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Abstract

In this thesis, we mainly study the mechanical, electrical and electromechanical
properties of lowdimensional structures of advanced materiétsparticular twedimensional
(2D) materials and compound semiconductor (CS) structures and devices. Given the scarcity
of methods for direct nananapping of physical properties of complex thréenensional (3D)
multilayer CS and 2D materials heterostruets, we adapted and developed suitable optical
methods and functional scanning probe microscopies (SPM) approaches based in atomic force
microscopy (AFM). These allowed us to successfully investigate the behaviour ahdieo-
dimensional (1D and 2D)f oscillating structures, such as AFM cantilevers, tuning forks (TF),
SiNs membranes and graphene drums using the optical laser Doppler vibrometry (LDV) and
dynamic AFM modes, finding governing relations of the dynamic behaviour ilifeeslstems
andcomparing these with modelling. In addition to the existing ultrasonic SPM, such as force
modulation and ultrasonic force microscopy (FMM and UFM), we developed a new method
called modulation ultrasonic force microscopy -(MM), which allows for nonlinedocal
excitation and the probing of membrane vibratiorisurthermore we probe mechanical,
electrical and thermal properties of supported layers and heterostructures of diverse
transition metal dichalcogenides (TMDCs) and franckeite, understanding thigisio surface
and subsurface nanostructure. In the final part of this thesis, we explored the feasibility of
combining nanesectioning via Beam Exit Cresectional Polishing (BEXP) and the material
sensitive SPM analysis for the investigation of deféct€S structures, such as multiple
guantum wells (MQW) and nanowires (NWSs), and 2D material heterostructures. We applied
this methodology to investigate the propagation of material defects, such as antiphase
domains in CS, and their effects on the morgigyl, nanomechanics and electric properties in
MQW structures, and to directly observe reverse piezoelectric domains inside individual GaN

NWs.
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1. Introduction

Indeed, size matter§ Since the famous speech of Richard Feynman, in which he said
GOKSNBQa LX Syide 27F Nhandscidnde has KeSomé & récoghised fielly ™ o
of research for scientists with the curiosity to explorelaxploit multiple phenomena at the
nanoscale. The idea of miniaturisation of systems has opened a number of possibilities to solve
G2RIF&2Qa LINRPOfSYasz adzOK I a 3K gmaf deficeFlikedremRidro 2 T K S
and naneelectromechanical systems (MEMS arteN\5) are present in many devices that we
use on a daily basis, like smartphones, tablebd computers. Neverthelessze reduction is
not a straightforward task. Thecalingdown of devices results in a very challenging and
exciting mission for scientists, in particular when new exotic material properties start to
appear. Saying that, one cannot forget graphene, a single layer formed of carbon atoms, as
the perfect example ad material with interesting emerging properties at the nanoscale. Since
2004, when Geim and Novoselov first revealed the outstanding electrical properties of
monolayer graphenée, which was rewarded in 2010 with tHdobel prize in physics, an
extraordinary family of novel nanomaterials, the-salled twedimensional (2D) materials,
have appeared and thrived. Multiple researchers in the field have demonstrated that these
materials can be excellent candidates for thbrfaation of nanoscale devices and can provide
winning solutions for materials from energy storage to electrofics One of the most
remarkable characteristics of the 2D material's layers is that they can be easily stacked and
combined, forming new material heterostructures with tailored propestidhis is a direct
consequence of the owbf-plane van der Waals interaction forces that hold the layers
together. The flexibility of the design and fabrication of such heterostructures allows for the
tuning of material characteristics, satisfying the gex multiparametric requirements for

the development of new technologies and applicatiéns

Among all the 2D materials, graphene has been the most widely investigated for its
electrical conductivity, mechanical, optical or thermal properties. Graphene has been awarded
GAGK GKS GAGBS80 2 FH MKNER I &ENE WESA § yRidhyyT0 Al va 2 Ry
approximately 1 TP a high optical transparency determined by fundamental constéhts
and an extrenely high thermal conductivit}?, between 200660000 & 0 . In particular,
the outstanding irplane stiffness of graphene, together with tleeM mass of the monolayers,
make graphene an ideal material for the fabrication of Higiguency (HF) resonating

systems.
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With all the advantages of graphene, the absence of an electron bandgap limits its
suitability for electronic and optoelectronic apgditions. In order to fill this void, other
materials from the 2D family have been extensively studied. The transition metal
dichalcogenides (TMDCs), in particular W &8S and WSehave gained a lot of attention due
to their attractive semiconducting prapties with direct bandgap in the visible range {1
eV)!2 Bsuggesting them as excellent candidates for optoelectronic apjaitatNevertheless,
the fabrication and manipulation of such materials is still very challenging. Thus, major
improvements are still needed to achieve quality mpssduction rates of the already existing
semiconductors commonly used in mainstream microgtenics such as silicon (Si) or
germanium. In addition to its semiconducting properties, its abundance and alekeljged
manufacturing process, havallowed Si toachieve one of theleading positios in the
electronic and optoelectronic markets for thiast three decades. Howevecompound
semiconductorffer solutions beyond the capabilities of Si, in particular as light sources for
data communications and lighting, and platforms for efficient Higlguency and-power
electronicst* Furthermore, the variety of compound semiconductor (CS) materials allows for
the creation of complex structures with diverse compositions and dimensionality, fesm
dimension (0D), such as quantum dots, to almmensional (1D) nanowires and 2D quantum
wells, with their three dimensional (3D) bulk counterparts, expanding the possibilities for
potential applications!® The integration of CS in Si technologies is a tempting solution,
providing both the casefficiency of Si platform manufacturing and the unique functional
capabilities of C& Nevertheless, the implementation of these material hybrids presents
serious challenges, especially for massduction, including the defects originated at the
interfaces of different materials, and their progation in the bulk of CS heterostructures, the
presence of inhomogeneous strain, and the need to match effteompatible growth
conditions of Si and CS materials. To overcome this, innovative investigation methods with the
ability to map physical propeds with nanoscale resolution across the 3D structure of CS and
Si substrate are required. Currently, the most common methodology used to image these
nanoscale defects is the Ga focused ion beam eses8oning and TEM analysis, which usually
provides strtural information of very localised areas of the sample. Whilst offering- high
resolution information on the morphology, TEM does not provide representative information
of local defects across wide areas of the sample. Furthermore, TEM is not capable of
measuring mechanical, thermal and electronic properties of the CS structures. To overcome
these issues, the already existing microscopy technologies, such as scanning probe
microscopies (SPM) argtanning electron imroscopy (SEM), have been essential tdols

push forward this development process. However, to successfully exploit these advanced
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materials, i.e. 2D materials and CS, and extract all their potential, a full understanding of the
physical properties at the nanoscale is required, with adequateniecies and matching

sample preparation processes.

One of the main goals of this thesis is to explore the feasibility of existing and novel SPM
approaches to study diverse microscale and nanoscale structures of advanced materials. This
has been used to allo the nanomechanical study of 1D and 2D oscillating structures; the
investigation of physical properties in supported structures of 2D materials; and exploration
of defects in CS structures. The composition of the thesis and the organisation of the shapter

arediscussed below:

A Chapter 2 reviews the literature regarding the main concepts behind the topics
relevant to this work, namely physical properties of representative materials,
nanoscale characterisation methods and micro/nanoelectromechanical

systems (MEMS/NEMS) devices.

A (hapters 3 and 4 are dedicated to the materials and the measurement
methodology. They contain detailed descriptions of materials, samples and
devices studied in the experimental results in chapters 5 through 7; as well as
the methods used in the preparatiand the nanoscale characterisation of the

samples, including newly developed techniques and processing.

A In chapter 5, we develop a theoretical analysis in parallel with the experimental
evidence, to report on the study of free resonating structures. Thectires
analysed include AFM cantilevers and tuning forks that effectively are 1D
oscillating systems; followed bysSi and graphene drums as 2D vibrating
structures. These structures were investigated using laser Doppler vibrometry
(LDV) and dynamic MFmodes, including a novel method calletdulation

ultrasonic force ricroscopy (MUFM).

A In chapter 6, through the use of ultrasonic microscopies, such as UFM and HFM,
we were able to investigate subsurface defects in vertical heterostructures of
transition metal dichalcogenides (TMDCs) based on the variation of the
YSOKFYAOLFf AGAFTFYySaadad CAdNIKSNY2NB:I ¢S
heterostructures, using thebeam exit ecosssectional polishing (BEXP)
technique, mapping directly the physical propes of the internal structure,

using various SPM methods. In addition, we examined the variation of the
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mechanical stiffness in lateral heterostructures of TMDCs with formed ripples

at the heterostructure interfaces.

Using concepts and systems develogeefore, in chapter 7 we review the
investigation of material defects in compound semiconductor structures using
a combination of BEXP with the functional SPM analysis. The samples studied
are layered structures such asultiple quantum wells NIQW) and verical
cavitysurface emitting-lasers (VCSELs). Another part of this chapter is
dedicated to the electromechanical characterisation of the internal structure of
1D GaN nanowires. The combined study shows great potential of these
methods in advancing the undg&anding of intrinsic properties of complex CS

nanostructures.

Finally, a summary of main conclusions and suggestions for further work is

presented in chapter 8.
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2. Literature review

2.1 Introduction

Over the past decades, the field of nanotechnology has been dedicated to the
miniaturisation of systems of interest and the understanding of physical phenomena emerging
at the nanoscale. The downscaling of devices offers multiple possibilitidse hunt for
smaller and more efficient electronic devices. New challenges linked to size reduction, such as
electromigration of materials or electron confinement, have motivated the exploration of new
materials and structures. For example, since tiseavery of graphene, twdimensional (2D)
materials have become promising for the fabrication of electronic and optoelectronic devices,
due to their reduced size and the possibility of tuningithoperties. In addition, enormous
advances have been aelied in the nanotechnology field since the invention of adequate
methods for characterisation and nanoscale studies of the physical properties and atomic

manipulation, includingcanningprobe microscopies (SPM).

This chapter outlines the theoretical fodations used to understand and explore the
physical properties of materials and the behaviour of diverse m@no nanestructures at
the nanoscale. It has been divided into three parts, starting with the description of materials
and their properties, fabwed by the existing tools for the functional probing of diverse
physical phenomena at the nanoscale. The final section explores the background theory
essential for the characterisation of mier@and naneelectromechanical systems (MEMS and

NEMS) and meeimical resonator systems.
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2.2 Physical properties and structure of solid state materials

Quantum mechanics establist that an isolated atom has discrete energy levels
occupied by electrons. However, in a situation where multiple atoms form a solid, the discrete
energy levels overlap and spread out, creatiagds. In the case of a single crystal, the band
structure is made by the valence band, the highest electrocupied energy band at absolute
zero temperature, and by the conduction band, the lowest unoccupied energy Bahd.
between the conduction and valence band is a forbidden region called the--¥IRLIE ® ¢ K S
band structure determines the electrical conductivity of solids, being unique for each material.
Therefore, solids can be categorised by their electrical conductivity in three groups:
conductors, semiconductors and insulators. The condugtoup is formed by metals and
semimetals; their electronic bands, conduction and valence, are-seauipied and overlap,
letting the charges flow along the matals. When the electronic bands, up to the valence
band, are fully occupied and the bandgaptiveen the conduction and the valence band is
large enough, the electrons are not able to jump from the valence band to the conduction
band by thermal excitation. At this point the solid can be considered as an insulator. These
two examples are the extrenenditions, whereas there is an intermediate situation in which

the materials are not overlapping between the conduction and valence bands, but the

é” DD U

p-type Intrinsic n-type

E;

Metal Semimetal Semiconductor Insulator

Figure2.1 Scheme of the differentilling of the electronic gates in various types of materials
equilibrium. Height is energy while width is the density of available states for a certain ene
the material listed. The shades follows the Febiviac distribution (dark purple means all stat
filled, white mears no state filled). In metals and semimetals the Fermi IEvkés inside at leas
one band. Ininsulators and semiconductors the Fermi level is inside a band gap; howev
semiconductors the bands are near enough to the Fermi level to be therpafivlated with
electron or holes.
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bandgap is small enough to allow the charges to jump from the valence to the conduction
band, and vice vess These materials are called semiconductors. Owing to the vicinity of the
bands, small quantities of energy, such as by thermal excitation or light absorption, are
sufficient to allow the charges to change band. The pure semiconductor materials are formed
from elements of column IV of the periodic table, such as Silicon (Si) and Germanium (Ge).
However, the list of semiconductor materials is not limited to that group, as there are multiple
combinations of semiconductors, ®alled compound semiconductor€$), formed by the
combination of two or more elements, sometimes with variable quantities of the different
species. This group of materials and their numerous applications will be examined in detail in

the following sections and chapters.

Semiconductorgan be classified into two subgroups in terms of their bandgap type,
either direct or indirect bandgap. Direct bandgap semiconductors have the mieineat)y
state in the conduction band and the maxirgadergy state of the valence band with the same
momentum. Whereas, for indirect bandgap semiconductors, the valence band maximum
differs in momentum from the conduction band minimum. Hence, in the elechwe
recombination processes of indirect bandgap semiconductors, additional momentum is
requiredto consrve the total momentunt® Therefore, in addition to the electrical properties,

the band structure of seimonductors also determines their optical properties.
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Figure2.2 Reflection, propagation and transmission of a light beam incident on an optical med|

The optical properties of a material are determined by the way light interacts with the
solid. The wide range of optical phenomena observed in solids can be cthssiffeur
categories: reflection, transmission, emission and absorption. Linked to the propagation, other
linear optical phenomena which can occur while light propagates through an opigium
are refraction luminescence and scatterini particular,the phenomenon used later in this

report, luminescence, is the process of spontaneous emission of light by exciting atoms in a
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material or substance® Subcategories of the luminescence are photoluminescence (PL),
which is the process in which a molecule or solid absorbs a photon, exciting an electron to a
higher electronic state and, upon relaxing to the lower energy state, ansepboton is
radiated; and electroluminescence (EL), which is a combination of electrical and optical
phenomena in which the material emits light in response to the passage of an electric current
or a strong electric field? These phenomena anggurely dependent on the band structure of

the solid.

Of the many physical properties of materials, the mechanical ones faemarmous
importance since they regulate the material stability under acting forces. There is a vast list of
mechanical properties, but the ones that are directly linked to the thesis topic are stiffness
and elasticity. The stiffness can be explainedhasatbility of a material to resist deformation
in response to an applied force and the elasticity is the ability of a solid to resist a distorting
influence of stress and to return to its original size and shape when the stress is removed.
There are sevefa LJ NI YSGSNE 6KAOK OKINFOGSNRAS GKS St ad
Y2Rdzf dz& X G KS &aKSIFNJ Y2Rdz dza I+ YR ,Q & & matadidl { Y 2 Rdz dza
describes the ratio between the stresd(force per unit area) and proportional defortian
or strain - i(see eql). Therefore, giving an uniaxial stress to the solid, in other words, applying
tensile or compressive forces, the matmdeformation depends on the material stiffness (see

Fig2.3.a),and
(6] —8 @

The shear modulu®is described as the relationship between shear stiessand the shear

strainf by

0

T g
r @

This modulus is related to the deformation of the solids when bodies suffer antiparallel forces

applied in opposite faces, see R2g.b.

The bulk modulus is the resistance of a substance to compressanversebeingthe
compressibility. Therefore, the analytical expression of the bulk mod@luslates the

pressured with the volumec by

6 w38 3
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The first two parameterOand"Q may depend on the orientation of the material. Therefore,
tensor representation is required to express the strefgin relations using the elastic

modulus tenso®  or the elasticcompliance tensofY as

» 0 - (4)
- Y, ()

in the linear limit of lowstress valueg®

Isotropic materials, such as most metals and ceramics, have the same mechanical properties

in all directions. On the contrary, mechanically, anisotropic makerivork differently,

depending on the direction of the applied forces. A clear example of highly anisotropic solids

isthe group of twadimensional (2D) materialshich are made by atoms that are covalently

bonded in the plane, whilst the interlayers aliaked via weak van der Waals forces. This
difference in the atomic bonding causes enormous differences in tpaime and ouof-plane

mechanical properties. Probably, the best example of a mechanically anisotropic material is
graphene, which is one ohé strongest and stiffest materials with an-lidf I yS | 2 dzy 3 Q
modulus for a monolayer in the absence of defects. At the same time, théafeav graphene

, 2dzy3Qa Y2 R A Mareoverd theoveakriggs bf the interlayer interactions allows

eay exfoliation andlayer sliding under low shear stress, producing lubricant effects. It is
necessary to mention that the anisotropy not only affetite mechanical properties, it equally

concerns the other physical properties of materials, such as thermal or electrical transport. In
addition to the anisotropy, an essential factor in the physicalpprties of materials is the
LINBEE&SYyOS 2F RSTSOGad |1 26SOSNE LINA2NI (G2 O2yaAa
describe the physical property resulting from the electrical and mechanical coupling, namely

piezoelectricity.

29



a 4 ¥
e
y U
| |
d)

c) F o
A - ‘i
—_—lp :
F : F/ d |/:J
|_/_ -V
F
X3
633
[ ] ] = o1l o2 G13
v 032/
G31 621 022 023
L %,
g < &is 031  On O3
O O3
X
*
P

X

Figure2.3 a) Comparison of material deformation for saftréer) and a stiff yellow) materials.
b) Deformation of a solid under shear strdig a force,F. ¢) Uniform compression of a soli
under pressureP. d) lllustrates a unit cube of material with forces mgtion it in three
dimensions and the stress tensqr .

Fezoelectricity describes the ability of materials to develop an electric displacement
that is directly proportional to an applied mechanical stress. The piezoelectric effect is a
reversible pocess; it means it is possible to generate an internal mechanical strain from an
applied electrical field and vice versa. This property appears in crystals, ceramics and biological
matter, such as bones. In crystallin@aterials, piezoelectricity is limitd to certain

crystallographic symmetries, with only n@entrosymmetric crystals being piezoelectfic.
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Pulling normal force Equilibrium Compressional normal force

bl -

Figure2.4 lllustration of the piezoelectricity concefdn piezoelectric crystals, the application
an expansive (pulling) or compressive (compressional) force results in a change
distribution of dpole moments. This causes a change in the surface charge, which is propo
to the applied force?.

When a piezoelectric crystal is suligat to a mechanical stress (compression, pulling or
torsion) the molecular dipole moments 1@ient themselves, creating a variation in the
surface charge density and, consequently, a voltage difference. Analogously, when the
piezoelectric material is exged to an electric field, the dipoles slightly change their shape,

changing the dimensions of the material (see Eig).

Under small field conditions, the constitutive relations for piezoelectric materéaie

written as
O QO qQ , (6)
- Qo v, )

whereO is the electric displacemery, is the strain,O is the applied electric field and is
the stress. The piezoelectric constants are the dielectric permitti@ity”yY the elastic
compliance,Q and Q are the direct (d) and anverse (c) piezoelectric coefficients,

respectively?*

The last physical properties we would like to describe are reltedermal transport.
The thermal properties of solids depend on the ability of a material to transfer It
transfer is subject to energy transfer and can occur in many mechanisms, such as conduction,
convection and radiation processes. In the ca$enmacroscopic solids, heat transfer is
attributed to energy conduction through phonons and electrons. Phonons are quantised
modes of vibrations and, in the case of insulating or semiconducting crystals, the phonon

transferred heat is transported throughéhatoms oscillating around the equilibrium position
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in the lattice. Nevertheless, the miniaturisation of the systems requires the consideration of
other heat transfer mechanisms, due to phonons behaving dissimilarly in the -naintb
macra-scale. Diffusiv@ieat transport has to be considered for macroscopic studies, with heat
transfer governed by the Fourier equatié @ "Yawhere %.is the flux,Qis the thermal
conductivity and’Ythe temperature. In nanoscale heat transport, the phonons behave as
particles and/or waves, involving ballistic propagation, scattering and interference events.
Conversely, in metals, the main heat transfer is attributed to electrons instead of phonons.
Equal to the rest of the physical properties, thermal phenomamegalsohighly dependent on

the anisotropy of the material and the presence of defects.

Crystalline solids present periodicistture; however, in mostases of real crystals, the
structure contains a variety of defects, which determine the physical propertietheof

materials. These defects can be classified into four groups:

A Point defects, such as interstitials, vacancies ancsies

A Line defects, described by the variety of dislocations.

A Planar defects, such as grain boundaries, stacking faults and interface
A

Volume defectg voids and precipitates.

Burgers vector Dislocation lines
E 215
Burgers 1
(TTTTTTT -

vector
| |

Edge dislocation Screw dislocation

Figure2.5 Schematic diagrams showing an edge dislocation (left) and a screw dislocation (
The dislocation linesre highlighted withdashedthick black line. The Burgers vectorsre
represented bya redand bluearrows, for the edge and the screw dislocations, respectively

As was previously mentioned, the modification of the crystalline structure due to the
presence of defects defines tipeoperties of the material. This modification can be accidental
or voluntary, creating a new research field: defect engineering, in which defect control is

essential for the mechanical, electrical, optical and thermal properties of the materials.

32



For linar defects, there are two major types: edge and screw dislocations. The edge
dislocation is formed when an extra plane of atoms is intercalated in the crystal, distorting
adjacent planes of atoms. The screw dislocation is formed by the atomic plane fgjlawi
helical structure around the dislocation line. Schemes of both types of dislocations are
presented in Fig2.5. The result of thecombination of both dislocations, edge and screw,
0S502YSa GKS Y2al GeLAOIf fAYSIENI RSTFSOG Ay
distortions of the crystal lattice resulting from the dislocations are denoted by two properties
- the dislocation lie direction and the Burgers vector.ddge dislocations, the Burgers vector
is perpendicular to the line direction, contrary to teerewdislocation in which the direction
of the vector is parallel to the line direction. The resulting distortion of &tcle generags a

structural stresdield, which is revealed in the physical properti&s.

33



2.3 Bulk semic onductors and insulators

As explained in the previous section, the presence of a forbidden energy gap in the band
structure is the key characteristic of the electronic configuration of semiconductors and
insulators. This section will detail some of fhteysical properties of materials belonging to the

semiconductor and insulator groups.

2.3.1. Group IV z Silicon and silicon compounds.

Silicon is a single element semiconductor material. It is tieeldment in the periodic
table. Due to its electronic configation, the hybridisation of 3s and 3p orbitals in 4
tetrahedral 3sp orbitals is the most stable configuration. This resuétbink crystal structure

formed by covalent bonds between the Si atoms with the characteristic diamond cubic lattice.

