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Resumo

Materiais bidimensionais (2D), caracterizados por propriedades emergentes de sua espessura

em escala atômica, estrutura cristalina e propriedades de superfície, têm atraído considerável

atenção na comunidade científica devido à ampla gama de aplicações em diversos campos,

incluindo eletrônica, optoeletrônica, catálise e armazenamento de energia. Para explorar ple-

namente o potencial desses materiais, é importante estudá-los, e a espectroscopia Raman e

a fotoluminescência têm sido amplamente utilizadas para investigá-los. No entanto, essas

técnicas possuem um limite fundamental de resolução espacial, segundo o qual, a menor

distância que se pode distinguir entre dois emissores de luz, é ditada pelo comprimento de

onda da luz usada para iluminar. Mais especificamente, se a luz visível for usada, não é

possível investigar características nanométricas desses materiais por meio dessas técnicas. A

espectroscopia Raman amplificada por ponta (TERS) e a fotoluminescência amplificada por

ponta (TEPL) ajudam a superar esse limite fundamental ao aproximar uma antena optica-

mente ativa da amostra, acessando o sinal não propagante proveniente da amostra (campo

próximo). Neste caso, o limite de resolução não é mais limitado pela luz usada, mas pelo raio

da ponta, permitindo o estudo de características nanométricas com luz visível. Uma dessas

características são os fenômenos de coerência no sinal TERS do grafeno, assim como para

os dicalcogenetos de metais de transição (TMDs). Nesta tese, é utilizado TERS coerente

para medir o comprimento de coerência (!c) do processo de espalhamento Raman no grafeno

como função da energia de Fermi. !c diminui quando a energia de Fermi é movida para o

ponto de neutralidade, consistente com o conceito de anomalia de Kohn. Uma vez que o

processo Raman envolve elétrons e fonons, os resultados observados podem ser entendidos

como devido a uma variação grande da velocidade de grupo dos fônons ópticos, E6, atingindo

valores excepcionalmente altos para estes, ou devido a mudanças na incerteza da energia do

elétron, ambas as propriedades sendo importantes para fenômenos ópticos e de transporte que

podem não ser observáveis por qualquer outra técnica. Essa coerência de campo próximo

também é investigada para os TMDs MoS2, WS2, MoSe2 e WSe2, mostrando que diferentes

TMDs apresentam diferentes valores de comprimento de coerência Raman. Além disso, a res-

olução espacial alcançada com as pontas opticamente ativas permitiu a investigação de efeitos

específicos dentro dos TMDs, como a investigação de fronteiras de grãos em MoS2 crescidos

por CVD, variações no TERS dentro de rugas de WS2 e MoSe2, do impacto do substrato

nos espectros de TERS e TEPL de MoSe2 e identificação de defeitos localizados em WSe2.

Finalmente, é feita uma tentativa de medir padrões de moiré em TMDs de bicamadas rodadas,

mas bolhas nanométricas são emissores intensos, obscurecendo quaisquer características de



moiré nas medições.

Palavras-chave: Espectroscopia Raman melhorada por ponta; Fotoluminescência melhorada

por ponta; Grafeno; Dicalcogenetos de metais de transição; Anomalia de Kohn; Comprimento

de coerência Raman.



Abstract

Two-dimensional (2D) materials, characterized by their properties emerging from their atomic-

scale thickness, crystal structure, and surface properties, have raised significant attention in

the scientific community due to their diverse range of applications across numerous fields,

including electronics, optoelectronics, catalysis, and energy storage. In order to fully explore

their potentials, it is important to study such materials and Raman spectroscopy and photo-

luminescence have been widely used to investigate them. However, these techniques have a

fundamental spatial resolution limit, since the minimum distance that one can distinguish two

emitters of light is dictated by the wavelength of the light used to illuminate. Therefore, if

one uses visible light, it is not possible to probe nanometric features of such materials through

these techniques. Tip-enhanced Raman spectroscopy (TERS) and tip-enhanced photolumi-

nescence (TEPL) overcome this fundamental limit by approximating an optical antenna to

the sample, accessing the non-propagating (near field) signal coming from a sample. Now,

the resolution limit is not constrained by the light used, but by the tip’s radius, enabling the

study of nanometric features with visible light, including related coherence phenomena in the

TERS signal of graphene, as well as for transition metal dichalcogenides (TMDs). In this

thesis, coherent TERS is used to measure the coherence length (!c) of the Raman scattering

process in graphene as a function of Fermi energy. !c decreases when the Fermi energy is

moved into the neutrality point, consistent with the concept of the Kohn anomaly. Once the

Raman process involves both electrons and phonons, the observed results can be understood

either as due to an unusually large variation of the longitudinal optical phonon group velocity

E6, reaching unprecedented high values for optical phonons, or due to changes in the electron

energy uncertainty, both properties being important for optical and transport phenomena that

might not be observable by any other technique. This near field coherence is also probed

for the transition metal dichalcogenides (TMDs) MoS2, WS2, MoSe2 and WSe2, showing

that different TMDs present different values of Raman coherence length. Furthermore, the

spatial resolution achieved with optically active tips enabled the examination of specific effects

within TMDs, such as grain boundaries in CVD-grown MoS2, wrinkles in WS2 and MoSe2,

and the substrate’s impact on TERS and TEPL spectra of MoSe2, and identifying localized

defects in WSe2. Finally, an attempt to measure moiré features in twisted bilayer TMDs is

done, but nanometric size bubbles are brighter emitters, shadowing any moiré feature on the

measurements.



