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Abstract 

Carbon-based materials, such as 1D single-walled carbon nanotubes (SWNT) or 2D graphene, 

are promising materials for a variety of applications in energy storage, biosensors, and medical 

imaging applications. Similarly, beyond graphene, 2D transition metal dichalcogenides 

(TMDs) that can have either a metallic or semiconducting character have gained interest for 

potential applications in electronics and photonics. Specifically, metallic TMDs such as 

vanadium disulfide (VS2) show potential applications in optoelectronics and lithium-ion 

batteries. On the other hand, semiconducting TMDs like tungsten disulfide (WS2) show a direct 

band gap, making them interesting for photovoltaic applications, transistors, or photodetectors. 

The characterization of the chemical and physical properties of such nanomaterials thus 

become necessary to understand their performance. Moreover, given that structural defects 

have a negative impact on their integration into devices understanding the formation of these 

defects is therefore critical. Raman spectroscopy is one of the fundamental techniques that can 

help to identify chemical properties of materials revealing functional groups at the surface or 

the presence of crystalline and structural defects. Tip-enhanced Raman spectroscopy (TERS) 

combines Raman spectroscopy and atomic force microscopy (AFM) to obtain spatial 

resolution that goes beyond the diffraction limit. TERS relies on the resonance of the local 

surface plasmon (LSPR) and a lightning-rod effect in the vicinity of the apex of a sharp metallic 

nanoscale tip, yielding to sub 20nm spatial resolution. 

In this thesis, 1D and 2D carbon materials such as single walled carbon nanotubes and 

graphene, are characterized through TERS and artificial intelligence methods. Artificial neural 

networks (ANNs), a sub-field of machine learning are applied to analyze large amount of 

collected spectra and sort them efficiently based on their metallic or semiconductor character. 

2D metallic VS2 and semiconductive WS2 are synthesized using chemical vapor deposition 

and analyzed though TERS discovering surface ripples and hidden layers. Furthermore, 

through the characterization of VS2, it was found that photo-oxidation process promoted the 

production of vanadium oxides. Other characterization techniques such as Kelvin probe 

microscopy (KPFM) and nanomechanical modes were applied to reveal the electronic 

properties of these materials. 
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Summary for Lay Audience 

Nanotechnology offers numerous benefits for society including advanced materials for health, 

energy capture and storage, sensors, and green chemistry and chemical engineering. As 

technology advances and potential applications become reality, the importance of designing 

materials free of structural defects become of prime importance. These studies require the need 

of state-of-the-art instruments that facilitates the characterization of those materials with high 

spatial resolution.  

TERS is a technique that complies with such high precision combining topography and 

vibrational characterization that provides precise physical geometry, structure, and crystallinity 

information. TERS utilizes a tip with atomic dimensions running over the surface of a sample, 

revealing topographical details, and simultaneously detecting molecule vibrations through 

localized Raman measurements. The high spatial resolution of this optical technique allows to 

determine the presence of defects on the material surface and their impact on the mechanical, 

chemical, and electronic properties.  

Our study focuses on the characterization of one- and two-dimensional materials referred as 

1D and 2D materials. Example of 1D nanomaterials are carbon nanotubes which have a 

diameter less than 1 nm and lengths exceeding hundreds of microns. Examples of 2D materials 

are graphene or transition metal dichalcogenides (TMDs) that can offer a variety of electronic 

properties varying from metallic to semiconducting. Metallic TMDs, such as vanadium 

disulfide (VS2), show potential applications in optoelectronics and lithium-ion batteries, 

whereas semiconducting TMDs, like tungsten disulfide (WS2), with specific band gap 

characteristics are of interest for photovoltaic and photodetector applications. In this work, the 

properties of such nanomaterials were investigated using nanophotonics tools in conjunction 

with nanoscale conduction measurements to better understand the properties of these materials.  
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consists of 100 × 100 spectra (scan size 7.5 × 7.2 µm2), with a spacing of 75 nm along X (72 

nm along Y). The laser power at the apex of the tip was adjusted to 1.2 µW. The acquired 

Raman spectra when the tip is in contact and withdrawn from the surface shown in e), 

indicating a strong enhancement of the signal. Adapted with permission from 20. Copyright 

2022 American Chemical Society........................................................................................102 
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mode is presented. The map of the relative change of the surface potential with respect to the 

SiO2 is shown in d). A cross section along the threefold symmetry is shown in e) and indicated 

by the dashed white line in d). The work function of the WS2 is calculated from the relative 

change of the surface potential and the result is displayed in f). Adapted with permission from 

20. Copyright 2022 American Chemical Society...................................................................104 

Figure 6.5 Vertical deflection (a) and torsion (b-c) of the AFM cantilever during the scan of 

the WS2 flake recorded in force modulation mode. The DC signal of the vertical deflection 
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for the measurement. Adapted with permission from 20. Copyright 2022 American Chemical 

Society...................................................................................................................................106 

Figure 6.6 Force modulation AFM micrographs of WS2 flake. The DC signal of the vertical 
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Chapter 1  

1 Introduction 

In 1991, carbon nanotubes (CNT) were first images by Ijima, 1 providing the first proof of 

one-dimensional (1D) nanomaterials. Several years later in 2004, 2 the isolation of 

graphene, a two-dimensional (2D) nanomaterial, enabled the recognition of its exceptional 

thermal, electrical, and optical properties. With the development of new technology, the 

fabrication of nanoscale devices has attracted the attention of the research community 

around the world to improve the performances and miniaturization of a variety of electronic 

and photonic elements. 

1D and 2D materials can be obtained through many different methodologies. However, 

depending on the selected synthesis pathway a change in the surface morphology and 

polydispersity is observed, affecting their mechanical, chemical, and electronic properties. 

For this reason, to understand the growth, morphology, nucleation, and topography of these 

materials, high spatial resolution techniques critical to understand the properties of these 

single building bricks. In particular, the use of tip-enhanced Raman spectroscopy (TERS), 

relies on the use of plasmonics to produce an enhanced and localized local electromagnetic 

field to yield high spatial resolution. In this thesis, we explore the synthesis of 1D and 2D 

materials by chemical vapor deposition, and the characterization of their and the physical 

and chemical properties through enhanced spectroscopy. 

1.1 1D and 2D Materials  

Nanomaterials have at least one of their dimensions below 100 nm and can be classified as 

0D, 1D, 2D, and 3D. 3  

0D materials are usually composed of small particles in the 1 to 10 nm range such as 

metallic particles, fullerenes, quantum dots or other materials. 1D materials, such as 

nanorods and carbon nanotubes, are extended beyond the nanoscale along one direction, 

and present high electrical conductivity, flexibility, and strength. 3 Due to their exceptional 
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properties, carbon nanotubes have been used as components in transistors, sensors, 4 

electrodes, nano inks for printed electronics, 5 as well in photonic and optoelectronic 

devices. 6  

On the other hand, 2D materials have only one dimension, generally their thickness, less 

than 100 nm. Layered materials such as graphene, and transition metal dichalcogenides 

(TMDs) have paved their applicability in different energetic storage devices generally 

mixed with other components or with functionalized surfaces. 7, 8  

1.1.1 1D and 2D Carbon Materials  

It was in 1789 when A.L Lavoisier proposed the name “carbo” meaning coal in Latin to 

carbon materials. 9 These materials have several types of allotropes, which are defined as a 

different structural form of the same element. Allotropes include diamond, graphite, 

graphene, lonsdaleite, buckyball, amorphous carbon, single-walled carbon nanotube and 

others. 

Graphene and Graphite 

Graphene is a two-dimensional isolated monolayer form of carbon with atoms arranged in 

a honeycomb lattice. 2 It is the building block for graphite (3D), carbon nanotubes (1D) and 

fullerenes (0D). In 2010 Novoselov and Geim were awarded the Nobel prize for their 

discovery. 2 Graphene is a semi-metal or a zero-gap semiconductor without any dopants. 

Due to its physical and chemical properties, graphene has attracted the attention of 

researchers for many potential industrial applications. 

Graphene is formed by mechanical exfoliating one sheet of graphite and its electronic 

properties are strongly dependent on the number of layers. Only monolayer and bilayer 

materials have a zero-gap semiconductive property with single type electrons and holes, 

respectively. Otherwise, when the number of layers increases between 2 and 10 

(multilayer), covalent bonds provide in-plane stability while weak van der Waals like 

forces keep the sheets together due to the π-bonds. Figure 1.1a, b reveals the hexagonal 

carbon arrangement structure of graphene in real and reciprocal space and the a1 and a2 
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unitary vectors that generate the lattice. The distance between carbons located in two 

neighboring hexagonal cells is 𝑎 = √3𝑎𝐶−𝐶, where 𝑎𝐶−𝐶 = 0.142 𝑛𝑚. The lattice for the 

unit cell is shown as a dashed red line in Figure 1.1a and has two non equivalent carbon 

atoms A and B. Figure 1.1b identifies the reciprocal space represented with two-unit 

vectors b1 and b2, rotated 90° from the real space unit vectors. This represents the 

hexagonal Brillouin zone of graphene. The figure also shows the high symmetry points Γ, 

K and M located at the center, corner, and center edge. 

The structural configuration of the hexagonal lattice may have a zig-zag edge, armchair or 

a combination of both as revealed in Figure 1.1c.  

Structures containing more layers of graphene, including thin films, are identified as 

graphite, and are classified as 3D materials. Graphite has been used since prehistoric times 

as a decorative pigment, nowadays, it continues to be used as pencils for writing and 

drawing. Three types of graphite can be found: amorphous, vein and flake graphite. In its 

natural form, is a soft material composed of layers of sp2 hybridized carbons forming planar 

hexagonal rings and is also recognized because of its high thermal conductivity. Graphite 

layers are separated approximately by 3.35 Å and have a carbon-carbon covalent sigma (σ) 

bond with a length of 1.42 Å. Graphite is normally stacked in hexagonal sequence ABAB, 

however, rhombohedral sequence could be also obtained from milling process.  
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Figure 1.1 a) 2D Graphene lattice in real space. Dashed diamond shows unit cell with 

two carbon atoms A and B. a1 and a2 are unit vectors. b) Graphene lattice in 

reciprocal space showing b1 and b2 unit vectors where Γ, K and M are reciprocal 

symmetry points in a Brillouin zone. c) Armchair, zig-zag and combined structure as 

well as defect. 

Carbon Nanotubes (CNT) 

Carbon nanotubes (CNT) were discovered by Ijima in 1991. 1 The synthesis of the CNT 

was performed using the arc-discharge method and the characterization was achieved using 

electron microscopy techniques, determining that the structure corresponded to multi-

walled nanotubes (MWNTs). Two years later, single-walled carbon nanotubes (SWNTs) 

were synthesized which opened a pathway for new fundamental theoretical studies of 

CNTs classification. 10 Nowadays, the morphology of these materials is studied through 

high resolution techniques such as transmission electron microscopy (TEM) and scanning 

tunneling microscopy (STM) to confirm their hollow cylinders arrangement derived from 

a honeycomb lattice. In carbon nanotubes the graphene sheet is rolled up in the direction 

of the chiral vector (Ch), that in combination with the translational vector (T) conforms the 

unit cell of the nanostructure in real space. The schematic representation is shown in Figure 

1.1c.  
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It was not until 1998 that the electronic properties of the carbon nanotubes were identified. 

Depending on the geometrical characteristics, they are classified as semi-metallic or 

metallic. The remarkable mechanical and electronic properties of CNT make them 

appealing for industry applications. The electronic properties of CNTs are influenced by 

two main factors, chirality, and defects over the surface. Chirality is related to the 

possibility of the material or molecule being distinguishable from its mirror image, while 

the defects comprise a variety of morphologies such as pentagons, heptagons, vacancies, 

or dopants. 11 CNT can be categorized as achiral (armchair and zig-zag) or chiral depending 

on the primary symmetry as observed in Figure 1.2a. Zig-zag configuration in a nanotube 

corresponds to a small gap semiconductor (not entirely metallic) whereas the armchair 

exhibits metallic behavior. 11  

Hexagonal Brillouin zone is shown in Figure 1.2b where Dirac cones represent the features 

that occur in electronic band structures describing unusual electron transport properties. In 

the same figure, both metallic and semiconductive band structures are represented in the 

E-K plots showing the bandgap (Eg) of a semiconductive material that a metal does not 

possess. 12 
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Figure 1.2 a) Classification of armchair, zig-zag, and chiral configuration of carbon 

nanotubes. b) Hexagonal Brillouin zone of graphene where Dirac cones are 

represented touching valence and conduction bands at K and K’. To the top right 

Dirac cones represent intersect of a K (K’) point to give a metallic band structure, 

where a bottom right the K (K’) point is missed showing the Eg band gap to give a 

semiconductive band structure. 12  

1.1.2 Transition Metal Dichalcogenides (TMDs) 

The discovery of graphene leads to the fabrication of new 2D structures including transition 

metal dichalcogenides (TMDs), black phosphorus (BP), oxides, hexagonal boron nitride 

(h-BN), silicone and others. TMDs are made up of a metallic or semiconductor material 

with a MX2 composition, where M denotes a transition metal that can be vanadium (V), 

tungsten (W) or molybdenum (Mo), and X represents a chalcogen such as sulfur or 

selenide. 13 
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The different properties in TMDs are defined by the coordination of transition metal atoms 

and its stacking sequence that determines the phase or polymorphs. The combination of d-

electron configuration and coordination determines the electrical and conductive properties 

off the TMDs. The trigonal prismatic and octahedral are the most important coordination 

structures of TMDs as it is shown in Figure 1.3a. In addition, there are three main phases 

1T, 2H and 3R are shown Figure 1.3b. The numbers 1,2 and 3 indicate the non-identical 

layers within the TMDs. The letters indicate the resulting symmetry where T represents the 

tetragonal, H hexagonal and R rhombohedral. 1T TMDs are considered metallic while 2H 

and 3R phases are semiconductive. 13  

 

Figure 1.3 a) Trigonal prismatic and octahedral coordination in TMDs. b) TMDs 

polymorph phases 1T, 2H and 3R, where grey spheres represent the transition metal 

and yellow ones represent chalcogen atoms. 14 Reproduced from reference 14 with 

permission from the Royal Society of Chemistry.  

In this thesis, we will focus on the synthesis and on vanadium disulfide (VS2), and tungsten 

disulfide (WS2). The oxidation process into the oxides VO2 and V2O5 was also studied. 
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Vanadium Disulfide (VS2) 

VS2 is a metal that has no bandgap, unlike most stable semiconductors such as MoS2 whose 

bandgap can be tuned depending on the doping conditions or the number of layers. 

However, depending on the synthesized phase of VS2, the conducting properties can be 

tuned ranging from a metallic to a semiconducting character. VS2 shows a promising 

adjustable vanadium valence ranging from +5 to 0. It possesses interlayer distance (5.76 

Å) that is large enough to insert any metal ions. Due to these properties, the potential 

applicability of the VS2 includes the development of anode or cathode terminals of lithium 

batteries, 15-17 quantum computing devices, 18 in-plane supercapacitors19, 20, sensors, 21 and 

as catalyzers for hydrogen evolution reactions. 22 VS2 crystallizes in a layered 1T phase 

where the vanadium atoms are octahedrally coordinated between two layers of sulphur23 

and stacked together through weak Van der Waals interactions. 15 Besides to the 1T phase, 

researchers have successfully synthesized 2H phase semiconductive VS2.
 24 The difference 

between the phases is also noticed in the energy bandgap of the electronic structure, where 

0.2eV implies the H-phase and a zero bandgap indicates 1T phase. The most remarkable 

characteristic of VS2, either 2H or 1T phase, is its magnetic property. Researchers are now 

exploring how to understand the magnetic coupling mechanisms that other semiconductive 

TMDs lack. 25 

Tungsten Disulfide (WS2) 

WS2 is structured as a triple stacked layers formed with a transition metal layer (W atom) 

encapsuled between two S atom layers, each with a hexagonal lattice structure. Within the 

three-layer stacked the W and S atoms are bonded by ionic covalent bonds and being held 

by weak Van der Walls forces. WS2 unlike VS2 has the 4 phases 1T, 1T’, 2H and 3R. 26 

For 2D films, the 2H phase is the most stable and common structure exhibiting a 

semiconductive property. 1T’ phase has a well-known topological insulating characteristic, 

compared to the metallic properties of the 1T phase. In addition, it is possible to change 

WS2 properties due to the irreversible phase transition between 1T to 2H produced by the 

application of infrared laser stimulation or electron beam irradiation. 27 WS2 also displays 
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a direct to indirect bandgap transition that occurs when the thickness of the layers is 

reduced to one. During the synthesis, WS2 can normally grow in in-plane or in axial 

directions. Moreover, certain studies show a super twisted spirals during the material 

growth. 28 WS2 has a relatively good stability in ambient conditions, 29 superior electrical30 

and opto-electronic properties. 31  

1.1.3 Vanadium Oxides (VO2, V2O5) 

Among many 2D materials, metal oxides have been sporadically explored. Vanadium 

oxides have compounds that are diverse in their crystal structure as well as in their 

electronic properties. 32 Moreover, TMDs such as VS2 appear to oxidize under laser 

radiation which promotes an oxidation reaction into VO2. 

The vanadium oxide VO2 has direct application in infrared detectors because of its metal-

insulator transition phase (MIT) feature which arises from a distortion in the crystalline 

phase. MIT can switch from monoclinic (M1) phase at room temperature to rutile type 

tetragonal phase (R) at 68°C. VO2 has 14 known phases, including M1 and R, as well as 

A, synthesized by pulsed laser and B and D phases, obtained by hydrothermal reaction. 33, 

34 Furthermore, the vanadium oxides V2O3, V2O7 and VO2 (D) will further oxidize into 

their most stable compound V2O5 by thermal annealing. The latter oxide can also take a 

variety of phases, being α-V2O5 the most common one that crystallizes into an 

orthorhombic structure (space group 𝑃𝑚𝑚𝑚) with insulating characteristics. Vanadium-

containing oxides (VO2, V2O3, V2O7 and the more stable V2O5) are of particular interest 

for applications ranging from batteries to electrochromic, 35 and sensing devices. 36  

1.2 Applications of 1D and 2D Materials 

Figure 1.4 shows a wide range of applications for 1D and 2D materials. For instance, 

thermal imaging requires a detection of longer wavelengths (more than 1200 nm) for which 

graphene is suitable as opposed to semiconductors such as WS2 which are hardly 

applicable. 37 Nowadays, even fiber optics communications require 2D materials working 

with wavelengths in the 1200-1550nm range. 37 Light emitting diodes and displays need 
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emitting photons in the range of 390-700nm range. Specifically, in the field of energetic 

devices, batteries, supercapacitors, and optoelectronics are the most common examples of 

the applicability of 2D materials. 