Silicon iseextensively used by the electronic and photovoltaic industry due to the fact
that it is one of the most abundant elements on Earth and can be produced in the
monocrystalline silicon boules by Czochralski process. These two factors place Si as a material

with reasonable performance for the required applications.

Regarding the physical properties of silicon, we can highlight that, mechanically, it is a
reasonably robust semiconductor, when compared with other species and their compounds.
{ A, 2 dzy 3 Qsi defmed] Poyzthelzérystallographic orientation, wifk=129.5 GPa,
Ei=168 GPaanBulf myc Dt & L& t2Aaa2yQa NIGAmgAa | &z
values froma=0.22 toA=0.28.2% However, it is not its mechanical properties which makes
silicon very attractive for electronic applications. Silicon &as$ndirect bandgap in the band
structure, which means that a phonon is needed to emit a photon by transfer of the electron
from the conduction to the valence band. The bandgap value of intrinsic Siis 1.1 eV at 273 K.
To change the electrical propertie§ 8i, its wafers are commonly doped with other elements,
such asboron, aluminium, gallium andindium for the ptype doping and byhosphorus,

arsenic,antimony, bismuth andlithium for the ntype.

Silicon can also form compounds, such as silicon dio%id® (silicon nitride ($Ns) and
silicon carbide (SiC), offering completely different properties from the pure material. In the
case of silicon dioxide, its physical properties vary considerably with the crystallinity. For
example, one of the multiple gstalline forms of silica is the wddhown quartzh -quartz being
the most stable configuration at room temperature, consisting of a thdieeensional network
built by interconnected SiCtetrahedrons. This material is prized as a piezoelectric material

for the fabrication of piezoelectric actuators, suchtasing forks (TF) andjuartz crystal
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microbalances (QCM). The electromechanical properties of quartz crystals can be
characterised by its piezoelectric coefficiert;=0.151 C m and e;,=0.061 C mi. ?’ The

nitride compound,SgNs, is used in multiple sectoisf the industry, such as the fabrication of

engine parts bearings, highemperature applications, orthopaedic applications, metal

working and cutting tools, electronics, and MEMS/NEMS fabrication of membranes and
cantilevers. Similarly to the oxide, tf#Ns can be synthesised in different crystallographic
formsand phases, YR I ©6S8Ay3 (KS S| adSAda FTRNRGr dip 2v7
considerably higher than the pure silicon, varying from ¢@97 GPa, equally dependent on

the crystallograplt orientation. Electrically, this material is categorised as an insulator, with

a resistivity between and 13*m YXI YR AdGa RASt SQidRE® 02y ail
SENs is characterised bigs low thermal conductivity, with values in the range ofgl48 W nit

K.

2.3.2. 11l -V Compound Semiconductors

In the quest for new properties, novel materials and their compoumd@sinvestigated
to accomplishdemanding requirements. The family of compourainéconductors (CS) has
demonstrated to offer promising candidates for multiple electronic and optoelectronic
applications. These compounds are formed by the combination of elements from groups Il and
VI or Il and V of the periodic table, in the case ef bimary CSyr the CS alloydiketernary,
guaternary and quinarymultiple combinations of the groups-Wl and I[HV, varying the
concentration of the different species to tune the properties. Whilst the CS exhibit superior
physical properties to silicon for optoelectronic devices, the complexity of the manufacturing
and toxicity of some of these compoundsve hinderedtheir implementation in the
fabrication of newelectronic devices. Nevertheless, recent advances in this industry have
made possible their implementation in the fabrication of some devidé® methodologies
used in the growth of CS, suchmaslecularbeam epitaxy (MBE) ochemicalvapourdeposition
(CVD), offer precise control in the thickness and purity of the materials, allowing théngtack

of multiple layers to create complex device structures.

One of the typical structures formed in the stackingdifferent layers is the {m
junction, where rtype and ptype semiconductors are in intimate contact. This contact
creates an interface between the tvgades of the junctionwhich allows free charge exchange
across the boundary. When themjunction is leing formed, charge diffusion occurs, with
electrons diffusing from the-ype to the ptype region, and inversely, holes diffusing from p

type to the ntype region. Wherequilibrium is attained, the Fermi level of both regions is
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constant across the junicin. It is necessary to highlight that far away from that interface, the

properties of the semiconductors remain the same as in the case of isolated semiconductors.

bSIFNJ G2 GKS 2dzyOiAz2ys y2 Y20AfS O NNREEE SEAAD

Far from the junctionis the quasheutral region, where the carrier concentration is equal to

the dopant concentration.
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Figure2.6 Scheme of a 4o junction in thermal equilibrium with zerbias voltage applied
highlighting the area of the depletioregion and the neutral regions. Under the scheme of 1
junction, plots of the charge density, the electric field and the voltage are presented

Light emitters, such alight-emitting diodes(LE3) and lasers, are some of the main
applications of iV compound semiconductors. The integration e¥Ibbn group IV substrates
is a possible solution to achieve higfficiency, lowcost devices using deposition methods for
the IIFV on Si, Ge or Ge/Silsstrates. In the case of the-M hybrids on Si substrates, the
monolithic growth of IV on Si presents a high density of dislocation due to the lattice
mismatch between the Si and the-lland, therefore, the poor performance of the systems.
These hprid structures are affected by diverse types of defects. One of the major issues
produced in these structures is the formation of aphliase domains (APD), showed

schematically in Fi@.7. These defects consist of the change in the order of the atoms due to
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single atom steps in the substrate or the previous layer that creates a union between the
atoms of the same species. Because these unions dreptional, the material tends to create
defects which will propagate producing severe changes in the properties of the materials, such

as decreasing the mean free path of the electrons.

11-V CS

2 e e e e e e
RS SR e

Normal crystal Crystal with APD

Figure2.7 Schemes of hybrid structures with binary CS grown on a Si substrate. The left side ¢
presents a normal crystal free of defects. The right side scheme showsitipbase domaingand
antiphase boundarproduced at the monoatomic step of the Si substxa

Lattice mismatch, between the substrate and grown layers, is also a main concern in the
epitaxiallygrown films. This mismatch produces misfit dislocation networks at or near the
interfaces, nucleating new dislocations. This inteistaéss producedtahe interfaces can be

relaxed by diverse mechanisms, such as mechanical twirfding.

Discussing the W semiconductors, it is necessary to highlight the-gtdup of the IH
nitrides, highly pded in the fabrication of electronics and optoelectronics devides,
example power and radio frequency (RF) transistdug, to their direct wide bandgaps. As
light emitters, these semiconductors cover the whofgticalspectium, going from infrared to
deep UV. A peculiar characteristic of thenittides is their piezoelectric response, valuable for
the fabrication of acoustic resonators or sensé*$% Gallium nitride, GaN, is an example of
lll-nitride, which presents a large bandgap of 3.39 eV and thermal conductivity afitm
YCL Its piezoelectric coefficients;#0.10 C m, €3,=0.17 C M, and e:=0.29 C m, and
elastic moduli, G=359.4 GPa,16129.2 GPa,16-92.0 GPa,£~389.9 GPa and{98.0 GPa,
predict GaNo be agreat candidate for piezelectric nanogeerators that convert mechanical

energy into electricity?® 3
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2.4. Two-dimensional materials

Two-dimensional2D) materials are layered substances, which do not need a substrate
to exist, meaning that they can be isolated as freestanding atomically thin films one or few
atom-thick. The first material isolated in the 2D structure was graphene, in 2804.

Afterwards, many other 2D crystals have been identified and studied.

2.4.1. Graphene

The electronic configuran of carbon allows the possibility of forming different
allotropic species (see R28), such as diamond, graphite, graphene, nanotubes and fullerene.
In particular, graphene, which is probably the most promising allotrope due to its supreme
physical properties, structally forms a twedimensional crystal with a honeycomb lattice,
consequence of the sp2 orbital hybridisation, which forms three bonds in a plane, separated

by angles of 12083

Graphite Graphene Nanotube Fullerene Diamond

Figure2.8 The carbon allotropegraphite, graphene, nanotube, fullerene and diamd@daphene
is a monolayer of graphite and a nanotube is a graphene sheet rolled up.

Graphene has demonstrated an extensive number of outstanding ptiepe starting
with the mechanical ones, mentioned before, where suspended graphene flakes have yielded
aninLJ ' yS | 2dzy3Qa az2Rdzfdza 2F m ¢t gAGK I &AGNBy3dl
Overall, these values establish graphene as the strongestnal ever measureé 3
Nevertheless, the anisotropy in the mechanical properties is a remarkable quality of graphene.
For example, its oudf-plane elastic modulus has been reported@3.4GPa, few orders of
magnitude smaller than the iplane valueThe inrplane graphene thermal conductivity is also
higher than in commonly used heat dissipation materials, with a value of (5880 Wm?®*
Kt 35 In general, 2D materials are considered good candidates for the fabrication of
transparent devicestransstors, however, in the case of graphene, the 2.3% of absorption is

considerably higlfior a material that i®nly one atomic layer thick.

The electrical properties of Graphene have been extensively probed with electron

mobility of up to 230,000cAV+Ys! at a carrier density of 2 x 1011 &hfor suspended and

38



annealed samples. For samples on a substrate, mobility is typically an order of magnitude

lower due to scattering from the substrate phonofs.

The main methodgor graphene fabrication are mechanical exfoliation and chemical
vapour deposition (CVD). The principal advantage of mechanical exfoliation is that it is the
cheapest way to obtain highuality graphene, needing only a graphite piece ScatchTape.
Moreover, the quality of the crystals is usually high, with a small amount of defects and
minimum dopants. However, by this method it is very difficult to obtain big flakes and
generally the size is around ~30frin the case of the CVD, it is possible to abtzg flakes,
but their crystal quality is lower. Moreover, due to the etching process for the graphene
release from the substrate, the physical properties of the graphene, especially the electrical

ones,are affected.

2.4.2. Transition Metal Dichalcogenides

Graphene is an excellent material for multiple applications. Howekierabsence oh
bandgap rules it out for applications in which semiconductor behaviour is required. For this
reason, some members of the family of transition metal dichalcogenides (M€ good

alternatives to graphene.

Figure2.9 General scheme of Transition Metal Dichalcogenides (TMDCs) monoiayers.

TMDCs are formed by a sanidtv structure composed by-M-X where M represents
the transition metal and X the chalcogen (seeZ®).% 2 There are multiple combinations of
TMDGwith stable configurations to form materials. However, not all of them can be included
in the 2D materials group; for example, all the transition metals from the first row of the
periodic table tend to form 3D crystals. Nevertheless, in the case of the heavier elements, van
der Waals forces dominate the interaction between the adjacent layers, allowing easy

exfoliation of the individual sheets. These can be considered as 2D mateviais,if their
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hexagonal structures are not atomically flat. Whilst all the TMDCs have a similar configuration,
the differences in size and charge of the diverse elements cause considerable changes in the
physical properties of the materials. For examplee heavier chalcogens show the higher
electrical conductivity, which is an essential requirement for energy storage applications.
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Figure2.10 Calculated band structure of bilayer MoSVS and WSe The bands forming the
conduction band minimum and valence band are indicated in ordhge.

TMDCs, such as M9SNS and WSe have attracted enormous interest in the last
decade for optoelectronic and energy storage applications due to their band structure. The
monolayers of these materials are characterisedabglirect bandgap, incontrast to the
indirect bandgap of the multlyer structure or crystal bulk (se€able 1). Therefore,
monolayers present different properties, such as high photoluminescence (PL) intensity and
effective excitons® *° In addition, the presence of defects, such as vacancies or dopants,

produce a shift in the PE%4°

Tablel Bandgapmultilayerandbilayerin MoS, WS and WSe

Material Bandgap monolayer Bandgap bilayer
MoS 1.9eV 12eV
WS 2eV 1.4 eV
WSe 1.6 eV 1l.1leV
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Besides tha& exceptional electric and optical properties, TMDCs have also been
reported as exceptional candidates for the fabrication of flexible and stretchable
optoelectronic devices due to their mechanical and elastic properties. For example, the 2D
elastic modulusof MoS, WS and WSe have been found to be approximately 170 Nm
positioning bothamong the highest 2D elastic modulus materials, but still far from the
graphene record™ > The most common methodsf TMDC monolayer fabrication are the

mechanical or liquid exfoliation from the bulk a6/ D
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2.5Nanoscale measu rements methodology
2.5.1. Scanning probe microscopy

Scanning probe microscopies (SPM) are a family of microscopies where images are
obtained by recording the sample probe interactions when the probe is scanning the surface.
This group of microscopies started in 1982 with the invention of dtenningtunneling
microscope (STM), followed by the development of #temic force microscope (AFM) in
1986.

At very short distances, the tigample interaction is mainly dominated by the Coulomb
and van der Waals forces. TBeulombic interactions are strong, stierange repulsive forces
which result from the electrostatic repulsion between the tip and sample electron clouds,
being inversely proportional to the tipample distance. At the same time, the van der Waals
interactions are weak and loaginge attractiveforces. Nevertheless, they are strong enough

to affect the motion of the probe in the vicinity of the surface.

Force
-~

Repulsive forces -
L/ short range Coulomb interaction

\ Force response curve
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\ Attractive forces -

e van der Waals interaction

Figure2.11 Force vs distance plot.
(https://www.doitpoms.ac.uk/tlplib/afm/tip_surface_interaction.php)

In a normal environment, such as in air, the surface of the sample is commonly covered
by a thin water layer, which tends to create a water meniscus with the probe by capillary
forces. This water layer affects the cantilever dynamiten it is pulling away from the

surface, causing the probe to stick to the sample for longer.
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As the tipsurface distance increases, lerange forcesbegin to dominate the
interaction, such asnagnetic ones, and the electrostatic forces resulting from ¢cantilever
sample interaction The exploration of these other interactions has resulted in the

development of new techniques.
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Figure2.12 a) MultiMode SPM. b) Quashotodetectorarrangement.*3

The basic operation modes for the AFM are contact, tapping andcoatact. The
contact is a static mode in which the timé$ permanent contact with the sample and the
cantilever deflection is monitored to keep constant the setpointdgmple force in the
repulsive regime. The sample is raised or lowered to compensate for the variations in the
deflection from the setpoint valke, providing the measure of the surface topography. A friction
micrograph can also be generated by monitoring the torsional motion of the probe during the
scanning. The tapping (FAFM) and the nortontact techniques are dynamic modes in which
the cantilever vibrates and the amplitude, frequency and phase of the oscillation are
monitored. The cantilever oscillation is driven near to its free resonance by a piezoelectric
element. In tapping mode, the signal monitoring in the feedback loop is the amplituiie o
oscillation, which decreases with contact, rather than deflection, as in the case of contact
mode. Additional information can be also extracted by recording the phase lag, which is also
affected by different material properties, such as elasticitictibn and adhesion. The nen
contact mode can be operated at frequency or amplitude modulation mode, in which

frequency shift or amplitude changes are monitored respectively.
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For the monitoring of the deflection and tapping signals, necessary during the
performance of suly S K2 RaX 2y S Oly dzaS I aaixdayrt I 00S&aat¢

the signals via standafthyonet NeilkkConcelmanBNG connectors.
2.5.2. Nano-mechanical measurements in SPM.

Force Modulation Microscopy and Contact Resonance AFM
Forcemodulation microscopy (FMM) is a nettestructive method for pbing bcal
stiffness in the sample surface and subsurface.baised o contact AFM, vibrating the sample
vertically at low frequency,e. a frequency below the free resonance of the cangle{~2
pllT o ¢KS OF yiat S@SNDsampkdntefadidh iwhighyls inRuBrici®ly Ra 2y G F
by the sample deformation. Stiffer samples deform less, therefore the deflection response is
more greatly affectedBy ecording the variation in the catver deflectionit is possible to

map the sample elasticifyQ. 4+ 45
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quantitatively modelled by the relation between the force appli®hand the cantilever

displacement as
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Figure2.13 Scheme of the springs model for the sample cantilever interaction.

In this methodology, there are different parameters, which can be optimised to map
the sample features. For example, increasing the excitation frequency up to the contact
resonance of tB cantilever allows for the evaluation of the nesaurface mechanical
properties at the nanoscale, vi@ntact resonanceatomic force microscopy (CRFM)?#: 49
Working at the resonance modes of the cantilever offers high sensitivity to the changes in the

mechanical properties of the different structuré%3°51
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Ultrasonic Force Microscopy

FMM offers good results in a wide variety of samples. However, this method is
inadequate for the mechanical mapping of very stiff samples as it is sensitive in a range close
tothe cani A f SHSNIDA & LINR Vrdse Giffioyilties tay be savied byzfiserting a
piezotransducer under the sample to oscillate it vertically at high ultrasonic frequencies (>2
MHz) that are amplitude modulated at a few kHZ3(RHz). This method is callettrasonic
force microscopy (UFMand was invented by Kolosov and Yamartdkeéhey evaluated the
AFM cantilever response at low and high excitation frequencies of the sample vibrations and
showed that, at low frequency, soft cantilevers cannot probe the elasticity ofstifiples>?
However, in the case of highequency excitation (well above of the resonance of the
cantilever), the cantilever response becomes negligible, inertially increasing its spring constant
and allowng the cyclical indentation of the tip into the sampfaihilst the tip is indeting
into the samplethere is a damage reductiodue to the tipsample contact being broken
during part of the cycle, removing the torsional forces on the cantilever and creating a
lubricant effect between the tip and the surfaddevertheless, the high speed hitting of the

surface with the sample can also produce light sample wea?h.

The normal force experiencday the cantilever in its interaction with the sample in UFM
measurements can be defined as a function of the ultrasonic amplitiilend the initial

indentation, "t

0 My — 00 OGwédQ 0Qb 9)

where"Od is the original force dependence of the indentation without ultrasonic vibration

and™Q is the ultrasonic frequency; the integral is taken over a peiod pj "Q . °7
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Figure2.14 (a) For small ultrasonic amplitudes such astle normal force averaged in tim
over one ultrasonic period is equal to the initislue I as the force curve is linear in the fir:
approximation. For the threshold amplitude, dhe average normal force (averaged over t
broken line) has a discontinuity that depends on the adhesion hysteresis. The contact is |
for part of theultrasonic cycle. (b) Schematic normal deflection response induced by aof-0
plane ultrasonic vibration of the sample. There is a variation of the normal deflection on
ultrasonic amplitudes higher than the threshold amplitude At this amplitudevalue, a
discontinuity in normal force and normal deflection occurs (force jufitp).

When the amplitude of the vilation is modulated at low frequency, the cantilever
experiercesa characteristic ultrasonic force at the modulation frequency, which produces the
UFM response. Ideally, this ultrasonic response is only dependent on mechanical properties
making UFM a mat@l-sensitive method. Unfortunately, some other factors such as high
frequency excitations in the cantilever or piezotransducer resonances make it difficult to
universally distinguish between different materials. Nevertheless, Beisak demonstrated
that in a confined region, typically less than 10 x 10 ffon a 4 MHz piezotransducer, UFM
allows for quantitative analysis with the ability to differentiate mechanical properties,

between soft and stiff materiaf§.

A variant mode of UFM with reported analogous results in the probing of the etawstic
viscoelastic properties isaveguide UFM (WWFM), where the ultrasonic excitation is applied

from the tip by theinsertion of a piezotransducer in the base of the cantiléVe?.
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Heterodyne Force Microscopy

Another methodology to eXpre nanomechanical properties using nonlinear detection
of ultrasonic vibrations ibeterodyne force ricroscopy (HFM). In this mode, analogously to
UFM, ultrasonic sample vibrations are excited with a piezotransducer inserted under the
sample and, in adton to that, tip vibrations are excited with another piezotransducer
inserted in the base of the cantilever. Both piezotransducers are driven at adjacent ultrasonic
frequencies. Since the sample is vibrating at a frequencgnd the tip ai , the maimum
tip-surface distance is modulated at the beat frequency 1 1 . Therefore, the tip

sample interaction force can be written, in the seceovder approximation as

0 Q4 & .4 & h (10)

whereg 0 © OFTo andad 6 & OFT o6 71 t are the distances to the tip and

the sample, respectively. The 1 term denotes the phase attributed to the dynamic
mechanical phenomena on the sample surface, wibeing the characteristic tiescale of the
phenomena such as the stress relaxation in a viscoelastic matgyialoing corresponding

algebraic manipulations and considering only the -fogsquency terms acting on the
OFyiAt SOSNDE NBalLlRyaSs (KS TweapmddmaBdas]S NA Sy OSR

0

alel

0 0 66 e 01 t 8 11

This equation preserves the phadependence to the dynamic mechanical phenomena at
high frequency, t. Therefore, the monitoring of the amplitedand the phase of the signal
can be performed by a lodk amplifier at the beat frequency, . The amplitude of the
signal provides the elastic and/or adhesive properties of the samptegas the UFM. The
phase output stores the dynamic relaxation information of the sample with high-time

sensitivity (nanosecond scalé).
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2.5.3. Electrical measurements in SPM.

Electrostatic Fo rce Microscopy

The electrostatic force microscopies (EFM) are the SPM methods used to study the
electrical properties, such as charge density, work function and surface potential benefiting of

AFM nanoscale resolution.

The principle of the EFM is monitog tip-sample electrostatic interaction that can be
explained by the general form of the electrostatic foFedependent on the potentiaV, given
as

0, .
O ET—,cb h 12
¢r a
where Cis the capacitance, partially differentiated in the vertical directio??

For EFM measurements, the total voltatgrm, V, is composed of four different
components, two of them intrinsic to the materials of the sample dmal tip, namely the
contact potential differencé/crpand the potential correspondence to the surface charges
@ .52 The other two components corresporid the external driving signal for the electrical
excitation of the tipsample system, being the DC compon¥pstand the sinusoidal on¥ac
sin( t). Therefore, the total force can be written as

pT 0 ,
w

0 —-— W w w i qQeo 13
K. !

and can be decomposed into three different terms depending on the frequency dependence,

i.e. zero frequency, and2. terms

I

, W W ~—®» h (14
<TG C
w10, . .
0) '|'_dw ® ® i Qtoh (15)
and
. pr 6, .. . |
L 16
o) T dw wé @ o8 (16)
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Kelvin Probe Force Microscopy

Kelvinprobe force microscopy (KPFM) is a variation of EFM. This technique allows for
the study of diverse material properties depending on the nature of the sample. For example,
in the case of the metallic samples, the KPFM response is linked with the work function of the
material surface. In the case of semiconductors, the band structure including the doping can

be obtained from the KPFM respon$é.