Keywords: Tip-enhanced Raman spectroscopy; Tip-enhanced photoluminescence; Graphene;

Transition metal dichalcogenides; Kohn anomaly; Raman coherence length.
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Chapter 1

Introduction

Two-dimensional (2D) materials have been of great interest in the scientific community due to

their unique electronic, mechanical, and optical properties, which differ significantly from the

bulk form [1]. Among these materials, graphene and transition metal dichalcogenides (TMDs)

stand out as prominent representatives, exhibiting remarkable characteristics that make them

promising candidates for various applications ranging from electronics to optoelectronics and

beyond [2, 3]. Understanding their optical, electronic and vibrational properties is crucial for

using their full potential in practical applications.

In order to study these 2D materials properties, spectroscopic techniques have played an

important role, enabling researchers to probe their electronic and vibrational properties [3–5].

One of such technique is Raman spectroscopy, named after Dr. Chandrasekhara Venkata

Raman that in 1928 first probed the inelastic scattering of light [6]. Raman spectroscopy is

a very useful technique to study materials science and it has provided valuable insights into

the vibrational modes and structural characteristics of graphene and TMDs [7, 8]. Similarly,

photoluminescence (PL) spectroscopy has emerged as a powerful tool for investigating the

optical properties of two-dimensional TMDs [9]. The ability to probe the emission spectra

of these materials provides valuable information about their electronic band structure and

excitonic properties.

Even though Raman and PL spectroscopy are both very useful techniques to study materials

properties, they are limited by the diffraction limit of light. In 1873, Ernst Abbe showed that

the minimum distance Δx that one can clearly distinguish two emitters of light is about half

of the wavelength (_) of the incoming light [10]. This is called Abbe diffraction limit and,

in 1879, Baron Rayleigh provided the equation for the so-called Rayleigh critereon, which

imposes the theoretical diffraction limit [11]

ΔG = 0.61
_

=sin(\)
(1.1)

where = is the medium refractive index and \ is the half-angle of the focal cone of light and

they are usually combined in the so-called numerical aperture NA = =sin(\). For a high NA

objective lens of 1.51, and using visible light at 400 nm, the minimum value for Δx=172 nm.

Therefore, in order to study phenomena that happen in distances smaller than 172 nm, these
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optical spectroscopies are not applicable.

The diffraction limit imposed by conventional optical microscopy poses a significant

challenge when probing the nanoscale features of 2D materials. Overcoming this limitation

has been a goal in the field of microscopy, driving researchers to explore innovative approaches

to achieve higher spatial resolution. In 1928, Edward H. Synge proposed a method for

extending microscopic resolution further, starting a pursuit for higher resolution limits [12].

His visionary ideas paved the way for the development of techniques capable of surpassing the

diffraction limit, including tip-enhanced Raman spectroscopy (TERS) and photoluminescence

TEPL [13–15].

TERS and TEPL represents a groundbreaking advancement in the field of spectroscopy,

offering greater spatial resolution by combining the sensitivity of Raman or PL spectroscopy

with the nanometer-scale resolution of scanning probe microscopy (SPM). The principle

of TERS and TEPL involves localizing the excitation laser to a sharp metallic tip, thereby

enhancing the Raman or PL signal from molecules or materials located in close proximity to

the tip apex. This localized enhancement enables researchers to achieve spatial resolutions

beyond the diffraction limit imposed by equation 1.1, opening new avenues for studying

nanoscale phenomena in 2D materials. The limit now is in the order of the radius of the tip,

which is in the order of tens of nanometers.

One important aspect of 2D materials is the study regarding defects [16, 17], which

holds significant importance due to its direct implications on material properties and device

performance. Defects such as vacancies, grain boundaries, edges, and dopants can significantly

alter the electronic, optical, and mechanical properties of 2D materials. Understanding the

formation, distribution, and impact of defects is crucial for tailoring the properties of 2D

materials for specific applications. For instance, defects in graphene have been shown to

affect its electronic transport properties, with vacancies acting as scattering centers for charge

carriers [2,18]. Additionally, defects play a crucial role in the catalytic activity of 2D materials,

with edge sites serving as active sites for various chemical reactions [19]. Characterizing

defects in 2D materials requires advanced analytical techniques. Among them, TERS and

TEPL can provide valuable information due to the gain in spatial resolution without loss of

chemical information.

TERS can be also used to study the Raman coherence length (!c) of graphene [20–23]

and TMDs, which comes from the interference of Raman scattered photons. Typically, !c is

considerably smaller than the resolution limit imposed by equation 1.1 for conventional Raman

measurements. TERS overcomes the resolution limit and the Raman scattered photons can

interfere, translating into different enhancement factors for the Raman bands.

In this thesis, we explore the potential of TERS and TEPL as complementary techniques

for studying the structural and optical properties of graphene and TMDs with spatial resolution

in the order of tens of nanometers. The aim here is to utilize the distinct capabilities of these

advanced spectroscopic methods to further explore 2D materials and potentially contribute to

future technological advancements. The coherence length variation due to doping in graphene

and TMDs, as well as nanoscale defects, edges, grain boundaries, wrinkles in TMDs are the



1.1. Structure and organization 17

object of study.