 

Figure 1.4 A few 2D semiconductors and their electronic band gap. Reprinted by 

permission from Springer Nature: Nature Photonics, Why all the fuss about 2D 

semiconductor?, Castellanos-Gomez, A., Copyright 2016. 37 

1.3 Plasmonics and Enhanced Spectroscopy 

1.3.1 Surface Plasmons 

Plasmonic nanoparticles have been used since the 4th century as evidenced by the Lycurgus 

cup that shows a green color under reflected light and red color under transmitted light. 38 

This behavior was explained by the presence of gold, copper and silver nanoparticles 

contained in the cup such that when annealed at high temperature generates the change in 

color. In 1950s Pines and Bohm started to prove experimentally the interaction of collective 
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electron with the surface. 39 Surface plasmons are collective electron oscillations confined 

evanescently along the interface of a metal and a dielectric. 40 Unlike bulk plasmons, where 

the plasmon exists in the volume of the material in its longitudinal oscillation, surface 

plasmons exist on interfaces where is a transverse oscillation. In addition, surface plasmons 

has a longer lifetime and propagation distance, and through the correct and precise 

experiment settings, it interacts greatly with an external electromagnetic wave such as light. 

For the surface plasmon to be generated there must exist free electrons on one side of the 

interface (metal). Surface plasmons are classified as surface plasmon polaritons (SPP) and 

localized surface plasmons (LSPR). 

1.3.2 Local Surface Plasmon Resonance (LSPR) 

LSPR refers to the oscillation of electrons at the surface of metallic structures due to the 

interaction of the metal with incident light of a specific wavelength. Due to the small size 

of the nanomaterials, a confinement of the surface plasmon, known as the localized surface 

plasmon resonance (LSPR), is produced. The variation of the electric field of the incident 

electromagnetic wave produces the creation of an oscillating electric dipole by displacing 

the electrons and resonate in the metallic nanoparticle as illustrated in Figure 1.5. The 

metal interfaced with the dielectric acts as a nano-antenna generating a strong 

electromagnetic field in the near vicinity.  

 

about:blank
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Figure 1.5 Sketch of the generation of LSPR on a metal sphere. Blue arrows 

correspond to the electric field and the black lines over the metal sphere correspond 

to the electric dipole field of the displaced electron cloud. 

1.4 Characterization Techniques 

1.4.1 Raman Spectroscopy 

In 1928, Indian physicist Sir Chandrasekhara Raman studied the inelastic light scattering 

in molecules which turned out to be dependent on the nature of the molecules studies. He 

was awarded the Nobel Prize in 1930 for his pioneering work and the discovery of the 

Raman effect. 

The Raman effect describes the inelastic scattering process between a photon and a 

molecule, determined by the fundamental vibrational or rotational mode of the latter. 41 

Due to an energy exchange process, the incoming photon with energy ℎν𝐿 is shifted in 

energy by the characteristic energy of vibration ℎν𝑚. These shifts can be in positive or 

negative, depending on whether the molecule is in its vibrational ground state or in an 

excited state. In the first case, the incident photon loses energy due to the excitation of a 

vibrational mode (Stokes scattering). In the second case, the incident photon gains 

additional energy due to the de-excitation of such vibrational mode (anti Stokes scattering). 
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The frequencies of these two Raman bands are ℎ(ν𝐿 − ν𝑚) and ℎ(ν𝐿 + ν𝑚), respectively. 

Raman and Rayleigh scattering are illustrated in Figure 1.6. 

Over the years, the research has been focused on the characterization of the TMDS 

semiconductors and metals through this technique.  

 

Figure 1.6 Raman and Rayleigh scattering depicting virtual states and ground 

states. 

Diffraction Limit on Optical Spectroscopy 

Lateral spatial resolution has been limited by diffraction. For the first time, in 1873, Ernst 

Abbe explained his theory and developed a formula for the diffraction limit in a 

microscope. 42 The equation estimates the smallest optical distance ∆𝑥 between two objects 

(Airy discs) that can be observed while performing an optical measurement. In 1896, Lord 

Rayleigh 43 developed the Rayleigh criterion shown in equation 1.1, 42 which was a refined 

formula based on Abbe’s diffraction limit. The calculated distance is directly proportional 

to the incident wavelength 𝜆 and inversely proportional to refractive index 𝑛 of the medium 

and the angle 𝛼𝑟. The refractive index and angle are directly related to the microscope 

objective being used and defined by its numerical aperture (𝑁. 𝐴. = 𝑛. sin (𝛼𝑟)). 



14 

 

 

 

∆𝒙 =
𝟏.𝟐𝟐𝝀

𝟐𝒏 𝐬𝐢𝐧 𝜶𝒓
      (1.1) 

Therefore, to achieve the best spatial resolution in a microscopy experiment, the optical 

components should have the larger N.A, short wavelength and optimized optical alignment. 

For years, researchers have tried to go beyond the mentioned diffraction limit, confocal 

Raman spectrometers is one of those developments that achieves better spatial and spectral 

resolution.  

1.4.2 Atomic Force Microscopy 

AFM is a topographical technique that can achieve atomic spatial resolution and has proved 

to be a key technique to probe the topography of surfaces with extreme resolution in the x, 

y, z directions. 44 Since its development in 1986 by Binnig and Rohrer,45 AFM technique 

has been used to determine topography and mechanical properties in the biological, 

chemistry and physics fields. Binnig and Rohrer initially used a gold foil as a cantilever 

with an attached diamond tip to perform the experiments as, compared with the modern 

cantilevers which are usually made of Si, SiO2 or Si3N4. AFM relies on the repulsive and 

attractive forces between the tip and the sample which generates a deflection upon the 

cantilever. The effect of the repulsive and attractive interactions are explained by the 

Lennard-Jones potential and is one of the main concepts required to understand the 

different modes of the AFM. 46 The operation of the AFM is based on three principle modes 

such as contact mode, dynamic mode also known as tapping mode, and non-contact mode. 

In contact mode the tip usually is in contact with the surface (0.5 nm separation), by the 

help of a piezoelectric scanner. This mode can produce a distortion on the image if lateral 

forces are applied and can reduce the spatial resolution by causing damage to the apex of 

the tip over time. In the dynamic mode, also known as semi-contact, tapping mode or 

intermittent contact, the cantilever oscillates at its resonance frequency with an amplitude 

between 20 to 100 nm and while the tip hovers above the surface. Finally, in the non-

contact mode, the cantilever vibrates at a particular frequency a few nanometers above the 

sample. Changes in the frequency help to image the structure surface. 47 Figure 1.7a-c 

illustrates the three modes discussed. 
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Figure 1.7 Different AFM modes a) contact b) tapping and c) non-contact. 

1.4.3 Kelvin Probe Force Microscopy (KPFM) 

KPFM was first introduced by Nonnenmacher in 1991, 48 and it measures the contact 

potential difference (CPD) between a conductive AFM tip and the sample. It maps the work 

function or surface potential with a high spatial resolution, and it has been used extensively 

to determine the electrical properties of semiconductors and metal interfaces. 

KPFM determines and maps CPD defined by equation 1.2, 49 where Φ𝑡𝑖𝑝 and Φ𝑠𝑎𝑚𝑝𝑙𝑒 

represent the work function of the tip and the sample, respectively, and 𝑒 is the electronic 

charge. 

𝑽𝑪𝑷𝑫 =
(𝚽𝒕𝒊𝒑−𝚽𝒔𝒂𝒎𝒑𝒍𝒆)

𝒆
     (1.2) 

When a conductive tip is brought close to the sample surface, an electrical force is 

generated between the tip and sample surface due to the difference in their Fermi energy 

levels. 49  
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1.4.4 Tip-Enhanced Raman Spectroscopy (TERS) 

The main disadvantage of Raman Spectroscopy is that its inelastic scattering is 1000 times 

weaker than Rayleigh scattering (process that occurs in Infrared Spectroscopy). In 1974, 

Fleischman et al., 50 reported a large Raman signal absorbed in a roughened silver electrode 

providing for the first time a push towards an improvement of the weak Raman effect. 

Furthermore in 1977 two independent groups proposed a mechanism to boost the Raman 

effect known as Surface Enhanced Raman scattering (SERS). SERS is based on the 

electromagnetic and chemical theories. In 1985, Wessel suggested extending the SERS 

technology to the scanning probe microscopy by replacing the substrate with a metallic tip 

to be scanned over a sample. Thanks to the contributions of Zenobi, 51 Anderson52 and 

Kawata53 in 2000, the technique became known as TERS. 

TERS combines the nanometer resolution of an AFM in combination with chemical 

sensitivity of a Raman Spectrometer. When both systems are coupled it generates an optical 

near-field enhancement by externally focusing a laser on the AFM tip to excite a surface 

plasmon and generating a LSPR at the vicinity of the tip’s apex and the sample. Under best 

experimental and resonance conditions, TERS signal can be greatly enhanced. The gain is 

determined by the impinging laser wavelength, energy and polarization, and the tip 

material and geometry (permittivity, conductivity, radius, length). Figure 1.8a-d shows 

different TERS illumination setups. Furthermore, combines two techniques one 

topographical and another optical spectroscopical, which will be discussed in Chapter 2. 

Since LSPR is being generated at the tip’s apex vicinity, the tip works as a nanoantenna as 

observed in Figure 1.8e. Raman signal can be furthered enhanced when a metallic surface 

is used as a substrate between the sample and the nanoantenna generating a “virtual metal 

dimer”, 54 also referred as the gap mode as depicted in Figure 1.8f.  
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Figure 1.8 a) TERS with bottom illumination, b) top illumination, c) side illumination 

d) parabolic mirror geometries setups. Schematic of TERS process in e) bulk 

materials and f) gap-mode. Reproduced from Ref. 54 with permission from the Royal 

Society of Chemistry. 

In optical near-field, the enhancement of the Raman signal from analyte molecules is 

proportional to the fourth power of the local electric field, as stated by equation 1.3. 55 

where 𝛒  is the Raman signal enhancement and 𝐄𝑵𝐹, 𝑬𝑭𝐹 is the near and far-field electric 

field, respectively. 

𝛒 = (
𝐄𝑵𝑭

𝑬𝑭𝑭
)

𝟒

      (1.3) 
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 Therefore, an enhancement factor (𝐸𝐹) in TERS is calculated by equation 1.4. 55  

𝑬𝑭 = (
𝐈𝑵𝑭

𝑰𝑭𝑭
− 𝟏)

𝐀𝑭𝑭

𝑨𝑵𝑭
    (1.4) 

Where  𝐼𝑁𝐹 and  𝐼𝐹𝐹 represent the spectral intensities of near-field and far field, 

respectively. A𝐹𝐹  is the diffraction limited far-field represented by the beam size of the 

laser beam and 𝐴𝑁𝐹 represents the near-field area of the hot-spot confined at the extremity 

of the AFM tip. The term (
𝐈𝑵𝑭−𝑰𝑭𝑭

𝑰𝑭𝑭
=

𝐈𝑵𝑭

𝑰𝑭𝑭
− 𝟏), is referred as enhancement contrast.  It 

represents the increase of the signal in near-field conditions (tip is close to the surface) as 

compared to the far-field signal (tip away from the surface). The ratio 
𝐀𝑭𝑭

𝐴𝑁𝐹
 is a normalization 

coefficient that considers the illuminated surfaces below the tip (𝑨𝑵𝑭) or in the absence of 

the tip (𝑨𝑭𝑭). 

The improved results obtained through TERS resulted that in recent years there has been 

an increase in characterizations of TMDs. 56, 57 

1.5 Scope of Thesis 

Applications of 1D and 2D materials are numerous in fields ranging from the 

semiconducting industry to biomedical imaging. Discovery and synthesis of new 1D and 

2D materials yield to continuous discoveries in this field but the precise characterization 

of these materials is necessary using instrumentation that provide information beyond the 

physical characterization. The use of plasmonics is therefore of interest because it allows 

the identification of defects and strains on the surface of the materials producing alteration 

of their electronic and chemical properties. In the present thesis, high spatial resolution 

spectroscopy technique such as TERS, AFM and KPFM are applied to characterize the 

surface morphology and chemical composition of 1D and 2D materials. This manuscript is 

composed as follows: After a general introduction in Chapter 1, Chapter 2 provides the 

experimental methods necessary to understand the collected data on a variety of materials 

that are discussed in the subsequent chapters. Chapter 3 explains the first experimental 
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results of 1D and 2D carbon materials study through TERS combined with an artificial 

neural network (ANN) application for a reliable characterization of a large dataset of 

collected Raman spectra. In Chapter 4, the synthesis and characterization of vanadium 

disulfide using TERS is described. Additionally, a subsection of this chapter presents a 

discussion about the synthesis of rippled VS2 and how the electronic properties are 

affected. This section includes TERS and KPFM characterization of VS2. Chapter 5 

focusses on the photoinduced oxidation of vanadium disulfide into various oxides using 

confocal Raman and TERS. Finally, Chapter 6 introduces semiconductive WS2 and how 

hidden features at its surface can be revealed using TERS and Kelvin probe microscopy. 

Chapter 7 concludes on future work such as the synthesis and characterization of 2D 

heterostructure composed of TMDs and how nanoscale measurements are key to provide 

critical information on nanoscale materials. 
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Chapter 2  

2 Experimental Methods 

This chapter describes the methods and preparation associated with the different materials 

studied in this thesis.  

2.1.1 Preparation of Gold Substrates 

Gold substrates were prepared either by template stripping or electron-beam (e-beam) 

evaporation. Template stripped substrates provide ultra-flat surfaces with lower root-mean-

squared (rms) roughness as compared to thin films prepared by e-beam. Typically, the 

roughness of the film is less than 1 nm for template stripping meanwhile films prepared by 

e-beam yield roughness in the 2-4 nm range. A smooth surface is necessary to provide 

excellent contrast for very small objects deposited at its surface.1 Furthermore gold 

substrate is specifically important for tip-enhanced measurements to provide ideal 

condition to confine the incident electromagnetic field in gap-mode experiments. Films 

prepared by electron beam evaporation were using an adhesion layer of 5 nm Ti adhesion 

layer and 30 nm Au layer subsequently deposited. Template stripped substrates were 

prepared by depositing 100 nm of gold on a Si wafer without any adhesion layer, followed 

by the application of UV glue onto a 1×1 cm2 piece of glass cover slip (100 µm thick). The 

cut substates were glued, onto the gold wafer and cured using a UV lamp during 5-10 min. 

The layers were then glued and stripped using a very sharp cleaned razor blade to generate 

smooth surfaces. Figure 2.1 shows the difference between both methods. It is observed 

large topography changes and quantified with the rms roughness. 
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Figure 2.1 AFM scans of gold substrates prepared by a) template stripped method, 

b) e-beam deposition. 

It must be mentioned that template stripped substrates were used for the preparation of 

graphene and CNTs in Chapter 3. E-beam deposited substrates were used in the 

experimental work described in Chapter 4 and 5. Template stripped is not suitable, since it 

uses either epoxy or UV resin for which the transferring procedure requires the use of 

strong solvents as acetone which appeared to damage the Au film. 

2.1.2 Preparation of Graphene Sheets 

Graphene sheets immersed in ethanol were acquired from KWI Polymers Solutions 

company. Solution was sonicated for 30 minutes and centrifuged at 1400 rpm for 20 

minutes in order to exfoliate the sheets that were aggregated.  Zonal Centrifugation method 

using differential separation was followed to obtain a rough distribution of flakes, 2 this 

method helps size sorting of large flakes of graphene. Finally, we proceeded to drop-cast 

around 10-20 µL of solution over the template stripped Au substrate and left the sample 

dry overnight. 

2.1.3 Preparation of SWNT  

Figure 2.2a,b shows the compounds used to prepare the metallic and semiconductive 

carbon nanotubes. Metallic SWNTs with 0.03 mg mL−1 (Nanointegris Isonanotubes-M 

99% Solution) was sonicated for 2 minutes and centrifugated prior to be drop-casted onto 

a template stripped gold substrate. Metallic SWNTs varied in diameter between 1.2–1.7 
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nm. Additionally, the semiconductive SWNT solution (Nanointegris HiPco purified) 

shown in Figure 2.2b was prepared with 0.5 mg mL−1 in 1% sodium dodecyl sulfate (SDS), 

sonicated for 1 hour and 20 minutes, and then centrifuged for 1 hour at 1500 rpm. The 

semiconductive SWNTs were drop-casted, as prepared, into a template stripped gold 

substrate. After 24 hours of drying, to remove the surfactant, water with acetic acid (0.1% 

v/v) was used to rinse the substrate with SWNTs. 

 

Figure 2.2. a) SWNTs NanoIntegris Isonanotubes on solution metallic. b) SWNTs 

Nanointegris HiPCo purified powder semiconductive. 

2.1.4 Chemical Vapor Deposition (CVD) 

Chemical vapor deposition (CVD) is a vapor transport synthesis technique. In this process, 

a gaseous precursor is formed upon heating and deposits onto a heated substrate to form a 

film or a flake. 3 The substrate, temperature, composition of the reaction mixture, gas total 

pressure, and ratio of the materials used are critical experimental parameters and alter the 

morphology, composition, and subsequent properties of grown material. 4 CVD has the 

advantage over exfoliation to produce high purity crystals and solid-state materials. In this 

thesis various transition metal dichalcogenides semiconductive, metallic and oxides 

including VS2, VO2, and WS2 were synthesized through this method. The single zones 
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furnaces Lindberg/Blue M 1500°C and Lindberg Blue Mini-mite were used for the 

synthesis of different compounds (Figure 2.3a,b).  

 

Figure 2.3. a) Lindberg/Blue M 1500°C single zone furnace. b) Lindberg Blue Mini-

mite 1100°C single zone furnace. 

VS2 

VS2 was grown using a Lindberg Blue Mini-Mite single zone tube furnace equipped with 

a 1” fused quartz tube. The sulfur (180 mg, Millipore Sigma powder 99.98 % purity) was 

placed in an alumina boat stream upwards, close to the inlet of the carrier gas, followed by 

35 mg VCl3 precursor (Alfa Aesar powder 99% purity) located approximately 9 cm away 

stream downwards. At the center of the furnace approximately 20 cm away from the sulfur 

precursor, freshy cleaved fluorophlogopite mica (referred as mica afterwards) substrates 

(MIT corp., size 8 mm × 8 mm × 0.2 mm) were strategically located. The quartz tube was 

purged with argon at 400 sccm for 30 min to eliminate any oxygen residue in the chamber. 

Subsequently, the argon flow rate is reduced to 80 sccm and hydrogen gas is introduced at 

a mass flow rate of 20 sccm. The ramping was started after additional 5 min, to stabilize 

the gas concentration and flow rate. The temperature was changed from room temperature 

(22 °C) to 650 °C with a heating rate of 20 °C/min. For the generation of ripples over the 

surface or defects, the whole furnace was shifted by 1.5 cm stream upwards (in the direction 

of the sulfur precursor) right before reaching 630°C. Afterwards, the temperature setpoint 

remained at 650°C for 15 min and then cooled down to room temperature under 80 sccm 

of argon flow only. The samples were immediately characterized and stored in argon 

atmosphere to prevent oxidation. To avoid generation of ripples or defects a Niobium round 
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magnet was used to push the boat S precursor slowly into the heating zone once the 

thermocouple was marking the melting point of the VCl3 precursor. 