The parameter measured by the KPFM is thmntact potential difference (b )

between the tip and the sample, that is defined as:

%o %o .
, R 1
@ B — 7
where the%. and the%o are the work functions of the tip and the sample, respectively,

andeis the electronic chargé®

Therefore, the potential term of the electrostatic force of equatikt8ran be expressed

as
O 0O w i & oh (18)

wherew andw OE1 0 arethe DC andAC components of the potential applied to the
sample regectively Hence, the force experienced by the cantilever at the frequendy

equal to:
0 Ga® © ® {08 (19

Therefore, if is equalto @ , the component of theforce on the cantileverOhis
nullified. Then thew can be measured when a feedback loop is used to minimise the
OFyiAt SGSNDa NBalLkyasS I

KPFMsimultaneouslyrecords w  and the topography. There are two different
operating modes of KPFNrequencymodulation (FM) mode, which works in sentintact
mode, andamplitude modulation (AM) mode, which works in naxontact mode and imltra
high vacuumJH\j for highresolution imaging. In both modes, the cantilewscillatesat or
close to its resonance fgeiency. The changes in the distance between the tip and the sample
alter the tip-sample interaction, creating changes in the amplitude and the resonance
frequency, whichare used as feedback signals to acquire the topography of the sample

surface 56 67
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The AMKPFM mode uses the changes inthelalf A 6 dzZRS 2F GKS OFyaGAt SGSN
which are directly dependent on the forces of the-ample interaction, as feedback. Thus,
the direct force between the tip and the sample is represented in the AM measurements. In
FM-KPFM mode, the feedback sadris the frequency shift produced by the electrostatic tip
sample interaction. FM mode senses the force gradient between the tip and the sample rather
than the force itself. The fact that the FM mode is sensitive to the electrical field gradient
rather than the force results in the higher spatial resolution of FM, as the detection range of
the gradient is short, sensitive mainly to the interaction of the very end of the tip with the
sample. In the case of AM, the electrostatic force is influenced byltlde i Y R G KS OF yiAf S@E
interaction with the sample, therefore the spatial resolution is reduced by an averaging effect

of the tip and the cantileve®®

Dielectri c Electrostatic Force Microscopy

Useful information can be also obtained by the measurement of the second harmonic
term of the tip-sample electrostatic force, which is directly linked with the dielectric constant
of the material under examination. This rhetdology is known adielectricforce microscopy
(D-EFM) and allows for intrinsically mapping the electrical permittivity in a egtasc regime,
for low-frequency AC voltage» measurements® ¢ The interacting force between the
sample and the cantilever can be modelled as a-pacalletplates capacitor, with the

interaction between the two platedescribed ag’

0 g ' %8 (20)
Looking for the analogous term in the samypbmtilever interaction forces in the EFM
measurements, it is possible to identify the terms dependentcon for the frequency
independent’O (Eq.14) and the term dependent of the"2harmonic’O (Eq.16). For the
normal setup implementechithe EFM measurements it is necessary to find a term frequency
dependent for the lockn detection. Therefore, the dielectric properties of the material can

be mapped by monitoring the signal in th& Barmonic according to

Qo6 150
5(’;( o % (21)
where
5
60 - =8 (22
a
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Piezoelectric Force Microscopy

As mentioned above, some dielectric materials under an applied electric field will
provide additional mechanical deformation for piezoelectric samples. This electromechanical
response can be mapped by the method calpéekzoelectricforce microscopy (PFMyhere
the local piezoelectric response is recorded due to a potential difference being created

between the sample and the conductive probe.

5dz28§ G2 GKS ylIGdz2NE 2F GKS &aSiddzdx GKS G20l f

contact with the piezokectric materials is formed by
0 O 0 0 h (23
where Apiezorepresents the electromechanical response due to converse piezoelectric effect,

Acapis the contribution due to the electrostatic force between the tip and the sample Aand

is the contribution due to notocal electrostatic force between ¢hcantilever and the sample.

The total capacitive force created by the cantilegample system is described by

"0 -® —h (24)
whereWcapis the total energy stored in the capacitor formed by the tip in the contact with the
dielectric surfaceV is the potentialandzis the vertical distance. The total capacitari@ean

be written as the sum of the capacitance of the @) and thecapacitance of the cantilever
(Gan). However, in many practical cases, the cantilever term can be considered negligible due

to its small contribution, as it is described in the literatdfe.

Piezoelectric materials will present an additional response to an applieceéitiefield

due to the converse piezoelectric effect. The vertical displacement (in-theection) of a
homogeneously polarized material can be expressed as follows:

P .

Ya Q w 5@ h (25)
whereVis the applied voltagd is the sample thickness arlds and Msss are the piezoelectric
and electrostrictive constants. The electrostrictive term is usually much smaller than the first
one in a polarized state. Applying an external voltage ® & A 1700 the surface
displacement will have a DC component, which is not detectable by thedarkplifier, and

the signalsin the first and second harmonics
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The electrostrictive effect does not depend on the polarization directiomlig causes

a constant backgroundbut does not influence the detection of the polarisation orientation.
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2.6. Optical characterisation methods

The study of ultrasonic vibtian is a topic which has been intensively investigated for
many years with different methodologies because of the importance of these vibrations in
many industrial applications and biomedical diagnosis. The possibility of the study of ultrasonic
vibrations with nordedructive measurements, such aptical methods, has attracted special

interest in the fabrication of MEMS/NEMS for multiple applications.

There are different modes for optical characterisation of ultrasonic vibrations and these
methods can b split into two different groups: interferometric and namterferometric
techniques. Some examples of nomerferometric methods are the knifedge and the
surfacegrating techniques, both limited by the finish of the sample surface, being only
suitablefor low roughness samples. The group of interferometric methods can be split into
another three sukgroups; a) optical heterodyne, which uses the scattered wave of the surface
interfering with a reference signal; b) differential interferometry, which ¢tesaan
interference of two waves on the surface; and c) velocity or tdakay interferometry, which
consists of the beating of the wave issued from the surface with the same wave delayed in

time. 73 74

Here, we focus on the optical heterodyne method callaser Dopplevibrometry,

which is based othe Michelsoninterferometer.

2.6.1. Interferometric methods: laser Doppler vibrometry

Laser Dopplewibrometry (LDV) is based on the analysis of the Dopgfiect on a
reflected laser beam from a solid moving surface. The laser is focused onto the vibrating
sample surface, which reflects the beam with a frequency $hitproportional to the velocity
of oscillation of the sample into the parallel axis of thger, according to the equation

i 28)

YyQ

where Ais the velocity of the sample ards the laser wavelength.

The interferometric configuration implemented in the LDV is the M&ehnder (see Fig
2.15), in which the laser beam is split in two. One of them is focused on the vibrating surface
(measuring beam), carrying the frequency shift information, and the other one is acting as
reference (reference beam). Finally, both beams are combingghotodiodes detecting the

interference between the beams.
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Figure2.15 Optical schematic of typical components a$iaglepoint viborometer (MackhZehnder).
A laser beam is produced by the LDV isufetl on a vibrating surface and reflected from the
The Doppler shift in frequency of the reflected beam is used to find out frequency and amp
of the vibrating target’

The acquired signal will depend on the optical configuratiogterodyne or homodyne,
depending if the Bragg cell istime beam path or not. Moreover, the signal can be treated in
a diverse manner depending on the information required. The frequency demodulation of the
signal provides the instantaneous velocity and the displacement can be acquired by counting

the number offringes.

The frequency demodulation of the signal in the heterodyne mode is realised by mixing
the reference signal from the Bragg cell with the interference one. The Bragg cell is an acousto
optic device employed to fix a frequency stffQ in the reference beam, which is also a
method for distinguishing the direction in the velocity measurements. The total frequency

shift in the beating of the two waves will be

v ~

yQ YyQ YQh (29)
giving the possibility aéliminating the ambiguity of the velocity direction.

In the measurement of the direct displacement, when the target surface moves a
distanced, the variation of the interferometer path length isdd2and the signal presents a

phase shift directly proportical to the number of fringesl, given by

™ N

W %o ¢t 8 (30

Each fringe corresponds to a displacement of half of the wavelentth
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2.6.2. Raman spectroscopy and photoluminescence

The method known as Raman spectroscopy is an optical technique for the identification
of molecules and solids by their unique vibrational modes as a consequence of their excitation
with a laser beam. When a monochromatic light source, usually a laseGuseid on the
Al YL ST (GKS fA3IKAG AYyGSNrOda sAGK GKS &l YLI S¢
phonons or other excitations in the system, and resulting in a frequency shift due to the
inelastic scattering of the photons. This is known as Rasnattering and is unique for each
species, like a fingerprint. In Raman spectroscopy, the laser does not excite electronic

transitions in the sample, therefore Raman scattering is not an emission phenomenon.

Conversely, photoluminescence (PL) is an @origgshenomenon. During this process,
electrons from the electron cloud are photoexcited to higher energy lewais in the
relaxation process the sample-emits the photons with a particular energy. In the case of

semiconductors, the emitted photortgpically havesnergysimilarto the energy bandgap.
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2.7. 3D Sectioning and sample preparation for SPM

SPM are highesolution techniques. However, due to their nature, they can only image
features on or immediately near to the surface. Consequently, sapnglgaration methods
are required to accessubsurface features. Historically, sample cleaving has been the
methodology implemented for sectioning samples. However, this is very imprecise, especially
when sectioning samples with a high density of defectactvwill lead to material cleavage.
Crosssectional methods such as slow cut diamond saws have been also implemented in the
sample preparation. An alternative and more precise method to diamond saws aresfbcus
ion beams (FIB), where ion beams are nonnfaitused on the sample surface millmgmal
cavity. Alternatively, in Aion crosssectioning, part of the sample is covered with a mask and
the unprotected area is milled by the focused beams. Both methods produce cuts that are
difficult to access wh the SPM probes, due to the geometry and dimensions of the resulting
surface. FIB is also widely used in the preparation of samplesrdosmissionelectron
microscopy (TEM), where accelerated gallium ions are focussed onto the sample surface,
milling t until it reaches the area of interest. The main disadvantages of this methodology are
the gallium ion implantation, modifying the chemical properties, and the surface damage

produced during the milling process.

Figure2.16 Preparation oforganic solar cellsross sections by (a) FIB milling, (b) cleavage
(c) microtome cutting is depicted (view perpendicular to the exposed eyeston); SEM
images of (d) FIB milled, (e) cleaved and (f) nen@ cut crosssections.”
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2.8. Micro and nanoscale MEMS and NEMS

Micro- and naneelectromechanical systems (MEMS/NEMS) are new structures that
result from the miniaturisation of devices satisfy the needs of new advances in technology,
which demand reduced size and weight, low power dissipation, improved speed and precision
when compared with macroscopic counterparfst K S 4 S -andad®dXNR OKA Yy Sa¢ L | &
important role in transportation, communication, environment monitoring, automated
manufactring, health care and development of future intelligent systems, to mention some

applications.

2.8.1. Mechanical resonators

Nanomechanical resonators, one of the major practical implementations of MEMS and
NEMS devices, can be modelled as harmonic oscillators. In the simplest example naimass
attached to a spring with spring constdntDisplacing the mass from its equilibrium position,
the spring is exerting the restoring for&  "Qdproportional to the displacemenband the
spring constantQ The periodical oscillating motion of the mass around the equilibrium
position can be miematically modelled by the ordimensional simple harmonic oscillator
equation

8 Qwo
[94]

0o T8 (31

However, this model does not represent a realistic situation due to it not considering
any damping mechanism, whicheans the oscillation will continue forever. A more
representative model of the motion of a mechanical resonator is the driven damped harmonic
oscillator; its equation is given by

Qwo ‘Q ad oQ .
S - C - h 32
(90] [ Qo 1 a (32

where! is the damping coefficienE is the amplitude of the driving force andis its angular

frequency.
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2.8.2. Beams and tuning forks z fundamental principles

In the particular case of AFM cantilevers or tuning forks, they dynamically behave as
singleend clamped single or double beams (the tuning fork). They can be modelled by the
EulerBernoulli equation (E@3) describing the flexural motion of a beam with constant cross

sectiond  3Q moment of inertidO Qj p & 2 dzy 3 O@anddénstgzt dza

5

~ o
” 33

The coordinatanis the longitudinal direction of the beam and vy is the deflection from

the rest position of the length element ai Both coordinates are represented in RdL7.

L/ %

Figure2.17 Scheme of theingleend clamped beam.

The flexural motion equation has a general solution of
wdd  dQ  OQ OQ ®Q Q h (34

whereQ ¢*j_ isthe wavenumber and ¢* "@® the angular frequency. Both values are

obtained from the dispersion relation
o "o mh (35)
obtained by combining equatiorg and 33.

Applying the correspondinigoundary conditions (E@6), for a beam of total length
and clamped ato 11, the deflection and the slope vanish at the clamped end and the terms
of the moment and the shear force disappear in the free end 0.

e 1 oaudd T odd 1
w alo - : ;
T w Tw Tw

b=

(36)
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By inserting the general equati®4 and itsderivatives into equatioB6 of the boundary
conditions, the resulting four equations can be solved for the coefficeiftthe characteristic

equation37is fulfilled.”’

WEQOIWEBQAD p m (37

—— cos(k,L)cosh(k,L)+1
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Figure 2.18 Plot of "QQ0 AT Q0 AT &BH p, with the numerical solution
superposition fofQ Q0 18

The solutions for this equation give the wave numkgepf an infinite set of flexural
vibration modes whera is the mode number. With the help of the dispersion equatii

the flexural resonance frequency of the beam can be calculated by

1 ¢ 0 — ¢ phgBh (38)

withkilI' 9 pMPy TpX Fn dc dtheShunsenicdl goputinds ofghe aqiabd@ic’s X
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2.8.3. Membranes

Membranes are another type of mechanical resonators. The motion of a rectangular

pre-tensioned membrane can be modelled By

! (39)

and

afe  phefBh (40)

where "Yis the tension of the membrane, is the area densitywand w are the inplane
membrane coordinateand & the out-of-plane one Solvirg this equation with corresponding
boundary conditions, it is possible to determine the frequency for the different vibrational

modes for a rectangular membrane of sizeby 0 .

2.8.4. 2D materials drums

The implementation of 2Dnaterials in the fabrication of MEMS and NEMS is a new
alternative to the Siand SiNi.. The main advantages of these materials are their small
thickness, low mass and low mechanical lo$8és example of a mechanical resonator made

by 2D materials is the graphene druth.

The dynamics of these resonators can be modelled as membranes, plates or a
combination of both, depending on the relation of their bending rigidity and thetgnsion.
In the limit of very thin layers (membranes), the bending rigidity is consideegtigible in

comparison with the préension, and the resonance frequency is given by

g mt L|J_Yﬁ
cu 'Y ” (‘)

(41)

where'Yis the radius; Vis the pretension,” is the 3D mass density aids the thicknessf
the flake.

In the extreme case when the bending rigidity dominates the resonator dynamics, the
system is modelled as a plate. The resonance frequency of the plate is given as
PR P O 0.

N o 47
Q T g8 p '’ 'Yh (42)
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whereOA & (KS L 2dzy30a #@XBdft @i AEERQE wh (A2o

For intermediate thicknesses, the mechanical resonator dynamics are governed by both
membrane and plate regimes with the effect of bending rigidity and the initiattgmeion

being comparablen this case, the resonance frequency can be approximated as

Q0 QN 43
where the™Q andQ are the given equationdl and42, respectively??

2.9. Summary.

This chapter provides the background information of phygicaperties of solids, and
we focused on the properties of bulk semiconductors, piezoelectric solids and two
dimensional materials. Furthermore, we reviewed various existing scanning probe methods
and optical techniques, as well as sample preparation m#ghoommonly used in the
nanoscale characterisation of the mentioned materials. Finally, theoretical concepts of
mechanical resonators, MEMS and NEMS have been introduced. All these concepts make a
solid foundation for the study of the materials and samplesussed in the following chapter

and they will serve as a reference to the newly developed methods.
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3. Target materials and sample preparation

In the previous chapter, we presented the theoretical foundations of the most relevant
concepts needed in this woro continugthis chapterpresents a condensedescription of
the materials, structures and fabrication methods implemented throughout the whole study.
Preparation of substrates and the following graphene transfer were caotgt Lancaster
University by the NowNANO PhD candidates, J. Wengraf, R. McNair, S. Shao and A. Peasey,
and myself. The TMDsheterostructures were grown at the University of Wiscordiadison
by Prof. S. Jin and Y. Zhao. Th¥ demiconductor samplaesere grown in three different
locations, MQW at University College London, by Prof. H. Liu, Dr M. Tang ahdsbng;
VCSELSs were fabricated at Cardiff University by Prof. P. Smowton and Dr S. Shutts.

3.1.2D materials z exfoliation, lifting and transfer

In this work we used diverse 2D materials, synthesisawindifferent mannes. This
section details the synthesis processes and fabrication of the thin sheets, including chemical

vapour deposition and mechanical exfoliation or etching etc. for each material.

3.1.1. Graphene flakes

Graphene flakes have been obtained by mechanical exfoliation and lifting of a chemical

vapour deposited film onto a substrate.

Figure3.1 Exfoliatedgraphene transferred onto a Substrate with top 290nm SiQ layer.
Magnification x20.Thin multilayer graphendlakes presentpink-like color. Thick flakes ar
displayed in yellowwones
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In the simplest case, graphene was obtained fromHiggly oriented pyrolytic graphite
(HOPG) bulk by mechanical exfoliation. This process has been carried out following the
methods explained in literatufé GetPak® tapes with different stickiness values have been
tested, establishing Gé&tak® 4 as the optimum tape. The tape has two polymeric layers
protecting the sticky part. Once the soft protecting plastic sheet is remhottee tape is
pressed onto the HOPG surface then peeled off in order to obtain some exfoliated graphite
from the bulk. In order to obtain thin graphite or even graphene flakes, the peeling process
has to be repeated 10 times, always exfoliating the lapestied area with a fresh area of Gel
Pak® tape in order to not contaminate the newly exfoliated sample. The transfer of the flakes
can be made using different methods; the simplest way is to directly press the tape onto the
substrate or structure for 1 mute. This method is not very accurate for transferring flakes to
a specific region of the sample. The second methodology requires a transfer station for the
flake transfer. The transfer station consists of a system made by an optical microscope and
two stages, one to control the sample position and orientation and another for a glass slide

with the tape and attached exfoliated material (See FiRig.

Figure3.2 2D materials transfer statior) Front view of the transfer station, showing the set
with the optical microscope and the micpmsitioners. b) Lateral view of the stage walglass
slide, whee isplacedthe tape with2D materialsin addition, thesample stage ands micro-

positioners, whichallow the tilt and position control, are also showFhere is a Peltier stage ¢
top of the samplestage to heat up or cool down the sampl® easy the2D-materials transfer

This procedure consists of glueing the tape to the glass slide and observing it in the

optical microscope where the thin flakes are located. Another option is to glue it to the
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substrate with wax. The substrates diest cleaned via sonication with different solvents,
firstly with acetone to remove organic material from the surface and then vgitipropyl
alcohol (IPA. The sample has to be dried witlitrogen to remove the solvent. Then, the
sample is cleaned in A (2%) plasma process to remove any remaining contamination and

to activate the surface to facilitate the flake transfer.

For the optimal flake transfer, the sample surface and glass slide with flake attached
have to be perfectly parallel. This alignmgmbcedure involves illuminating the sample with
a laser through the glass slide, analysing the reflected beam with two laser spots. In case the
surfaces are not parallel, the substrate and flake stages allow the tilt manipulation to coincide

the spots. Thdlake transfer can be also made with dissimilar 2D materials.

Whilst the mechanical exfoliation is a simple and cheap method to obtairdiglity
graphene, the difficulty of fabricating large flakes is the foremost disadvantage of this
methodology. Aralternative method is to grow large films of graphene via chemical vapour
deposition (CVD) onto SiSi substrates and thereleasing the film by etchirthbe substrate.

In this work, we used thin films of graphene grown onto,&{substrates with a Niterlayer,

which is easy to etch with a Fe€blution, to release the graphene sheet (GRENADA project
material). Prior to the etching, the process requires deposition of a laygmolyimethyl
methacrylate) (PMMA) with a thickness of 800 nm. The PMMA (Rp® spun in two steps at
1000 rpm, followed by 3 min of annealing at 1&) For the etching, the sample is dipped into
the FeG (27% wi/v) solution for 2 or 3 hours, until the PMMA/graphene film floats in the
solution. To remove the remaining etchanoin the film, the PMMA/graphene sheet is
transferred 5 times into clean glassware with frelgionized DI) water, until the FeGis fully
NAYASRd ¢KSyYy> (GKS 3INILKSYS aKSSd OFy 6S (GNXyaftsSN
Subsequently, the gpdene film is softly blown against the substrate withtdl ensure the

film is attached to the sample. Afterwards, the sample is heated up for 30 minutes atC180

to remove any remaining water and enhance the adhesion between the graphene and the
substrae. Finally, the PMMA is removed from the graphene, immersing the sample in pure

acetone at 60 C for 30 minutes and then drying with té eliminate the solvent.
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3.1.2. Multilayer structures of transition metal dichalcogenides

¢ KS &dzLJLI2 NISR H5 VYiansiGoNInétdl dcialcogemidedzONMpEeN)E a 2 F
have been directly grown viavVDonto Ssubstrates with native oxide. During the CVD process,
precursors decompose/react and deposit on the exposed substrate at a rejatvgh
temperature. The synthesis of monor few layers of TMDCs can be done via different routes;
the samples studied in this thesis have been grown via inserting the precursor powder into an
alumina boat in the centre of a quartz tube. The substratplased with the polished side
facing down on top of the boat. The tube is purged with Ar and pressurised. The furnace is
maintained at a high temperature (see F3B) with constant Ar flow during the deposition
process. Controlling the temperature of the synthesis allows the growth of different
a0 NHZOGdzNBas adzOK Fa agSRRAYy3I OF 1 S¢ dplddangt & LIA NI €
with their activation temperature, it is possible to-goow different materials in muklstep

processes
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of the CVD experiment setup for TM®§ynthesis. (b) A schematic of nanoplates illustrate
distribution of wedding cake structures and spiral structures in different deposition region:
Trends in the synthesis conditions for forming the wedding cake structures versus the
structures. Schematic illustrations dhyerby-layer (LBL) growth mechanism and &rew
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Figure3.4 (a) Schematic illustration of the experimental setup forAWBS heterostructure growth
by waterassisted chemical vapour transport. The Mp8cursor was placed upstream of the W
precursor. When MoSprecursor was pushed into Zone 2, W#ecursor would simultaneously b
pushed into Zone 3, which is downstream of the substrated)(fhe growth pathways of W&nd

WS-Mo$S heterostructures via lateral epitaxy leading to three common types of heterostructt

85

The Wg+MoS lateral heterostructures are synthesised in a tatep piocess. Firstly,

the WS plate is grown and, in the second step, the Me8ecursor is activated to grow

laterally-epitaxy surrounding the W&yer (See Fi@.4).%

Figure3.5 Optical images of (a) lateral heterostructure of Ma8d WS; (b) WS vertical
heterostructures.
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3.2.Semiconductor nanostructures

Quantum structures are structures of a size comparable with the de Broglie electron
wavelength, which restricts the movemewnf the charge carriers, resulting in quantum
confinement. These structures can be categorised byrtdenensions as 0D, 1D or 2D,
corresponding to quantum dots (QD), quantum wires (QWi) and quantum wells (QW),
respectively. The fabrication of thesesttures can be made by the combination of different
compound semiconductors (CS), which are semiconductors composed by two or more

elements, typical groups from the periodic table which form the CS-&fledhd IHV.