1.1 Structure and organization

The thesis is organized in the following way:

In chapter 2, a definition of the materials that will be studied in the following chapters

is done, i.e. graphene and transition metal dichalcogenides MoS2, WS2, MoSe2 and WSe2.

It will also be presented the coherence in near field theory that will be used in the results

chapters. Furthermore, a review in the literature on the papers that present TERS and TEPL

of TMDs is done to pave the way for the advances done in the present thesis.

In chapter 3, the methodology used in the experiments is presented, that is, the sample

preparation process that has to be specially tailored for TERS and TEPL. The experimental

setup used in the TERS and TEPL measurements is also presented in this chapter.

In chapter 4, the first results achieved by this thesis are presented. A graphene device was

patterned with a careful choice for the gate metal, which enables the detection of the Kohn

anomaly in the graphene’s G band at room temperature. Moreover, it is studied the influence of

the electric field on graphene’s TERS spectra. Finally, it is established the Raman coherence

length dependence on doping and its origin (either phononic or electronic) is discussed.

In chapter 5, TERS spectra of the TMDs MoS2, WS2, MoSe2 and WSe2 are presented,

and the theory for coherence is applied for the study of TMDs. Moreover, a series of

localized emissions on the TMDs are presented, studying grain boundaries, wrinkles, substrate

dependence, bubbles and localized defects in monolayers and twisted bilayers TMDs.

Finally, chapter 6 presents the conclusion and future perspectives that TERS and TEPL

can further open in the study of materials science.
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Chapter 2

Literature Review

In this chapter it will be discussed the novel results on TERS and TEPL of two dimensional

materials, the theory used to understand and explain the results obtained in chapters 4 and 5,

as well as some other aspects that were developed in this thesis.

2.1 Two-Dimensional Materials

Two-dimensional materials, a class of substances confined to a few layers of atoms, have

emerged as an interesting field of study in materials science. These materials exhibit unique

properties attributed to their reduced dimensionality, including remarkable electronic, optical,

and mechanical characteristics [24,25]. For instance, graphene, which consists of a single layer

of carbon atoms arranged in a hexagonal lattice, presenting exceptional electrical conductivity,

thermal conductivity, and mechanical strength [2, 26, 27].

A broader category of two-dimensional materials is known as TMDs, such as MoS2, WS2,

MoSe2, and WSe2. They consist of a transition metal layer sandwiched between two chalcogen

layers, forming a hexagonal lattice structure and, when in monolayer form, they present unique

electronic properties as 2D semiconductors [28].

2.1.1 Graphene

Graphene’s hexagonal lattice is shown in Figure 2.1 (a). This material can exhibit a Raman

response various ways, such as the stretching motion of the bonds between carbon atoms

has energy corresponding to the G band (E26, ≈ 1585 cm−1) and the breathing motion of the

hexagon of carbon atoms corresponds to the so-called 2D band (A16, a second order feature

at ≈ 2650 cm−1 for the HeNe laser) [7] as shown in Figure 2.1 (b).

One important part, specially for the interpretation of the results in chapter 4, is the

symmetry of the G and 2D phonon. Figure 2.1 (c) and (d) display a zoomed version of

part (a), in which it displays the vibration correspondent to the G and 2D band, respectively.

Since the G band corresponds to the C-C stretching [Figure 2.1 (c)], not all the symmetries

are conserved. On the other hand, the 2D band is the breathing mode of the carbon atoms,

preserving all the symmetries, hence it is a totally symmetric mode [29].
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Therefore, the electrons do not have time to relax, breaking the adiabatic approximation,

resulting in a strong electron-phonon coupling and a G-band dependence on electronic doping

and temperature.

First, let’s discuss the temperature effect on phonons. The G phonon frequency (l�)

dependence with temperature is given by:

l� = l0
� + j), (2.1)

in which j = −0.0162 cm−1/K [34] is the first order coefficient for the temperature dependent

correction to l� and l0
�

= 1584 cm−1 [34] is the G phonon frequency when ) → 0 in

graphene. In reference [34] the authors identify this shift in frequency varying temperature

due to thermal expansion of the lattice and to the so-called self energy shift due to anharmonic

coupling of the phonon modes,

l� − l0
� = (j) + j+ )Δ), (2.2)

where j) and j+ corresponds to the self-energy and thermal expansion contributions, respec-

tively.

It is clear in equation 2.2 that the phonon frequency depends linearly with the temperature

variation and the change is very small (ΔT=100K varies l6 by 1.6cm−1) [34]. Nevertheless,

the temperature dependence is also important when considering the electron-phonon coupling

and the electronic population varying in a crystalline structure. The Fermi-Dirac distribution

gives the probability that an orbital with energy � is occupied in an ideal electron gas in

thermal equilibrium

5 (�) =
1

4(�−`)/:�) + 1
, (2.3)

where :� is the Boltzman constant and ` is the chemical potential. This changes in number

of occupants will directly affect the G phonon frequency shift as it will be discussed further.

Once we have established the temperature dependence, let’s consider the phonon frequency

renormalization within the context of the perturbation theory. Here, the electron-phonon

interaction is considered a perturbation where the phonon can excite an electron-hole pair,

renormalizing the phonon energy depending on the Fermi level, electronic structure and

temperature [35–37]. After that, the phonons renomarlize the electron energies and vice-versa

[see Figure 2.2 (a)]. Thus, one can control this energy (frequency) shift with a gate voltage

(see chapter 4).