VO2, V2O5 

For vanadium oxides, a salt assisted method was used in which the V2O5 (Alfa, 99.2%) and 

KI or KCl (Sigma, 99.99%) precursors were mixed and placed in the center of an alumina 

(Al2O3) boat positioned at the central part of the Lindberg/Blue M 1500 °C furnace. 

Fluorphlogopite mica substrate, were located one on the top and one at 6 cm away 

downstream of the center of the crucible boat for the deposition of flakes. Another boat, 

positioned upstream 27 cm from the center of the furnace, contained sulphur. Prior to the 

synthesis procedure, the system was purged with 100 sccm of argon for 30 min. Once the 

furnace was started, the inside temperature level increased from 20 to 730 ºC with a heating 

rate of 50 ºC/min, under 50 sccm of Ar and 10 sccm of H2. After the indicated steps were 

accomplished, the hydrogen gas flow was shut off and the argon was left flowing at 20 

sccm while the furnace was cooling down. As soon as the quartz tube reached 60 ºC, it was 

opened to remove the samples for their immediate characterization.  

WS2 

The WS2 was synthesized using WO3 (Alfa Aesar, 99.8%) as the tungsten source using the 

single zone furnace Lindberg Blue Mini-Mite and Ar was used as the carrier gas. The sulfur 

(180 mg, Sigma Aldrich 99.9%) was placed in an alumina boat initially outside the hot 

zone of the furnace. A small iron screw was installed in front of the boat to externally 

change the position of the boat with the help of a magnet. The WO3 (30 mg) was positioned 

in an alumina boat in the center of the furnace. The Si substrate with a 280 nm SiO2 layer 

was placed 6 cm from the WO3 boat stream downwards. The system got purged for 40 min 

with a flow rate of 400 sccm. Afterwards the flow rate was switched to 200 sccm. During 

the experiment, the temperature was increased during the experiment from room 

temperature to 750 °C with a heating rate of 12 °C/min and from 750 °C to 860 °C with a 

heating rate of 6.0 °C/min. At 570 °C the sulfur boat was displaced towards the edge of the 

furnace, in such a way that the sulfur slowly starts to melt. The distance between the sulfur 
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and WO3 boat was reduced to 24 cm. Due to the temperature gradient existent within the 

furnace, the temperature of the substrate becomes lower than that of WO3. During the 

cooling period to room temperature the flow rate was changed to 100 sccm. 

2.1.5 Transferring Method 

The different characterization techniques required the need of a conductive substrate, such 

as a gold thin film, meanwhile the TMD flakes were grown in SiO2/Si or mica substrates. 

Polymethyl methacrylate (PMMA) method was exploited to transfer the flakes grown over 

SiO2/Si and mica substrates to a deposited TiAu (5/30 nm) thin film prepared by e-beam 

evaporation. PMMA method consisted of dissolving 50 mg of PMMA in 600 µL of 

Chloroform. 20 µL of this solution was spin coated on the substrate with the TMD flakes 

at1600 rpm creating a transparent thin layer. The substrate was baked at 150°C for 5 

minutes to cure the film. The sample was then submerged in DI during 10 min. After 10 

min the film detached from the substrate with the help of soft sonication. PMMA film onto 

which the flakes were attached, was scooped out onto gold-coated substrate. The excess 

DI water on the PMMA film was left to dry and then baked at 60°C for 2 minutes 

maximum. Samples were left overnight in acetone to dissolve the PMMA layer. The 

different steps are summarized in Figure 2.4. 

 

Figure 2.4. PMMA step by step transferring method. 
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2.2 Characterization Techniques 

2.2.1 Confocal Raman Spectroscopy 

An XploRa Plus Raman micro spectrometer from HORIBA Scientific was used in all our 

experiments (Figure 2.5a,b).This compact confocal spectrometer integrates different 

excitation lasers, gratings, objectives, pinhole, white light source and a CCD camera. In 

this study 638 nm (red) and 532 nm (green) incident wavelength lasers were used. 

The gratings of 600, 1200 and 1800 grooves per mm were used in most experiments when 

high spectral resolution was needed optical micrographs and point spectra were acquired 

using an Olympus M plan N 100× with a 0.9 numerical aperture (N.A.). The pinhole and 

slit were generally set at 300 µm and 100 µm, respectively, unless stated otherwise. All 

measurements were conducted at room temperature. 

 

Figure 2.5 a) Sketch of the internal elements of the confocal spectrometer. b) Horiba 

XploRA Plus spectrometer. 

Photoluminescence Spectroscopy (PL) 

Photoluminescence occurs when upon incident excitation with light, the stimulated 

material emits photon with lower energy. As light impinges the material, absorption of this 

radiation yields to the formation of electron-hole pairs. This process causes electron to 

jump temporarily to a higher electronic state. Subsequently, the particle’s energy is 
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released (photons) during a relaxation period returning to a lower or ground state 

vibrational energy level.  

In inorganic materials studied in this work, lattices are connected through covalent bonds 

and the formation of electron-hole pairs produces a delocalization of electronic states in 

the form of a broad valence and conduction bands. There exist two types of PL emission 

referred as band-to-band or intrinsic and sub-bandgap or extrinsic emissions. Intrinsic 

emission PL occurs when excited electron falls back directly to the valence band whereas 

for the case of the extrinsic emission the excited electron is trapped by the defect center or 

impurity that occupies an energy level within the semiconductor bandgap. 5 

2.2.2 Atomic Force Microscopy (AFM) 

Different AFMs were used in this thesis. 

Measurements combined with TERS, and Kelvin Force microscopy (Chapters 3-6) were 

conducted using an AIST-NT OmegaScope instrument in tapping mode. Tapping mode 

probes NCLR from NanoWorld were used to acquire different scans. The length of the 

probes was approximately 225 µm, a resonance frequency of 190 kHz with a force constant 

of 48 N/m. The scan rate ranged from 0.5 to 1.2 Hz depending on the sample. Resolution 

was mostly kept at 300×300 pixels. 

Nanomechanical measurements using (Chapter 6) intermittent contact mode and 

PeakForce Quantitative Nanomechanics (QNM) scans were conducted with a Bioscope 

Catalyst AFM using NCLR cantilevers and Bruker TAP525A probes depending on the 

nanomechanical measurements. The scan rate used ranged from 0.5 Hz for the intermittent 

contact mode to 0.3 Hz for the QNM measurements. The resolution was kept at 512×512 

pixels for all measurements. Bruker TAP525A cantilever had a resonance frequency 525 

kHz and a spring constant of 200 N/m.  

Finally, AFM measurements using force modulation mode (FMM) measurements (Chapter 

6) that were performed using Nanowizard II AFM (JPK), with Bruker OLTERPA-R3 



34 

 

 

 

probes. The cantilevers had a resonance frequency of 70 kHz, spring constant of 2 N/m and 

the scan rate of 0.3 Hz. FMM measurements exploit AC and DC signals, where DC signal 

gave the vertical and lateral deflection of the cantilever associated to the height and friction 

information. AC signal gives the phase and amplitude and extra information on mechanical 

properties such as young modulus and adhesion. 

2.2.3 Kelvin Probe Force Microscopy (KPFM) 

AIST-NT instrument with a conductive module was used for the KPFM measurements. 

For KPFM µMasch HQ:NSC14/Cr-Au probes were used that had a resonance frequency 

of about 160 kHz and a spring constant of 0.5N/m. CPD maps were obtained by varying 

the lift between the sample and the probe to generate a high-resolution map. 

2.2.4 Tip-Enhanced Raman Spectroscopy (TERS) 

OmegaScope atomic force microscope combined to an XploRA Raman micro spectrometer 

(HORIBA Scientific) equipped with a 600, and 1200 grooves per mm was used for the 

TERS acquisition. The setup has a fixed side illumination geometry (60° relative to a 

perpendicular line from the sample) for all experiments performed as illustrated in Figure 

2.6a,b. Mitutoyo M Plan Apo objective of 100× with large working distance, 0.7 N.A in 

reflection, was used for both excitation and collection in backscattering geometry. Both 

532 nm or 638nm were used in the TERS measurements in conjunction with silver and 

gold-coated tips, respectively. 

Optical scattering was first performed to identify a hotspot at the apex of the tip for TERS 

enhancement. An AFM topography map was then recorded prior the TERS experiment to 

locate the structures of interest. The scan was obtained setting an oscillation amplitude of 

~20 nm. The TERS spectra of all measurements were finally recorded in the Spec-Top 

mode, meaning that for each pixel one spectrum is acquired with the tip in direct contact 

with the surface. Between two pixels of the map the tip is moved in intermittent contact 

mode to prevent damage to the probe and to keep the plasmonic enhancement.  
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Chapter 3 explains the characterization of carbon based 1D and 2D materials using gold 

OMNI TERS NC probes purchased from HORIBA. These particular probes were coated 

with 60 nm of Au, spring constant of 93 N /m, and a resonance frequency of 320 kHz. 

Areas of maximum 100×100 pixels representing 10000 Raman spectra were recorded with 

a scanning rate of 1 Hz. 

Chapters 4,5 and 6 explain characterization and synthesis of TMDs using Bruker VTESPA-

300 probes with silver or gold homemade coating. For the silver coated case there was no 

adhesion layer added restricting the probes to be used within three days to avoid oxidation. 

For the gold tips, 15 nm of Ti was deposited and serves as an adhesion layer adding 

approximately 60 nm of Au. The tips from Bruker were intermittent contact cantilevers 

with a spring constant of 42 N/m, and a resonance frequency of 300 KHz. 

 

Figure 2.6 a) Complete sketch from OmniScope AIST-NT system reproduced from 

reference 6 from the Royal Society of Chemistry. b) Zoom in view of TERS setup 

with the sample and tip holder revealing a carbon nanotube sample in gap-mode 

where the CNT is sandwiched between a Au coated tip and a Au substrate. 
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2.2.5  Machine Learning: Artificial Neural Networks (ANN) 

Machine Learning approach for data analysis began with Walter Pitts and neuroscientist 

Warren McCulloch in 1943, who developed a methodology using neural networks. 7 It 

relies on computational algorithms designed to emulate human intelligence by learning 

from a set of examples with features. One of the applications of ANN models has been to 

automate data analysis that outputs result promptly. 

Part of the set of examples trains the model to recognize relevant features, patterns, and 

specific knowledge that in our case such served for a rapid characterization and analysis in 

vibrational spectroscopy. 8 In the past years, ANN has been very popular in the areas of 

biology, chemistry, and engineering to treat massive amounts of data. Generally, it consists 

of an input, hidden and output layers. Input data passes through hidden layers to perform 

mathematical calculations and passing such information to the following layers for 

optimization. The learning techniques can be unsupervised and supervised. We used 

supervised learning technique for the work reported in this thesis. 

Chapter 3 describes the application of ANN in the TERS rapid identification and study of 

CNTs using TERS technique. Packages from the Python (version 3.7.3) data science 

software stack were exploited in the data pre-processing and feature engineering stages of 

a machine learning workflow. Pandas version 0.25.0, Matplotlib version 3.1.1, and NumPy 

version 1.17.0. Jupyter Notebook facilitated the construction of the architecture and 

topology of ANNs as well as the model training. Seaborn version 0.9.0 was used to create 

heat-maps and assess the correlation of native and derived features of the data set. When 

the highest accuracy value was reached, the ANN result data were exported from Jupyter 

Notebook to JSON or YAML format for input and reading files into a software that makes 

predictions using the machine learning model to create enhanced ANN generated 

hyperspectral maps. Processing an entire hyperspectral cube of 10000 TERS spectra took 

about 6 hours. 6 
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Chapter 3  

3 Carbon-Based 1D and 2D Materials and Their Study 
Through Tip-Enhanced Raman 

Carbon-containing nanomaterials such as nanotubes, fullerenes or graphene are interesting 

from a pure physical and chemical viewpoint due to their exceptional electron and thermal 

conductivity and their mechanical properties. Even though many applications were though 

to use these nanomaterials for future nanoelectronics devices, they are mainly used in bulk 

quantities together with other elements. For example, graphene is one element used in 

modern batteries, it can control the speed over which the battery can be charged and 

discharged. Further applications include photovoltaics, sensors, lubricants, thermal 

management, and drug delivery. 1 Characterization of such materials at the individual level 

is necessary to determine its properties and requires instruments with high spatial 

resolution to probe individual defects, surface functionalization or interaction with other 

materials. In this chapter, graphene, graphite, and carbon nanotubes (CNTs) are 

characterized through AFM, Raman Spectroscopy and TERS. Since these methodologies 

produce last amount of data, machine learning protocols are used to analyze and sort the 

collected spectra. Specifically, artificial neural networks (ANN) are exploited for the 

generation and rapid analysis of hyperspectral maps of TERS of CNTs. 

3.1 AFM and Raman Spectroscopy Characterization of 
Graphene and Graphite  

Graphene powder was obtained from KWI Polymers Solutions (Boisbriand, Quebec, 

Canada). The preparation of graphene samples and substrates is explained in Chapter 2. 

The resulting flakes, obtained from deposition, are shown in Figure 3.1a. An AFM scan 

reveals the different morphologies of the flakes, attributed to the separation method by 

centrifugation, showing the exfoliation of several sheets with various thicknesses. Figure 

3.1b,c  shows graphene with a thickness of 0.37 nm corresponding to a bilayer, whereas 

the graphite presents diverse thickness reaching values beyond a micron in some cases. 2 

The thickness of flakes was determined in the selected cross sections 1 and 2. Position 1 
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reveals graphene sheet (Figure 3.1b) whereas location 2 shows graphite with a thickness 

of 4.75 nm, equivalent to ~12 layers (Figure 3.1b). Flake dimension range in lateral size 

between 5 nm to 3 µm, noticing that as the lateral dimension increases, there is a greater 

chance to find multilayered materials. 

We characterized graphite through Raman spectroscopy using 638 nm laser excitation and 

600 gr/mm grating. The observed main three modes are displayed in Figure 3.1d. As 

explained in Chapter 1, Raman spectroscopy is a vibrational technique that provides 

information of chemical structure, phase, crystallinity, and interactions between molecules. 

For the graphene case, its electronic and chemical properties are bound by its crystallinity 

and chemical structure.  

The D band, observed at 1326 cm-1, is attributed to structural defects in the graphitic plane. 

The appearance of this out-of-plane band, indicates the presence of defects along the flake. 

A, low intensity, or absence reveals an unaffected sp2 that is not excited due to symmetry 

restrictions. The G primary band also known as graphite mode, is an in-plane mode that 

appears in any sp2 carbon material and shifts slightly depending on the specific allotrope. 

The G band originates from a double degenerate phonon mode longitudinal (LO) and 

transverse optical (iTO) at the Γ point in the Brillouin zone center and it is related to the 

E2g symmetry mode. 3 Its wavenumber is 1580 cm-1. In our results we found a third band 

G’, also known as 2D which is a second-order overtone of a D band, and it is dependent 

on the laser excitation energy. A simple analysis in our characterization identified a 

graphite flake. The determination of G’ broad band through a Lorentzian fit approximated 

full width half maximum (FWHM) of a broad band of 100 width, determining the multi-

layered flake. 4 

Due to the limitation on the optical view magnification bound to the diffraction limit in 

confocal microscope, we could not obtain the exact of number of graphene sheet layers 

within the substrate. To determine the thickness, defects, wrinkles and even chirality we 

characterized the flakes using TERS technique. 
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Figure 3.1 a) AFM of different flakes of graphene and graphite showing selected cross 

sections. Height profiles are displayed for b) graphene and c) graphite. d) Raman 

spectrum of graphite. 

3.2 Tip-Enhanced Raman Spectroscopy of Graphite 

TERS was performed on graphene sheets and graphite to reveal surface defects and 

wrinkles. TERS spectra were acquired with a 638 nm using 600 gr/mm grating with 400ms 

of exposure per pixel. For further experimental methods refer to Chapter 2.  

Results are observed in Figure 3.2a-d. This multilayer sample was composed of 15 layers. 

Such thickness is indicative of a graphitic character instead of graphene. In the averaged 

TERS spectra, shown in Figure 3.2a, the D, G and G’ modes have a maximum intensity 

value on locations 1, 2 and 3. Modes were fitted through a Lorentzian function and 

analyzed using Labspec 6 program. D band’s maximum wavenumber were found to be 

1348, 1334 and 1354, for positions 1,2,3, respectively. D band wavenumber changes 

accordingly to the level of disorder. Results indicate the greater are the defects, the greater 

is the intensity. Position 3, where the flake is twisted, reveals a greater intensity. On 
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contrary, spectra from position 1 and 2 spectra present a very low intensity of the D band, 

most likely due to a larger thickness; a greater crystallinity implies less disorder. 5 The G 

band maximum wavenumber varies as well only for average spectrum 1 showing 1585 cm-

1 in comparison to the 1591 cm-1 modes found in spectra 2 and 3, that is a 5 cm-1 redshift. 

The shift can be attributed to a possible strain in the numerous graphene layers. 6 For the 

G’ band case, it was found drastic shifts depending on the positions on the surface. The 

maximum wavenumber observed were 2665, 2651 and 2658, from position 1,2,3, 

respectively. The G’ mode wavenumber can also reveal the thickness dependency on the 

number of graphene sheets. 7 To generate TERS maps, selected integrated region of bands 

were chosen as follows: [1308-1382] cm-1 for D band, [1540-1620] cm-1 for G band and 

finally [2650-2731] cm-1 for G’ band as depicted in Figure 3.2b-e. There was a greater 

TERS intensity signal in the range of 5.44-5.76×105 for the G’ band than the other bands, 

rendering improved details in the surface topography. An all-color map is generated from 

the combination of the D, G and G’ integrated bands that shows the wrinkle and small 

strand in the surface near position 2 achieved by the high spatial resolution of the TERS 

technique. In general, our experimental data show a low TERS enhancement of ~1.3 factor 

enhanced signal of the G band, also referred as a contrast, 8 which was described in 

equation 1.4 of chapter 1. TERS enhancement is analyzed through a tip-in/ tip-out 

experiment (see Appendix A1), the low enhancement is most probably due to in-plane 

vibrations of graphene and out-of-plane enhancement of the electric field along the coated 

AFM tip. 9  
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Figure 3.2 a) Averaged TERS spectra extracted from different surface locations of 

the graphite flake. TERS maps generated by integrated b) D band overlapped with 

AFM scan, c) G band and d) G’ band. e) All colored map generated by integrating all 

D, G and G’ modes illustrating location of average extracted spectra from a) and 

white square showing wrinkles over the surface of graphite. 