3.2.1. 1l -V materials z growth

The CS samgd studied in this work have been grownrbglecularbeamepitaxy (MBE),
which is a technique to obtain higiuality semiconductor crystals. Some of the structures
have also been grown bgnolecular organic chemical vapour deposition (MOCVD). The

description of both methods is detailed below.

Molecular beam epitaxy (MBE)

Molecular beam epitaxy (MBE) is an ulligh vacuum (UHV) technique for producing
high-quality semiconductor crystals. The growth process comprises of the sublimation or
evaporation of matdals in a Knudsenell, from solid or liquid sources, respectively, and their
condensation on a heated crystalline substrate, which directs the thin film growth and
determines the structure. Due to the UHV in the chamber (typicalfy dbar), the beamsf
moleculesoncoming from different Knudsecell have long meaifree-paths Of the order of

tens of metres) avoiding their interaction until they reach the sample.

Metal -organic chemical vapour deposition (MOCVD)

Metal-organic chemical vapoureposition MOCVD) differs from the MBE growth in
that MOCVD is not a physical deposition and requires the chemical reaction of the precursors.
The basic principle consists of the injection of gaseous reagents into #ttorechamber.
These precursors areorganic molecules carrying the required elements e.g.
trimethylgallium) which chemically react between each other on the substrate, forming the
epitaxial crystals. The thickness and the composition of the epitaxial layers can be precisely
controlled by controihg reagent types and flow rates, reactor chamber pressure and

substrate temperatures.
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3.2.2. Heterostructures z MQW, QD and VCSEL

Both methodologies, MBE and MOCVD, penwittrol of the thickness and composition
of the growth, allowing fothe growth of very complex structures. In this section, we detail

the studied heterostructures formed by the stack of multiple layers, suchudtsple quantum
wells (MQWs) and VCSELs.

2.4 ML InAs uncapped QDs

AL EEEEEEEEEELEEEES
2nm InGaAs 50nm GaAs

4nm InGaAs capping Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y YY)

50nm GaAs Y Y Y Y Y Y Y Y Y Y Y Y Y YYYYYY ¥

2.4 ML InAs QDs
2nm InGaAs 50nm GaAs
300nm GaAs

10nm InAlAs
12nm AlAs —™

300nm GaAs

1000nm GaAs

50nm GaAs
5nm AlGaAs
20nm GaAs
20nm AlGaAs

Si (001)

Figure3.6 Sthematic diagram of MQW structure scheme grown on Si substrate with the top lay
uncapped InAs QDs, followed: by 2 nm InGaAs, 50 nm GaAs, 100 nm AlGaAs, 5 pe
GaAs/InGaAs/InAs QDs/ InGaAs, 50 nm GaAs, 100 nm AlGaAs, 300 nm, 2 sets of 5 p
InAlAs/AlAs separated by 300 nm GaAs, 1000 nm GaAs and 4 periods of GaAs/AlgaAs.

68



Multiple quantum wells

The QV¢ are formed by growing different materials on top of each other, embedding
thin layers with narrow bandgaps between areas of wider bandgap material. When the narrow
bandgap material layer is sufficiently thin then the charge carriers will be confinedsin th
region and the areas with wide bandgap material act as barriers to charge carriers. The stack
of several QWis known ag MQW. Additionalto the quantum confinement, MQ¥mayalso

sufferfrom the strain effect in the thin latticenismatched layers.

Quantum dots
QD are typically grown by the Strangkiastanov method, in which the strain is released
by the island formation above the critical thickness of the layer. Due to the small size of the

islands, the charge carriers are confined in all three dsiars.

The structures of the samplesudied in this work, see Fi§.6, were grown on silicon
substrates (001), alternating layers of AlGa/a#&, with different thicknesse$hen, there is
a layer of GaAs of Im thick, followed by two sets of defecttét layers (DFLOf 5 periods of
INAIAS/AIA410 and 12 nm thick, respectivesgparated by 300 nm GaAdterwards, 100 nm
of AlGaAsaind 50 nmof GaAswere grown,sandwichingifre layers of InAs/GaAs dot-the-
well (DWELL). Each layer of DWELL has tm@aolayers of InAs deposited on 2 nm of
Ino.1sGavgsAs and capped with 6 nm of oliGa ssAs. The DWELL structure is sandwiched
between a 50 nm GaAs and 100 nm4Bk.sAs layer. InAs QD layers were also grown in the

top surface.

Vertical cavity surface emitting lasers
Semiconductor lasers can be categorised into two groups: conventionatedijng
where the light is emitted from theleavedfacets of thesemiconductor; andurfaceemitting

lasers, which emit from the top of the structure.

The surfaceemitting structures known as verticahvity surfaceemitting lasers
(VCSELSs) contain an active region sandwiched between two distributed Bragg reflector (DBR)
mirrors. The wavelength of the laser is determined by tiiekness of the cavitwithin with
the MQW or QD of the active regidacated The DBR mirrors comprise of a large number of
pairs of layers of two different semiconductors with different refractive indices, with a period
corresponding to a quartewavelength for the constructive intBerence, to maximise the

reflectivity.
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Top contacts

Top DBR Oxidised layer

Oxidised aperture Bottom DBR

4

Bottom Icontact

Figure3.7 Scheme of a lateral view ofN&CSEHevice

VCSEL structures have a diverse range of applications, including optical fibre data
transmission, display and illumination purposes, biological tissue analysis and sensing

applications.

The two VCSEL samples studied in this work comprise of a triple GaAs or InGaAs QW in
the active region. In both cases, the top DBR mirror had 20 periods of AlGa/ssatyer
alternating composition and the bottom mirror was formed by 34 periods of the same

structure as the top oné* 8¢

3.2.3. lll -nitrides - GaN nanowi res

lll-nitrides are excellent candidates for optoelectronic applications, such asstatil
lighting, fultcolour displays, laser printers and hidansity information storage, due to their
wide variable bandgaps which cover a wide range of the spectftom the deep UV to the
infrared. In the particular case of GaN, it shows a bandgap value of 3.39 eV, 1245s¢1im

electron mobility and 1.3 W cAfC! in thermal conductivity.
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Figure3.8 (a) Crystallography and-axis orientation for the growth dbaNlayers Grey scheme
shows polar growth with-axis normal to the layer surface; the growth plane is the@@p Red
and blue schemes show nguolar growth with eaxis parallel to the layesurface; the growth
planes are nplane (1010) and aplane (1120) respectively. Green, purple and yellow schen
show semipolar growth with the eaxis incluned with respect to the layer surface; thpsesent
the growth planes: (24.1), (L0-11) and (1122), respectively(b) Wurtzite structure of GaN’

Two different crystal structures are possible in thaniftides, named wurtzite and zinc
blende. The GaN samples studied in this work show the wurtzite structure, which is the most
thermodynamically stable. The GaN wurtzite cell structure has each eitrapm connected
to four Ga atoms, forming a hexagonal clgmecked configuration, see FB8b. This unit cell
is chaacterised by the ipplanedx3.19 Aand outof-planecx5.189 Alattice parameters. The
GaN wurtzite crystals are nerentrosymmetric structures, having two possible polar
orientations, denoted by BravaMiller indices [0001] and [0GQ]. The [0001] direion
represents the Gdace plane, meaning the surface is terminated by Ga atoms, while the N
face is labelled by [000]. The polarity plays an important role in the epitaxial growth, which
usually determines its direction, as well as in the material progs, such as thermal and

chemical stability, doping ability, crystalline quality and piezoelectritity.
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Figure3.9 SEM image of GaN NWs onto Si substrate.

The samples studied in this work were GaN nanowires grown on (111) Si substrates
employing the Thomas Swan clessupled showerhead reactor using MOCVD.
Trimethylaluminum (TMAI), trimethylgallium (TMGa), and ammonia)\Midre employed as
precursors with blused as the carrier gas for each. Initially, the Si substrate was annealed in
an H ambient at 1110 °C for 600 s to remove the natural oxide layeherstrface. Then, 2.7
>Y2tkYAY 2F ¢a!f ¢gla Ft26SR G4 mmnp c¢c/ F2N TH
ASYSNIGSR 't 2N !'fb{A Fft28 yly2R20a2 ¢6KAOK &SN
YIEY26ANE ANRGGK LISNF2NNSR Gidang20 onmat/thinaf i K ¢ &1 > Y3
for 3800 s. The pressures used during the flow of TMAI and the GaN nanowire growth were 65

and 300 Torr, respectivelsf.

72



3.3.MEMS devices - mechanical resona tors

Microelectromechanical systems and their scatkmvn siblings,nanomechanical
systems, MEMS and NEMS respectively, are micraanascale vibrating structures, which
can take different shapes as cantilevers, double clamped beams, plates, membrahes a
tuning forks, to mention some of them. The scaling of these structures to the micro or nano
size allows for the tuning of their properties due to their low size, including high frequency

and fast time response, and lower power dissipation.

Here we presnt three types of MEMS and NEMS structures, which have been studied

and implemented during the course of this thesis.

3.3.1. Silicon nitride membranes

Commercial silicon nitride ¢Bk) membranes, Agar scientift81l716 with a square
window of500x500pumMand thickness of 200nm, have been used as a test sample for the study
of the distribution of the vibrational mode viaser Doppler vibrometry (LDV) anchsning
probe mcroscopy (SPM).

Figure3.10 SEM image of the silicon nitride membraf&gar Scientific)
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3.3.2. Tuning forks and cantilevers

Important devicedor this work have been tuning forks and AFM cantilevers, which have
been treated both as samples and measurements tools. Therefore, they have been extensively
studied, theoretically and experimentally, to understand their response during the

measurements.

Tuning forks

Tuning forks (TF) are MEMS widely implemented in a different kind of microscopy, such
as scanning neafield acoustic microscopy (SNAM), scanning +iedd optical nicroscopy
(SNOM) and on-contact AFM (neAFM) in particular withthe TF derive gPlus sensor?
Moreover, due to the high precision that these devices offer, they have also been used as a
time reference, viscosity sensors and detectors of quantum vortexes in superffufddhe
materials usedn the fabrication of the tuning forks have to be piezoelectric, providing the
electrical detection ofthe mechanical displacement or response to an electrical excitation. In
this work, two different types of TRave been used, with different geometry and materials,

namely, quartz and LiNBO

Figure3.11 (a) and (b) SEM imagesa#6 kHz, 393 kHz, multimodeartz TFshowing the two
tines in detail (c) LINb®@TF schemeshowing the electrodeshape and locatioin detail %

The quartz tuning forks used in this work were manufactured by Micro Crystal AG. The
TF prongs were designed to have a widthiYof ¢& o p m &, a thicknessofb p& o
p 1 & and a length ofd p& p p 1 &. This characteristic geortry and the quartz
intrinsic propertiesj.e.density” ¢ @u@@ G yR | 2dzy 3Qayx DR &L dz&
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precisely define the resonance frequency of the system. The fundamental resonance

frequency of the flexural modéQ X Q'Odvas calculated by the following
formula:
Q.
Q ﬂ —h 44
¢t a
where
Q 00 "Yjtd (45

is the spring constant of the systémanda is the effective mass defined by

a 6" 0 Y (46)
withé  m®& s the constant determined by the Bradletyal. °® model,” is the density, and

0,"Yandw are the length, thickness and width, respectively.

Equally, the resonance frequenéQ@ ¢ & @Odf the LIND@ TF was
determined, using the measured geometrical parametess: p® ¢ p 1T a, Y
o pmmaandd @8tv pmaT YR (GKS RSyaale fromy/the
literature” T @ T@@ andO p X OO &

2 dzy 3

5
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Figure3.12 Schemes of the top view of the TF with the representation of tketec field in the
LiINbQ TF (a) bare and (b) with Au coating, respectively.

The LiINb®TF, contrary to the quartz ones, have electrodes sandwiched between two
plates of LiNb®®. This allows the devices to normally operate in different environmental
conditions, such as immersed anconductivefluid, without shorting the circuit. laddition,

the LiNbQ TF were coated with Au to create the third electrode for the ground. In this way,
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the electrical response of the TF is much higher thanuheoated quartz TFoecause the
G2NI K232y ¢ O2YLRYSYlH 27F (ckeded BieSOheNthird FASE R A
electrode (See Fig.12).

Cantilevers
An!l Ca Ol yiAt SOSNNaE O0SKIFIPA2dzNJ A4 RSIGSNNXAYSR oeé
The length and thickness of the beam are the most relevant terms to determine the regonanc
frequency of the cantilever. Depending on the physical properties to be probed, such as
mechanical, electrical, piezoelectric or thermal ones, the cantilever has to be ofade

different material or with a different coating.

Figure3.13 SEM image of a typical contact mode cantilever from Budget Sensors (@ntAl
13kHz).

In this work, we have used silicon cantilevers for the study of the sample morphology
and mechanical sensingf the samples. The aluminium coating on the backside of the
cantilever increases the reflection of the laser, for a better sensitivity. The cantilevers we used
have three different lengths and therefore different resonance frequencies: low frequency
13kHz (ContAG, Budget Sensors) for contact mate soft samples, 75kHz (Multi75, Budget
Sensors) focontact mode andtiff samples or soft tapping and 300kHzap300AIG, Bulget

Sensorsjor the true tapping mode.

For the electrical or piezoelectrical measurements, we have used Si cantilevers with PtSi
or dopeddiamond coating. In the case of naontact electrical measurements such as KPFM,
the ideal cantilever was 75kHz with PtSi coating, which can work in tappicwntact mode

providing good conductivity and reasonable sharpness of the tip to allow fosragghution
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imaging. For the piezoelectric probing, a softer conductive probe was needed, and 15kHz

diamondcoated cantilever was used, which was more rolugttingthan PtSi.

3.4. Sample preparation

Some of the samples required prior sample processing to allow the probing method to
access to the area of interest. In particular, in the 3D study of complex structures, the samples
were sectioned with the novel methaibgy developed and patented by Kolesand Grishin
at Lancaster, @amexit crosssectional plishing (BEXPJ Forthe sectioning of geometrically
complex samples, such as with nanowires, this also required addititapa, such as coating
with spinon dass (SOG) which is detailed below. In this g®on, we also describe the
fabrication of graphene nanodrums on silicon patterned substrates, incladimgplanation

of the processing used in the fabrication of cavities.

3.4.1. Beam exit cross -sectional p olishing (BEXP)

BEXP consists of a methodology for the sectioning of the samples with a small angle
from the top surface via argon ion (Ar+) beams. BEXP uses a modified Leica Microsystems EM
TIC020 or EMIC 3X, with three independently controlled Ar+ guns with accefgratltage
between 1¢ 8 kV. Each ion gun is composed of a front and a rear cathode assembled with two
Wehnelt cylinders, which are isolated from the central anode by ceramic cylinders, see Fig.
3.15.

Leica EM TIC020

Leica EMTIC3X

Figure3.14 Images of theEM-TIC020 or EMIC 3Xhttps://www.leica-
microsystems.com/products/sampigreparationfor-electron-microscopy/p/leicaem-tic-3x/)

Plasma ignition iproduced via Aronisationfrom anelectric field between the cathode
and the anode. The argon gas is pressurised to the gusD@atmbar, the Ar cations are

accelerated towards the catlies, generating electrons. The electromndl be accelerated
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towards the anode, generating new ions due to the collisions with Ar atoms on their way. One
of the beams is blocked by thblihd) rear side cathode, and the other beam is lead through

the beam exit at front side cathode.

1 2 3 4 3 5 6

Parts of the ion source cartridge:

1 - Front Side Cathode

2 - Front Side Wehnelt Cylinder
3 - Ceramic |solators

4 - Anode

5 - Rear Side Wehnelt Cylinder
6 - Rear Side Cathode

Figure3.15. Parts of the ion source cartridge. Scheme of the three guns with the focused b
onto the sample. [ttp://smif.pratt.duke.edu/sites/smif.pratt.duke.edu/files/operating/
EMTIC3X_16771403_OM_EN_07_17.péhttp://www.semat.lab.uminho.pt/Documentos/TIC
%203X%200n%20Beam%20Milling.pdf

In a conventional crossectioning system, the sample is mounted in a holder
perpendicular to the ion beams. Inside the system, the sample is mainly covered by a mask,
which is protecting most of the surface from the beams and only exposing the interestimg ar
to be milled. In the BEXP configuration, the sample holder has been modified to insert an
anglal stage. The tilt of the stagies between 0.5 and 30 degrees. The sample is glued to the
stage with wax (see Fig.16). Before ion polishing, the sample is mechanically polished with
diamond lapping papers of decreasing roughness, to modify its geometry to ensure a perfect
perpendicular stface to the beams and parallel to the mask. The sample is placed in the Leica
system and aligned to expose 2@0 um of the material above the mask. Once the system is
Of 2aSRX (GKS LlzyLl S@I Odzr 1Sa GKS OKFYoSN® 2KSy (K
mbar, the Argon lines are purged 3 times to ensure a ckrarnironment. In the EMTIC020
system, the warrrup process has to be manually operated, starting with a wamprocess
for 10 min at 3kV, before being increased t@ &V. In the EMIC 3X, the warrap process is
automatically done by the system. The majority of sample cuts were done at 7 kV. The system
is left until beamexit occurs and the milled area is as wide as approximatédy hundreds
of um, which is detected using the stereo microscopeainted on top of the system. Then the
accelerating voltage is reduced to 1 kV for 10 min to gently polish the surface at a low energy

and reduce the surface roughness.
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Beams

Figure3.16 Scheme of the sample mounted on the holder in the rdas&m configuration.
Real image of the three beams focused on the sample.

As the bearrexit has to be observed by the eye, it can be difficult to precisely determine
when the cut is finished. It thedei A& y2i4 FAYAAKSR | aG220K¢ 2

making the study of the neaurface layers difficult or even impossible.

3.4.2. Nanowires processing with  spin -on glass (SOG)

Non-uniform 3D structures, such as nanowirestba surface difficulthe cosssection
to good-quality. This type of sample was embeddedpmondg &4 o6{ hD0O (G2 ONBI {
odzf 1€ &l YLX S ®dbageth dlutivréwith orgdnic tsotvénks icdnmonly used in the
semiconductor industry. The low viscosity of this substaait@vs for coating the samples
with a thin film which beemessolid after the evaporation of the solvents. The processing
requires the deposition of a drop of SOG on the sample andhsjit at 4000 rpm for 20
seconds to obtain a uniform film with adeape thickness (around 700nm). Afterwards, the
sample has to be baked at 18D for 10 minutes to solidify the SOG. Slow cmtn of the

sample is required to avoid cracks in the film.
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Deposit the Spin and bake
Spin-On-Glass the sample

Figure3.17 Spinron-glass (SOG) processing. A drop of SOG is deposited using a pipet. Th
sample is spun to create a uniform thin film. Finally, the sample is baked to remove the s
and solidify the SOG.
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3.5Fabrication of graphene nanodrums on patterned S |
substrates

In the questo provethe predicted high performance of 2D materials in the fabrication
of mechanical resonators, graphene nanodrums were fabricated on patterned silicon

substrates.

The silicon substrate patterning was carried out in the Lat@raQuantum Technology
Centre (QTC) facilities at Lancaster University. The processing procedure is explained below.
The graphene exfoliation and subsequent transfer was performed following the protocol
detailed in section 3.JHOPG graphite was exfoliated with Ralk® 4 and directly transferred

onto the patterned substrate.

Figure3.18 SEM image of a hole patterned in the 88D substrate by photolithography.

During substrate preparation, holes of 1.5 um diameter were etched in the silicon
wafers in a layer of 300 nm of silicon oxide. The processing used for the hole fabrisation
commonly known as photolithography. The silicon wafer was cut in squares of 1x1 inch,
cleaned in an ultrasonic bath with acetone and IPA, respectively, for 10 minutes, and dried
with nitrogen. Oxygen plasma cleaning for 3 minutes was also performedntove any
remaining organic residue. The sample was -spiated with resist S1813 and baked for 1
minute at 115C. The UV exposure of the sample was made using hard contact for 20 seconds
in the SUSS MicroTec MJB4 Mask Aligner system. A new bake sfrfoamed, for 1 minute
at 115C. The resist developer used was MF319 for 90 seconds. The etching process in the
Oxford Instrumentseactive ion écher (RIE) system requires cleaning andgoeditioning of
the chamber prior to inserting the samplgeaningwith 2 minutes of @andpre-conditioning

with CHE+Arfor 3 min. The etching recipe was 7 minutes 30 seconds; Z316ccm and Ar
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sccm, 30 mTorr and 150 W in the chamber. For the last sample cleaning, 2 minutes of oxygen

plasma in RIE and thegetone and IPA to remove the remaining resist, and drying with N

3.6. Summary

This chapter reviews the materials, the preparation of the samples and the devices
investigated throughout this thesis. First, we explained 2D material sample preparation
includingexfoliation, lifting and transfer of the flakes, as well as chemical vapour deposited
plates and heterostructures. Then, we reviewed the methods for the synthesis of compound
semiconductor samples, including MBE and MOCVD, and the different types of amnpou
semiconductor structures, including the multiple quantum wells, the VECSELs and the GaN
nanowires, which are studied in the final experimental chapter. We also introduced the
sample preparation methodology using the BEXP. Furthermore, in this sectiofirsive
reported the processing used for the embedding of 3D structures, such as nanowires, using
spin-on-glass. Finally, we reviewed the mechanical resonating devices examined in the next
experimental chapter, including AFM cantilevers, tuning forkhl, Biembranes and graphene

drums.
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4.Nanoscale physical propert y measurements z
methods development

4.1 Introduction

Since the invention of scanning probe microscopy (SPM), it has become a fmdam
tool in the investigatiorf nanosciace and nanotechnologyhanks to its atomiescale spatial
resolution and sensitivity to a wide diversity of physical properties. In particular, atomic force
microscopy (AFM) and all its derived methods for the mapping of mechanical, electrical and
thermal properties have enabled measurements of stiffness, electrical and heat transport,

respectively.

