, it is possible to realize
bendable silicene-based membranes which allows us to study the strain
response of the Xene stack. Specifically, it has been demonstrated how
the stanene layer, in addition to decreasing the electronic interaction
between silicene and Ag substrate, also enhances the mechanical trans-
fer of the applied strain. The multilayer silicene in the heterostructure
scheme turned out to have the largest strain responsitivity, thus repre-
senting a promising candidate for applications in flexible electronics.
The presented process flow can also be extended to the entire class of the
epitaxial Xenes and especially applicable to the case of the Ag-supported
ones, like borophene, antimonene and bismuthene [168, 169, 170].

As the choice of substrate determines the direction of both the process
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and the possible application, few-layer stanene grown on a semiconduc-
tive substrate was also taken into consideration for scrutinize path for
the development of device mechanisms based on the non-trivial topo-
logical character of stanene. This type of growth substrate facilitates the
process steps, as no specific transfer process is required to have access to
material properties. The characterizations performed on these samples,
which have been presented in Chapter 6, include transport and magneto-
transport measurements, and the magneto-optical transmission response
investigation. The transport analysis allowed us to derive the energy
gap value as a function of the film thickness, confirming the effects of
quantum confinement. Magneto-optical measurements, carried out us-
ing intense magnetic fields showed a significant contribution from the
InSb substrate itself, which did not allow the observation of α-Sn related
features. At the same time, however, through the detected resonance
line, it was possible to calculate the first estimate of the effective mass of
α-Sn grown on InSb(111).

In light of the achieved results, however, there are some ongoing im-
provements and additional future solutions to be taken into account that
are summarized as follows:

⋄ the control of the 2D materials etching through a wet etching pro-
cess is truly challenging. When working with ultra-thin materials,
it is impossible to achieve such a high degree of control. A pos-
sible alternative is the use of dry etching by means of dedicated
tools such as Reactive Ion Etching (RIE) or Inductively Coupled
Plasma-Reactive Ion Etching (ICP-RIE). These techniques relie on
different processes to remove the material, such as chemical reac-
tions, physical removal or a combination of these two, that allow us
to obtain uniform etching, atomic-scale selectivity and anisotropy
when required;

⋄ in order to facilitate the processes and overcome the Xenes interac-
tion with the native substrate, the growth of silicene on insulating
substrates, such as sapphire, should be considered and improved
[171];

⋄ to understand whether the native substrate is a valid solution for
contacting Xenes, by scaling the dimensions of the channels, it
would be possible to have an estimate of the contact resistance
between the Ag(111) and the Xene layers;

⋄ to realize a stable field-effect transistor architecture through the
silicene-stanene heterostructure scheme, the patterned structures
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have to be optimized so as to test either a back-gated geometry or
the ionic liquid top gating configuration [172];

⋄ exploring other suitable substrates for stanene growth that enables
to reveal and exploit the topological properties of the material.

In conclusion, considering broader perspectives, the achieved results will
enable to assess silicene and stanene fundamental properties in relation
to other 2D materials and allow for a potential extension of the developed
procedures to other Xenes and heterostructures still unexplored.



Appendix A

Procedures for silicene
sample processing

As presented in Chapter 3, the realization of silicene-based devices de-
pends mainly on the mica delamination step. In this Appendix, some of
the attempts obtained with the previous methods are shown together
with the more recent results obtained through the optimized process
described in Fig. 3.9.
Figures A.1a-c show images of the surface of three samples, after the
mechanical mica removal, that exhibit an increasing level of silver sur-
face roughness which inevitably affects the subsequent patterning and
etching steps.

Figure A.1: (a), (b) and (c) show three resulting samples with increasing

levels of silver roughness after mica delamination.

The use of these samples for device definition necessarily implies the
identification, for example by SEM, of more homogeneous regions of
silver on which to make the desired pattern, greatly complicating the
entire fabrication process.
Figures A.2a-c show further details of the inhomogeneous silver surface.
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As can be seen from Fig. A.2b, the detachment of the mica in most cases
is not complete and requires additional scotch tape peelings that further
compromise the underlying silver layer.

Figure A.2: (a) Picture of Ag surface after completed mica delamination.

(b) Optical image of the sample surface during mica delamination. (c)

SEM image of the rough silver surface.

Figure A.3 shows the results obtained through the new optimized pro-
cess in the case of the most recent samples. In particular, Figures A.3a-b
present a geometry characterized by several two-terminal passive de-
vices that share a common pad which is useful in performing preliminary
electrical measurements using metal tips. Figures A.3c-d report further
details of the structure realized with easier geometry after the channel
etching.
The results achieved show a much more homogenous silver surface, com-
pared to previous cases, although some impurities and defects remain,
mainly related to the use of the adhesive layer underneath.
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Figure A.3: (a)-(b) Results obtained in the most recent samples by means

of the optimized method (before channels definition). (c)-(d) Optical images

of examples of pre-patterned structures after channel etching.
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