From the second order perturbation theory one can calculate the phonon energy shift for

the G band due to the electron-phonon interaction

ℏl_ = ℏl
(0)
_

+ ℏl
(2)
_
, (2.4)

where _ corresponds to the optical branch in the phonon dispersion (LO or iTO), ℏl(0)
_

is

the phonon energy without the electron-phonon interaction and ℏl
(2)
_

is the electron-phonon
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reported in the literature for low temperatures for thel6 dependence on doping [41]. However,

it is difficult to observe this phenomenon at room temperature due to the Fermi distribution

effect at 300 K. For more on that topic, see chapter 4.

2.1.2 Transition Metal Dichalcogenides

Transition metal dichalcogenides (TMDs) are a class of two-dimensional materials that have

been widely studied in recent years due to their remarkable electronic and optical properties

[3–5]. TMDs consist of a transition metal atom in between two layers of chalcogen atoms,

forming a hexagonal lattice [9] [Figure 2.4 (a)]. This structure gives rise to interesting

properties, among them the existance of a sizable bandgap [42] and the potential for strong

excitonic effects [43]. As a result, TMDs have emerged as promising materials for a wide

range of applications, from next-generation electronic and optoelectronic devices to catalysis

and sensing [3, 44, 45]. Understanding the vibrational and electronic properties of TMDs is

fundamental for exploiting their potential in various applications.

Unlike graphene, the A and E symmetry phonons are both active first order Raman modes

very close to the Γ point. Furthermore, while graphene has only in-plane modes, TMDs

present off-plane modes [46]. This can be seen in Figure 2.4 (b), in which it is shown a

side view of the TMDs crystal structure. While the E26 mode is in-plane, the A16 mode is

off-plane.

Materials belonging to different point group symmetries will have different nomenclatures

for the totally symmetric mode (always coming with an A) and non-symmetric modes. In the

Schoenfles notation in group theory [29], the letter A means that the mode is not degenerate

and it is symmetric with respect to the rotation of the principal axis. The letter E means

that the mode is double degenerate. The subscript 1 means it is symmetric with respect to

the C= principle axis, while the subscript 2 means it is anti-symmetric with respect to the C=
principle axis. Subscript g (for gerade) means that the mode is symmetric with respect to the

inverse, and the superscript prime (’) means it is symmetric with respect to the reflection in

the horizontal plane.

In the bulk form, TMDs belong to the D6ℎ point group, but when in monolayer (and

few-layers), due to lack of translational symmetry in the z-axis, the symmetry is reduced to

the D3ℎ point group (for odd number of layers. For even number it is reduced to the D33 point

group). Therefore, when in bulk all TMDs present A16 and E26 Raman peaks, but when in

monolayer, these peaks become A1’ and E’ symmetry modes [150]. In this work, we will use

different assignments for these peaks (A16, E26, A’, E’, A, E) to match the references used for

the assignments, but the symmetries explained in this paragraph are valid for all TMDs.

Figure 2.4 (c) displays the Raman spectra of the TMDs MoS2, WS2, MoSe2 and WSe2

monolayers. The first order peaks A and E are highlighted. Again, unlike graphene, many

other second order peaks appear in the spectra, making it harder to isolate and study them.

In particular, besides the many other peaks in the spectrum, the A and E peaks are almost

degenerate in WSe2, which hinders the TERS analysis (see chapter 5).

Another important property of TMDs is that they are an indirect semi-conductor when in
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acteristics when bringing a tip very close to the sample. The tips (or nano antennas [51, 52])

are metallic, leading to a plasmonic resonance at the tip apex [53]. Typically, these tips are

made using silicon AFM tips coated with gold or silver, or cantilevers with a metal nanowire

at the tip [54]. They can also be produced through the corrosion of metal wires [55] or by

evaporating metals onto corroded silicon templates [56].

2.2.1 Coherence in two-dimensional systems

In this section it will be shown the effects of coherence in the Raman scattered photons during a

TERS measurement. Raman scattering in crystals is conventionally discussed in the literature

as a spatial incoherent phenomenon [57, 58]. This implies that the scattered field originating

from different points within the sample is considered to be spatially uncorrelated. This

understanding aligns with early coherence theories, which propose that the field emitted by an

incoherent source at a specific wavelength _ lacks spatial correlation on scales larger than _/2

(measured from the scatterer’s surface) [59]. As a result, standard light scattering methods

typically cannot access correlations on scales smaller than _/2, resulting in an incoherent

signal detected in the far field.

However, with the emergence of near-field optics and advancements in nanoscience, in-

vestigations into thermal emitters have revealed correlation lengths significantly shorter than

_ [60–64]. In this context, we demonstrate that similar principles govern near-field Raman

scattering, indicating that correlation lengths much smaller than _/2 can be discerned from

experimental data. Consequently, the analysis of near-field Raman scattering needs consider-

ation of subwavelength correlations and the associated interference phenomena.

Here, the tip will be considered a dipole that approaches very close to the sample (≈ 5 nm)

and that it acts as an antenna to transform the evanescent into propagating field.