Historically, the study of vibrational modes in mechanical resonators has been
performed by diverse optical methodologies, such as the latifge method, inteferometric
systems, etc. However, the dovataling of devices, such as micro/naglectromechanical
systems MEMS/NEMS, requires characterisation methods with nanoscale spatial resolution,
and while optical methods can be very sensitive to vertical dispt@nt, they are limited in

spatial resolution by the light wavelength.

4.2. AFM as a platform for nanoscale properties mapping

Throughout this research, all SPM measurements were carried out using a Bruker
MultiMode AFM (MMSPM) with NanoScope controllersdid V. The MMSPM comprises of
the base unit, the scanner tube and the SPM head. The base unit contains the SPM electronics,
the signal displays and the switches for the mode selection (STM, AFM & LFM aEMM
and the motor control for the motion in the-direction. A support ring holds the scanner tube
and the retaining springs to hold the head in place. The scanner tubes are interchangeable and
the longer scanner allows for a large scan size. However, shorter scanners are less sensitive to
noise for smll scan sizes than longer ones, being more appropriate for atecaile imaging.
The SPM heads contain the optical setup, including the laser, mirror and photodiode array,
and the corresponding screws for the laser alignment and cantilever positioniregg. Th
photodiode array is divided into four elements and the combination of the information of the
four sections provides different information depending on the operating mode. Inside the
head, there is also a mounting in which to place the tip holder andgianThe sample and

mode of SPM to be performed dictate the choice of tip and tip holder.
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4.3. SPM - Electrical measurements

For SPM measurements sensitive to the electrostatic prsdraple interaction, it is
necessary to electrically contact the sample,excite or ground it. The contact with the
sample can be made by a conductive epoxy or paint, such as silver paint. The standard
experimental setup requires a signal generator to apply tke[FC bias, a lodk amplifier
(Stanford Research System SR830)Hersignal monitoring, a conductive probe and a special

probe holder adequately modified for the electrical driving or readout (SeetBig.

Figure4.1 Probeholder for electric measurements. With BNC cable for the active drive or
detection. An additional connection to the ground.

However, in some cases, electrical driving is through the saraptethe tip has to be
conductive and grounded. In this /8 a normal cantilever holder is suitable for the
measurements because all the standard holders generally ground the connection with the tip.
In any case, a ground connection has to be extracted from the holder to ground the whole

system at the same potéial. This connection can be seen in Big.

4.3.1. Kelvin probe force microscopy

The Kelviprobe forcemicroscopy (KPFM) mode implemented in the measurements of
this thesis is the FNKPFM. In this case, the magnitude used in the detection is the force
gradient between the tip and sample, which affects the effective spring constant of the
cantilever. The totheffective constant can be modelled as two springs in parallel, being the

sum of the natural spring constaif of the cantilever and the electric field gradi@riOj! &

ko) ko) T—O,s 47)
T a

Therefore, theresonance frequency will change, being approximately
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Hence, modulating the gradient force via an AC bias, the resonance frequency of the cantilever
will be also modulated. The cantilever osciBbatwill have a component corresponding the
mechanical oscillation of the tappif@ 71 j ¢“, with the two sidebands of the AC modulation
of the electric field "Q p 'Q"QdThe amplitude of the sidebands is used in the KPFM
feedback, as this amplitude measures the resonance frequency modulation amplitude.

Adjusting the DC biamich thatthe sidebands disappear leads to the paimt @ .

The FMKPFM measurements are made in tapping mode. The tapping signal is picked
through the breakout box to trigger the excitation signal of theignal generator. The
excitation and detection are made by theH#2LI lockn amplifier (Zurich Instruments,
Switzerland). The driving signal is a mixture GFBC. The AC signal is made by a sine wave
with the frequency of the tapping signal frequenmyodulated at 1kHz to create the sidebands
for the measurement. The sidebands are close to the resonance frequency to provide a high
cantilever response and enhance the cantilever sensitivity. Nevertheless, they have to be far
enough to not create crosstabetween the mechanical and the electrical response. The DC
component is controlled by thproportional, integral and derivativé’(D feedback trying to
nullify the electrostatic force between tip and sample, this magnitude is directly linked with
the wurface potential. The potential difference between the tip and the sample is nullified
when the surface potential of the tip is equal to the sample one. Therefore, the sample work
function is estimated by the potential applied to the sample/tip to compeastr the
difference between their surface potentials. The tip work function has to be determined in a

calibration sample, where the work function is known, such pkatinum or gold film.
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Figure4.2 General setup for electrostatic SPM measuremeKBFM D-EFM and SSRM setu|
are included in the schem@&he electrical excitation applied to the sample is represented b
orange cable, which connect the letkoutput to the sampleThis is usedlbethe setupsKPFM
and DEFMsetups use thetapping (blue cable) and deflection (red cable) outputs from -
breaking box, to trigger the signal and monitoring of the cantilever response, respective
addition, KPFM uses thpurple cable conneatg an auxiliary output of the lockin, which

provides the DC voltage to nullify the t§ample electrostatic forcep the add inputof the

driving output. SSRM setup is represented with the green cable, which connects the cant
(by the electric holder) wh the FV converter scheme.

In order to determine the ED with accurate precisionglosed loop KPFM
measurements were performed using the following protocol. Firstly, it is necessary to
synchronise the oscillation of the probe with the signal monitonirttpelockin amplifier LIA.

This is dondyy tracking the phase of the tapping signal with ifeaselockloop (PLL) in the

LIA. The tapping signal is directly extracted from the breakmgand fed into the LIA, being
monitored at the tapping frequency by one of the demodulators. The resonance frequencies
for the tapping mode of softapping / force modulatia cantilevers are usually around 70 kHz.
Once the tip is approached, it is necessary to lift it by 50 nm above the surface so it is only
sensitive to electrostatic interactions. The CPD is manually determined by shifting the DC bias
voltage appliedtothét I YLI S dzaAy3I 2yS 2F G(KS | dzEAf ALl NE
the electrostatic force is nullified. This minimum value will be used as a reference in the
following steps. In order to be more sensitive to the electrostatic forces, initially, tiseolfiset

is selected far from the CPD value. To follawAC modulation is added to the bias voltage.
This modulation results with two sideband peaks on each side of the resonance (s&8)Fig.

Since the Xomponent of the sidebandé.e. the Xcomponent of the measured signal that is
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in phase with the reference sign@)the magnitude of interest, it is necessary to minimise the
Y-component to optimig the phase of the signal (obtaining maximurofponent with 180
difference between the sidebands). To perform the close loop measurements, the DC
component of the bias is monitored in the PID feedback loop. It is recommended to start with
a moderate vale for the Integrabain (I), such as 10kV/Vrms, and gradually increase the

Proportionatgain (P) until reaching the desired noise level, but below feedback oscillation.
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Figure4.3 Frequency spectrurfrom a fast Furier transform (FFThe central peakirfdicated by
GKS @Sftt26 FNNRBgL RAALIXIFI&a GKS GFLIWAY3 FH
the modulation frequency.

4.3.2. Dielectric electrostatic force microscopy

Dielectricelectrostaticforce microscopy (EEFM) equires the standard setup f@&FM
measurements. In the measurements carried out in this thesis, the signal generation and
monitoring were made by the -#HF2LI as in the KPFM setup. In thEEM the AFM sgem
works in tapping mode, using as tapping frequency the free resonance frequency of the
cantilever. For the electrical excitation, the frequency selected correspmnti® of the first
overtone of flexural free resonance frequency, which is approxim#®@e5 times higher than
the free resonance. The value of the force depending on the dielectric properties corresponds
with the second harmonic. Therefore, to haveEBM detection, the driving frequency is
selected at half of the contact resonance freqagnin order to monitor the signal in thé®

harmonic and benefibn resonance enhancemef§#’® 101
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4.4, Nanomechanical measurements

In addition toelectrical properties, the study odample morphology and mechanical
properties has also been critical in the development and optimisation of novel materials and
AUNHZOGdINBad {AyOS GKS !'CaQa Ay@SyuAz2ys Ylyeé Rey
exciting cantilever or sample vibrations toope the sample mechanical properties with

nanoscale resolution.

4.4.1. Ultrasonic excitation

The experimental setups for the nanomechanical mapping with the techniques used in
this thesis require higfrequency piezotransducers to excite the mechanical vibratigither

in the sample, in the cantilever, or in both (See &id).

CANTILEVER

PHOTODETECTOR

~ DEFLECTION
SIGNAL

SAMPLE
SAMPLE PIEZOTRANSDUCER

Figure4.4 Scheme of the AFM setup with the additional piezotransducer under the sample fc
excitation of ultrasonic vertical vibrationghe ultrasonic excitatioapplied to thepiezotransducer
is driven by a wave generator, which is also triggering theiloaknplifierfor the deflection signal
monitoring The lockin is fed by the cantilever deflection signal, extracted using a breaking
The outputs of the locln are recorded using twof the auxiliary inputs of the AFM controller.

For sample vibrationwe used modified lead zirconate titanate (PZT) piezotransducer
discs, with wraparound electrodes from Pl Ceramic (PIC 151 Material). The resonance
frequencies of the implemented actuators are 2, 4 an8 BlHz. The piezetages were built
with a standardsample AFM metal disc, with a ceramic piece glued on top to electrically

insulate the piezotransducer from the microscope. The piezo transducer is mounted on the
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stage with the grounded electrode facing the sample, to avoid the crosstalk in case dtalectr
excitation of the sample. In some cases, an additional esleris glued between the piezo
and the sample to ensure the electrical insulation. However, this additional interface can make

the ultrasonic propagation from the piezo to the sample diffi¢See Fig.5).

The excitation of the cantilever vibrations for the HF measurements, suchURM or
HFM, requires a special p@holder as the resonance frequency of the piezo of the standard
tapping holder is not high enough. This roonventional holder has additional space to insert
an HF piezotransducer. Fg5 shows the homeanade probe holder with cantilever attached

to the piezotransducer with salol.

Figured.5 a) Metal discq(l), ceramic piecefl)and piezotransducer@ll). b) Piezestage for
ultrasonic excitatiorg 4 MHz.c) Homemade heterodyne force microscopy (HFM) probe
holder with BN@onnector.
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4.4.2. Force modulation m icroscopy and contact r esonance AFM

Force modulation microscopy (FMM) uses the standard AFM setup, with a piezo
transducer inserted under the sample to create a vertical displacement of the sample at low
frequency. It operates below the resonance frequency of the cantilever and the
piezotransducer, we generally used a sinusoidal wave at 2.7 kHz. The amplitude of the vertical
displacement of the piezo is significantly smaller at-foeguency driving, compared with the

amplitude experienced at the resonance frequency of the piezotransducers.

Furthermore, the driving frequency is below the cantilever resonance. Therefore, the
cantilever can react to the extra vertical movement of the piezo and keep contact with the
sample. Corexjuently, the tipsample interaction is produced in the linear regime of the
O2y il Ot ¢KS OFYyUuAft SOSNI RSTESOGA2y Aa aSyairuirgs
low amplitude in the deflection, which corresponds with dark contrast in the Fiages. An
AYLERNIFYG FEOG2NI F2NJ GKS yIy2YSOKEYAOLE YI L&A A3
al YLX SQa aGATFTFySaaod LT GKS &l YL SQa aidAFFySaa Aa

will not be sensitive to the sampledlastic moduli.

An dternative to FMM is contact resonance AFM {&RM), which differs in the
frequency of the excitation of the piezotransducer. In this case, the frequency selected for the
driving of the piezo is equal to the contact resonance of the cantilever. This fregisknown
as the first overtone of the fundamental frequency and it is around 6.5 times higher than the
OFyiArt SOSNRa FTNBS NBazylyoSo ¢KS YIAYy o0SYySTAO 2-
G2 YFOGSNRARLFEAQ TSI {dzNB dhe Rafleverl & resoriasce d0d Hgker A Sy a A G A @
dynamic stiffness at high frequert€y However, small changes in the tip, such as material
adheson, can significantly change the resonance frequency and the phase, creating artefacts

in the image.

To experimentally determine the contact resonance of the cantilever, frequency sweeps
were performed. Once the tip is in contact and the scan sizeis@&&ic 12 n yYX GKS LAS

driving frequency is shifted to obtain the maximum cantilever response.

4.4.3. Ultrasonic force microscopy and waveguide -UFM

An alternative technigue t&-MM or CRAFM for the nanomechanical probing of stiff
samples is ultrasonic force miarcopy (UFM). This method is a guesitact technique in
which the sample or the cantilever, for the waveguide UFMUEM) mode, vibrates at

ultrasonic frequencies (40 MHz) with lowfrequency amplitude modulation (2.7kHz).
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As with previous methods, thexperimental setup requires a wave generator for the
piezoelectric excitation. Unlike FMM or-@RM, in UFM, the higfrequency sinusoidal signal
is amplitude modulated with an arbitrary function with a characteristic diamond shape to
enhance the ultrasokiresponse. The deflection signal is extracted from the breakout box and
monitored by a lockn amplifier, this last one triggered by the ldvequency signal. The
amplitude of the lowfrequency ultrasonic force signal is measured by the LIA and is retorde
o0& 2yS 2F (GKS I dZEAfAINE AylLldzia 2F GKS ! ca O2y
is important in the ultrasonic response, with contact cantilever or soft tapping ones (13 and

75 kHz free resonance, respectively) being the optimal probes.

4.4.4. Heterodyne force microscopy

Another dynamic AFM mode for the study of mechanical properties is the heterodyne
force microscopy (HFM). In HFM, both UFM ard®M are combined to provide information
Fo2dzi GKS @Aa02Stl aidArod LhNDelBodIeduies theulfrasinicS & Y |
excitation of the tip and the sample at adjacent frequencié§, +/2° and ff 427,

respectively.

In HFM, the sample and the tip are excited at two ultrasonic frequenciBMz) with
a small difference between them of a few kHz. This frequency differengk asd is the

beating frequency used for nonlinear signal detection of the ultrasonic vilorstio

The experimental setup requires a function generator with two outputs or two
generators with trigger input to sync the signals. The amplitude and the phase of the signal
offer relevant information about the nanomechanics of the sample: the amplitudastihe
adhesion and deformation and the phase shows informatibautthe dynamic relaxation of

the material (time resolve).

4.4.5. Modulation ultrasonic force microscopy

¢CKS @GAONYGA2YylIFE Y2RS&aQ t20Ff LINRPOAthaH 2F a9
is not yet solved. In this thesis, we propose a new methodology for simultaneous sample
excitation and probing of the vibrations. Using SPM methods as instrumentation, the

methodology benefits from the high spatial resolution.

This methodology requires prionkwledge of the natural resonance frequency of the
MEMS/NEMS to be studied. In addition, it is also necessary to know the contact resonance of

the probe to discard these resonances in the results and to avoid crosstalk.
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The experimental setup is similar the UFM one, using the MultiMode microscope in
contact mode. The ultrasonic excitation of the sample is induced by a piezotransducer inserted
under the sample. The driving signal and its detection can be carried out with two different
setups. The simp#t one is performed by the Zurich Instrumefdck-in amplifier (zHFLIA2),
which allows the driving and demodulation of up to 6 different frequencies. In tHgRWI
measurements, 3 demodulators are required, with two of them used in the signal generation
for the driving of the piezo and the third one used for the detection at the difference in
frequency between the other two. In the other possible setup, one can use a signal mixer, a
double-channel wave generator for driving, another wave generator fordyrechronisation

of the lockin and a higkrequency lockin. Both setup schematics can be found in &ig.

- ~
’ MULTI-FREQUENCY LOCK-IN AMPLIFIER (Zi-HF2LI) S

O s s o Sinal a2 @ @
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’___—— ----------------- -’ P / Aux2 Auxs
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Local oscillator CANTILEVER

PIEZO \

SAMPLE PIEZOTRANSDUCER
EXCITATION

Figure4.6 Experimental setups of MJFM. The simplest setup, using thet&2LI is represented
with the wires with dashed lines. The setup with the wave generators, the mixer anéhlac&
wired with the continuous lines.
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4.4.6. Piezoelectric properties measurements 7z piezoelectric force
microscopy

Piezoelectric force microscopy (PFM) is a contact method in which the sample is
electrically excited with an AC voltage. Via the scanning of thevtiich is grounded, the
sampleexpeliences mechanical expansion or contraction, depending on the crystallographic
domain see Figd7® ¢ KS &BLILYESARY S6 02y N> OGA2y 0 A& RS
deflection. Working at the resonance frequency of the cantilever greatly increases the
sensitivity. Howeveriezoelectric maps can be convoluted with the mechanical resonance of

the cantilever.

Figured.7 Principle of piezoelectric force microscopy (PFM)Electric field aligned parallel t
the spontaneous polarisation leads to a lifting of the cantilever due to theeffiect (outof-
plane signal). It causes additional lateral contraction of the ferroelectric viasth@eroelectric
coefficient. b) The antiparallel alignment of the electric field and the spontaneous polaris
leads to a vertical contraction and atizontal expansion of the ferroelectric. ¢) and d) Elec
field applied orthogonal to the polarisation results in a shear movement due to ftbe
coefficient. This movement causes a torsional deformation of the cantilever forcing the
spot to movehorizontally (inplane signal).
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mode, which exhibits the additional cantilever displacemédt Q O6A 1100 -
resulting from the piezoelectric response of the tested temal. Information on the

polarisation direction of the sample is yielded from the phasaf the signall®

The vertical response is obtained by monitoring the deflection signal at the contact
resonance frequency of the cantilever; this mode is called vertical piezoelectric force

microscopy (VPFM). &lvertical displacement will respond to the following equation:
Yo YO ohél o « h (49)
whereY® 'Q @ is the vibration amplitudeq is the effective piezoelectric constant,
w is the applied potential and is the phase. This phase term is the phase difference between
the imaging voltage and the piezoresponse, containing information on the polarization

direction. The domains will vibrate -phase ° m Jor antiphase ° pytmd

depending on the orientationf the domains with respect to the normal of the #.

In the lateral piezoelectric force microscopy (LPFM), the signal monitoreesponds
with the lateral deflection or friction. Modulating the voltage at the resonance frequency of
the torsional mode across the sample, surface lateral vibration is detectable, being translated

via frictional forces to the torsional movements of thenglever.

In the simplest case of vertical displacement, the effective piezoelectric constant can be
assumed a¥2 'Q for a uniform electric field. However, for the LPFM measurements of
lateral domains, this assumption is not as straightforward aB WiRRFM, due to the sensitivity
2F (GKS a2adGdSYy 060SAy3a RSLISYRSyl 2yiKS R2YIFAyQa
Nevertheless, for a simple approximation, we can consider that thgaine piezoelectric

response is proportional to the piezoeleictconstantQ andQ 105 106

Resonance freque ncy determination for PFM measurements

In order to benefit of the enhancement produced in the cantilever response while
working at its resonance frequencies, we used the following procedure to determine the

flexural and torsional contact resonances of tantilevers used in PFM measurements.

Firstly, we bring the tip to contact in the desired area and reducestam size to 0 nm
to obtain a more smooth resonance curve. Then, the sanwlelectrically excited, while
sweeping the frequency. For the sigmabnitoringwith the ziHFLIA, we use the vertical and
lateral deflection outputs of the AFM microscope, obtained thro@ghome-made dblack
boXE.
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When the conductive probe is grounded and contacts the electrically excited sample, it
produces a local potdial difference which results in a mechanical contraction or expansion
at the probed point of the piezoelectric sample. The mechanical response depends on the
orientation of the piezoelectric domain. To quantify the angle of the orientation of the
domains we investigated the sample, simultaneously monitoring the vertical and lateral

piezoelectric response.
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4.5. Optical methods

4.5.1. Laser Doppler vibrometry

Laser Doppler vibrometry (LDV) is an interferometric technique, which uses the physical
principle of the Dppler Effect for the sensing of small amplitude mechanical vibrations. The
laser beam is focussed onto the oscillating sample and;dogparingthe frequency shift
between the reference and the reflected beams, it is possible to infer the velocity of the

vibrations and the displacement.

Beamsplitter | (BS |

Laser

Beamsplitter Il (BS 11

Mirror

Bragg Cell

Beamsplitter Il (BS 1lI Sample

Detector

Figure4.8 Schematic Polytec Laser Doppler Vibrometer.

As can be observed in the scheme in Eigj5, in this heterodyne method the incident
beam, with freqency™Q, is divided with a beamsplitter (BS 1) into a reference beam and a
measurement beam. After passing through a second beam splitter (BS II) the measurement
beam is directed to the oscillating target, which reflects it. As a consequence of the sample

vibrations, the reflected beam has been frequency modulated with a Doppler shift equal to
"Q ¢ O wElj_h (50)

where 0 0 is the timedependent velocity of the samplg, is the angle between the laser

beam and the velocity vector, andis the wavelength of the laser. Then, the backscattered

beam is deflected downwards by the BS Il and is then merged with the reference beam onto

the detector.