3.2.1 Analysis of Defects 

The intensity ratio (ID/IG) between the D and G band, has been correlated to topographical 

defects revealed by AFM and crystallinity of graphite. Ratio indicates the amount of 

disorder associated with defects in the surface of the graphite. As this ratio value increases, 

the presence of defects increases. Published work on graphite attributes poor crystallinity 

to intensity ratios in the range of 1 to 2.6 whereas a high crystalline character is associated 

with ratio varying from 0.1 to 0.3. 10  Figure 3.3a,b shows the ratio map obtained in two 

flakes through TERS, in which the colored bar indicates the ID/IG  ratio. The ratio map in 

Figure 3.3a highlights values between 0.92 to 1.06. Values greater 1 express poorer 

crystallinity on the graphite sheet which compared with the TERS map of Figure 3.2e 
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reveals the presence of wrinkles and twists in the surface associated to a greater disorder. 

A thinner graphite flake (Figure 3.3b) was characterized by TERS. The ID/IG ratio ranged 

from 0.9 to 1.2. The greatest ratio of approximately 1.2 is located on the area where a grain 

boundary is present. On the contrary, the lowest ratio corresponds to a place where the 

thickness of the layers increases. In our study, ID/IG indicates that the graphite samples have 

poorer crystallinity. 

 

Figure 3.3 TERS ratio map of ID/IG of two graphite flakes with a) less disorder b) 

greater disorder in their defect ratio structure. 

3.3 Tip-Enhanced Raman Spectroscopy of Single-Walled 
Carbon Nanotubes (SWNTs) 

This section explains measurements obtained through TERS maps on single-walled carbon 

nanotubes (SWNTs), which served as reference for nanoscale object. TERS spatial 

resolution together with spectral selectivity is used to facilitate discrimination of 

semiconductive and metallic materials. By exploiting artificial neural networks, we 

characterize SWNTs. Two models are developed. The first model classifies the spectra as 

representing CNTs or background whereas the second model identifies the existence of 

three main vibrational modes. Finally, enhanced visualizations of CNTs helps in the 

analysis of defect areas. 
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3.3.1 Optical Resolution and Mapping of 1D CNTs 

Raman spectroscopy has helped to provide measurement of quality conductivity, chirality, 

and electron quantum confinement in single-walled nanotubes. 11 However due to its lack 

of high spatial resolution, TERS is necessary to provide Raman measurements at the scale 

of a single carbon nanotube.  

As mentioned in Chapter 2, two different CNTs were prepared to identify major differences 

in the Raman modes. The topography and the TERS maps of the G mode of a bundle of 

semiconductive CNTs that splits into several smaller bundles are shown in Figure 3.4a,b.  

The cross sections displayed in Figure 3.4b corresponding to different areas of the sample 

are indicative of the lateral topographical resolution of our AFM instrument which is 

convoluted by the tip geometry. These values are larger than Z values providing a more 

precise assessment of the diameter of the bundles. The cross sections 1-3 are reported in 

Figure 3.4c. The lateral measurements based on full width at half height varies from 21-

50 nm, meanwhile the height of the CNT bundles varies from 1 to 10nm. TERS images, 

based on the integration of the G mode ( Figure 3.4d), shows the cross sections that are 

sharper than the topographical images due to the localized electromagnetic confinement at 

the tip’s apex. The smaller nanotube bundle measured indicates that the estimated spatial 

resolution is ~21 nm a value that is limited by the tip’s geometry. A higher spatial 

resolution could be reached if the rougher coating single metal can generate an even smaller 

nanoparticle at the extremity of the probe. 12 
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Figure 3.4 a) AFM height profile scan of the semiconductive SWNT. b) TERS maps 

shows the G band intensity of the semiconductive CNT. Cross sections corresponding 

to 1-3 of the c) height profiles corresponding to the topography and d) TERS G band 

intensity band. Reproduced from 13 with permission from the PCCP Owner Societies. 

In this work we use TERS to identify the semiconductive or metallic character of a mixture 

of nanowires by determining the spectral shift and broadening of the G mode into G+ and 

G- bands as shown in Figure 3.5a-d. 

A semiconductive wire was investigated by TERS and is shown in Figure 3.5a,c . The 

colored boxes shown in the map in Figure 3.5a correspond to the average spectra in Figure 

3.5c. In contrast, for the metallic nanowires (Figure 3.5b), the TERS spectra of Figure 

3.5d is clearly shifted and broadened for the G- band.  

For the metallic SWNTs shown in Figure 3.5b, averaged areas were selected to show the 

shift and structure of the split from the referred two modes. Previous work has reported 

that the G+ and G- modes are associated with longitudinal-optical (LO) and transverse 

optical (TO) phonons. 14, 15 In metallic nanotubes, the LO phonon appears with a broader 
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band shift (Figure 3.5d, G- band) due to the conduction of electrons representing a 

continuum plasmon. 14 However, given that not all areas show this G- band shift, some 

areas are presumably semiconductive. Although Figure 3.5d shows the blue and green 

spectra from the averaged areas to be associated to a metallic property, it is arguable the 

red spectrum still has a semiconductive character. Regardless of conductivity, our ANN 

models do not present any decrease in performance and maintain sensibility and 

applicability. 

 

Figure 3.5 TERS all color maps generated from integration of D, G and G’ bands for 

a) semiconductive and b) metallic SWNT. Extracted average spectra (square red, blue 

and green) revealing the G band for a c) semiconductive and d) metallic SWNT. 

Reproduced from 13 with permission from the PCCP Owner Societies. 

Additional vibrational modes that were not characteristic of CNTs were detected and 

correspond to C-H vibrations and the iTOLA band. These bands are attributed to organic 

surfactant residue left from the sample preparation or from combinations of vibrational 

modes. 16, 17 In particular, the iTOLA band appears as a result of the combination of optical 

and acoustic modes, 18 and might be introduced due to the presence of diluted acid treatment 
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to remove organic residue in the sample preparation. iTOLA mode depends on the double 

resonance process which is dependent on the excitation wavelength. 17 

 TERS enhancement is analyzed through a tip-in/ tip-out experiment (see Appendix A2), 

which gave a factor of ~1.6. 

3.3.2 TERS Carbon Nanotubes Study Using ANN  

The architecture of the ANNs can be split into three components: the input layer, the hidden 

layer, and the output layer. The input layer receives the number of independent features 

that are fed into the neurons. The hidden layer is composed of neurons responsible for the 

mathematical computations. In the case of ANN Model 1 and Model 2, all abstractions 

have two hidden layers of 20 neurons each. The output layer uses a function to normalize 

the output as a 0 or 1, which correlates to our dependent features, the values being 

predicted. For the case of ANN Model 1, there is a ‘background’ or ‘carbon nanotube’ 

classification decision. For the case of ANN Model 2, the output corresponds to ‘Noise’ or 

‘D-Band’ for the first constituent, ‘Noise’ or ‘G-Band’ for the second constituent, and 

‘Noise’ or ‘2D’-Band’ for the third constituent. Optimal results from the ANN models were 

achieved by splitting the experiment’s data set (examples) as 70% for training and 30% for 

validation. Once the models have been constructed and trained, our ANNs were used to 

make predictions on unseen TERS data to assess the accuracy of real applications. If 

unsatisfactory, the workflow was checked to adjust accordingly and re-evaluate accuracy. 

This continuing process came to a halt as real application accuracies of 98% for Model 1 

and 96% for Model 2 were achieved. The process can be further observed in Figure 3.6. 
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Figure 3.6 Machine learning workflow, identifying the models 1 and 2. Reproduced 

from 13 with permission from the PCCP Owner Societies. 

Hyperspectral maps shown in Figure 3.7a-d were generated with ANN model 1, and model 

2 for the respective semiconductive and metallic CNTs. Model 1 discriminated only 

background versus the vibrational signals of carbon allotropes and nanotubes as illustrated 

in Figure 3.7a,c. Additionally, model 2 was applied to reveal number of vibrational bands 

present at each carbon allotrope located at specific set of (X,Y) coordinates. Possible 

number of vibrational bands corresponds to three modes observed. The high dispersion of 

vibrational signals observed in the maps are attributed to the sonication of the CNT 

preparation, which may have generated allotropes sediments. For further rapid analysis, a 

combination of model 1 and 2 is presented in Figure 3.7b,d illustrating the classifications 

of specific peaks. The composition breakdown is categorized as only G (one peak), only D 

and G (two peaks), only G and G’ (two peaks), or D and G and G’ (three peaks). As a 
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result, these two figures can give a comprehensive understanding of the total band 

composition that appears at each specific XY coordinate of the hyperspectral map.  

The absence of G’ band in sites outside of the CNTs (Figure 3.7b) may be 

attributed to the oxidation of the allotrope carbon sediments. Furthermore, the higher 

density of the G+G’ bands (orange dots) appearing at the border of the semiconductive 

CNT, is associated to an apparent absence of the D band in these vicinities. The small or 

inexistent intensity value of the D band revealed the non-presence of defects. The blue dots 

representing locations where all three vibrational modes are present, are consistent with the 

characteristic vibrational spectra of SWNT. The straggling blue dots found sparsely outside 

the nanotubes may be associated to residues because of sonication. The same observations 

apply for metallic CNT as depicted in Figure 3.7c,d. 

 

Figure 3.7 Semiconductive CNT of a) ANN Model 1 discriminating background 

versus carbon nanotube and b) ANN model 1 +2 classifying spectra into different 

modes present. Metallic CNT revealing c) ANN Model 1 and d) ANN model 1 +2. 

Reproduced from 13 with permission from the PCCP Owner Societies. 
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3.3.3 Accuracy and Defect Analysis 

Defect analysis was performed through the TERS software and furthered improved using 

ANN. Hyperspectral maps generated using the combination of models 1 and 2 are 

represented in Figure 3.8a,b in the form of ratio of intensities of the D and G modes, ID/IG, 

for the semiconductive and metallic SWNT. The maps reveal the defect distribution along 

the surface of the SWNTs of the two samples. ANN generated maps provide a more 

accurate determination of background, highlighting the presence of debris around the main 

bundles. The precision relies on ANN model 2 algorithm which takes into consideration 

only CNT classification from model 1 instead of analyzing the whole TERS raw data and 

giving just approximate values of defect ratio. As a result, maps generated by ANN render 

a higher spatial resolution and provide an accurate and good estimate of the ID/IG ratio 

range. Average spectra, extracted from the TERS image data is presented in Figure 3.8c,d. 

By comparing two different CNTs (Figure 3.8a,b), the metallic one has higher defect 

density factor (Figure 3.8b), represented by the darker orange regions localized on the 

bundles. This is attributed to those SWNTs with many bundled threads of CNTs that have 

been mechanically ripped during the scanning TERS measurement. For the semiconductive 

SWNT shown in Figure 3.8a, c, a similar observation regarding the higher density ratio of 

defects can be found at the curvature of bent bundles. The average spectra observed in 

Figure 3.8c, d reveals several peaks (splitting) within the D band mostly observed for the 

metallic CNT. The latter may be attributed to the previously reported double resonance 

theory. 19 The double resonance is associated to an elastic scattering of the phonons around 

the K and Γ points in the graphene Brillouin zone. 17  
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Figure 3.8 Maps from combined ANN model 1 and 2 showing ID/IG ratio for a) 

semiconductive and b) metallic SWNTs. TERS spectra for each average location 

determined in a) and b) for the cases of c) semiconductive and d) metallic SWNT. 

Reproduced from 13 with permission from the PCCP Owner Societies. 

3.4 Conclusion  

In this chapter we characterize graphite and SWNTs from prepared samples, using high 

spatial resolution TERS mapping. We find bilayer graphene with a thickness of 0.37 nm, 

whereas for graphite, the thickness varies. TERS acquisition on graphene is problematic 

due to in-plane mode vibrations. The low enhancement TERS signal of factor ~1.2-1.3 

from graphene sheet made it difficult to distinguish the vibrational bands. On contrary, 

TERS signal is detectable for graphite. The side illumination of the TERS tip geometry 

setup facilitates revealing specific defects on the surface such as wrinkles and ruptures. 

ID/IG maps of graphite show the specific XY coordinates and regions for poor crystallinity 

over the surface of two different flakes. 

For CNTs, we determine the smallest spatial resolution of ~21 nm for a bundle. Such 

resolution goes beyond the diffraction limit revealing the importance of the TERS 

technique. Metallic and semiconductive SWNT reveal a different split of the G vibrational 
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band (G+ and G-) that is attributed to longitudinal-optical (LO) and transverse optical (TO) 

phonons. The importance of the SWNT classification is essential for several applications 

in industry. It can be assumed that the samples presented in this study are mixtures of 

conformational zigzag and arm-chair structures of SWNT bundles. According to our 

results, D band decreased in specific locations of the semiconductive CNT bundle due to 

electron-phonon coupling.  

ANN renders fast and enhanced TERS hyperspectral maps for the analysis of CNTs. ANN 

model 1 increases the contrast and accurately segregates CNT spectra from background. 

Model 2 shows the composition of vibrational bands at position coordinates X, Y. Results 

agree with literature findings demonstrating the importance of instruction of machine 

learning for rapid analysis. Artificial intelligence and machine learning have more to offer 

that preliminary work mentioned in this chapter. Classification, supervised learning, and 

deep learning with ANNs only scratch the surface of the capabilities of machine learning. 
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Chapter 4  

4 Growth of Spiral 1T Vanadium Disulfide (VS2) Pattern 
and Characterization Through Tip-Enhanced Raman 
Spectroscopy 

In this chapter we introduce 2D materials known as transition metal chalcogenides 

(TMDs). TMDs with metallic character have received intense interest for a broad range of 

applications ranging from battery development to magnetic quantum devices. 1, 2 Using 

atmospheric pressure chemical vapor deposition vanadium disulfide (VS2) flakes are 

synthesized with a metallic 1T phase which displays either flat surface or shows nanoscale 

spiral ripples over its surface. To understand the origin of these surface ripples, tip-

enhanced Raman spectroscopy (TERS) and Kelvin probe force microscopies (KPFM) were 

jointly used to investigate their composition and their electronic properties. 

4.1 Growth and Topography of VS2  

VS2 flakes were synthesized using CVD technique as described in the experimental 

methods of Chapter 2. The synthesis recipe precursor quantities and flow remained the 

same except for the introduction of a fast change in the temperature gradient accomplished 

by physically shifting the furnace for the rippled flakes case. Figure 4.1a illustrates the 

sketch of the atmospheric pressure CVD VS2 procedure used for the synthesis. Given that 

the VCl3 precursor has a high reactivity with light and moisture conditions, it needs to be 

handled in an inert chamber environment. The VS2 synthesis reaction proceeds only with 

the addition of the H2 gas flow and sulfur in inert conditions, otherwise the reaction 

becomes thermodynamically infeasible. To overcome such condition, it is necessary the 

addition of H2 flow to help the sulfurization process, modifying it and making the following 

reaction occur: 3, 4 

VCl4 (g) + S2 (g) + 2H2 (g) → VS2 (s) + 4 HCl (g) 

The sulfur powder precursor (S) was initially located outside the furnace but close to its 

edge. A magnet is used to push the S precursor once the temperature reaches 630°C 
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forming the bulk or thin layered VS2 flakes depicted in Figure 4.1b. The rippled 1T-VS2 

(Figure 4.1c) were formed when the whole furnace was shifted upwards by 1.5 cm without 

the assistance of the magnet once the temperature reaches the final ramp. The growth 

substrates used were Silicon (Si) and mica. Mica is predominantly used for a lateral growth 

meanwhile Si substrate induce an axial growth. 

 

Figure 4.1 a) CVD sketch of VS2 synthesis process. Optical micrograph of b) bulk 

and c) rippled 1T-VS2 flakes. 

Lateral dimension growth of flakes with no surface ripples varied from 1 µm to 20 µm. 

Various thicknesses were obtained through the synthesis process as shown in the AFM 

scans of Figure 4.2a-d. There exists a growth preference of bulk flakes depicted in the 

AFM scan of Figure 4.2a showing a thickness of ~105 nm whereas the bulk flakes show 

thicknesses beyond 1 µm. Height profiles reveal that the lowest synthesized crystal 

thickness of VS2 on mica substrate was 12 nm (Figure 4.2b). Triangular, half and complete 

hexagonal structured VS2 flakes were grown as shown in Figure 4.2b, c; these flakes vary 

in thickness by 5 nm. Other rippled flakes reveal a periodic right- or left-handed spiral of 

hexagonal shape which grows from the center towards the outside of the flake. As 

displayed in Figure 4.2d, the approximate edge height of 102 nm has a periodicity. 
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Figure 4.2 AFM scans of a) bulk, b, c) thin and d) rippled VS2 flakes. The 

corresponding height profiles are shown next the micrographs to the right.   

Table 4.1 summarizes the height, averaged period, and depth of the spirals of several VS2 

flakes. The periodicity was measured in 5 flakes selected from different samples obtained 

by repeating the CVD procedure. There was no thickness-dependence on chirality, and 

both left- and right-handed spirals grow from the center towards the edge of the flakes. 

Interestingly, the periodicity of the ripples (~100-400 nm) depends on the location of the 

substrate in the CVD furnace and consequently on the change in temperature due to the 

shift of the furnace. 
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Table 4.1 Summary of averaged period versus averaged depth within each sample of 

the rippled VS2 flakes. 

Sample 

Number 

Average of 

period 

[nm] 

Average 

Depth [nm] 

Thickness 

[nm] 

1 272 27.5 30 

2 226 26.0 43.2 

3 337 23.0 52.3 

4 297 27.0 68 

5 358 28.6 81 

6 159 16.4 93 

7 310 33.4 109 

8 382 35.5 124 

9 400 26.3 132 

10 259 17.5 139 

11 400 27.0 140 

12 347 29.3 147 

13 290 16.8 183 

14 265 16.8 193 

The surface corrugation of the VS2 rippled flakes is composed of small grains with different 

orientation as depicted in Figure 4.3a-f. Triangular VS2 flakes were synthesized, mostly 

grown near the edges of the mica substrate as depicted in the AFM micrograph and optical 

image of Figure 4.3a,b. A greater detail in the growth predisposition of crystallites is 

observed in the SEM (Figure 4.3c). Respective zoom areas of the AFM and SEM of flakes 

are depicted in Figure 4.3d, f. Overall, around 20% of the flakes displayed the spirals with 

R or L chirality. In the maxima of the corrugation the crystallites are oriented vertically, 

while in the minima areas, an in-plane orientation is predominantly observed, this is further 

depicted in the sketch in Figure 4.3e. 
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Figure 4.3 a) AFM micrograph and b) optical image of as grown VS2 flakes on mica 

flurophlogopite. c) SEM image, d) AFM micrograph zoom-in of a) and e) sketch 

depicting the local grain orientation of the surface structure. f) SEM image zoom-in 

of c).  