First, the Raman polarizability is given by

↔
U
W

8 9 (A;lB,l) =
∑
:=G,H,I

mU8 9 (r,l)

m@:
@: (2.7)

where W labels the Raman mode responsible for the virtual mode q of the crystal lattice, with

frequency |l − lB |. Now, the intensity measured in the detector at the position r0 can be

calculated as the ensemble average of the scattered signal in the form of

((r0;lB) = ⟨� B∗(r0;lB)� (r)0;lB)⟩ (2.8)
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(2.9)

Here, the term ⟨
↔
U
W∗

<8 (r1;lB)
↔
U
W∗

= 9 (r2;lB)⟩ is responsible for the correlation between the

scattered fields. In conventional Raman spectroscopy, it is considered that the fields do not
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interfere, replacing this term for a Dirac delta, and equation 2.9 can be solved to:

((A0;lB) = +DΩ
l4
B

Y2
02

4

���ŶB .↔UW (lB,l)E(l)

���2, (2.10)

in which Ω is the experimental solid angle, +D is the scattering volume and ŶB is a unit vector

that defines the polarization of the scattered field.

However, if the fields do interfere, i.e., the experiment takes place inside the Raman

coherence length, in reference [20] the authors argument that the correlation term can be

replaced by a Gaussian function with the form

↔
U
W∗

<8 (r1;lB)
↔
U
W∗

= 9 (r2;lB)⟩ = Ũ
W∗
<8
(r1;lB)Ũ

W∗
= 9
(r1;lB)

4−(|r1−r2 |/!
2
c )

c!2
c

. (2.11)

Note the !c appears defining the width of the Gaussian term. We can now insert equation

2.11 into equation 2.9 for a two-dimensional system where the scattering modes occur on the

plane of the sample (such as graphene)
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<8
�∗
8 (G1,H1,l),

(2.12)

with ; ∈ {G,H,I} and <,=; 8, 9 ∈ {G,H}.

Defining the tip’s polarizability as

↔
U C8? (r

′) =
©­­«
U⊥ 0 0

0 U⊥ 0

0 0 U| |

ª®®¬
, (2.13)

where U⊥ and U| | corresponds to the transverse and longitudinal polarizabilities [65]

U⊥(l) = 4cY0A
3
C8?

Y(l) − 1

Y(l) + 2
, (2.14)

U| | (l) = 2cY0A
3
C8? 54 (l), (2.15)

where AC8? is the tip’s radius, Y is the tip’s dielectric constant and 54 is the tip’s enhancement

factor.

The electric field when interacting with the tip generates a dipole

p =
↔
U C8?E, (2.16)

thus



2.2. Scanning near-field optical microscopy 28

↔
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where r’ = (0,0,I) and r = (G,H,0) are the positions of the tip and the sample, respectively.

Combining equations 2.17 and 2.18, and assuming that
��U| | �� ≫ |U⊥ |,
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(2.19)

One can identify the electric field �4< as the sum of the scattering modes

�4< = �( + �) + �() + �)( + �()( + �)() + ..., (2.20)

where �( and �) are the electric fields scattered, respectively, by the sample (S) and by the

tip (T). The subsequent terms correspond to interactions that, in the case of �() , for example,

interact with the tip and then with the sample, and higher-order terms follow the same logic.

Thus, equation 2.19 represents the scattering modes presented in equation 2.20, being the

first term S, followed by the TS, ST and TST modes, respectively. In reference [20] the authors

assumed that the TS term is small in comparison to the ST term. Thus, they only considered

the TST and ST terms in the calculation. However, in reference [22] the authors included the

TS term, as we did here.

Following the calculations in reference [22], one can compactly calculate the intensity of

a Raman mode to be

�TERS
W (I) = �W{ 5

4
4 A

12
tip6

TST
W (!c,I) + 5 2

4 A
6
tip [6

ST
W (!c,I) + 6

TS
W (!c,I)]}, (2.21)

where �TERS
W denotes the TERS intensity of graphene as a function of tip-sample distance (I)

for the phonon mode W = G or 2D. �W is the Raman cross section, 5e the tip enhancement

factor and Atip the tip radius. Note that !c is a parameter for 6TST
W and 6ST,TS

W , corresponding to

the tip-sample-tip (TST) and tip-sample, sample-tip (ST, TS) scattering functions, calculated

using Green’s function formalism, as defined in Ref. [22].

Using graphene as an example, Figure 2.6 (a) and (b) (from reference [22]) displays the

influence of the TS (red), ST (black) and TST (blue) modes in the graphene Raman �16 and
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After graphene, the TMD MoS2 is the most studied 2D material using TERS and TEPL

[75–83]. The first report of tip-enhanced measurements in MoS2 shows a nanoscale mapping

of excitons and trions by combining TERS and TEPL, with a spatial resolution of less than

20 nm [76]. The authors also investigated doping by using Ag and Au coated tips and found

that the type of doping depends on the work function of the metal, n-doping for Ag and

p-doping for Au. Thus, using an Ag coated tip, it was possible to create a TEPL mapping

of the A0 exciton and for the A− and B− trions in a single layer MoS2. Following this work,

other authors contributed to the development of the field. For instance, a giant gap-mode

TERS was performed in MoS2 with the aid of a nanocluster array on the substrate [78]. As

shown in Figure 2.8 (a), a 108 enhancement was observed for the A16 peak. Notice the A16

enhanced much more than the E26, consistent with the near-field coherence effect discussed

for graphene [20,22,23,84]. This large enhancement is credited to the presence of nanodisks

of gold on the substrate [displayed on the right side of Figure 2.8 (a)], creating the gap-mode

regime that provides high enhancement on the edges of the disks. The authors also observed

a plasmonic hot electron doping of the monolayer MoS2 due to the presence of the tip and

the nanodisks on the substrate, which caused a transient structural phase transition from 2H

to 1T [85].