96



The sample moving away frothe interferometer generates the same modulation
frequencies as a sample moving towards the interferometer. Thisugealone cannot
unambiguously determine the direction the object is moving in. For thisfandomparison
purposes, the reference beam ipassed through a Bragg cell to shift the light
frequency "Q p 1 "'Od& by typically™@ 1t Jp m'Oa This generates an interference
pattern modulation frequency of 40 MHz when the sample is at a standstill. If the object then
moves towards the interfameter, this modulation frequency is increased, and if it moves
away from the interferometer, the detector receives a frequency less than 40 MHz. This means
that it is now possible to not only clearly detect the path length but also the direction of

movement too.

Figure4.9 Laser Doppler vibrometer images a) Setup for- Q680 and OF2750 controllers. b)
Setup of UHA.20. (Polytec, Germany)

During this work, we used three different LBYstems. For the low and medium
frequency detection, we used the Polytec GB34 head with OF2500 and OFR2570
controllers, respectively. The OR800 works in the frequency range 850 kHz and the OFV
2570 is capable of working from 10 kHz to 10 MHw® last, very powerful system, the UHF

120, also from Polytec, allows waiik a bigger range, from 0 to 1.2 GHz.

4.5.2. Raman spectroscopy and photoluminescence

The Raman spectroscopy and photoluminescence measurements were carried out
on a Horiba Lab Raman $p@meter with anelectronmultiplying EM) cooled Synapse
camera (Horiba, Japan). For taking spectra, a 100x, 0.90 numerical aperture (NA)
microscope objective was usebhe system is equipped with red (633 nm) and green (532

nm) lasers.

97



4.6. Summary

This chater has reviewed the experimental techniques used throughout the work
covered in this thesis. The covered techniques are the functional scanning probe methods
used for nanoscale characterisation of mechanical, electric and piezoelectric properties. They
have been summarised ihable2. Furthermore, optical methods, including laser Doppler

vibrometry, Raman spectroscopy and photoluminescence, have beenessliewed.

Table2 Scanning probe methods summary.

Method Contact Excitation Modulation Frequency Detection De;tr‘z:tlon
AFM Yes No Deflection
Tapping Semi Mechanical No Deflection Free res.
EFM No Electrical No Deflection AC freg.
. . . 2nd harm
D-EFM Semi Electrical No Deflection CR/2
i + ion +
KPEM Semi Electrlcgll Yes 1 _kHz Deflection 1 kHz
mechanical tapping freq. CPD
PFM Yes Electrical No CR cantilever| Deflection CR
FMM Yes Mechanical No 2.7 kHz Deflection 2.7 kHz
UFM Yes Mechanical 2.7kHz 4-5 MHz Deflection 2.7 kHz
] 45 MHz & 4 .
HFM Yes Mechanical No 5 MHz 4nf Deflection nf
M-UFM Yes Mechanical nf (0-1MHz) 4-5 MHz Deflection nf (0-1MHz)
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5. Free oscillating structures MEMS/NEMS

The mapping of the vibrational modes mwicro- and naneelectromechanical systems
(MEMS and NEMSvith nanoscale resolution is a significant problem, which needs to be
addressed for the development of new resonating devices technologies. Here, we piesent
study of the vibrational modes of four different free oscillating structures, which can be

categorised as MEMS or NEMS.

The first part of this chapter is dedicated to edienensional (1D) resonating systems,
such as the AFM cantilevers, which have belearacterised and studied to understand their
interaction with the sample during SPM measurements. Here, we should note that 1D refers
to the geometry of the resonator, vile it does move in threalimensions (3D) with some
modes €.g.pure flexural modes)two-dimensional (2D) movement analysis is sufficient. The
second variety of vibrating 1D structures studied here are piezoelectric tuning forks (TF). These
kind of devices have been historically implemented in many scientific investigations of
different physical phenomena, such as quantum turbulence and acoustic sound emission
probing in superfluidHe. Moreover, owing to their high sensitivity to liquid viscosity, TF have
demonstrated their potential in industrial applications, especially in fluid erging.
Throughout this work, we used two different types of TF made of different materials, quartz

andlithium niobate (LINb@), and with different designs.

The last part of this experimental chapter is devoted to 2D resonating systems. Firstly,
a commerdéal SiNs membrane is used as a test sample for proving the novel ultrasonic SPM
method, called ModulatiorJFM (MUFM), used for the local probing of vibrational modes in
high-frequency 2D resonating structures. Then we present the experimental resulthand
modelling to understand the changes in the stiffness distribution of a suspendethyew

graphene (FLG) flake, using different ultrasonic SPM methods.
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5.1.AFM cantilevers: analytical model and optical
characterization

AFM cantilevers have been intelg studied since the invention of the AFM, being one
of the fundamental pieces of the AFM system. Many dynamic SPM modes use cantilevers as
the resonating system to enhance the system sensitivity by the excitation or detection of
different vibrational moes of the cantilever. In this section, we initially present a common
model for describing the AFM flexural bending and then some of the experimental results of

the study of cantilevers.

5.1.1. AFM cantilever modelling

Using theO | v (i A théd Saddilded irthe literature review of this thesissection
2.8.2 we calculated the free resonances adifferent overtones ottontactmode and force
modulationAFMcantilevers. The geometric values of the cantilevers used for the calculations
were obtainedfrom the manufacturingsupplierdatasheet information also detailed ifrable
3. Due to these standard cantilever are made of %i,used density ¢ ¢ Qi@ and
2dzy3Qa a2Rdz dza 2 F d Ap®iAY 1 b K& S asrvaluesiohtheRatalBIO G A 2 v

propertiesfor the calculationsThe values obtaied of the fundamental resonance frequencies

v

of these cantilevers match with the provided for the manufacturer.

Table3 Cantilever data used in the SPM measurements

Contact mode Force modulation

15 kbz 75 kiiz
02Nm 3N m
450 ym 225 ym
50 um 26 um
2 m 3 um
17 ym 17 pm
15 pm 15 pm
<10 nm <10 nm

Half cone angle 20°- 25° along cantilever axis 20°- 25° along cantilever axis
25°-30° from side 25°-30° from side
10° at the apex 10° at the apex

5.1.2. Optical characterization of AFM cantilevers

The resonance frequency values obtained in the previous secbdhl were

experimentally validated bylaser Doppler viborometry (LDV) measurements. This
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interferometric method allowed us to record the cantilever displacement distribution for the

different frequencies and under diverse conditions. In a preliminary study, G@htahd

Multi75 (Budget Sensors, Bulgaria) cantilevers were measured by the LEREQI-{Polytec,

Germany). Discrete point measurements were recorded in three different points aleng th

cantilevers to see the maximum and minimum displacement values for the fundamental mode

"Q and the first overtoneQ , as they are represented in Figl.

c)

-
o
1

Displacement (nm)
1

f,=67.8 kHz

f,= 421.0 kHz

—— End ofthe cantilever
—— Centre of the cantilever

0.0 - )J

AN
kl_&__ﬂ\ e - ﬁfﬂf:’—'ﬂ:\%&_

I ! I ! I ! I ! I
100 200 300 400 500

Frequency (kHz)

Figureb.1 a) Optical image of a force modulation cantilevdu(ti75, Budget Sensorsjith the point
measurements superposed. Magnification x20. b) Schematic of the free resorignaed the first
overtone €2) of a cantilever. ¢) Plot of the displacement of the cantilever in the centre and a

end, while sweeping in

frequency theiding of a piezotransducer inserted under the cantilevers

The high sensitivity of the LDV allowed us to study the free vibration of the cantilever

as a consequence of thermal excitation. The experimental setup requires use of a spectrum

analyser for sigal monitoring or, in the absence of this system, signal monitoring can be
performedby alockh y | YLI A A SNERBSE (I QRS desteishiré. SR 0 @
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An example of the LabVIEW software for the data acquisition using a SR80 dmaglifer

can be found in Annex |. Furthermore, the cantilever can be studied under external ultrasonic
excitation, inserting a piezotransducer under the cantilever and sweeping the frequency of the
driving signal to find the maximum response for the differebtrational modes. An example

of the cantilever displacement measurements while driving the piezo can be found5iitg.

The plot shows the displacement with the laser spot localised in the centre of the cantilever

and at the end.

Complementary to the single spot measurements, the cantilevers were studied by the
LDV Polytec UHE20. With this system, is possible to define a mesh with an arbitrary shape
and automatically map the area. The sensitivity in the displacement of this system is in the
range of 10 femtometre, potentially offering a wide range of possibilities to characterise
qguantum electromechnical devicedn the presented cases in Fig2, standard rectangular
shapes were used. The images of the fundamental overtone she@w#ximum displacement
at the free end of the cantilever. Conversely, tifeotertone images shows higher amplitude

closer to the fixed end to the chip.

Cdzy RF Y&yt M2 38 NI

Cdzy RI YSy (I M 23S NI

Figure5.2 LDV displacement maps of a Multi75 cantilever at the fundamefita84 kH} and
first overtone {1=425 kH} frequencies. Vibrations excited via an externally driv
piezotransducer, insertednder the cantilever chipColour scale indicate maximum positiy
desplacement in the oubf-plane direction with dark blue and maximum in the negati
direction with dark red.

¢tKSaS YSIadaNBYSyida 6SNB TFdzyREFEYSydl tr (2

while scanning in the neoontact SPM modes used throughout this thesis.
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5.2Tuning forks

In addition to the AFM cantilevers, we also investigated the tuning forks (TF) as
alternative resonating systems/probes often used in SPM. The high stiffness ok&$ thmam
stable, avoiding jump into contact, and capable of oscillating with small amplitudes, allowing
for very accurate control of the oscillation frequency. TF have the advantage of being self
actuating and seléensing devices.e., external detectiorsystems are not necessary for their

operation107:108

5.2.1. Quartz tuning forks

The quartz TF used in this work were described in the Materials chapter 3. These devices
were used extensively in the flexural mode in l@mnperature experiments with quantum
fluids, using the antiphase inward and outward movement of the tines in theutarce
generation® 1% The TF flexural motion dispksthe surrounding fluid generating normal and
shear stress in the medium. In this work, we investigated for the first time the torsional mode
of the TF operation in qguantum fluid, when the TF tines twist in the opposite direction, creating

mainly shear sess at the moving interface.

A clear advantage of these kinds of resonators is that an individual device can
simultaneously perform as actuator and detectorgpfantum turbulence This fact offers the
possibility of measuring the vortices in the same taoa where they have been created,
without needing to study their propagation. The main disadvantage presented by this
methodology is that the measurement is a convolution of the generation and detection
phenomena. Reference vacuum measurements are aserglly required to deconvolute the

results of the interaction with the media from other effects.

In this work, the possibility of creating turbulences'tite by a flexural mode of the TF
and detecting the fluid turbulences in the torsional mode has bpeposed. This method
does not require vacuum calibration because it directly measures the absolute damping due
to the turbulence. These measurements were performed in an immersion cryostat. The TF is
driven using an AC voltage supplied by the output af hetwork analysers (NA). The output
current of the TF is passed through avi tonverter with 1®V A! gain and then monitored
for turbulence detectionThis current can be linked with the mechanical actuation of the TF
by the calibration method presende in this work. This methodology employs the

interferometric methodlaser Dopplervibrometry (LDV) for the study of the mechanical
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displacement or velocity of the TF tines in the flexural and torsional vibration and is directly

linked with the electricalesponse of the tuning fork.

First, the resonance frequencies of the flexural and torsional modes of the TF were
estimated. For the flexural frequency, the same E#ernouilli formulation was used, as
previously explained for the cantilevers. For the gktion of the torsional resonance, the
model for torsional modes found elsewhere was ud&d''® 11 in which the fundamental
frequency of the tesional motion is determined by

p cO0OTw .

Q ~ ——s———N 51
¢O "Y W ®D

where 0 p&Hp pm & ,"Y ¢cRopmd andw p8& o pm & are the beam
dimensions: length, thickness and widi® o® p pmm 0 & andr ¢ @ UQIQ are
the shear modulus and the density of the quartz, respectivély;is the dimensionless

coefficient dependent on the ratio af/h, which can be found ifable4.

Table4 3 coefficientdor various values of the ratio w/h

w/h 1 15 2 2.5 3 4 5 6 10
j 0.141| 0.196| 0.229] 0.249| 0.263| 0.281| 0.291| 0.299| 0.312| 0.333

Electromechanical characterisation of vibrational modes quartz TF via laser Doppler
vibrometry and electrical readout

The characterisation of the tine displacement and velocity were performed with the
high-frequencylaser Doppleribrometer (LDV), with th&olytec Vibrometer Controller OFV
2570. This system works in the range from 10 kHz to 10 MHz. The experimental setup is
detailed in the scheme in Fi§.3. The TF are driven by the output channel of the Network
Analyser (NA) (4395A, Agilent Technologies, USA). This instrument allows for driving the
excitation and for detection of the response at the same frequency. TheoMérs the range
from 0 to 500 MHz. An amplifier was inserted between the NA and the TF for the@dwgdr
driving of the TF. Furthermore, for monitoring the electrical TF response, the current output
from the TF was transformed with afViconverter befog being fed into the NA. The seabn
channel of the NA was recordede LDV output, therefore allowing one to record both the

mechanical displacement and the electrical signal simultaneously.
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Network/Spectrum Analyzer

Figure5.3 Experimental setup of the LDV for TF characterisation.

To achieve a good signal in the optical mgaments, the TF were measuréatusing
the laser spot on the goldoated area to benefit from the high reflectivity of gold compared
with the weak om of quartz. As can be seen in the SEM images of the TF presented in the
Materials Chapter 3, the gold coating does not cover the whole side of the tuning fork. We
then determined, using an optical microscope image, the position of the coated region of the
TF, where we measured the velocity, to a total length of the fork, obtaining a ratio of
u®Fu® p&3. This value was used as a correction factor for the calculation of the velocity
of the tuning fork tip during oscillations. Due to the geometry of éhectrodes with respect
to the orientation of the quartz crystal, the TF used in these experiments were able to perform
in either bending, torsional, or simultaneously in both, modes. During the measurements in
torsional mode, the location of the laser gpon the cantilever required critical attention,
because to record the maximum displacement of the tine, the laser beam had to be focussed
at the very end of the goldoated section of the region and very close to one of the lateral
edges of the tine as thdisplacement in the normal direction of the central part of the tine

vanishes in torsional mode.
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Laser

Total length: 9.5
Au-coating length: 5.5

A
v

-yNy____

Figure5.4 a) Schematic of a quart TF side view. The laser spot indicates the place where
LDV laser was focused on the measurements. b) Top view of the TF tine with the velocity
vectors of the rotationamodes displayed.

The angular velocity of the torsional mode was inferred from the LDV measurements,
which are sensitive to the normal component velocity in respect to the TF surface. The
total velocity, including the geometrical factor and copeading with the effective radiusl),

was calculated by the following expression

Q = Y Mo Y

V] C C W

0 0 o 0 —2 & UV ———8 2

QE|i Y¢ Y¢ Y
Table5 Voltage and current outputs for flexural and torsional modes of TF.
Frequency (kHz) Power input (dBm) |  Vyp output (mV) Current (HA)

76 0 670 1.75
393 0 688 1.80
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The electrical response was calibrated by substituting the TF by a 88&ference
resistor, whichhas an approximately similar resistance vatughe intrinsic TF resistanci&/e
Sadlroft AaKSR (GKS NBFSNByOS a1 SNRJIBA koiregthads 0 @8 R NJ
to a power of 1 mW at 5Wlead) power output from théNA. Using an oscilloscope to probe
the output value of the calibration setup, we recorded the voltage output for the bending and

torsional resonance frequencies. The obtained calibration values can be folia8|ib.

In Fig.5.5 we present the velocity/current output vs driving voltage for the flexural
(76kHz) and torsional (398Hz) modesThis data was used to correlate the electrical and the
mechanical response, to be applied to the experimental results of using the TF in the probing
of turbulences itHe. The lowtemperature experiments were carried out by our collaborators
from the UltraLow Temperatures group at Lancaster Univer&ityn these experiments, the
TF is used simultaneously as a sensor and turbulence generator. This research demonstrated
the possibiliy of exciting turbulence in théHe with the flexural mode and detecting the
damping produced by the turbulence in the torsional mode of the tuning fork. Also noted was
the difficulty to excite turbulences via the torsional mode as these phenomena stadur
after a determined critical velocity, and the higher acoustic damping of the torsional mode

combined with the high critical velocity made it difficult to create turbulences.
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Figure5.5 Velocity and current plots as a function of the driving voltage. The linear depende
of both vibrational modes, flexural and torsional, allowed us to establish the calibration for t
ULT measurements.
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5.2.2. Lithium niobate tuning forks

The physicaproperties of lithium niobate (LiNk{) such as piezoelectricity and high
electromechanical coupling, make LiNb&h exceptional candidate for the fabrication of

tuning forks with extraordinary sensitivity to the viscosity changes in media.

The TF used ithis work were fabricated using two LiNp®afers with the antiparallel
domains. One of the particular characteristics of this kind of TF is that electrodes are
sandwiched between the two LiNbB@afers. This specific morphology makes these TF perfect
deviees for liquid immersed investigatiol¥& Moreover, as wagxplained in theMaterials
Chapter 3, some of the LiNkoTF used in this research were additionally coated with a gold
film, creating an external third electrode and allowing us to ground the system to avoid
electrostatic crosstalk between the TF and #evironment. In the experiments performed
with the coated TF, it was demonstrated how the third electrode produces a significant
enhancement of the electrical response and, therefore, a considerable improvement of the
system sensitivity. In Fi$.6, the resonance curves of a coated and a bare LiNIH3 are
plotted, presenting evident differences in the size of the resonance peakalso necessary
to note that, due to the extra mass added to the TF due to the Au coating, there is a down

frequency shift, compared with the bare TF.

2477 kHz

Bare TF 10 4 138.45 kHz Bare TF

a4 ——TF Au coated —TF Au coated
0] —

15 ] 25.53 kHz 2
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Figure5.6 Electrical response of the flexural and torsional modes. Comparison between tt
response of the bare TF and the-éoated ones.

The gold coated LINBOTF have been used to measure samples in an aqueous
environment, in a like gPlus setup, demonstratirighhsensitivity as SPM probe. Initially, the
TF were characteriseih the same wayto quartz TF via LDV and electrical response
measurements to understand the electromechanical coupling. The characterisation of the
displacement and electrical response aléd us to establish the sensitivity of these resonating

systems. The setup used for the electrical characterisation is slightly different from the one
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used with the quartz TF, due to the fact we did not use the Network Analyser (NA) for the
signal drivingand detection. The NA was substituted by the HF2LI Zurich Instruments, which
allowed us to drive the sample and detect simultaneously. TWednverter was also used for

the current conversion. The amplifier was not necessary for the explained resedeh. T
performed frequency sweeps were used to identify the resonances of the TF. Furthermore,
amplitude sweeps at the resonance frequency were also made to see the linear dependence

between the electrical response and the displacement, such as in the plgriagdh in Figs.7.
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Figureb.7 Plot of the TF displacement vs current. Tiet indicates an almost perfetinear
dependence.

To create the SPM images with the TF, a small Au(dimeneter 0.025mm antength:
0.5mm) was attached to the very end of the TF to act as a tip. The wire was glued with a
conductive epoxy to provide electrical contact to the external TF electrode. The additional
mass resulting from the glued wire to the fork produces a frequency shift oyilseem
resonance as well as a substantial decrease of the amplitude of the response. The plot from
Fig.5.8 shows both effets; it is important to highlight the different vertical scales for both
data lines, presenting a difference of two orders of magnitude between the two responses.
This drop in the response is attributed to the unbalance produced in the TF tine resonances

when the tip is attached to the prond?
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Figue 5.8 A comparison of the resonance curves from the TF response, with and wttieut
tip attached to the end of the TF. The results show the shift in frequency and the significa
drop in the amplitae of the response, around two orders of magnitude.

Figure5.9 Experimental setup for the immersed measurements using the MultiMode scan!
and the LiINb®TFas a piezoelectric pbe.

The experimental setup for the SPM imaging is shown irbRiglt was composed by a
Bruker scanner from the MultiMode IV and the head of the microscope was removed to allow
for placement of the TF holder. The feedback for the measurements was byatthe PID of
the HF2LI, using the deflection from the breaking box as the signal for the feedback loop. The

custommade signal access box allowed us to feed the TF response and record using the
microscope.
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Figure5.10 Electrical response of the LiNDTF in air (red) and water (blue).

The method used for detection consisted of driving the bending mode of the TF to work
in semicontact mode. The electrical response of the TF was monitboedontrol the
feedback. It was necessary to make a frequency sweep before the measurements to identify
the resonance frequency and the phase offset of the TF resonance. The PLL was used to track
the phase of the signal. In the PID, the magnitude inptihésamplitude of the signal; the
setpoint value selected was close to the value of the resonance. The PID values were adjusted
to obtain the best resolutionThe images recorded by the methodology described above are
shown in Fig5.11. Bothtopography images, either in air or in water, show fine structure with
topography features below 12 nm, corresponding with te@ndad roughness from
commercial indium tin oxide (ITO) sampt€sThe drive amplitude images presemtontrast
corresponding with the topographical featurgSonversely, the images showing the shift in
the frequency{f) do not show any contrast, éise feedback was well adjusted to reduce the

error to the minimum.

Theseresultshave demastratedthe feasibility of this methodology to study samples
either in air or in water, without crosstalk between the electric drivirighe probe and the
environment This methodology has enormous potential for the investigation of the
morphology of samples which require liquid environment, like biological materials or living
cells 14 Moreover, it is a promising technique for the investigation of samples immersed in
high caxductive liquids, such as the liquid electrolytes present in some battétfeSor high

resolution imaging, it will be necessary to optimize the shape and size of the Au wire.
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Figure5.11 Topography, PID drive voltage anfdmaps of an ITO sample made the TF probe
method. Images of the top row were made in air and the images of the bottom were mad:
water. Imaging parameters: TF drivesv¥10mV and phase offset F130™.
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5.3Silicon nitride membranes

In addition to the onedimensional resonating systems, we also studied 2D vibrating
structures. Initially, we performed some investigations in commercial silicon nitriglés)Si
membranes. These samples were measured with Laser Dopiptemetry to identify the free
vibrational modes. To follow, they were also investigated via diverse dynamic AFM methods,
such as FMM, UFM and Modulatiaf=M, comparing the experimental results with theoretical

modellings of these systems.