4.2 Kelvin Probe Force Microscopy (KPFM) of VS2 

Kelvin probe force microscopy (KPFM) technique allows nanometer scale imaging of the 

surface potential. To further understand how the ripples might affect the work function of 

the VS2 flakes, Kelvin probe force microscopy (KPFM) measurements were performed. 

Contact potential difference map was acquired with the AFM scan for better correlation as 

observed in Figure 4.4a. The flake showed a left-handed spiral structure. Figure 4.4b 

displays the CPD map in more detail. A spiral modulation of the surface potential and grain 

boundaries between the different crystal orientations were visible. To assign the surface 

potential modulation to the topography variation and to calculate the work function of the 

VS2 a cross-section in the CPD and topography map was taken (see Figure 4.4c, d). Results 

indicated that the surface potential was out-of-phase with the topography, meaning that a 

local maximum of the corrugation the surface potential is reaching its local minimum. The 

amplitude of the surface corrugations was ~ 28 nm with its surface potential change of ~20 
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mV. The work function was calculated from the CPD using the equation 1.2. The 

calibration was performed on a HOPG sample.  

𝑉𝐶𝑃𝐷 describes the measured surface potential. Solving equation 1.2 for 𝛷𝑇𝑖𝑝 permits to 

obtain the work function of the tip: 

𝛷𝑇𝑖𝑝 = 𝑒𝑉𝐶𝑃𝐷 + 𝛷𝐻𝑂𝑃𝐺 = 0.27 eV + 4.65 eV = 4.92 eV  (4.1) 

Now, the work function of the VS2 flake is obtained by solving equation 4.1 for 𝛷𝑆𝑎𝑚𝑝𝑙𝑒 

and adding 𝛷𝑇𝑖𝑝 calculated in equation 4.2:  

𝛷𝑉𝑆2
= 𝛷𝑇𝑖𝑝 − 𝑒𝑉𝐶𝑃𝐷 = 4.92 eV − (−0.31 eV) = 5.23 eV  (4.2) 

The calculated work function of the VS2 flake was ~5.23 eV which is larger than the work 

function of gold and indicating the intrinsic metallic behavior of the 1T VS2 flake. A plot 

of the work function modulation along the flake surface is shown in Figure 4.4e, revealing 

a change in the work function of 14 meV caused by the ripples. Previous studies on 

theoretical simulations revealed a very approximate value for the work function of 5.45 eV 

for a monolayer of VS2.
 5 The small difference between the experimental measured value 

of the work function and its theoretical value is attributed to the grain orientation and the 

local geometry variation caused by the ripples. The offset may also be caused by a water 

layer being formed over the surface, since KPFM is sensitive to small dipoles adsorbed on 

the surface and absolute values are usually recorded in ultra-high vacuum systems. The 

comparison with the topography revealed that the work function is larger in regions of a 

vertical crystal orientation. The modulation of the work function is of interest for the 

increase of the efficiency of electronic devices, such as photovoltaic devices. 
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Figure 4.4 a) Overlay of the CPD map with the AFM micrograph of the rippled VS2 

flake. A detailed CPD map with inverted contrast is shown in b). The cross section of 

the topography is shown in c) and of the CPD in d), indicated by the white line in a). 

The calculated work function modulation is seen in e). 

4.3 Raman Spectroscopy of VS2 

The VS2 flakes were characterized through confocal Raman spectroscopy to determine the 

polymorph conformation of the crystal structure and to observe possible induced shift of 

the phonon modes caused by the surface spiral pattern. 6 Previous studies revealed a 

possible photo-oxidation of VS2 at high energy dose illumination through its 

characterization by Raman spectroscopy.3 Therefore, it was imperative to characterize the 

flakes with a low laser power using a longer acquisiton time. In addition, to avoid possible 

oxidation the TMDs were immediately characterized and kept under inert conditions (Ar) 

for storage.  

Raman spectra of the VS2 flakes are shown in Figure 4.5a-c, using a 532 nm and 638nm 

incident wavelength. The inset shows the optical micrographs for each of the corresponding 

plots by color scheme. For the 532nm laser excitation in Figure 4.5a the A1g out-of-plane 

mode is found between 324-328 cm-1. 3, 7 Modes in the range 250-276 cm-1 are attributed 

to the E2g mode. Its intensity is lower, since it is an in-plane mode, which agrees with 

previous reports. 3, 8 In the 100-200 cm-1 region other phonon modes are observed, which 

include 124, 147, 167, and 188 cm-1. In the following, these unassigned modes will be 
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defined as phonon mode p1, p2, p3 and p4, respectively. These modes have not been 

assigned to a specific type. However, the 158 cm-1 mode is associated with a defect mode 

that involves a two-phonon process, which was reported for other metallic TMD. 9 A two-

phonon process is a second order Raman scattering process in which the photoexcited 

electron-hole pair excites two phonons with opposed momentum before its recombination. 

10-12 In addition, Ji et al. mentioned a two-phonon mode for the VS2 in the region of 100-

200 cm-1. 3 A blueshift of the A1g mode of 3 cm-1 is observed between the red spectrum and 

the two other spectra in Figure 4.5a, which is attributed to the thickness variation of the 

flake. For comparison, the thicknesses of the flake of the red inset were measured to ~35 

nm, while the flake of the blue inset is ~65 nm thick. The height of the flake of the green 

inset is in the ~ 1 µm range. Between the blue and green spectra no shift of the A1g mode 

was observed. The E2g mode indicates a blueshift of 7 cm-1 for the red spectrum, with 

respect to the green spectrum, and none between green and blue, which is attributed to the 

thickness of the flake as well.1 The p4 mode at 194 cm-1 appears more intense and 

broadened for the thicker flake (green spectrum and optical image in Figure 4.5a). This 

mode is usually seen in VS2 using the hydrothermal method which results in a vertical 

orientation of the flakes. 13  

Figure 4.5b shows Raman spectra using a 638 nm excitation laser, indicating a 

fluorescence that is coming from the mica substrate. Furthermore, a blueshift (3 cm-1) for 

the A1g mode for thin flakes is observed, matching the observations when using a 532 nm 

excitation. The change in the excitation wavelength is shifting the A1g mode from 324 cm-

1 to 326 cm-1, which corresponds to a redshift of 2 cm-1. The E2g mode is not observed using 

638 nm excitation, which may be attributed to the resonance at 532 nm incident wavelength 

that causes a charge transfer electronic transition. A confocal Raman map of the p3 mode, 

under 532 nm excitation, is seen in Figure 4.5c and compared with the AFM scan of the 

flake. A lack in spatial resolution is revealed, making it impossible to reveal the ripples 

over the surface.  

 



63 

 

 

 

 

Figure 4.5  Confocal Raman spectra of a) three VS2 flakes with different thicknesses 

(red: ~35 nm, blue: ~65 nm, green: ~1 µm) using 532 nm excitation laser and b) two 

different flakes using 638 nm excitation (red: ~35 nm and blue:~20 nm). The inset 

shows the corresponding optical image with a scale bar of 5 µm. The spectra were 

offset for clarity. c) Confocal Raman map of the p3 phonon mode, integrated over the 

spectral range 154-183 cm-1 using 532 nm laser excitation. The surface corrugation is 

not visible, indicating a lack of spatial resolution. 
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4.4 Tip-Enhanced Raman Spectroscopy (TERS) of VS2 

The spatial resolution accessible in TERS yields further topographical details on the ripples 

and the effect of their orientation on the Raman modes. To benefit from the TERS gap 

mode procedure, the VS2 flakes were transferred to a gold substrate to avoid 

photoluminescence and Raman modes of the mica substrate, using the PMMA-transfer 

method. 14  

Ag coated tips were used in combination with a 532 nm laser, while in the case of a 638 

nm excitation Au coated cantilevers were used. The laser was p-polarized for both 

excitations. The spectra were recorded in Spec-top mode, meaning that for each pixel one 

spectrum is acquired with the tip in direct contact with the surface. Between two pixels, 

the sample is moved in intermittent contact mode to prevent the probe from damage and to 

keep the plasmonic enhancement. The TERS map consists of 64000 spectra in case of the 

638 nm excitation, each recorded with an acquisition time of 300 ms and an intensity of 

~8×107 mW/cm2. In contrast, only 123 spectra were obtained in the case of the 532 nm 

excitation, using an intensity of ~3×107 mW/cm2 and an acquisition time of 30 s to avoid 

photo-oxidation of the flakes. 
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Figure 4.6. TERS spectra using a) 638 nm and b) 532 nm excitation. The overlay of 

the topography with the TERS map of the A1g mode is shown in c) and of the p1 mode 

in d) using a 638 nm laser.  The 4 colored boxes in c) show the location of the averaged 

TERS spectra of a). An overlay of the A1g mode with the AFM micrograph using a 

532 nm laser is shown in e) and for the p2 mode in f). 

Averaged TERS spectra collected at 638 nm excitation in conjunction with a gold tip were 

acquired at four different positions within the surface corrugation as depicted in Figure 

4.6a. In contrast, two characteristic point spectra for 532 nm excitation are displayed in 
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Figure 4.6b. The spectra in Figure 4.6a are averaged over 210 spectra (the total number 

of acquired spectra of the A1g Raman map is 6400). The positions of the averaged TERS 

spectra of Figure 4.6a are indicated by the colored boxes in the overlay of the topography 

with the TERS map of the A1g mode in Figure 4.6c.  The overlap of the topography with 

the TERS maps of the p1 mode are shown in Figure 4.6d. 

Crystallites that have an in-plane orientation, further shown in the sketch of Figure 4.3e, 

are observed at positions 1 and 3 of the TERS map in Figure 4.6c which corresponds to 

the minimum of the surface corrugation. On the other hand, at positions 2 and 4 of the 

TERS map in Figure 4.6c, the grain orientation appears predominantly vertical with 

maximum surface relief. The A1g mode appears in the two averaged TERS spectra of the 

maximum of the surface corrugation at the same position. This contrasts with the spectra 

at the minima positions (positions 1 and 3) where a blueshift (position 1) and redshift 

(position 3) of ±1 cm-1 are observed with respect to the A1g wavenumber at positions 2 and 

4. The width of the p1 is changing from 13.6 cm-1 at position 4 to 2.3 cm-1 at position 3. 

The broadening of the Raman modes at position 4 is attributed to the loss of crystallinity 

in that area of the flake. 15 The p3 mode is not observed for the 638 nm excitation while it 

appears under 532 nm excitation. The p2 and p4 mode only appear at the maximum of the 

surface corrugation.  

It is assumed that these phonon modes are out-of-plane modes, because of the out-of-plane 

platelets orientation in case of their appearance and the corresponding interaction with the 

vertical polarized laser. This speculation is based on the appearance of the in-plane E2g 

mode, which is only observed for an in-plane grain orientation.  

To increase the low TERS intensity under 638 nm excitation, the laser wavelength was 

changed to 532 nm in conjunction with an Ag tip, thus providing better resonance 

conditions for the investigation of the VS2 flake and a better S/N ratio as shown by the 

spectrum in Figure 4.6b. even though the laser intensity was reduced to ~3×107 mW/cm2 

to avoid photo-oxidation.  
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An extra shoulder beside the A1g mode is observed which corresponds to the silicon (Si) 

mode of the tip. However, no significant difference in the A1g mode of these two-point 

spectra is observed. The p2 mode is only seen at the maximum of the ripples (position 1) 

at 144 cm-1 (spectrum 1 in Figure 4.6b), where the crystal grain orientation is out-of-plane, 

and the corresponding TERS map is shown Figure 4.6f. This mode has been found in VO2 

and is showing a contamination or possible photo-oxidation. 16 The p3 mode appears more 

intense and sharper at the minimum of the corrugation (position 2), which can be associated 

with a more crystalline character. Here, the local crystal grain orientation is in-plane with 

the substrate (see Figure 4.3e). A small blueshift of the p3 mode of 2 cm-1 from 168 cm-1 

at the maximum of the ripples (position 1) to 166 cm-1 at the minimum (position 2) can be 

observed. A summary of the confocal Raman and TERS results for the excitation 

wavelength 532 nm and 638 nm can be found in Table 4.2. 

Table 4.2 Summary of the confocal Raman and TERS measurements on the rippled 

VS2 flakes. 

𝝀𝑳𝒂𝒔𝒆𝒓 (nm) Mode Peak position (cm-1) Observation 

Confocal Raman    

532 A1g 324 - 327 red shift for thicker 

flakes  

 E2g 247 - 254 red shift for thicker 

flakes 

 p1 122 - 126 red shift for thicker 

flakes  

 p2 147 appears only for thinner 

flakes 
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 p3 167 - 171 red shift for thicker 

flakes 

 p4 188 - 194 indicates vertical flake 

orientation.  

638 A1g 326 - 329 blue shift for thicker 

flakes 

 E2g -  

 p1 122 - 123  

 p2 -  

 p3 168 only revealed in thicker 

flakes 

 p4 186 - 189 blue shift for thicker 

flakes   

TERS  Max. of 

grating 

Min. of 

grating 

 

 

 
vertical grain 

orientation 

in-plane 

grain 

orientation 

 

532 

A1g 

325 

(𝑤 = 14.3) 

325 

(𝑤 = 17.7) 

 

 E2g - -  
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 p1 - 125  

 
p2 144 - 

indicates an oxide 

formation 

 

p3 

168 

(𝑤 = 11.7) 

166 

(𝑤 = 7.8)  

more intense and 

sharper at the minimum 

of the corrugation. 

 p4 187 -  

638 

A1g 

328 

(𝑤 = 12.9)  

327 - 329 

(𝑤 = 17.5) 

 

 
E2g - 247 - 251 

appears at the minima 

of the corrugation. 

 

p1 

124 - 125 

(𝑤 = 13.6) 

123 - 124 

(𝑤 = 2.3) 

 

 p2 152 - 153 -  

 p3 - -  

 

p4 187 - 

mode appears only at 

the maximum of the 

corrugation  

𝑤 = width 

In the TERS experiments the focussing of the laser on the apex of cantilever generates a 

local hot spot through excitation of a plasmon mode of the metal-coated tip. This is 
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enhancing the local electromagnetic field at the junction between the tip and the sample 

and subsequently, enhancing the Raman signal. Figure 4.7a shows the recorded Raman 

spectra with the tip direct in contact with the surface (tip-in) and with a certain lift-off (tip-

out). The tip-in spectrum carries the near-field + far-field enhancement while the tip-out 

signal shows only the far-field scattering. The field enhancement depends upon several 

parameters such as tip geometry, incident excitation, tip-sample distance, and dielectric 

properties of the sample.  The VS2 shows a metallic character, therefore a quenching of the 

enhancement is expected.  

From Figure 4.7a the enhancement factor (EF) is obtained by equation 1.4. 17, 18 For these 

experiments, the EF was estimated to ~1.5 × 102, indicating the low enhancement due to 

the metallic character of the VS2 flake. The spatial resolution of the TERS measurements 

is estimated from Figure 4.7. Therefore, a trench in the topography (Figure 4.7b) and 

TERS map of the A1g mode (Figure 4.7c) was analysed. The gaussian fit of the trench in 

the cross-section reveals a full width at half maximum (FWHM) distance of 60 nm for the 

topography (Figure 4.7d) and 77 nm for the TERS data  (Figure 4.7e). Such spatial 

resolution of the TERS map is well below the optical diffraction limit, revealing the 

advantage of the TERS-technique. 
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Figure 4.7 TERS enhancement factor and spatial resolution analysis. a) Tip-out (far 

field) and tip-in (near-field + far-field) TERS spectra used for the EF calculation. The 

spatial resolution of the TERS setup is estimated from the AFM scan (b) and TERS 

map of the A1g mode (c) of the rippled VS2 flake. d) Height cross section, indicated by 

the red dashed line in b), and gaussian fit. e) TERS cross section obtained from c) and 

gaussian fit. 

4.5 Conclusion 

CVD technique is an effective technique to synthesize metallic 1T VS2 flakes with a flat 

surface or with the presence of left- and right-handed spiral surface patterns. The formation 

of the fine structure is caused by a rapid change in the sulfur feeding rate, the precursor 

ratio (S/VCl3), the temperature and the cooling rate. Without the rapid feeding rate, the 

spiral structures cannot be observed. The spirals are composed of different oriented small 

crystallites. The change in orientation of the crystallite domains further shifts the 
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vibrational modes of the VS2 as determined by TERS and is modulating the work function 

by 14 meV as measured by KPFM.  

Additionally, strains and grain boundaries between the different domains are formed. The 

modulation of the work function and the surface corrugation is of particular interest for the 

development of opto-electronic devices, such as solar cells and photodiodes, or could be 

potentially used in the field of photonics, e.g., as optical resonator or waveguide. 
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Chapter 5  

5 Photo-Oxidation from VS2 Tip-Enhanced Raman 
Spectroscopy Study of Vanadium Oxides Formation 

In this chapter, we address the characterization of 1T-VS2 and the formation of different 

vanadium oxides subproducts from the CVD synthesis.  In addition, VS2 1T phase reveals 

instability by undergoing transformation to VO2 (A) phase and further oxidation into α-

V2O5 through laser ablation. The characterization of VS2 platelets through Raman 

spectroscopy has led to variable observations due to the chemical instability and 

photoinduced transformation of VS2.
 The formation of oxides polymorphs, as the VS2 

degrades upon exposure to ambient conditions, the irradiance of the source used for the 

Raman measurements appears to play an important role yielding either decomposition or 

further oxidation of the VS2 flakes. In order to understand the interplay between light 

irradiation and the phase transition of VS2, high spatial resolution tip-enhanced Raman 

measurements (TERS) were conducted on single flakes. We show how TERS was applied 

to find vanadium oxide mixtures on the surface of CVD grown flakes. 

5.1 AFM, SEM and EDX of VO2 

VS2 and VO2 were synthesized through APCVD methods, nucleated in triangular and 

hexagonal shaped thin flakes. Initially, it was believed that following a salt-assisted method 

it would be possible to synthesize the 2H-VS2 phase, however analysis revealed the 

composition of VO2 instead. 

 For VO2 flakes, a surface morphology difference was observed when using two different 

salt precursors. Figure 5.1a shows a hexagonal shape with a nucleation and growth from 

the center to the outer edge of the flake. The figure reveals a nucleation accumulation of 

approximately double the number of layers in the edge compared to the center. Figure 5.1b 

reveals a multi-stacked triangular shaped flake, the growth difference of both Figure 5.1a 

and, b is attributed to the different salt precursors (KCl and KI, respectively) used in the 

synthesis method. While switching the salt precursors, both cases (flakes in Figure 5.1a, 
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b) using the main V2O5 as the initial precursor, show the influence of the salt type in the 

nucleation growth of the VO2 crystals.  

 The topography cross sections shown in Figure 5.1c, d indicate the height profile 

corresponding to the cross sections shown in Figure 5.1a, b, respectively.  