TERS has also been used to study highly localized strain in MoS2/Au heterostructures

induced during the formation of such heterostructure, in which the maximum shift reported

for the E26 mode was (4.2± 0.8) cm−1, corresponding to 1.4% biaxial strain [77]. TERS

have been used to study nanoscale defects and wrinkles on MoS2 with a spatial resolution of

∼ 18 nm, identifying localized inhomogeneities [80] and probing edge-related properties in

few-layers MoS2 [82].

More recently, the local doping variations in the depletion region in in-plane homojunctions

in MoS2 devices have been imaged using tip-enhanced photoluminescence (TEPL) [72]. In

TEPL, the local luminescence is measured rather than the phonon scattering, and Gadelha et

al. used the spatial oscillation of the exciton and trion frequencies to image doping variations

with nanometer resolution.

Other 2D materials have also been investigate by TERS, such as the transition metal

monochalcogenide (TMM) gallium sulfide (GaS) [86], which is interesting for having two

different Raman active �16 modes. The authors reported that the phonon coherence length

(L2) for a five-layers GaS is different for the A1
16 phonon (L2 ∼64nm) and for the A2

16 phonon

(L2 ∼47nm). The L2 were determined through the approach curve experiment, which consists

of moving the tip out from the sample at fixed steps and recording the Raman spectrum at

each point, as displayed on Figure 2.8 (b) for the A1
16 peak. In order to do so, a curve must be

fit to the experiment data that has as one of its parameters L2, similarly to what was done in

graphene [84] and to what will be done in chapters 4 and 5. As L2 becomes larger, so does

the TERS enhancement for the totally symmetric A mode. Additionally, they showed that L2
decreases as the number of layers decreases, suggesting that scattering with the surface of the

substrate has a major role on the phonon decay process.

Back to TMDs, in monolayer MoSe2, TERS and TEPL have been also studied in references
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Figure 2.8: Review of TERS and TEPL in different TMDs. (a) Giant gap-plasmon TERS
on TMD MoS2 spectrum (left) on top of a substrate with gold nanodisks (right). The strong
signals are recorded at the edges of the nanodisks [78]. (b) Tip-approach measurement that
implies the spatial phonon length of TMM GaS [86]. (c) Comparison of non-resonant (top)
and resonant (bottom) TERS of TMD MoSe2 and TERS image of the flake [87]. (d) TERS
and TEPL spectra of TMD WSe2 as a function of the tip-sample distance [88]. Reproduced
from references [78, 86–88].

[87,89]. For instance, it has also been used to reveal nanoscale heterogeneities, by combining

TERS and TEPL with different scanning probe microscopy techniques [87]. Figure 2.8

(c) shows a non-resonant and a resonant TERS spectra (top and bottom of Figure 2.8 (c),

respectively). On the former, only one dominant peak at around 240cm−1 (blue) is clearly

distinguished, while on the latter there are other Raman peaks at 287cm−1 (red) and 340cm−1

(green). When comparing these measurements with U-MoO3 TERS, it was possible to infer

that these differences from non-resonant and resonant TERS spectra were due to the inclusion

of MoO3 in the MoSe2 matrix.

In WSe2, the following references bring studies with TERS and TEPL [88, 90–93]. For

example, TERS and TEPL nanospectroscopy and nanoimaging were combined, as shown in

Figure 2.8(d). Figure 2.8(d) shows the Raman and PL spectra acquired at different tip-sample

distances, showing the E26 (E′) and A16 (A′
16), respectively, at around 273cm−1 and the first

(150cm−1) and third (405cm−1) order LA phonons [88]. The authors also suggest that the

shoulder in the TEPL spectra may be coming from the rise of trion or biexciton emissions.

These features allowed the study of monolayer WSe2 grown by physical vapor deposition of

associated nanoscale heterogeneities in the form of edges, grain boundaries and nucleation

sites, extracting information about correlations of the photoluminescence spectral intensity,
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shifts with crystal edges and exciton diffusion length. The data suggests approximately 25 nm

exciton diffusion length, inferred due to the spatial scale of the photoluminescence quenching,

and around 30 to 80 nm wide region of optical heterogeneity at the edges. Still on WSe2, it

was also reported that other metals, beside Au and Ag, can be used to prepare a substrate for

gap-mode TERS [90], showing similar results for the TERS measurement for WSe2 on Au

and Cr substrates, implying that these results can be extended to other metals.

Finally, in WS2, TERS and TEPL were also used to study materials properties and de-

fects [94–97]. For instance, in reference [96] the authors performed an ultrastable TERS

measurement that lasted 6 hours in total, making it possible to analyze larger flake areas,

analyzing defects in micrometer-sized flakes. This experiment overcomes one of the biggest

problems in TERS measurements: stability. They achieved that by developing a feedback

system that compensate the regular thermal and ambient condition drifts in the system. Fur-

thermore, in reference [95] the authors performed TERS probing defects in monolayer WS2.

They show that the sulfur vacancies produce not only a red shift in the �16 mode, but it also

red-shifts the defect related bands. Their advance pave the way to analyze the quality of WS2

monolayer for applications in optoelectronic devices.

One more scenario that has been growing in interest are the so-called 2D materials het-

erostructures [5, 98]. They could either be vertical, in which one material is placed on top

of the other, or lateral, in which the materials are placed side by side. The interaction in the

interface generates different phenomena that are not observed when the materials are isolated.