The main motivation wato locally study the distribution of the vibrational modes in
MEMS and NEMS with nanoscale resolution. Optical methods have demonstrated themselves
to be very efficient for measuring the vibrating devices, reaching picometer resolution for
vertical displaement. However, due to the laser wavelength, they are limited in spatial
resolution to um length scale. To address this problem, we developed a new methodology
based on the AFM. This novel method is caitemtlulation ultrasonicforce microscopy (M
UFM) aml allows for the mapping of vibrational modes with frequencies much higher than is
typically achievable via function generator AM modulation and the required nanoscale spatial
resolution. The principles of this method are based in UFM theory, usintimear interaction
of the tip with the sample for detection. MIFM requires a higfrequency detection setup for
the study of higHrequency resonating systems. Prior to the experiments, we had to estimate

the resonance frequencies of the sample, providimgaae accurate study.

To approach the MUFM development, we performed separate modelling of the
cantilever and membrane dynamics. Asvas explained iditerature review the contact
resonance of the cantilever can be theoretically determined by the gegnaetd the material
parameters. Likewise, the resonance of a rectangular mensran be calculated using the

expression

Q —h (53

P — Q0 0
C 0 0

where—is the pretension of the membrane, is the 2D membrane densitXQandhare the
indexes of the vibrational modes, andand0 are the length of the membrane for thieand
waxis, respectively. In the case of our study, the membrane had a square window, therefore,
0 0 L Tt T8 . The value of the preension of the membrane was calculated from the
value of the residual stress found in literattf®and determined for the particular case of the

200 nm thickness $i, membrane 1716, Agar scientifij; obtaining— ¢ TQA . The
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2D-density is also inferred by the 3D value found in literature and multiplied by the thickness,
., o TP 1 QO . Therefore, the first resonance frequency of the membrane was

found to ke equal toQ ¢ x O "Cax

This membrane was first examined with the LDV (Polytec-128F Germany). The
vibrations were mechanically excited using a piezotransducer inserted under the membrane.
Fig.5.12shows the spectrum of resonances obtained from the measurements. We can identify
the fundamental resonance frequency i® o p ®'Qdwith additional peaks appearing
at’Q  @o TiQQccorresponding to the second harmonic of the fundamental frequency that
S GNBFGSR Fa allz2NA2dza [5+ aAdyltod ¢KS YI LA
LDV for each of the mentioned overtones are superposed to the corresponding resonanc

peaks in the spectrum in Figl2.
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Figure5.12 Plot of two lesonance peakof the SiNa membrane measured via LDWhe peak at
315 kHz correspond with the fundamental mode of the membrane shown in the inset aba
the peak. The peak at 630 kHz correspond with the second harmonic also shown in the ii
above the pek.

In the first attempt at the nanoscale mapping of the vibrational modes via SPM modes,
we created UFM images in the corner of the membrane, recording the topography and the
nanomechanical images simultaneously. These results are displayed flBigwhere we
see that the topography shows negligible contrast between the suspended and supported
areas, suggesting membrane umdbigh tension. Nonetheless, in the UFM image the
suspended area is clearly visible, presenting dark contrast. This dark contrast represents the
low UFM response, corresponding to the low mechanical stiffness in the suspended areas. One

can observe that bih images present triangles on the membrane inhomogeneities. During
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the experiments in the il membranes, we realised that the tips were degrading very quickly

during the scanning of these particular samples.

AFM - Toppgraphy
-

Figure5.13 Topography and UFM images of a corner of5SéNs membrane.The topography
image shows neglegible contrast between the suspended and the suported regions 1
membrane. Conversely, the UFM image presents clean contrast battie two areas. The
dark contrastindicates lowUFM responsedue to the poor propagation of ultrasoundsnd
corresponds with the suspended region

In order to establish a comparison between the diverse ultrasonic existing methods and
the noveltechnique, the same region of thesl8imembrane was examined using FMM, UFM
and MUFM modes. The images created using the three different methods are presented in
Fig.5.14. Across the three images of the panel, the suspended and supported areas are
delimited with a dashed white line. Meanwhile, the UFM shows valuable information to
accurately localise the boundary between the supported and sudpe regions of the
membrane; this method does not offer much information about the distribution of the
vibrational modes. This is a consequence of the ultrasonic excitation used, which is in the range
of 4-5 MHz, being at least one order of magnitude leigthan the free resonance frequency

of the membrane.

The FMM image in Fi§.14 was measured using 350 kHz as the excitation frequency,
which isclose to the free resonance of the membrane. In this image, we can identify an area
with a higher response located in the suspended region. Conversely to the UFM, the FMM
image does not show the contrast between the suspended and supported areas icittigy vi
of the membrane edge. The third map, presented in bify4, corresponds to the MUFM
method, which allows no#inear excitation and probg of the sample vibrational modes

simultaneously. This image was made using 340 kHz as the modulation frequency for 4.41 MHz
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of the carrier signal. The FM image shows a different contrast between the suspended
and supported area, as in the UFM, andl#o shows that the highesponse in the suspended
region is corresponding with the excitation of the vibration of the membrane. Furthermore,
M-UFM benefits from being a method in which the force at the modulation frequency is only

produced at the probingoint, allowing for local excitation of vibrations.

a.u.

Suspended area

20 ym

Figure5.14 Comparison of UFM, FMM and-WFM results for the same area. The dashed lines
represent the boundary between the supported and the suspended areas.

The image a) in Fi§.15. shows the reconstruction of orgimensional scans across the
membrane boundary whilst changing the frequency from 280 to 380 kHz, displaying the map
of the vibrational mode distribution nedahe edge. Correspondingly, Figl5.b shows an M
UFM scan made using 330, 340, 350 and 360 kHz at the modulation frequemaytdfr to
bottom). Both FMM and MJFM images show that the local maximum in the response of the
suspended area shifts in distance from the membrane boundary for different frequency
values. Therefore, we are simultaneously exciting and mapping the vibahtioodes of the
membrane in contact. In the case of the excitation of the fundamental mode, the maximum
displacement (and response) should be placed in the centre of the membrane. Nevertheless,
in the presented case, the probing of the vibrational modeségle in contact, making it
necessary to consider the ratio between the effective mass of the cantilever and the
membrane. When the effective mass of the cantilever is dominant in the interaction, the

excitation of the resonance becomes extremely difficldsing sensitivity in the probing.

117



kHz

Figure5.15a) Image of 1D scans across the membrane while sweeping frequency, from 2
380 kHz using FMM setup. b) Image ofJAM scans using 330, 340, 350 and 360 kHz at th
modulation frequency.

For a better understanding of these SPM experimental results, ¢hntilever
membrane system was theoretically modelled. We have approximated the cantilever and the
membrane as massless springs individually attached to a mass. This mass represents the
OFyGAt SOSNI ' YR YSYo NIy &Qanday | raspedtielyByeffedtived RSy 2 (i SR
mass, we refer to the fraction of mass, which is contributing to the motion under the
experimented forces. The dynamics of the membrane under the cantilever probe was
modelled as a rod with negligible mass and lerigtivhich tas attached to one of its ends the
membrane mass point, and to another point has the cantilever mass point. This last position
is not fixed, due to it representing the positidi ¢f the cantilever during the scan. The rod is
supported to a pivoting pointwhich allows it to hinge when the cantilever is moving along the

rod.

Figureb5.16 Schematics of the probing of the cantilever across the membrane. The cantile!
behaviour is approximated to a spring attached to a mass point. The membrane dynamic
represented as a lever with a mass point at the free end attached to spring.
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The monent of inertia () of the system is described by
O a'a a*08 (54

Considering the small angle (0 | LILINEOEAA- Y (the Zoxfue created in the

pivoting rod is equal to
t Qa—00Q 0-8 (55)
The angular acceleration of the system,— , links both magnitudes, moment of

inertia and torque, as is describég

o 18 (56)

Therefore, we can write the motion equation dependenttbe time as

Q— . .
— Qad-00 -8 (57)
Qo
Transforming the above equation from the angular to the vertical coordinate, with the

expressiorwy —{(we obtain

Qw . —
d’a a’o —E Qa QO m (59)
Qov

Therefore, the natural frequeryoof the system is described by

a

1 ——3 (59)
[of
0

With MATLAB simulations made using the above described model, we calculated a
resonance frequency distribution that is dependent on the change of the cantilever position
along the membrane. For both systems, cantilever and membrane, we assumed in the
calculations that their effective mass was a quarter of the total mass, for the natural frequency
oscillation of the systems. The shape of the membrane was approximated to a circular
membrane in order to simplify the calculations of its resonance frequency. The vhthe
membrane stiffnes) p ¢& @ A was inferred from the LDV experimental values of
its resonance frequenci) ¢ p ®Oand the effective masé” o® @@ m™ Q'QThe
stiffness of the cantilever was taken from the values offered by thdilever manufacturer
N o0 and the effective mass of the cantilevax® p® 1 ™ QQwas

determined by its geometry anditsdenstty ¢ KS LJX 20 2F GKS G201 ¢
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for the different cantilever position along the membrasieows that the maximum resonance

frequency value is near to the edge of the membraney aty& up T 4.
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Figure5.17 Plot of the resonance frequency as a function of the distance from the edge. T
plot of the bottom is the first derivative of the top plot.

The MATLAB programme can be found in Annex Il. The results obtained from this model
are a simple first approximain to explain the experimental results. More accurate results,
considering the real geometry of the membrane for example, requires FEA calculations, such
as COMSOL.
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5.4. Graphene nanodrum s

5.4.1. Experimental measurements.

Upon studying the dynamics of commercigNsmembrane, we decided to fabricate
and characterise other mechanical resonators that could potentially have very high resonance
frequencies. The reasonable approach would be to use 2D materials, such as graphene, which
has high stiffness and lower are@ass to achieve very high frequency resonating devices. In
this section, | describe the study of a mechanical resonator made by a suspended graphene
flake on top of a hole, as it is shown in optical images inG2@. The fabrication of the
graphene drum was carried out following the procedure detailed inMlagerials ChapteB,
including the substrate patterning, graphene @idtion and transfer. The resonator was
characterised using various ultrasonic SPM methods, including UFM and contact resonance
AFM (CRAFM). We also elaborated on the complementary modelling of the systems, for a

better understanding and interpretationfahe experimental results.

Figure5.18 Optical images of the patterned substrate with the transfer of multiple maiter
graphene (MLG) flakes.

It has been demonstrated that the combination of AFM with higher excitation
frequencies increases the sensitivity in probing of the mechanical properties and realises
nanoscale spatial resolution in a ndestructive approach. These dynamic AFM modes
include the detection of the cantilever displacement at the probing point, whereas the sample
oscillates vertically with the corresponding excitation waveform. In the case of low frequency
excitation, in the range of the contact resonance frequency of the leaeti, the method is
called CRAFM as described iGhapter 4. CRAFM benefits from the high sensitivity of the
cantilever at the resonance frequency for the nanomechanical probing. Using higher excitation
frequencies and detecting the tipample interactio in the nonlinear regime, UFM and M
UFM can be used.
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Figure5.19a) AFM topography. b) UFM. c) andGRAFM amplitude and phase respectively
30.8kHz.e) and f)CRAFM amplitude and phase respectively 5t kHz.g) and h)CRAFM
amplitude and phase respectively @6.6kHz.
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In Figh.19.ab, we can see, respectively, the topography and the UFM images
simultaneously recorded a felayer graphene (FLG) flake covering one of the patterned holes
in the substrate. The tomgraphy image allows us to precisely determine the thickness of the
flake ¢=12nm). Nevertheless, in this image, a smooth depression is barely observed in the area
of the hole (arrow on the image). At the same time, the UFM image presents a clear contrast
between the suspended and supported regions of the flake, allowing us to determine the exact
radius of the holeR=940+5 nm. In the vicinity of the hole, this nanomechanical map also
shows dark contrast, revealingeak interaction of the FLG flake with tiseibstrate and
interfacial defects. Whereas the UFM results are very sensitive to the subsurface defects in
the supported region of the FLG flake, the UFM contrast in the suspended regions shows poor

sensitivity to the subsurface featuré¥.

Fig.5.19 c-h shows amplitude and phase images of theAFM images at different
sample excitation frequencies. We can see that, depending on the frequency used, there are
considerable variatiagnin the contrast, shape and dimensions of the dr@omparing panels
¢ and d from Figs.19, both made af4=30.8kHz,a frequencythat is considerablyjower than
the resonance frequency of theantilever in contactfcre=64.6kHz, the amplitude image
shows the hole as a bright halo. Whereas, the phase poorly present contrast in the hole.
Nevertheless, both images reveal the internal structure of the membrane not visualised in the
topography, UFM or GRFM at other frequencie.his particular contrast is interpreted as an
internal crack in the FLG flake, which induces a change in the stiffness without altering the
topography. Conversely to thg=30.8kHz imagesboth amplitude and phase G&¥M maps
made atfc#=57.0kHz, fromHFg. 5.19 e-f, showa donut-shaped hole with a smaller diameter.
Furthermore, an additional subsurface feature is revealed in both imggeght in the
amplitude and dark in the phase image) is presented as a contrast segmentaatrdSs the
hole. Ultimately, CRRFM images made &=66.6kHz are shown at the bottom of the panel.
The amplitude image shows a consistently dark contrashénhole whilst the phase map

shows a bright halo surrounding the darker hole.

Therefore CRAFM demonstrates the ability to reveal the material defects hidden unde
the surface of the suspended materialevertheless, the strong frequency dependence ef th
contrast demanded comprehensive theoretical and experimental studies. In the quest for
understanding the frequenegiependent response of GAM, we carried out one
dimensional scans across the hole, whilst changing the frequency in 1kHz from 50 to 69 kHz
and simultaneously recording amplitude and phase. The collected data is shown5r2;ig.

displayed as 2D maps of amplitude or phase, where the vertical axis is the driving frequency
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far and the horizontal axis is the position of the probe across the holEhe resulting images
show the apparent variation of the hole diameter, from the deratliameter at lower driving
frequencies to the largest at the contact resonafi@ "Q . Furthermore, in the central
region of the hole, at driving frequencies lower than the contact resonance, a second
maximum appearsirfdicated bythe arrow inFig.5.20.a). This phenomenon is attributed to

the change in the contact stiffness of the -tipembrane, being lver in the centre of the
membrane and increasing when approaching the supported region, where the stiffness can
0S O2YyaARSNBR aGAYTFAYAGSeéd LG Aa (yz4pyin GKIG GKS
contact with the membrane decreases as its stiffredse decreases. Therefore, the condition

for the resonance for the decreased driving frequefigys satisfied in the more central area

of the membrane away from its border, resulting in the smaller diameter of the membrane

creating a bright ring at thposition where the resonance occurs.

) YLX A
A th,)

Figure5.20 Plot of the CRAFM response as the function of the positioracross the hole
(horizontal axist) and frequency (vertical axig;) with (a) amplitude A as the function ofr4&g)
and (b)%{r,far) phase profile at driving frequenéy changing from 50 to 69 kHz in 1 kHz stey

To fully understand thesebserved phenomena, we analytically and numerically

modelled the tipmembrane dynamics as described below.
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5.4.2. Analytical modelling for the cantilever behaviour in a FLG drum

As was previously explained, in general the resonance frequency of mechanical
resorators is mainly dependent on the physical prapes and geometry of the systenfor
the particular cases of 2D resonators made by 2D materials, the initial condition of the pre
tension — and the thickness of the film play fundamental roles in the resme frequency.
For example, in the ideal case of a mechanical resonator made by a tensioned monolayer of
graphene, the dynamic behaviour of such a system is described as membrane, where the
bending rigidity is negligible compared with the gemsion term Nevertheless, for noideal
resonators, such as the free suspended FLG flake studied in this work, its dynamics are
dominated by a circulaplate-like behaviour. The resonance frequency of the plate can be

calculated withthe equation42 from the literature review (chapte2).
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Figureb.21 Resonant frequencies of the cantilever for the first contact resonance mode (n
for the different values of the sample stiffness.

For the FLG flake with the dimensions previouslygmé=d, the fundamental resonance
frequency ifpae= 138.34MHzDue tofpae being several orders of magnitude higher than the
driving frequencies used in UFM and-&RM experiments, we cannot excite the vibrational
modes of the plate itself. This condition allowed us to use the poiass model reported
elsewhere!'® to describe the dynamics of the tipembrane system. This approximation
considers the GR membrane as a negligible mpagsg withksstiffness,attached at the free

end of the cantilever (see the schematic of the inset in &:Rfl). The flexural motion of the
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cantilever was modelled as was previously detailed in the literature review chametipon

282 using E@3d 2 S dzaSR (GKS &aArAtAaodz2y RSyamdinghel yR |, 2dzy3
literature. The length and width of the cantilever can be easily determined by an optical

microscope image. However, with this method, the thickness can not be determined with

I OO0dzNJ 6§ S LINBOAaAA2Yyd 2 S dza SR { K&ntitever stifBeN Y2 RSt G
119 k.=0.184+0.008N m™. That allowed us to estimated the thickness of the cantilever

h=5.8610"m.

To study the higheorder modes of cantilever resonances, we used the theoretical
model developed by Yamanaka K. et'#l, where they assumed that the solution of the

equation of 2D deflection vibrations (E2B) takes the form of
a 60 QEO T o h (60)

with

Ay ’ w \ ’ w 3 Il ,|,\ T s, N
W i Qe | O wedw wed‘—w
. Y y . (61)
WET WER i "é}a‘b i @wh
0 0

where. is the angular frequencyis the length of the cantilever and the constant

ooe8 b 62)
oQ
relates the cantilever parameters with the resonance frequency. This constant was obtained
from the boundary conditions. Furthermore, considering that the sample behaves like a linear

spring and making the correspding analytical changes described in the paper, the motion

eguation can be written as

23 51 R (63)
= 01 0l

0 | P WETWER N (64)
and
0 | WET "M | QIER 8 (65)
Solving numerically equatioré4 and 65, for the boundary conditions below of the
relation between the stiffness of the sample and the cantilever, we calculated the vatue of
=3.92.

QL Q4
QL Q4

| O (66)
| om 67)
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In the first case, the ratio between the stiffness of the sample and the cantilever
corresponds experimentally with free cantilevigy 0, with resonance frequencyiee cantiever
= 13.8kHz. And the second one aesponds with the probing point in the supported FLG
ksY K < sunsate= 64.6kHz.By these equations, we obtained the resonant frequency curve,
plotted in Fig5.21, which relates the resonant frequency of the cantilever with the stiffness

of the sample for the first overtone of the cantilever in contact.

Figure5.22 Two typical boundary conditions for the plate suspended over a circular hole. (
simply supported edges and (b) clamped edges.

In the case of a sample such as FLG drum, the stiffnébe shmple is dependerin
the probing distance from the centre of the drum. This stiffness distribution can be modelled
considering different boundary conditions of the supported flake. For example, it can be
assumed that the FLG flake is a plate supported on top of the substnatelamped in the
edges, see Fi§.22.b. In this case, the stiffness distribution, as a function of the probimgf po
from the centre of the drunm, is given by
0 i &ﬁ (68)

Yoo
whereRsis the total radius of the drum anidis the bending rigidity term given by

0o .

0O — (69)
P cp
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whereEA & (KS | 2 dayAax &l K2 Rtd& MdZtaE2the igkndsd ofithezagfmple. y R
Thus

. Q
A PO Q

Q1 m N (70

By substituting the parameters of the flake into Eand usingtheén-LJt | yS | 2 dzy 3 Qa
of graphene of TPa'?, we obtain the calculated value of the stiffness in the centre of the
plate ofks=5.94N m?, which is more than twice the experimental oker 2.15+0.008N m™.

By changing the assumption of the clamped edges of the platthe FLG flake simply
supported onto the substrate with neclamped edges, see Fi§22.a, the distribution of the

drum stiffness is given by

KoR| —_— p~ h (72)
Ol wyY

whereRsis the total radius of the drum, and(r), bo and ¢; are expressed as

Ol ,p SP — {1 ©Yi @Y h (72)
“ cy O)U
. o¢ ' .

— R 73
p (73

- T '
o —38 74
Cp (74)

Simplifying these equations to obtain the stiffness in the centre of the plagy;, can

be expressed as

Qi nm ———~h (75)
owyY
with
o~ ® ¢p
76
OkOl .,-[ “ ’uwu 1 8 ()

Once again, comparing the experimental value of the stiffness in the centre of the drum
ks =2.15+0.008N m?, with the calculatedks(r=0)= 2.35 N 11t via the latest formulationyve

can confirm that the simply supported model better predicts the experimental results.
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We then can use the equations for stiffness distribution in a simply supportzig p
together with the cantilevesample relation obtained in Fi§.21to calculate the location of
the maximum amplitude with respect to the edge of the membrane. We further extended the
analysis by considering the amplitude and phase of a cantilever asendtamped simple
harmonic oscillatorln this case, the amplitudéand phase 2 ¥ G KS OF yiAft SGSNDa

expressed as

1 (77

and

¢

c 0 WE = 78

- (78)
where A; is the maxima amplitude; cr0 T f¢I)) is the resonance frequency of the
cantilever in contact that depends on the position ¢=H T4 is the driven frequency an@

is the quality factor of the cantilever in contact.

{‘”

Figure5.23 CRAFM at 62 kHz, amplitude and phase, respectively.

Using this formalism, we simulated the amplitude dependence of th&ENR A(r,fdr)
displayed in Figh.20.a. Thesimulation and experimental results are presented in 524(a-
b), showing an exceptional agreement. In FBg@4.c, we have the superposition of the

experimental and simulated profiles of the amplitudefat62 kHz, below the resonance of
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the cantikever in the supported regiofcrr= 64.4 kHz. In this image, we can see the low
response in the suspended region, whereas close to the edge we can observe the higher
response corresponding with the bright ring shown in3=&R. We observe that a positive
correlationbetween the model and the experiment is also shown in the comparison of the
profiles atfqs= 65kHzclose to the contact resonance of the supported flake. Finally, the plot

in Fig.5.24.e shows the experimental measurement d&®&FM response in the centre of the
drum vs the supported FLG plate; the frequency shift allows for precise determination of the

stiffness of the GR membrane.
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Figureb.24 (a) Matlab modelling of thamplitude response Afar) of the CRAFM as the function o
the radius from the centre of the plate and the driving frequefeyor the 50 to 6%Hz frequency
range, (b) experimental G&RFM dataof the A(r,far) response for the same frequency range. (c,
comparison of the simulated and measured edienensional profileg\(r) at the frequencies below
and above contact resonance frequency for the solid contact. (e) Experimentally measufdeMC

response in the centre of the MLG plate vs supported graphene, the frequency shift allows for
determination of the stiffness of the GR membrane.
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It is interesting to apply the interpretation of the sample stiffness in a simple, suspended
graphene layer on a round shape hole to a more complex system of a-gusgénded
structure produced in a lateral heterostructure of Mo&hd WS which was qualitatively
described inChapter 3 in (Fig3.4). The suspended region here is the result of the ripples
formed to release the strain cause because the lattices mismatch between the two materials.
The results of the ondimensional scan while changing the frequency from 60 to 68 kHz across
the ripples are displayed in Fi§25. The figure shows topogphy and the CRFM amplitude
and phase maps. In the @fM images, the response observed in the ripples is analogous to
that experienced in the graphene drum, where the apparent variation of the ripple diameter
is dependent on the frequency of the excitat. More details about these structures can be
found in the next experimental chapter dedicated to the supported structures of 2D materials.
However, the nanomechanical analysis of these complex structures forms part of a future

work.