Height profile shown in Figure 5.1c reveals that the flake has a thickness varying between 

24 nm and 44 nm. VO2 usually grows in nanotubes and ribbons through vapor transport 

techniques with one-layer thickness of approximate 0.62 nm. Therefore, from our cross-

section measurements, we determine that there are ~40 layers for the 24 nm thick area and 

~73 layers for the 44 nm thick central area. 1-3 On the other hand, the thickness of the 

triangles in Figure 5.1b was determined to be from 34 to approximately 81 nm, which 

corresponds to 55-131 layers, respectively. 

 

Figure 5.1 a, b) AFM scan of hexagonal and triangular VO2. Height profiles of flakes 

corresponding to cross sections 1 (c) ,2 (d), from a, and b AFM scans.  

SEM micrographs of VO2 and VS2 product can be observed in Figure 5.2. Figure 5.2a 

and b show ultra-thin flakes of VO2 grown on mica. A film of VS2 crystallites, shown in 

Figure 5.2c, was synthesized by increasing the H2 flow. Figure 5.2d shows the bulk VS2 

with a layered and axial growth predisposition. Overall, the crystal growth of VS2 and VO2 

varied in lateral dimensions, displaying mostly dimensions of 2 µm or less for VO2 and a 

maximum of 3 µm for VS2.  
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Figure 5.2 SEM micrographs corresponding to a, b) VO2 crystal on mica c) VS2 

crystallites film and polymorphs on SiO2/Si. d)1T-VS2 phase crystal layered on mica. 

EDX results of the samples shown in Figure 5.2 are summarized in Table 5.1. Figure 

5.2a, b reveals a weight composition close to VO2 with absence of sulfur, which suggests 

that the triangles are VO2, not VS2.  

For the crystallite film, the weight composition is of 21.6 % vanadium, 13.3% sulfur and 

15.3% oxygen. These results indicate the presence of oxides presumably mixed with 

sulfides in addition caused by the substrate. The crystal shown in Figure 5.2d has an 

elemental composition closest to a 1T-VS2 phase. All other elements that are present may 

be caused by the mica substrate.  

Table 5.1 EDX analysis results 

Product in Figure 5.2 Elements Composition Weight% 

a, b V (Kα) 

O (Kα) 

F (Kα) 

Mg (Kα) 

18.6% 

40.0% 

12.0% 

10.8% 
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Al (Kα) 

Si (Kα) 

K (Kα) 

3.86% 

11.3% 

3.48% 

c V (Kα) 

S (Kα) 

O (Kα) 

Si (Kα) 

21.6% 

13.3% 

15.3% 

49.9% 

d V (Kα) 

S (Kα) 

C (Kα) 

O (Kα) 

F (Kα) 

Mg (Kα) 

Al (Kα) 

Si (Kα) 

K (Kα) 

28.6% 

44.8% 

10.0% 

13.7% 

0.67% 

0.80% 

0.48% 

0.79% 

0.24% 

 

AFM scans and SEM/EDX were acquired immediately after synthesis. Further 

observations on the same crystals highlights that oxidation over VS2 flakes was observed 

after 1 month. Over time, small particles develop over the flake samples which were 

attributed to further oxide formation. The preferential geometry of growth of VS2 is still 

under study as it can be attributed to several factors including nucleation, thermodynamics, 

and diffusion of the TMDs.25 Additionally, the growth of these crystals will depend on the 

gas flow parameters, the position in the furnace (downstream) and substrate nucleation 

sites.  

5.2 Raman Spectroscopy of Vanadium Oxides 

Raman spectra of the vanadium oxides polymorphs and vanadium sulfide were acquired 

using 532 nm as the excitation and a power of 0.9 mW at the sample was used in standard 
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confocal conditions (spot size at the focal plane ~1µm2, Irradiance ~9×104 W/cm2).The 

Raman modes and assignments from the references described in this manuscript are 

summarized in Table 5.2. The most common and reproducible results appeared when the 

VCl3 and S were used as precursors. Oxide formation was also observed in some cases 

depending on the flow of H2 and whether the precursor (VCl3) may have been slightly 

oxidized into VClO when exposed to moist air in ambient conditions. By exchanging the 

salts, ultra-thin triangular and hexagonal structures were obtained and correspond to VO2 

as identified by Raman and EDX. The studies made by Su4 and Littlejohn5 used inert 

environment for the characterization preventing excessive oxidation. Moreover, in some 

cases it was recommended to add another ramp, from room temperature to 150°C, in the 

synthesis recipe to break any oxygen bonds from VClO while purging the system due to 

the VCl3 precursor instability upon moist and ambient conditions. V2O5 precursor is not 

recommended for the synthesis of VS2 in conjunction with KI salt. Instead, several tries 

were attempted following Zhou et al. study6 using VCl3 along with argon and hydrogen.  

The Raman spectra of the different crystals obtained are shown in Figure 5.3. Red 

spectrum (1) in Figure 5.3a shows modes that followed the same synthesis method as 2H-

VS2, however A1g and E2g modes that were supposed to be observed at 404 and 384 cm-1, 

respectively, were absent. E2g 2H-VS2 mode was shifted more than 6 cm-1 while A1g mode 

was not present in the spectrum (Table 5.2), which contrasted with published work. It is 

hypothesized that the mass transportation of the gaseous precursor (S and V2O5) and 

decomposition of the V2O5 (into VO2) forming the reaction on the surface of the substrate 

were limited. Addition of molten salt (KCl) into the reaction promotes oxyhalides that 

decrease melting points to initiate the reaction at lower temperature, 7 nevertheless, no 

kinetic study has been previously reported revealing the feasibility and stability for this 

reaction to occur. Assignments in Table 5.2 reveal a probable mixture of V2O5 and VS2, 

which agrees with EDX results (certain amount of oxygen is present in the product as 

shown in Table 5.1). 
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Figure 5.3a black spectrum (2) shows a pure 1T-VS2 phase crystal that has the different 

modes assigned in Table 5.2, revealing the reproducibility of work previously reported. 8, 

9 Inset optical image is shown for each of the corresponding spectra, revealing the nature 

of hexagonal structure for this crystal. It was revealed by Zhou et al. 6 that KI could be used 

to promote the synthesis of 1T-VS2. However, it was determined once more as shown in 

Figure 5.3a blue spectrum (3), the characterization of vanadium oxides mixture of VO2 

and V2O5 determining the lack of sulphuration during the reaction. Furthermore, large 2D 

crystal layers were formed that may have been caused by the addition of the KI molten salt 

despite not previously observed using KCl salt. 

The spectra 1-3 shown in Figure 5.3b correspond to VO2 (A) phase, VO2 (M1) and α-

V2O5, respectively. For Figure 5.3b, spectra 1 and 2 indicate that oxide formation took 

place because of the VCl3 oxidization process generated VClO compound, making it 

almost impossible to promote the VS2 reaction. Crystals corresponding to the red spectrum 

in Figure 5.3b as shown as an inset, is iridescent and their Raman spectra are typically 

associated with a α-V2O5 phase with the presence of Ag and Bg phonon modes. Finally, the 

spectrum associated with Figure 5.3b plot 3 corresponds to a VO2 (M1) phase. 

Table 5.2 Raman vibrational modes assignments of VS2, VO2, V2O5 polymorphs 

Spectra 

shown 

in 

Fig.5.3 

Precursors 

and 

parameters 

Raman 

wavenumber 

(Cm-1) 

Assignment Reference 

a1 V2O5+S+KCl 

 

10 sccm H2 

50 sccm Ar 

130.7 

167.9 

233.9 

276.3 

356.7 

377.6 

Phonon 1T-VS2  

Phonon 1T-VS2  

Bg β -V2O5 

E2g VS2 1T 

Ag β-V2O5 

E2g 2H-VS2/ Ag 1T-VS2  

4, 5, 10 

a2 VCl3+S 129.3 Phonon 1T-VS2  8, 9, 11 
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20 sccm H2 

80 sccm Ar 

167.2 

274.4 

326.0 

Phonon 1T-VS2  

E2g 1T-VS2  

A1g 1T-VS2  

a3 V2O5+S+KI 

 

10 sccm H2 

80 sccm Ar 

 

151.5 

194.5 

301.0 

355.0 

682.0 

892.0 

Phonon 1T-VS2 / V2O5 

Ag M1-VO2 

- 

Ag α-V2O5 

Mica substrate 

- 

10 

b1 VCl3+S 

 

4 sccm H2 

90 sccm Ar 

 

199.0 

280.0 

334.0 

406.0 

551.0 

682.0 

Mica substrate 

Mica substrate 

A1g 1T-VS2 / Ag α-V2O5 

Ag α-V2O5 

α-V2O5/ Al2O3 

Mica substrate 

10 

b2 VCl3+S 

 

4 sccm H2 

90 sccm Ar 

 

 

143 

199.6 

279.1 

403.2 

602.8 

678.6 

Ag α-V2O5 

Mica substrate 

Mica substrate 

Ag α -V2O5 

- 

Mica substrate 

10 

b3 V2O5+S+KI 

 

10 sccm H2 

50 sccm Ar 

 

138.0 

184.0 

289.0 

343.0 

874.0 

Ag M1-VO2 

Ag M1-VO2 

A-VO2/B1g, B3gline α -

V2O5 

Ag M1-VO2 

Amorphous VO2-VO2 

oxidation 

10, 12 



82 

 

 

 

 

Figure 5.3 a) Raman spectra of the different samples described in Table 5.2, 1) Red 

spectrum was conducted on a mixture of VOx, 2) Black spectrum is associated with 

the 1T-VS2 phase and 3) Blue spectrum is a mixture of VO2 and V2O5. b) Raman 

spectra of the different synthesis trials described in Table 5.2, 1) Blue spectrum is a 

mixture of α-V2O5 and VS2 2) Red spectrum was performed on α-V2O5 and 3) 

spectrum (black) of M1-VO2. Raman spectra are complemented with the optical 

images of the corresponding samples.  

5.3 Promoted Photo-Oxidation from VS2 

To determine a possible photoinduced oxidation process, flakes were irradiated under 

distinct energies using a 638 nm laser excitation focused onto a ~1 µm2 surface (Figure 

5.4a). At first Raman spectrum (blue) was acquired after irradiation of 2.5 mW (Irradiance 
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2.5 × 105 W/cm2) during 200 seconds revealing a stable 1T-VS2. Increasing the power, 

spectra with less features were collected as shown by the black and red spectra in Figure 

5.4a under 6.25 mW (Irradiance 6.25× 105 W/cm2) and acquisition time of 40 s and 100 s, 

respectively. These spectra correspond VO2 phase. Under 6.25 mW and longer irradiation 

time (200 s), the spectrum shows new features highlighting the presence of both VO2 and 

V2O5. As the irradiation increases the phase transition from VO2 to VO2+V2O5 occurs at 

an increase of energy from 0.63 joules (red spectrum) to 1.25 Joules (green spectrum). This 

oxidation process was observed in most flakes with an immediate optical change both in 

the morphology and color of the flakes as observed in Figure 5.4b-g. After reaching 1.13 

joules of energy α-V2O5 was obtained (shown in green of Figure 5.4a) which is most likely 

a mixture of phases. As mentioned in the introduction, VO2 has a MIT property that 

switches back and forth depending on its temperature once it reaches over 68 °C, after 

which it anneals into an unreversible α-V2O5 compound.  

Figure 5.4b, c corresponds to optical images taken while acquiring the Raman spectra 

shown in Figure 5.4a at 0.50 and 0.65 joules (blue and red). Figure 5.4d, e corresponds to 

a flake that was initially VO2 and further oxidized to V2O5. Noteworthy, the same 

coloration of the optical image is shown in Figure 5.3b plot 2, revealing a complete 

transformation from VO2 to α-V2O5. To evaluate if the mica substrate was possibly 

involved in the photon-oxidating process, irradiation of the flakes under distinct power was 

performed using a SiO2/Si substrate. Both substrates are insulators however mica should 

have a bandgap of approximately 7.85 eV while SiO2/Si should be approximately 8.9 eV.  

Figure 5.4f, g reveal the optical transition of VS2 to VO2 using SiO2/Si as substrate. It was 

hypothesized that the interaction with the substrate has a mayor impact in the charge 

distribution and thermal distribution of the flake. These observations indicate that even 

though the results over oxidation were the same as found in flakes b and c deposited on 

mica, the thermal effects appear more prominent over SiO2/Si substrates. 

In addition to the measurements conducted at 638 nm, the Raman spectra were acquired in 

confocal mode using 532 nm as the excitation. The power was set successively at 0.9 mW 
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(9 × 104 W/cm2) with 300 s acquisition time and 9 mW (9 × 105 W/cm2) with a much 

shorter acquisition time of 3 s. These acquisition times were critical and longer acquisition 

under both irradiances resulted in the presence of a mixture of VO2 and V2O5. For shorter 

acquisition times the Raman spectra of VS2 remains stable. A slower transition was 

observed at 638 nm excitation, as expected since VS2 is less resonant at 638 nm than at 532 

nm. Interestingly, less fluorescence background was observed using 532 nm as compared 

to measurements done at 638 nm. 

 

 

Figure 5.4  a) Raman spectra of the induced oxidation of VS2 under distinct power 

and irradiation time, b, c) Optical transition from VS2 to VO2 on mica substrate. d, 

e) Optical transition from VO2 to V2O5 on mica substrate. f, g) Optical transition from 

VS2 to VO2 on SiO2/Si substrate. 
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5.4 TERS of Vanadium Oxides Mixtures. 

To understand better the oxidation process, TERS was used to correlate the Raman spectra 

with the topography of the flakes. Figure 5.5a shows the topography of a portion of a VS2 

flake onto the as-grown mica substrate. The TERS experiments were acquired with a 

wavelength of 532 nm and with a power of 9 mW focused onto a ~2m2 area on the sample 

(Irradiance of 4.5 × 105 W/cm2). This translates into a power of ~22.6 W below the coated 

tip which has a typical diameter of ~80 nm. In these experiments, we used commercial 

OMNI TERS FM (Ag) probes (Ag coating of about 300 nm) that are coated with a thin 

~10 nm protective Au layer to protect Ag from oxidation. Plasmon modes of Ag 

nanostructures are usually reported to be more efficient when excited with 532 nm. In 

addition, the incident 532 nm excitation was selected to minimize the background 

fluorescence from the mica substrate which is significant under 638 nm excitation.  

In these experimental conditions, the collected spectra appear to reveal oxidation of the 

VS2 flakes during the mapping even though a short acquisition time was used (150 ms per 

pixel). The local oxidation may be enhanced by the LSPR confined at the extremity of the 

tip that can presumably induces modest local temperature changes at the tip-sample 

junction that can be sufficient to promote the oxidation of the VS2 flakes. 13 
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Figure 5.5 a) AFM scan of the topography of flake. b) Average TER spectra collected 

at different areas. c) TERS all colored map revealing average area shown in b. d) 

TERS map corresponding to the integration of the [113-193] cm-1 region with TERS 

intensity range of 0.3-5×103 arbitrary units. e)  TERS map corresponding to the 

integration of the [453-572] cm-1 region with TERS intensity of 0.9 - 2.5×104 arbitrary 

units. f) TERS map corresponding to the integration of the [796-932] cm-1 region 

TERS intensity range of 1-2.7×104 arbitrary units.   

TERS experiments were conducted on a selected flake with topography shown in Figure 

5.5a. The representative TERS spectra are shown in Figure 5.5b and are collected from 

different areas indicated in Figure 5.5c. These spectra were obtained by averaging 100 

TERS spectra. Spectrum 1 corresponds to a zone represented by the blue square outside 

the flake and shows modes at 91, 185, 258, 308 and 672 cm-1 that correspond to the mica 

substrate. Spectrum 2 (white square in Figure 5.5c) displays only one mode at 857 cm-1 

associated with VO2 (B) phase and to the V=O stretching mode of an octahedra structure. 

14 This mode might be related to the strong-spin interaction at the phase structure transition 

occurring due to the thermal laser excitation.  The red area (Figure 5.5c) corresponding to 
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spectra 3 displays 152, 352, 500 and 617 cm-1 modes. The mode at 152 cm-1 is related to 

V2O (B) where the V-O-V is associated with stretching or bending mode. In addition, the 

latter mode has also been associated with V2O5, these modes are determined by vibrational 

shear and sliding motion of VO5-VO5 atomic chains of the compound. 10, 15 The spectral 

width of these modes may be attributed to the loss of crystallinity on that area of the flake. 

α-V2O5 B2g mode at 352 cm-1 can be observed due to breathing oscillations of the chains 

that occur along an α-axis. Nevertheless, the small intensity reveals a probable mixture and 

crystallinity loss as well. The 452 cm-1 mode is assigned to the VO2 mode and has been 

previously resolved experimentally using Al2O3 substrate. 16 In addition, the mode is also 

observed on M2-VO2 phase showing a similar tendency to α-V2O5.  Different phases 

generate vibrational modes in the range of 614 to 619 cm-1 for VO2 so it is uncertain which 

specific phase this mode can correspond to, nevertheless the broadening of the mode 

indicates a loss of crystallinity.17 The average green spectra in Figure 5.5b and 

corresponding zone in Figure 5.5c shows significant spectral shift and enhancement. It 

reveals a shift of approximate 8 cm-1 for the 152 cm-1 mode indicating a crystalline VO2 

(M1). Other modes such as 246 and 500 cm-1 (Ag phonon M1-VO2) show a shift of more 

than 50 cm-1 from the previous average spectrum. This determination may be attributed to 

the thickness of the flakes, at the edge starting from 35 nm and average spectra revealing 

an approximate thickness of 50-70 nm while the last average spectrum 4 is taken at a 

thickness of approximate 130 nm which is characteristic of a bulk nature VO2 (M1), 

nevertheless the mode at 144 cm-1 can be attributed as well to V2O5 as previously 

mentioned. 

From the collected spectra we observe an increase in the TERS intensities of all three bands 

on the wrinkled areas and locations where strains are found. This is expected since there is 

an increase in the electric field as well as a change in the orientation of the material in those 

sectors. It was shown in previous studies in TMDs that straining the flakes will distort and 

broaden phonon modes with large spectral shifts. 18  
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Selection and integration of 3 modes from the spectra (highlighted band regions in Figure 

5.5b as blue, green, and red) were acquired to generate the TERS maps shown in Figure 

5.5d-f. The colored maps correspond to the Figure 5.5d [113-193] cm-1 (blue map), Figure 

5.5e[453-572] cm -1 (green map) and Figure 5.5f [796-932] cm-1 (red map) spectral regions 

respectively.  

According to the results observed the flake reveals a mix of VO2 phases characteristic of a 

bulk flake. The morphology and TERS results indicate the amorphous sites of the flake 

indicating an in-homogenous flake growth. The TERS blue map shown in Figure 5.5d 

indicates the mode associated with VO2 or V2O5 composition, while it shows a higher 

TERS intensity of 0.3 - 5×103 arbitrary units in comparison to the other modes integrated. 