Thus, constructing graphene or TMDs heterostructures is a hot topic for studying with TERS

and TEPL. For instance, in reference [99] it was observed by the first time the so-called Morié

patterns in a twisted bilayer graphene using an optical technique. It was showed that the

different stacking regions (AB and BA, AA and the solitons) present different Raman (TERS)

signal. In TMDs heterostructures, a few works are already reported in the literature regard-

ing TERS and TEPL [92, 100–106]. For instance, in reference [101], the authors studied a

WSe2/WS2 vertical heterostructure and they were able to directly track interlayer (de)coupling

in a TMD bilayer. They were also able to study the decouple of the layers due to the absent

of the low frequency interlayer phonon. Moreover, in reference [106] the authors probe the

interface in a MoS2-WS2 lateral heterostructure, in which they suggest that a multi-disordered

interface of lateral heterostructure is created by a continuous alloy of TMDs within tens of

nanometers.
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Chapter 3

Methodology

In this chapter it will be presented the methodologies used in the construction of this thesis,

which consists of the details of the sample preparation (in particular, the device production)

and the experimental setup for SNOM (TERS and TEPL).

3.1 Sample preparation and field-effect transistor

To perform TERS and TEPL measurements, since the sample has to be illuminated via

transmission (see details in section 3.2), the substrate must be transparent. Additionally, as we

use a short working distance objective, the cover slip should be thin in thickness (< 0.170 mm)

and, being an oil objective, of a reasonable size (≈ 1x1 cm2 or larger) to prevent oil leakage

onto the sample. Therefore, when preparing samples, these considerations should be taken

into account.

Samples of two-dimensional materials prepared for direct TERS or TEPL measurements

are obtained through standard mechanical exfoliation [107, 108], directly onto the cover slip

that will be used for the measurement. However, in some cases, it is of interest to measure a

specific flake or to assemble heterostructures, where materials of the same or different nature

are stacked. There are various methods to construct these structures [109–112], but traditional

transfer methods usually involve placing a layer of hBN on top of the sample. However, for

our system, it is necessary for the tip to approach very close to the sample (approximately 5 nm

distance), a thick layer of material in the order of tens of nanometers (as is typically the case

with hBN flakes used for transfer) makes the experiment unfeasible. Therefore, our own tear-

and-stack method had to be developed [74]. This method involves using a pyramidal-shaped

Polydimethylsiloxane (PDMS) stamp covered with a layer of polycarbonate, thus creating a

pick-up method by stacking a large number of two-dimensional materials in the desired order.

Figure 3.1 summarizes the process for creating a TBG that can be extrapolated in order to

build a graphene device [23] or to simply produce any sample of interest without a top hBN.

The development of this method produced two papers, both contributing extensively in the

sample preparation process, displayed in references [74, 99].

Another crucial aspect of this work involves the preparation of field-effect transistors
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Chapter 4

Graphene Device

This chapter comprehends micro-Raman and TERS measurements of a graphene device, in

which it is possible to vary the graphene’s Fermi level and to record the Raman spectra with and

without the tip. In the first part it will be discussed the gate metal choice, which is important

due to the specificity of our experimental setup and due to graphene’s photo-doping. Then,

we carried out the Raman and TERS measurements for different values of electronic doping.

Here, due to our careful choice of materials for the device, we were able to observe the Kohn

anomaly effect at room temperature for the first time in graphene [117]. Finally, we performed

the approach curve experiments for nearly neutral and doped graphene. The results show that

the Raman coherence lenght depends on graphene’s Fermi level. It will aslo be discussed the

origin of this so-called Raman coherence length, whether it is preeminent from an electronic

or phononic coherence length [23].

4.1 Gate metal choice

In our TERS and TEPL system, the illumination is done from below; therefore, the material

used for the gate must be thin enough for the laser to reach the material with a reasonable

power for the study. Additionally, the gate must not exhibit optical activity in the Raman

bands region of the studied material, otherwise it could mask the signal of interest. Lastly, as

the aim is to study the Raman properties of two-dimensional materials as a function of their

doping, the material used for the gate must not induce extra variations in doping caused by the

laser (photo-doping) [118].

Four materials were tested as the gate of a graphene device: WS2, MoS2, WTe2 and Au,

as shown in Figure 4.1. The first three were transferred onto the substrate as explained in

section 3.1. As for gold, it was deposited via thermal evaporation, forming a thin layer of

10nm, allowing the passage of the laser with an approximately 50% intensity loss.

For all these materials, the first prerequisite is met: the laser can pass through the material

and reach the graphene with a reasonable power. However, upon measuring the Raman

spectrum, WS2 [Figure 4.2 (a)] exhibits optical activity in the region of the graphene’s G-

band, making it an unsuitable candidate for the intended application. In Figures 4.2 (b), (c),
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a zero gap semiconductor, electron-phonon interaction promotes electronic excitation near

the Dirac point, resulting in a loss of the optical phonon phase. This is called the Kohn

Anomaly effect [35, 39]. By changing the Fermi level away from the neutrality (Dirac) point,

the electronic excitation driven by phonon is suppressed [36, 127], causing an increase of the

phonon lifetime, which should consistently generate a variation in !c.