Topograph

P D=l 2655 nm
| 200 nm
| . '

Figure5.25 Onedimensional scans across the ripples while sweeping frequency from 60 t«
kHz.
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5.5Summary

To address the necessityrdwtechnigue for the exploration of vibrational modes with
nanoscale resolution in MEMS and NEMSthis chapter, we presented the study of the

mechanics of four different resonating devices.

Initially, we opticallyinvestigated AFM cantilevers, which arthe already existing
resonating devices implemented in the staiéthe-art SPM. Te laser Dopplewvibrometry
(LDV) measurements of the AFM cantilevers allowed us to identify the frestigital modes
of such systems, being an essential result for the diBell F YRAY 3 2F GKS OF yii-

in the noncontact SPM modes.

To follow with the 1Dresonators, theLDVand electrical readoutesults obtained on
the quartz and LiNb©Quning fork characterisation allowed us to elaborate the calibration of
the mechanical andelectrical response of such devices and confirmed the possibility of
simultaneous excitation and detection of quantum turbulence?ite using flexural and
torsional vibrational modes of quartz TF at the same time. Moreover, we also proveld whic
LINbQTF can be used as piezoelectric sensors for measmts in a liquid environmenfThe
absence ofelectric crosstalkshown between the electric driving of the probe and the
environmentmake these devices promisipgobes for the biological invesagjons as well as

for battery technologies studies.

For the investigation of the local distribution of vibrational modes ir@&nators, we
developed the novel method called modulation ultrasonic force microscopWiM). It is
worth noting that our stug of the vibrational modes in $Bis verified thatthe M-UFM allows

local excitation and simultaneous mapping ofratibnal modes in 2D resonators.

Finally, pushing the limit of 2E2sonators using 2D materialse established thahigh-
frequency UFM mappg allows for precise determination of the geometry of the suspended
region, even for the relatively thick plate, as well as observation of the faults at the FLG
substrate interface. Furthermore, the excellent agreement between the modelling and CR
AFM exgrimental data revealed the possibility of performing absolute measurements of the
mechanical stiffness of 2D material nanostructures, opening many opportunities to investigate

multilayer heterostructures of 2D materials and the 2D mateysaibstrate inteface.
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6. Supported Layered Structures

Two-dimensional (2D) material nanostructures exhibit interesting behaviasira
consequence of their low dimensionality. The understanding of nanoscale physical properties
in such systems is fundamental for their application, requiring nanoscale measurement
capabilities. In this chapter, we used ultrasonic, electrostatic and thesoaining probe
microscopies to map such properties of 2D supported heterostructures. Part of this chapter is
dedicated to the results of transition metal dichalcogenides (TMDCSs) heterostructures grown
by our collaborators Dr Melinda Shearer, Yuzhou Zhab Rrof. Jin Song from Wisconsin
Madison University. Firstly, we report the results of raastructive measurements of
inhomogeneities in the material stiffness of vertical chemically vapour deposited
heterostructures of WS in the presence of buried defexc Then, we present the
nanomechanical measurements of BEXP sectioned structures of IdVgis section, the
nanomechanical and thermal measurements of Mi&d MoS$S lateral heterostructures are
also reported. The final section of the chapter is dedicatedthe nanomechanical
characterisation of natural heterostructure Franckeite. This latest sample was prepared by Dr
Aday MolinaMendoza and Assoc. Prof. Thomas Mueller from the Institute of Photonics, TU
Wien.

6.1.Synthetic structures z introduction

Heterostuuctures of various lovdimensional materials, in particuldayered species
with van der Waals (vdW) interlayer bonding forces, have been observed to exhibit novel
propertiescompared to thebulk. For example, encapsulated Ma®ong BN dielectric layers
increases electron mobility?2 The stacking of different materials permits the engineering of
new materials, whereas control of the layers makes the tuning of the physical properties
possible. In the quest for the tailoring of physical properties, difie methodologies have
0SSy RS@OSt2LISR F2NJ 0KS &l YLItFILISEl oYNSROK (A 20/ db
and transfer. This procedure is a cheap method commonly used in the preparation of vertical
heterostructures and has been fundamental iroping multiple new physical phenomena.
However, this technique presents some disadvantages, such as polymeric residues stuck to
the interfaces and the difficulty of magsoduction of heterostructures. Alternatively, a
potential route for the fabrication bvan der Waals heterostructures is chemical vapour
deposition (CVD) growth, which allows for the synthesis of structures in an-cldaa

environment, guaranteeing nglue residuals at the interfaces with the prospecsotlability

for massproduction. Nevertheless, the mechanisnisducingthe nucleation of CVD muiti
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layers stackarestill not fully understood. The possibility of solving this enigma for the precise
control of synthesis of these structures was very motivating in our research. We deoided
study CVD grown multayered plates of Wi$see Figb.1), using diverse methods sensitive to
surface and subsurface defects. Shéeterostructures have demonstrated themselves to be
excellent candidates for flexible optoelectronic device fabrication thanks to the
photosensitivity of Wgand the exhibited flexibility of thin film®.

Figure6.1 Triangular islands of WSMagnification x20. (False colour scale)

6.1.1. Nanomechanical probing of subsurface defects in synthetic
layered vertical heterostructures

The ability ofultrasonic force rnicroscopy (UFM) to detect subsurface structures under
a fewlayer graphene flake was demonstrated in the previous chapter. This is of major
importance as many devices fabricated from 2D materials consist of many layers and one
would like to be able to test the mechanical integrity of such devices. In this section, we are
particularly interested in observing beneath defects in CVD grown, WéStical
heterostructures. While topography and friction of Yi8nosheets and structures have been
investigated'? 24 nanomechanical maps ofich structures have not been reported in the
literature. To get a first impression of the possible mechanical inhomogeneities in the WS
pyramids, we first produced UFM and HFM maps. These images show essentially qualitative
information, but allow one to @cern between different regions of mechanical stiffness and

adhesion.
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We used UFM and HFM methods, described in Chapter 4, operating with a 75 kHz Si
cantilever, to map the sample stiffness (see €ig). The mapped area eviden¢esobserved
in the optical images (see F#jl), the presence of a continuous layer all over the substrate
and pyramidal heterostructures with a relative thickness of ~22 nm, which aremniéormly
distributed. As the UFM and NFamplitudes increase with the local sample stiffness, we
conclude that the sample stiffness can be seen decreasing as the pyramid thickness increases.
However, this behaviour is not consistent throughout the map. Such response is expected in
the presenceof subsurface defects, which disrupts the homogeneous layers. Additionally,
both HFM images, amplitude and phase (Big.c-d), show similainformation as the UFM

map, being consistent the thicker part of the structure presegtower stiffness.
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Figure 6.2 Image in a)shows the topography of a W®yramidal heterostructure over ¢
continuous layer of the same material. Image b) shows the UFM image of the region in a)
displaying low stiffness (dark contrast) in the centre of the structure. Image c) and d) ai
amplitude and phase of HFM images of the same region, respectively.

In order to obtain a qualitative analysis of the mechanical inhomogeneities in the
sample, we performed traces in the topography and UFM images in the equivalent areas. Fig.
6.3 comparesthree possibledifferent scenarios of topography vs UFM profiles. Firstly, the

mechanical stiffness is dependent of the topodmgplt is shown that the thicker layer stacks
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exhibit higher stiffness. This resigtdisplayed in graph 1. The second observation illustrated
in Fig.6.2was the unexpected variation of the local stiffness in the absence of any topography
feature; thiscould beattributed to a missing interlayer within the stack. The missing plane
produces negligible variation in the surface topography if it happens deep enough. However,
the UFM measurements are sensitive to this singularity due to the disruption of the ultrdsou
propagation in a noitompact material. The third illustration, F&3.e, wasalsodedicated to

the case where the materialiffhess changed without full topography correlatighpossible
interpretation of this result is that the changes in the mechanical stiffnesddcbe a
consequence ofnisorientation of the crystallographic axis of the layers stacking. Twisted
stacked layas should not create changes in the surface morphology, whereas they produce

transversal strain due to the lattice mismatch.
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Figure6.3 Image a) shows the topography of multiple ¥W@rtical heteostructures where the whole
region of the map is fully covered by a continuous layer of the same material. Image b) sho
nanomechanical map made by UFM of the same region shown in a@). In images a) and b) the dast
are superposed, where the piites show in the plots c), d) and d) were extracted. Plot c) presents pi
#1, where the step in the topography corresponds with the change in contrast. Plot d) shows pro
where UFM contrast is produced without apparent topographical featuret &ldisplays profile #:
where mechanical change is produced with no direct topography link, presenting a possible che
the crystallographic orientation.
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6.1.2. 3D nanomechanical mapping of synthetic WS ,heterostructures

In this section, we report the firdieam exit cosssectional plishing (BEXP) of 3D van
der Waals structures of 2D materials. We demonstrate that the combination of the unique
BEXP tool and functional SPM analysis provides many advantages for thegatiastof

buried defects in TMDCs vertical heterostructures with nanoscale resolution.
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Figure6.4 Imagea) is a 3D render of the topography with superposed UFM contrast of
sectionioned Wgheterostructure. The thickness of the layers with different UFM contrast
also superposean the map. Image b) shows the UFM image of the sectionegvargcal
heterostructure The image has superposed the labels, |, II, lll, IV and V, which are used to i
the areas with different UFM response. Ploaog d)present the profiles of théopography and
UFMresponse respectively, extracteth the same region

In the quest for accessing sshirface defects with SPM probes, adequate conditions
have to be considered to dive into the area of interest, with an easily accessible surface being
recommended We cut the sample at a shallow angle using the BEXP method described in
Chapter 4 using an irhouse modified crossection polisher (Leica EM TIC 3X, Germany),
which provides optimal geometry for the SPM studies of the cismdion. To achiee a final
polished angle of approximately 8° from the surface normal, the surface of each sample was
mechanically lapped to ensure adequatentact with the mask. The igoolisher cutting

voltage was set to 7 kV until the cressction was completed. Thautting voltage was then
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lowered to 1 kV for 10 minutes to finely polish the section. As seen below, this méthod
suitable for studies of van der Waals heterostructures in UFM that, when the Si probe scan
across the sectioned heterostructure is vertigalltrasonic excited, the cantilever deflection

is affected by the noilinear interaction of the tipsample, providing mapping of local

mechanical moduli of the 3D structure of 2D material samples.

In Fig6.4.c-d, one can see the profiles of the topography and the UFM responses of a
crosssectioned W$g heterostructure. In the nanomechanical mdpig. 6.4.a-b) and the
corresponding extracted profil@=ig.6.4.d), the five regions with different contrast are clearly
evident. The substrate region @jth a higher stiffnesssfollowed by the native Siayer (II)
of approximately 10 nm thick. The next region, correspond to the first layer e{WSwhich
shows low contact stiffness, and a fine structure corresponding to possible inhomogeneities
in the material. Finally, the topmost part of the slope (IV) corresponds to another phase of
WS We believe that the Hphases lessstiff as this region isnore amorphouspeingformed
at the beginning of the growth, covering the most of the substrate surface. Then, over this
semiamorphous layer (lll), the phase (IV), presents higher crystallinity, exhibiting higher
stiffness. It is also worth pointing out tlwntrast of the top surface (V), which is significantly
darker, representing substantially less stiffness. This behaviour is a predictable consequence
of the strong anisotropy presented by WShe elastic modulus in theaxis is one order of
magnitude saller than in the aaxis for this material. In addition, a fine structure is also
observed on the top surface as an effect of a possible minateposition of material

produced during the BEXP nasectioning process.

In order to perform more accurate dnquantitative analysis of the morphology and
relative stiffness of the substrate and Ys:terostructure, the RMS variation of the UFM
signal was normalised and presented in Bi§. According to the ultrasonic response, the Si
substrate was found to be the strongest, followed by the,S#@d then the diverse phases of
WS. This is consistent with the ranking shownTiable6 of the calculated local effective
,2dzy3Qa Y2RdzZ A Ay O2yil OG0 6AGK GKS GALI o6& (GKS

— f 79
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obtained from the moduli values found in the literature for each matefial?> %6and the
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corresponding corrections considering the angle of the slope, extracted tfine topography

profiles

Table6+ | £ dzSa 2F GKS Fy3atS F2N¥SR 0SiGs6SSy (GKS aSOGA2y SR I NX
correction and #ective Young's Modulusf Si, Si@and WSin phases I, Il and Il1.

Angle () Eampie (GPa) E* (GPa)
Si 8.06 186.55 192.10
SiQ 7.05 157.83 162.52
WS - phase (lll) 7.13 91.06 94.08
WS - phase (IV 8.63 97.86 101.10
WS - phase (V) 0 58.00 59.92

—[J— Norm. Theoretical values
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6.1.3. 3D dielectric mapping of vertical WS > heterostructures

LY y FGOGSYLIG G2 dzy RSNRGFYR G4KS yI (dz2NB
studied the electrical properties of the sectioned structures using the method sensitive to the
dielectric propertiesnamely, dielectric electrostatic force microscopyEBM)°L. We used
the experimental setup described in Chapdewhich allowed us to simultaneously record the
topography, as well as the amplitude and phase of th&HAM response. The obtained
experimental reslis are displayed in Fi§.6.a-c. The topography shows the intact morphology
of the TMBCsheterostructure of a low angle triangular pyramid and the clear BEXP section.
The topography of the sectioned part does not show morphological features as can be
observed in the profile displayed in the plot in Figs.d. Conversely, the dielectric maps
present an abrupt change, corresponding with the boundary between the substrate and the
WS heterostructure. Both amplitude and phase sitpavere sensitive to the dielectric
change. In the profiles extracted from the maps and plotted inG#gd, one can obsee a
rapid change in dielectric properties in the absence of any particular morphological feature of
the sectioned area. It is worth noting that, conversely to the UFM maps, there is no contrast
change in the sectioned region of the pyramid, which coutlicete the presence of another
material in the heterostructure. Therefore, the-EFM results support the explanation
presented in the analysis of the UFM maps, where hage hypothesizedhat the UFM

contrastmay beattributed to a change in the crystaliiy of the WSlayers.
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Figure6.6 Imagesa), b) and c) show the topography;HFF-M amplitude and phase maps,
respectively. Plot d) shows the profiles extracted from the images a), b) and c).
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6.2. Synthetic lateral heterostructures of MoS  >and WS

Van der Waals vertical heterostructures have demonstrated the possibility of tailoring
their physical properties by interlaying the 2D materials. However, it is essential to consider
the anisotropy in thei physical properties. For the cwuff-plane direction, in the direction of
the stacking by the weak van der Waals forces, the materials present very different properties
when compard with the inplane properties. The anisotropy does not need to be a
disadrantage, because, for certain applications different properties are required, for example
electric and thermal transport, in selected directions. Similarly, the lateral structures of 2D
materials are of interest due to the linear interfaces between didam#D materials. Here,
we present an example of a lateral heterostructure between Ma®l WS (see Fig6.7),
where the interface junction is formed by covalent bonds between the atoms of the two

different species. The structure was CVD grown, firstly thg Wiwedthe MoS.

Figure6.7 Optical microscope image of the W80 lateral heterostructure. Magnification
x40.

This section focuses on the hanomechanics as well athdrenal transport of these
WS-Mo$S lateral heterostructures. Using our UFM, HFM setups, we could map the contact
stiffness of these structures supported on a Si with native oxide substrate. With SThM, we
could also measure the changes in the thermal canigity of MoS for various interfacial

scenarios.
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Morphology and nanomechanics of the lateral heterostructures

The investigation of the morphology and nanomechanics of suchMgS lateral
heterostructures is essential for understanding the interfaicitdraction between the layered
materials and the substrate, as well as the strain produced at the epitaxial interface between
the TMDCs materials. These WS heterostructures can be considered as atomical
superlattices, in which metal dichalcogenid@enolayers are laterally integrated with less
likely defects in the plane despite the lattice mismat€hit has been reported in the literature
that the physical properties of similar heterostructures by the control of the interfacial strain
were produced as a consequence of the difference between the lattice parameter of the

structure materials.

During the nanomechanical mapping of these structures, some rippled regions were
found. The undulated areas extend for a few microns from the posisitdeface between the
WS and MoS following the growth direction. We observed that the topography images show
reasonable periodicity in the ripples, suggesting more detailed analysis for understanding the
wrinkling phenomena. We extracted a profile agaothe ripples (Fig6.8.a-b) and then
performed a fast Fourier tansform (FFT) of the obtained profil&ig. 6.8.e), using the
predefined function in Origit. From the FFT, we selected the four most intense peaks=at
8.0710°% m?, n,= 8.8%10° m?, n;= 9.8%10° m? and n,= 1.1&x107 m™. These peaks
correspond to the wavelength vada of =124 nm,<=113 nm,<;=102 nm andx=91 nm.
Using these values, we tried to schematically present the undulated surface as the sum of four
Fourier Transform components. The result is plotted in 6igb and shows reasonable
correlaion with the experimental profile. It is important to notice the uniform periodicity in
the ripples, making it complicated to produce an accurate simulation using only four peaks of

the FFT analysis.

The nanomechanics of the same region was simultaneously mapped using the
heterodyne force microscopy (HFM) technique, where the amplitude and phase images show
the information related to the viscoelastic properties and the dynamic relamgtrocesses,
respectively. In the HFM images presented in Bi§, one can see that the mechanical
response in the region othe left (A), in both amplitude and phase HFM images, presents a
stronger contrast than on the right side (B). Unexpectedly, this intense change in the
mechanical response is not significantly evidenced in the topography image as a morphology
change, wheras the boundary between areas A and B is well defined in the topography. The
change in the mechanical stiffness arises from the frontier between theeitBMoS. In this

case, the area corresponding with the W\®uld be displayed brighter than the Mg®gion,
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due to WS having higher elastic modulus than Mo addition, the difference in the lattice
parameter between both materials would create a compressive strain released by the rippling
of the MoS layer. Assuming that this experimental case idagaus to the example presented

in the literature by Xie et at?’, only the material, which presents lower stiffness and a larger
lattice parameter, should present the undulated morphology. It is also worth noting that,
because the WSand MoS lattice parameters are closer than the Wa&hd WSe of the
expaiment of Xie, one could think that, in our case, both materials could present the
undulated pattern. In order to thoroughly confirm this hypothesis, the area should be mapped

with a chemically sensitive technique to identify the speciike KPFM
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Figure6.8 Image a) topography of the rippled area. Image b) showsofttee profile extracted
from a) in the area highlighted with the yellow dashed line. Ingameplot the smulation of the
surface undulation is also superposed. Images c) and d) show the HFM amplitude and
respectivelye) shows the plot of the FFT of the profile extracted from a) in the area highlic
with the yellow dashed line.
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In addition to the HFM, we also performiénanomechanical maps via UFM, which are
displayed in Fi§.9, in another region of the heterostructure, close to the edge with the
substrate. In the topography, the silicon region (#1) presents some contamination in the
surface, which mearit was not straightforward to establish the substrate as the completely
zero value in the extracted profiles and to refer the thicknesses of the layers to that level. The
height of the substrate is very similar to area #4. Therefore, we had assumectthah #4
corresponded with a monolayer of MgSinterestingly, it was found that region #3,
corresponding with a bilayer of MaSresents higher contact stiffness than the monolayer,
represented with brighter UFM contrast. We have to keep in mind thairtbeease in stiffness
is not linearly dependent on the thickness, as is shown in the plot i6Bid. The thickest
region shows the least stiffness in the map and this can be attributed to the fact that the
thickest region appears to be overgrown from the edge of the bilayer, being weakly interacting
with the underneath material for both substrate and Md#layer, resultingn a spongdike

behaviour.
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Figure 6.9 a) and b) are the topography and UFM maps of the MWo&jion of the lateral
heterostructure. Plot c) shows the profiles extracted from topography and UFpbnse in the
region displayed with the dashed black lines in images a) and b). Plot d) shows the corr
between the thickness of the layers and the UFM nanomechanical response.
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Heat transport in lateral heterostructures of two -dimensional materials

In the previous section, we reported the nanomechanical study of aMéS; lateral
heterostructure and, although the study of the thermal properties are not a main matter of
this thesis, we have investigated the heat transport in such nanostrecproviding additional

information.

The experimental values of the thermal conductivity of monolayers of.Mo8 WS
have been reported as 34.5 WiK! and 32 W mt K2, respectively, far from the graphene
value ~50005 W rhK?, 128 129 Therefore, these low values make Mad WS interesting
materials for the fabrication of devices that rdpipoor heat dissipation. Due to the length
scale of the TMDCs studied in this section, standard measurement techniques cannot be easily
applied to measure nanoscale thermal properties obAM8S heterostructures. Here, we use
state of the art SThM, fajualitative identification of the different materials as well as changes

in the thermal transport due to the underlying layers.

Figure6.10a) Topography and b) SThM response in tHé&rmonic maps of the boundary of th
structure. ¢) SThM image in theé' harmonic response. d) plots of the topography and ST
profiles extracted from the images a) and b) in the area presented with the white dashed lin

SThM measurement can be opegdtusing DC and AC modes. AC mode is generally
more sensitive, with lower drift and less noise 13! In addition, AC measurements allow one
to use the3. method, tracking the third harmonic of the Wheatstone bridge output, which

shows the direct relation of the probe sdiéatingand therefore the heat losséd. Here, we
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