Furthermore, the intensity contrast distribution in the map shows that the mode is most 

intense where there is an increase in the layers and when comparing to the topography 

found in Figure 5.5a. The green map observed in Figure 5.5e is most likely a mix of modes 

coming from VO2 and V2O5, its TERS intensity ranges from 0.9 - 2.5×104 showing a better 

resolution of the strains position in the overall surface of the flake.  The last which is the 

red map chosen by integrating a VO2 (B) phase mode which has an intensity of 1 - 2.7×104, 

reveals crisper details over the surface of the flake such as grain like strains that are smaller. 

This may be attributed to the semi-metallic character found in VO2 compounds.    

Inhomogeneous broadening of the modes may be expected due to amorphous sites within 

the flake and change in the environment, nevertheless the TERS results show consistency 

in the characteristic results for oxide mixture and the spectral shift of specific sites over the 

surface indicating the different crystalline phases and amorphous sites. Results reveal that 

surface shows a semi-metallic property except in the location where several layers are 

present. The property presented in the VO2 compound is attributed to faster acquisition of 

the map, to avoid the photo-oxidation.  

To further reveal the enhancement and confirmation of TERS a comparison near field 

versus far field (tip in versus out) was accomplished. Measurements were performed using 

5 second acquisition for both tip in and out under the same parameters of laser excitation 
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and grating. The greater the energy by changing acquisition time, the more visible damage 

over the flake was observed. Figure 5.6 reveals the enhancement specifically of the B1g 

and the B2g modes at 149 and 286 cm-1, respectively, that are characteristic of α-V2O5 

mode. 19 However the modes show a spectral shift compared to references, that is attributed 

to the plasmonic resonances. The mode B1g at 149 cm-1 shows a shift of 4 cm-1 towards 

higher wavenumbers when comparing to the 145 cm-1 found in literature for bulk crystals 

of V2O5.
 20 Furthermore, the B2g mode shows a shift of 2 cm-1 also towards a higher 

wavenumbers region. This reveals that there is an interaction between the metal tip and the 

insulator V2O5 under 532 nm excitation. TERS has been previously reported in 1D nanorod 

VO2, polarization studies showed transition of M1 and M2 phases however no R (metallic) 

phase was confirmed, this indication reveals that we had mixtures of VOx components in 

our flakes. 3 These spectral shifts differ from the micro-Raman measurements. When 

acquiring the near- and far-field spectra, the increased acquisition time has presumably 

promoted a photon-oxidation reaction and resulting damages occurred in a part of the flake 

changing the surface roughness and generating particles. For TERS mapping new flakes 

were chosen to avoid photon-oxidation and by changing to faster acquisition time.  

 

Figure 5.6 TERS intensity showing near field (tip in) versus tip out (far field). 
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Using the FWHM of the TERS signal our experiments revealed a spatial resolution of ~ 

80 nm over maps exceeding 10 m × 10 m surfaces. This spatial resolution surpasses 

diffraction limited measurements and is adapted to these thin flakes providing the 

possibility to spectroscopically identify nanoscale features such as edges, strains, and 

particles located over the map. 

5.5 Conclusions 

In this chapter, we have reviewed and compared our results to previous synthesis of 1T-

VS2 performed in APCVD conditions. APCVD synthesis of 1T-VS2 ambient conditions 

will promote polymorphs. Raman spectroscopy was used to determine the characterization 

difference between the TMDs and oxide formation. It was found that VO2 (M1), (A), (R) 

phases and the α-V2O5 appear in some cases. This highlights the difficulties promoting the 

reaction of VS2 using a V2O5 precursor. Raman spectra further revealed the transition 

occurring to the VS2 oxidizing into VO2 for increased laser power. A clear change in the 

surface and color morphology of the flakes occurred at the end of the transition when 

incident energy reached 1.13 joules. 

TERS data unveils strains that affect the VO2 phase transition in the form of spectral shifts 

at different locations of two different flakes. The mixture of different oxides such as V2O5, 

VO2 and different phases were observed on bulkier areas and strains generating in some 

cases amorphous sites. The energy associated to the local surface plasmon resonance and 

the coupling between the coated tip (plasmon) and insulator (VO2) generate a slight 

enhancement. Spectral shifts associated with the mica substrate are indicative of the strong 

plasmonic interaction between the Au-coated tip and the and the TMD flake. TERS maps 

in combination with the associated spectra provides a spatially resolved snapshot of the 

distribution of VO2 and oxide mixtures with a spatially resolution better than 100 nm. 
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Chapter 6  

6 Hidden layers of TMDs WS2 Semiconductor 
Characterized Through TERS 

In this Chapter, we investigate the formation of a flower-like structure that grows over the 

surface of a WS2 semiconductive flake grown by CVD. This secondary structure cannot be 

clearly identified by topography measurements and the phase image was key to reveal this 

secondary structure with excellent resolution and contrast. Furthermore, Raman 

measurements conducted in confocal and in TERS modes provide excellent optical contrast 

to differentiate the different domains of this secondary structure based on the change of 

intensity of the lattice vibrations. In addition, nanomechanical measurements using the 

advanced modes force modulation (FMM) and Peak Quantitative Nanomechanics (QNM) 

were used to understand the origin of the hidden flower. The cantilever torsion in the FMM 

indicates a reduced friction force within the fine surface structure meanwhile the change in 

the amplitude and phase of the FMM experiments displays the hidden flower from which 

is concluded that also the Young’s modulus differs in these domains. QNM technique 

shows that the adhesion force is reduced in these domains. Last, Kelvin Probe Force 

Microscope (KPFM) measurements reveal a change of the electrical properties within these 

domains. The correlation of these nanomechanical and nanoelectrical measurements 

conducted at the scale of a single flake together with the spatially resolved Raman mapping 

provided the necessary data to understand the growth of this secondary structure. 

6.1 Growth of WS2 Flakes  

The height of WS2 monolayer is typically of 0.65 nm. Between the WS2 monolayers only 

weak van der Waals interactions exist, due to the passivated surface, which prevents the 

monolayer from bonding with the neighbouring plane and permits the mechanical 

exfoliation. The stacking of 1H layers can result in a hexagonal symmetry (2H phase, 

semiconductor) or rhombohedral symmetry (3R phase, semiconductor). 1 
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For the specific case of WS2, two pathways involving the nucleation and the subsequent 

growth are generally discussed. The smooth and passivated surface usually prevents the 

2D material to directly nucleate. Therefore, the primary mechanism involves the direct 

nucleation around a localized defect over the substrate which is then followed by the lateral 

growth of the single layer crystal. 2 The second proposed mechanism involves the 

formation of nanoparticles, e.g., WO3, which is followed by the formation of a layered 

material shell and further lateral growth. 3, 4 The lattice structure of the substrate itself has 

an important influence on the growth and orientation of the WS2. So far crystals were 

grown on Si/SiO2, graphene and Au surfaces. The crystals grown on Si/SiO2 show a 

random orientation. 5, 6  

Furthermore, the WO3/S ratio and the S introduction time has a large influence on the 

growth and the shape of the WS2 flakes. 7 In general, the WS2 flake shows a hexagonal 

shape with alternating S and W terminated edges. Increasing the sulfur concentration 

results in a faster growth of the W terminated edges. In consequence these edges become 

shorter with time which is finally forming the triangular shape of the WS2 flakes. 8  

 Increasing the exposure time of the flake to the sulfur leads to larger flakes. In general, the 

formation of the WS2 crystals is quite complex and depends additionally on the generation 

of defects and lattice mismatches, which results in a core-shell growth4, 9 and screw 

dislocation. 10, 11 In addition, hexagonally shaped flakes with a heterostructure of sulfur- 

and tungsten vacancies were reported. 12-18 Those vacancies were revealed by 

photoluminescence (PL) and Raman spectroscopy or labeling with a fluorophore. 19 The 

understanding of the formation of such peculiar structures is therefore critical for the future 

application of these materials. The WS2 flakes were grown on a silicon substrate coated 

with a 280 nm silicon dioxide layer by atmospheric pressure CVD in a single zone tube 

furnace using a solid source (tungsten trioxide (WO3) and sulfur (S)) as described in 

Chapter 2, experimental methods. 
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6.2 Topography and Optical Microscopy of WS2  

The WS2 flakes were first imaged with an AFM operating in intermittent contact mode. 

The amplitude and the phase of this oscillation are changing during the scanning due to the 

tip-sample interaction. The change in the amplitude reveals topographic information 

meanwhile a change in the phase is giving indications for a change in the material 

properties of the sample, such as adhesion, stiffness, or frictional properties.  Figure 6.1a-

c shows the topography (a) and the phase (b) image of a flake obtained with an AFM in 

intermittent contact mode as well as the corresponding optical image (c). A sketch of the 

AFM working in intermittent contact mode can be found in Figure 6.1d. A well-formed 

flake of triangular shape, with a flat surface and 3.9 nm in height (which corresponds to 5-

6 monolayers of WS2), is seen in the topography scan. The optical microscope image of 

this flake (see Figure 6.1c) reveals the presence of a dust particle located on the right apex 

of the triangular flake. To avoid a contamination of the AFM probe with this particle, the 

AFM micrograph was not centered and is not showing the complete flake. The 

corresponding AFM phase image (Figure 6.1b), reveals a finer structure within the flake, 

which is not visible in the topography, indicating a change in the sample composition. 

Three triangles with different phase shifts are covered by a three-fold symmetry 

“flowerlike” structure mimicking the shape of a Trillium flower. The formation is only 

seen in the phase and not in the topography image and only in hard tapping condition. The 

flower structure is not visible in the optical microscopy image (Figure 6.1c), indicating 

that such secondary structure presumably has different composition and mechanical 

properties as compared to the underneath triangular flake. 
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Figure 6.1. AFM scans of WS2 flake performed in intermittent contact mode. The 

height map is shown in a) and the phase in b). A cantilever with a spring constant of 

48 N/m was used for these measurements. The optical microscope image of the flake 

can be found in c) and a sketch of the AFM working in intermittent contact mode in 

d). Adapted with permission from 20. Copyright 2022 American Chemical Society. 

6.3 Raman Spectroscopy of a WS2 Single Flake  

To further analyze the structure and composition of the threefold symmetry confocal 

Raman spectra and maps were acquired using =532 nm as the excitation source. Previous 

studies acquired with =514 nm as the excitation source revealed Raman spectrum is 

dominated by first order modes LA(M) at 176 cm−1, 2LA (M) at 351 cm-1, E1
2g (Γ) at 356 

cm−1 and A1g(Γ) at 418 cm−1. 21 Figure 6.2a is showing selected Raman spectra at different 

positions within the fine structure. The first spectrum got recorded within one of the three 

petals of the flower (Position I), the second spectrum was obtained outside the leaves, but 

within the inner triangle (Position II) and the last spectrum is located close to the edge of 

the flake (Position III). All spectra collected on the WS2 flake are showing two Raman 

modes in addition to the Silicon peak at 520.7 cm-1. The first peak, located around 351 cm-
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1, is a convolution of the in-plane E1
2g mode and the 2LA mode. The out-of-plane A1g mode 

appears around 419 cm-1. Under 532 nm excitation PL can appear in WS2 in the [2600-

3700] cm-1 spectral range. Comparing the Raman spectra collected on the distinct area 

shows that no new modes appear and only the relative intensities of the E2g+2LA and A1g 

are altered. The convoluted E1
2g+2LA peak is decreasing by a two-fold factor going from 

the edge of the flake to the inner triangle and the drop further increases inside the threefold 

symmetry. Here, the intensity of the E1
2g+2LA peak is reduced by a three-fold factor with 

respect to the edge of the flake. The same change is also observed for the A1g mode.  Further 

analysis shows that the wavenumber associated with the A1g mode is slightly shifted 

depending on its position. At the edge of the flake (position III) the mode appears at 419.2 

cm-1, within the inner triangle (position II) at 418.8 cm-1 and inside the petal of the flower 

(position I) at 418.0 cm-1, indicating a total shift of 1.2 cm-1. The width of the gaussian 

function in the same regions is changing from 16.7 cm-1 to 16.2 cm-1 and 18.8 cm-1, 

respectively. The peak position of the convoluted E1
2g+2LA peak is changing from 348.6 

cm-1 to 349.9 cm-1 and 350.15 cm-1 with associated widths that varies from 22.7 cm-1 to 

21.3 cm-1 and 21.7 cm-1. Therefore, the difference between the E1
2g+2LA and A1g peaks is 

changing from 70.6 cm-1 at position III to 68.9 cm-1 at position II and 67.8 cm-1 at position 

I. The PL intensity is reduced by one order of magnitude (15×) from the edge of the flake 

(position III) towards the center (position II or I). The origin of the PL quenching is at this 

moment unclear but may be caused by strain, doping effects or nonradiative recombination.   

Figure 6.2b is showing the integrated Raman intensity map (blue map) of the strain related 

E1
2g and 2LA mode of the WS2. Similar to the AFM phase image, the threefold symmetry 

is clearly revealed, indicated by a lower Raman intensity towards the center. The same is 

also true for the doping related A1g mode (see Figure 6.2c green map) and the PL (2600 – 

3700 cm-1, Figure 6.2d red map) of the WS2 flake. Both maps show the same structure as 

for the blue map of the E1
2g+2LA peak reported. Interestingly, the dust particle, which can 

be seen in the optical microscope image of the flake (Figure 6.2c), is absent in the Raman 

maps. Figure 6.2e is a map of the ratio of the E1
2g+2LA peak (blue map) with respect to 

the A1g mode (green map). In this map, a sharp boundary between the outer and inner 
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triangle became visible, beside the threefold symmetry, indicating two domains. A change 

in the ratio can give indications for a strain caused by a lattice mismatch between these two 

domains.   

 

Figure 6.2 Confocal Raman spectra of different spots within the WS2 flake (a) and the 

corresponding Raman map (b-e). The integration time of the Raman spectra was set 

to 0.5 s and the irradiance to 1∙105 W/cm2. A grating of 600 gr/mm, pinhole of 300 µm 

and slit of 100 µm were used. The blue map (b) shows the integrated intensity of the 

convoluted in-plane E1
2g and 2LA mode (351 cm-1), while the green map (c) displays 

the Raman map of the out-of-plane A1g mode (419 cm-1). The position from where the 

spectra of a) were taken are indicated in the blue Raman map (b). The PL map of the 

spectral range 2600 – 3700 cm-1 is shown in d). The ratio of the blue and green map 

can be found in e). The maps consist of 30 × 30 point-spectra with a spacing of 0.6 µm 

along the x and y direction (18 × 18) µm2. Adapted with permission from 20. Copyright 

2022 American Chemical Society. 

6.4 Tip-Enhanced Raman Spectroscopy (TERS) of the WS2 
Hidden Flower  

The confocal Raman microscopy on the WS2 flakes showed some limitations. The spatial 

resolution is limited by diffraction and a longer acquisition time or higher intensity yields 
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to oxidation of the flake. In this context, TERS can overcome such spatial resolution 

limitation by surpassing the diffraction limit and enabling the acquisition with lower 

excitation intensity and/or with shorter acquisition times. A 532 nm laser excitation was 

focussed from the side on the apex of a front side Ag-coated AFM cantilever. This 

generates a local hot spot through excitation of the plasmon mode of the Ag-coated tip 

thereby enhancing the local electromagnetic field at the junction between the tip and the 

sample and subsequently, enhancing the Raman signal. At each pixel of the TERS map a 

spectrum is acquired with the tip in direct contact with the surface. Between two pixels of 

the map, the sample is moved in intermittent contact mode in order to prevent the probe 

from damage and to keep the plasmonic enhancement. This provides beside the Raman 

map (with a high spatial and spectral resolution) simultaneous topographic information. 

Figure 6.3 summarizes the obtained TERS results. Averaged spectra of 25 pixel at different 

positions within the flake are presented in Figure 6.3a. Analyzing the recorded spectra 

shows the same trend, which was already observed with the confocal Raman microscope 

and which is visible in the corresponding maps, namely that the intensity of the LA, 

E1
2g+2LA and A1g mode is continuously decreasing from the edge of the flake towards the 

center of the threefold symmetry. Additionally, the peak position of the silicon (Si) mode 

is changing from 520.3 cm-1 at the edge of the flake (position 4 in Figure 6.3a) to 519 cm-

1 (at positions 2 and 3) and finally to 518.8 cm-1 in the center of the leaf of the threefold 

symmetry (position 1). This indicates a coupling between the substrate and the WS2 flake 

which is shifting the phonon mode of the silicon. A similar trend was observed for the LA 

mode, which is another in-plane longitudinal acoustic mode. Here, the peak position at the 

edge of the flake is 179.9 cm-1 (position 4), 175.9 cm-1 at position 2, 173 cm-1 in the center 

of the flake (position 3) and 173.2 within the threefold symmetry (position 1). The 

convoluted E1
2g+2LA peak shows a smaller shift of 352.2 cm-1 at the edge (position 4) to 

350.3 cm-1 (at position 2 and position 3) and 350.7 cm-1 within the fine structure (position 

1). The origin of the mode spectral shift is unclear at this moment, but in the TERS 

experiments the enhancement of the Raman signal depends on many parameters, such as 

polarization and illumination angle of the incident light. 22 The tip angle with respect to the 

surface of the sample is also an important parameter. This leads to an enhancement of the 
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in-plane and the out-of-plane mode, but with different enhancement factors. In the current 

study the light is linearly polarized and is illuminating the cantilever under an angle of 60°. 

Considering the tip-tilt angle of 11° this results in a tip illumination angle of 49° and the 

appearance of the in-plane E1
2g and 2LA modes in the TERS spectra (see Figure 6.3) and 

the out-of-plane A1g mode, as well. The A1g mode shows a change in the peak position 

towards the same direction. Here, the peak appears at 421.4 cm-1 at the edge of the flake 

(position 4), reduces to 421 cm-1 at position 2, followed by a further reduction to 419.9 cm-

1 in the center of the flake (position 3) and 419.7 cm-1 within the fine structure (position 1). 

In Figure 6.3b, an overlay of the AFM topography with the TERS map of the E1
2g+2LA 

(311 - 383 cm-1) peak is shown with enhanced contrast and resolution. The small boxes 

indicate the position of the spectra recorded in Figure 6.3a. In this map the threefold 

symmetry is clearly visible. This permits to assign the Raman map to characteristic features 

in the topography of the WS2 flake and is only possible with the TERS technique. In Figure 

6.3c the TERS map of the LA mode (152 – 202 cm-1) is shown. In this map, the threefold 

symmetry is also indicated but not as pronounced as compared to the map of the E1
2g+2LA 

mode, presumably because of a poorer signal-to-noise ratio. The TERS map of the A1g 

mode (400 – 440 cm-1, see Figure 6.3d) shows the fine structure within the WS2 flake more 

clear, same as in the confocal Raman map (see Figure 6.2b), but not as much as in the case 

of the E1
2g/2LA peak (see Figure 6.3b). The increase in the Raman signal as a function of 

the tip sample distance is shown in Figure 6.3e. The tip-in spectrum is acquired when the 

tip is in direct contact with the surface. In such experiments, the signal contains both the 

near- and far- fields contributions. In order to obtain the far-field scattering the tip was 

lifted a few nanometers away from the surface, which results in a drastic drop of the signal-

to-noise ratio. 

The difference between the tip-in/tip-out experiments can be used to estimate the local 

enhancement factor (EF) of the TERS experiments by considering the diffraction limited 

excitation area of the far-field 𝐴𝐹𝐹~2 μm2 and the near-field area of the hot-spot (𝐴𝑁𝐹 ≈

𝜋(𝑟𝑡𝑖𝑝)
2

~0.003 μm2) confined at the extremity of the Ag tip (𝑟𝑡𝑖𝑝~ 30 nm). The EF, based 
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on equation 1.4, was estimated to 4565 for the LA mode, 2629 for the E1
2g+2LA peak, 

5450 for the A1g mode and 2250 for the Si peak. 

 

 

Figure 6.3. Micrographs and spectra of the TERS measurements. Averaged spectra 

of 25 pixel of five different positions on the flake are seen in a). In b) the overlay of 

the topography and the TERS map of the convoluted E1
2g+2LA peak (311 - 383 cm-1) 

is shown, highlighting the threefold symmetry. The small boxes indicate the position 

of the spectra recorded in a). The TERS map of the LA (152 – 202 cm-1) and A1g mode 

(400 – 440 cm-1) are displayed in c) and d). A grating with 600 gr/mm, a pinhole of 

300 µm, a slit of 100 µm, an exposure time of 0.4 s and a scan speed of 1.1 line/s was 

used for the acquisition of the TERS maps. The map consists of 100 × 100 spectra 

(scan size 7.5 × 7.2 µm2), with a spacing of 75 nm along X (72 nm along Y). The laser 

power at the apex of the tip was adjusted to 1.2 µW. The acquired Raman spectra 

when the tip is in contact and withdrawn from the surface shown in e), indicating a 

strong enhancement of the signal. Adapted with permission from 20. Copyright 2022 

American Chemical Society. 
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6.5 Electrical Properties of WS2  

To complete the Raman investigation and the mapping of the nanomechanical properties, 

the electronic properties of the WS2 flake were investigated using KPFM in amplitude 

modulation. In the first pass of a KPFM experiment, the topography in intermittent contact 

mode is obtained. The recorded topography (Figure 6.4a,b) is not showing the threefold 

symmetry, of previous topography measurements. In the second pass the surface potential 

is measured with a constant tip lift of 15 nm. A sketch of the AFM working in AM-KPFM 

mode is presented in Figure 6.4c. Here, a conductive cantilever with a spring constant of 

5 N/m is used. Figure 6.4d shows a map of the relative change in the surface potential/ 

CPD with respect to the SiO2. The threefold symmetry is clearly visible in the map and the 

cross section (Figure 6.4e) is showing a change in the surface potential of ∆𝑉𝐶𝑃𝐷 = 0.05 V. 

The work function difference between the tip and the sample is calculated from the CPD 

following equation 1.2. The sample consists of pure SiO2 and a stack of WS2 on SiO2. 

Therefore, the surface potential difference between these two regions is used to calculate 

the work function of the WS2 (Φ𝑊𝑆2
): 

Δ𝑉𝐶𝑃𝐷 = 𝑉𝑊𝑆2
− 𝑉𝑆𝑖𝑂2

 

             =
1

𝑒
(Φ𝑡𝑖𝑝 − Φ𝑊𝑆2

) −
1

𝑒
(Φ𝑡𝑖𝑝 − Φ𝑆𝑖𝑂2

) =
1

𝑒
(Φ𝑆𝑖𝑂2

− Φ𝑊𝑆2
) 

⟺  Φ𝑊𝑆2
𝑒⁄ = Φ𝑆𝑖𝑂2

𝑒⁄ − Δ𝑉𝐶𝑃𝐷 

(6.1) 

 

Here, Φ𝑆𝑖𝑂2
 is the work function of the SiO2 with a literature value of ~5.0 eV. 23 Figure 

6.4f shows the change in the work function along the WS2 flake. A work function of ~4.6 

eV for a mono-layer of WS2 and ~4.2 eV for bulk WS2 is reported in literature. 24 Therefore, 

the measure work function of 4.55 eV, which is increasing by 50 meV within the tungsten 

vacancies to 4.6 eV, shows that the flake composing of 5 – 6 monolayers cannot be 

considered as bulk material. From this it follows that trap states within the tungsten-
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vacancy domains act as a dopant and tune the work function of the WS2 towards an 

insulating material. 

 

Figure 6.4 Results of the KPFM measurements on the WS2 flake in amplitude 

modulation. In the first pass the topography is obtained and in the second pass the 

surface potential is measured with a constant tip lift of 15 nm. The AFM micrograph 

of the flake topography is shown in a) and the cross section in b). In c) a sketch of the 

2nd pass of an AFM working in AM-KPFM mode is presented. The map of the relative 

change of the surface potential with respect to the SiO2 is shown in d). A cross section 

along the threefold symmetry is shown in e) and indicated by the dashed white line in 

d). The work function of the WS2 is calculated from the relative change of the surface 

potential and the result is displayed in f). Adapted with permission from 20. Copyright 

2022 American Chemical Society. 
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6.6 Mechanical Properties of WS2 Flakes 

To further analyze the mechanical properties of WS2 flake, more advanced AFM modes 

such as force modulation (FMM) and PeakForce Quantitative nanomechanics (QNM) 

modes were used. All FMM and QNM were conducted by post-doctoral researcher Dr. 

Joachim Jelken.  

FMM yields the nanomechanical properties associated with the distinct domains of the 

threefold symmetry. Topography, lateral force map of trace and retrace obtained from the 

FMM mode are depicted in Figure 6.5a-d. The topography map (Figure 6.5a) shows the 

same results as in intermittent contact mode, a flat and 4.2 nm height flake is observed. 

Figure 6.5b shows the torsion of the cantilever for trace while Figure 6.5c in retrace scan 

direction. The torsion is inverted in both images, giving strong indication that the friction 

force on the flake is higher compared to the substrate. Regions with a larger friction force 

increase the cantilever torsion. 

Only a change in the friction force appears in an inverted signal in the trace and retrace. 

Regions with a larger friction force increase the cantilever torsion. The fine structure within 

the flake (tungsten vacancies) shows a small reduction in the friction force with respect to 

the rest of the flake but still larger than the friction force of the substrate. The torsion signal 

is further analyzed to reveal if it is topographic or frictional origin. The sum signal of the 

cantilever torsion in trace and retrace (Σ 2⁄ ) carries mainly the topographic information, 

because it shows the same cantilever torsion in trace and retrace which will add in the sum. 

A change in the friction results in an opposite cantilever torsion in trace and retrace, which 

cancels out in the sum of these two signals. Here, the difference between these signals 

(Δ 2⁄ ) is mainly showing the change in the friction force and suppresses the cantilever 

torsion due to a change in the topography. Figure 6.5d is showing the sum (Σ 2⁄ )  and the 

difference (Δ 2⁄ )  of the cantilever torsion in trace and retrace, indicating clearly that the 

origin of the change in the signal is a change in the frictional force and not cause by a 

change of the topography. 
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Figure 6.5 Vertical deflection (a) and torsion (b-c) of the AFM cantilever during the 

scan of the WS2 flake recorded in force modulation mode. The DC signal of the 

vertical deflection reveals topographic information (a), while from the torsion the 

friction force is obtained, measured in trace (b), and retrace (c). The sum (𝚺 𝟐⁄ ) and 

difference signal (𝚫 𝟐⁄ ) of the cantilever torsion in trace and retrace revels that the 

change in the cantilever torsion is frictional origin, as shown in d). A force modulation 

cantilever with a spring constant of 2 N/m was used for the measurement. Adapted 

with permission from 20. Copyright 2022 American Chemical Society. 

An increase in the amplitude corresponds with a region of higher Young’s modulus. The 

modulus of the WS2 flakes being in the range of ~300 GPa, 25 gives rise to use an AFM 

cantilever with a stiff spring constant of 48 N/m. Measurements with a force modulation 

cantilever (soft spring constant of 2 N/m) were not showing any change in the amplitude 

or phase, only in the friction force.  Figure 6.6a-c shows the topography (a), the lock-in 

amplitude (b) and lock-in phase (c) in force modulation mode. In the following the analysis 
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was performed on a different flake, which showed the same flower-like structure. The 

optical image of this flake can be seen in Figure 6.6d and is not showing the flower-fine-

structure. A sketch of the AFM working in FMM mode is presented in Figure 6.6e. 

The topography map agrees with the results found in intermittent contact mode, namely a 

flat flake without any fine structure and of four WS2 monolayers in height is observed. The 

lock-in amplitude shows a positive contrast between the substrate and WS2 flake. This is 

in agreement with the expected Young’s modulus of the Si substrate of 130-190 GPa 26 and 

of the WS2 of 300 GPa. 25 The threefold-symmetry within the flake is clearly visible by a 

reduced amplitude in the tungsten vacancies (see Figure 6.5b), indicating a smaller 

Young’s modulus. Additionally, the lock-in phase map (see Figure 6.5c) shows an increase 

in the phase shift within the threefold symmetry.  
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Figure 6.6 Force modulation AFM micrographs of WS2 flake. The DC signal of the 

vertical cantilever deflection provides topographic information (a), while the analysis 

of the AC signal with the help of a lock-in-controller delivers the change in amplitude 

(b) and phase (c).  A cantilever with a spring constant of 48 N/m was used for the 

measurements. In d) the optical microscope image of the flake is shown. A sketch of 

the AFM working in force modulation mode is presented in e). Adapted with 

permission from 20. Copyright 2022 American Chemical Society. 

In QNM mode adhesion force, the Young’s modulus, the topography and the sample 

deformation are obtained. The mechanical properties of the sample are obtained through 

force vs. distance curves. The curves allow to obtain the Young’s modulus of the sample 

by analyzing the slope of the force vs. distance curve and applying the DMT model 27 
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(Derjaguin, Muller, Toropov). Additional information such as energy dissipation and 

sample deformation are measured in this mode as well.  

Figure 6.7 shows the results of the PeakForce QNM measurements on a WS2 flake. The 

topography Figure 6.7a is showing a flat flake of 3 nm in height (~ 4 monolayer of WS2) 

without a fine structure, same as in the intermittent contact and FMM mode. In contrast the 

adhesion map (Figure 6.7b) reveals the same macroscopic structure with the threefold 

symmetry as seen in the phase map in the intermittent contact mode (see Figure 6.1b) and 

the change in  amplitude, phase and cantilever torsion in the FMM (Figure 6.6). The flake 

shows an in increase in the adhesion force of 50 nN (compared to the substrate), while 

within the branches of the flower (tungsten vacancies) the adhesion force is reduced by 

~25 nN. 

Mapping the mechanical properties together with TERS spectroscopy is a powerful 

complementary approach to fluorescence labeling of defects in 2D-TMDs to indicate 

sulfur- or tungsten-vacancy domains. 19 

 

Figure 6.7 AFM micrographs performed in PeakForce QNM mode. Controlling the 

peak force reveals topographic information (a) and the adhesion force is obtained 

from the Pull-off point of the withdraw curve (b). The cantilever spring constant for 

these experiments was 200 N/m. Adapted with permission from 20. Copyright 2022 

American Chemical Society. 
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6.7 Conclusions 

In this work, a one step growth using a single-zone tube furnace is presented, producing a 

lateral heterostructure within a WS2 flake with different mechanical, electronic and optical 

properties. Here, the sulfur introduction time is controlling the sulfur concentration which 

affect the shape of the flake and defect generation. Due to the initial rapid growth of the 

flake, as a result of a higher sulfur concentration, an inner threefold symmetry is formed. 

A lower sulfur concentration at the end of the growth process results in an overall triangular 

shape of the flake without secondary structures. Spatially resolved Raman- and PL-

spectroscopy revealed that these domains consist of tungsten vacancies, indicated by a 

strong photoluminescence quenching. TERS provides the required spatial resolution reveal 

characteristic features of the hidden structure. Probing the electronical properties using 

KPFM reveals a local reduction of the surface potential (increased work function) within 

the threefold symmetry. Probing the nano-mechanical properties of the WS2 flake, using 

different AFM modes, shows that within the defect domains the friction and adhesion 

forces are reduced. Flower-like domains show indications of an increased Young’s 

modulus. Therefore, the defect domains control the optical, mechanical, and electronic 

properties of the semiconductor-semiconductor heterojunction within the WS2 flake, which 

makes it interesting for further applications.      
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Chapter 7  

7 Conclusions and Outlook  

In this thesis, we have extensively studied 1D and 2D materials using advanced nanoscale 

characterization instruments. These materials, produced and/or prepared in our laboratory, 

were further characterized with tip-enhanced Raman spectroscopy (TERS) which provided 

critical results that can be used to evaluate the crystalline polydispersity of the obtained 

materials, resulting in more reproducible samples. Other state-of-the-art characterization 

were accomplished using complementary techniques such as SEM, EDX, AFM advanced 

modes and KPFM. More specifically, these characterization procedures were applied to 

single-walled carbon nanotubes (SWNT), graphene and transition metal dichalcogenides 

(TMDs) flakes. In Chapter 3, carbon-containing materials such as graphene, graphite and 

SWNTs are investigated. Poor crystallinity in graphite was revealed at specific locations 

by Raman spectroscopy, TERS hyperspectral maps provided the possibility to classify 

SWNT depending on their metallic or semiconductive character. In this chapter, 

introductory machine learning in the form of artificial neural networks was exploited for a 

novel rapid analysis of the TERS hyperspectral maps.  

In chapters 4-6, transition metal dichalcogenides 2D materials were grown using 

atmospheric pressure CVD. Specifically, WS2 and VS2 were investigated in order to reveal 

the presence of peculiar patterns at their surface or how their properties were altered though 

photooxidation. The synthesis of these materials with distinct sizes, thicknesses, chemical 

composition, and shapes is well described. In Chapter 4, the synthesis, and characterization 

of metallic 1T phase VS2 is explored. The formation of a spiral periodic pattern at the 

surface of the VS2 flake is caused by the rapid change in sulfur feeding rate through 

precursors, temperature, and cooling rate. The Raman spectra collected using confocal 

microscopy and/or tip-enhanced Raman are also carefully exploited to better understand 

the growth and orientations of the crystallites. Additionally, the electron work function 

modulation of the periodic spirals over the surface is revealed by KPFM yielding a 

quantitative value for the work function change. The novelty of this work relies on the 
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formation of periodic spiral pattern on the surface of VS2 flakes. On these spirals, TERS 

and KPFM measurements reveal the growth orientation of crystallite formation that can 

affect chemical and electronic properties of VS2 flakes. 

The synthesis of VS2 by CVD generates yields to various polymorphs and oxides, 

characterized by Raman spectroscopy. Interestingly, a photo-oxidation is promoted during 

the Raman and TERS experiments. Such photo-oxidation process occurs at a given energy 

density as discussed in Chapter 5. In the same chapter the TERS maps reveal the presence 

of crystalline and amorphous vanadium oxide. The findings described in this chapter 

determine the energy dose threshold required to avoid oxidation of VS2 flakes and reveal 

the advantage of TERS technique to probe vanadium oxide mixtures. 

A semiconducting WS2 with hidden layered flower-like structure is investigated in Chapter 

6. Here, though the CVD process sulfur introduction time affects the shape of the flake and 

growth rate, such that an inner threefold symmetry is formed. Tungsten vacancies are 

discussed which explain the photoluminescence (PL) quenching of the signal; confocal 

Raman and TERS results further contribute to understand such mechanisms.  Electronic 

and mechanical properties are identified through KPFM and advanced nanomechanical 

AFM modes. The study shows the importance of using advanced AFM (not previously 

reported for WS2) and TERS technique to identify the tungsten vacancies within the surface 

affecting the chemical, mechanical and electronic properties of WS2 flakes. 

Future applications of this work include the use of 1D and 2D materials to generate hybrid 

heterojunctions. Currently, 2D heterostructures composed of different metallic and 

semiconductive materials are extensively used as building blocks devices. 1 The electronic 

band structure at the junction interface is altered, forming the so-called heterojunction that 

is not available for single metal or semiconductive materials. Most metal-semiconductive 

heterostructures are limited to and generally focused on graphene based heterostructures. 2 

It is proposed that stacking of TMDs with metallic and/or semiconductive heterostructures 

such as VS2/WS2 can lead to materials with highly tunable properties that can be exploited 

for electronics applications with tunable bandgap or in photonics applications with tunable 
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photonic bandgap. The full control of growth mechanism, 3 interface composition, size and 

heterogeneity between the junctions would be necessary prerequisite for the development 

of the next-generation of devices. 4, 5 To this end, TERS technique together with advanced 

nanomechanical measurements have a central role to play to optimize these materials with 

a better control over the CVD grown heterojunctions.6 VS2 flakes could be further 

researched to understand their enhancing applicability as a SERS substrate since metallic 

TMDs have abundant energy states near the Fermi level, as well as strong interactions with 

organic molecules. 7 Moreover, VS2 spiral periodic flakes potentially could be 

functionalized and decorated with a metallic nanoparticles characterized through TERS, 

given it can help find unique modes resulting from the coupling of exciton-plasmon 

(plexciton). 8 On the same idea, nanofabricated plasmonic structures could be grown above 

the VOx/WS2 and be compared with bare heterostructure to determine plexciton 

mechanisms. The goal would be to effectively tune the coupling strength and properties of 

plasmon-exciton polaritons by changing the morphology or size of the coupled 

nanofabricated structure. 9 

Recent developed hybrid devices involving 1D/2D quasi-van der Waals materials offer an 

enhancement in photoresponsivity. 10 1D/2D hybrid systems combine the advantages of the 

strong light absorption of nanoarrays and the excellent electrical properties of 2D TMDs. 

In this regard, 1D SWNTs in combination with WS2 could be researched to probe the 

multiple excitation wavelengths and photo response through TERS study. 
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Appendices A 

Appendix A1 The acquired Raman spectra when the tip is in contact (tip in) and 

withdrawn (tip out) from the surface indicating a low enhancement of the signal of 

graphite. 

 

 

Appendix A2 The acquired Raman spectra when the tip is in contact (tip in) and 

withdrawn (tip out) from the surface indicating enhancement of the signal of SWNTs.  
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Appendices B 
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Chapter 1: Figure 1.4 
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Chapter 1: Figure 1.8 
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