Broadly utilized to study electrons, phonons and electron-phonon interactions is conven-

tional Raman spectroscopy, the inelastic scattering of light [128]. Nevertheless, if the relevant

!c is significantly smaller than the wavelength of light, it cannot be measured by Raman

spectroscopy because most of the phonons or electrons participating in the Raman process

do not interact with each other. Thus, even micro-Raman spectroscopy is a spatially inco-

herent phenomenon. However, in nano-Raman spectroscopy, the spatial resolution can be

comparable or smaller than !c, and the fields can interfere.

The most prominent technique for implementing nano-Raman scattering is TERS [129,

130], and a theoretical framework to access !c in two-dimensional systems was introduced in

references [20,22], based on the dependence of the TERS intensity on the tip-sample distance

and on phonon symmetry. The drawback is that, while the theory can be used to obtain !c, one

needs another way to confirm whether the theory is reliable. In this sense, the tunable Kohn

anomaly offers a parameter to play and check the validity of the theory for coherent near-field

Raman scattering [20, 22]. In this section, we have evaluated the gate voltage dependence of

!c in a graphene device by performing TERS measurements while varying the Fermi level,

i.e. while tuning the Kohn anomaly strength, showing consistency with the TERS-coherence

theory. The novel results show a renormalization of the optical phonon energies different from

what has been measured before [36, 127], due to the ability of nano-Raman spectroscopy to

extract information very close to the Γ point, strongly empowering the technique.

Figure 4.7 (a) shows a schematic of the setup used in this work, which consists of the device

presented in section 3.1 and the TERS tip interacting with the laser and the sample [53, 131].

Once the tip was engaged (∼ 5 nm distant from the sample), a TERS spectrum was measured,

and then the tip was pull 0.5 nm up to measure the spectrum again. The process was repeated

until the tip was 55 nm away from the sample. Figure 4.7 (b) plots the TERS signal showing

the G (∼ 1584 cm−1) and 2D (∼ 2650 cm−1) bands, and how they decrease when retracting the

tip away from the sample, for tip-sample distances varying from I =5 nm to 50 nm.

After performing the TERS experiments for several gate voltages in section 4.2, the

approach curve experiment was done. Figures 4.8 (a) and (b) plot the peak intensities of G

and 2D bands as a function of I for graphene slightly doped [(a), density of charge carriers

= = 0.4 × 1012 cm−2, with = = 0 at the neutrality point] and highly doped [(b), = = 4.5 × 1012

cm−2]. The intensities are independently normalized by the respective FF values (with the tip

far from the sample), to clearly show that the 2D band (�16, totally symmetric) enhances more

than the G band (�26, non-symmetric mode) when approaching the tip, due to differences in

the near-field spatial interference conditions [20].

!c can be determined by fitting the I-dependent TERS intensities with the theory of

spatially coherent near-field Raman scattering [22]. Using the Mathematica package, !c is
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Furthermore, the values obtained in these works for the coherence length (!c ≈ 30−40 nm)

are consistent with measurements on graphite of different crystallite sizes (!0) [134]. In

reference [134], they show the width of the G band (Γ�
�

) as a function !0. When decreasing

!0, the values of Γ
�
�

do not change until when the crystallite sizes get smaller than 30-

40 nm, then the G band width starts increasing significantly, a result that can be understood

considering that the G band phonon coherence length is, indeed, around 30-40 nm.

Based on the assignment of !c variation due to phonons, a method to determine the

variations on the G-band phonon group velocity E6 = ml/m: using the special setup from this

work can be proposed

E6 =
!c

g?ℎ
, (4.8)

in which g?ℎ is the phonon lifetime, and it can be obtained from the linewidth of the G phonon

data using the uncertainty relation g?ℎΔ� ∼ ℏ. The important aspect here is that, when

the Fermi energy of graphene is located at the Dirac point, since an electron-hole pair can

be excited by absorbing a phonon, the phonon frequencies of the G and 2D bands become

soft due to the Kohn anomaly effect [39]. The Kohn anomaly effect for these bands occurs,

respectively, for the longitudinal (LO) and in-plane transversal optical (iTO) phonon modes

at the center (Γ point, G) or corner ( point, 2D) of the Brillouin zone. As a result, these

phonon dispersions become singular like a kink at the Γ or K points [36, 37, 40].

Consider the energy uncertainty Δ���,�" = Δ�� � + Δ��0 , where Δ�� � is the G-

band energy uncertainty due to the Kohn anomaly effect and Δ��0 is the G-band energy

uncertainty due to all other effects. Using equations 4.6, 4.7, 4.8 and the G-band FWHM

variation [ΔG FWHM, see Figure 4.11(a)], we can calculate ΔE6 as a function of = for both

experimental data and theoretical modeling [see Figure 4.11 (b)]. It is noticeable that, near

the neutrality point, the group velocity is at it’s maximum (around 40 km/s). These values

are unusually high, 20 times larger than E6 for optical phonons in graphite and twice the

value for the longitudinal acoustic phonon [135], indicating that the Kohn anomaly near the

Γ point strongly distorts the phonon dispersion diagram. The "M" shape in theory (line)

near the neutrality point is consistent with the "W" shape predicted and observed for the

phonon frequency [36, 127]. What is troublesome with this development is that the present

theoretical work on the phonon dispersion relation of graphite and graphene do not predict this

ultra-strong phonon softening very close to the Γ point in the Brillowin zone [36,37,127,136].

Now, let’s consider the electronic case. Considering !c as the coherence length of the

photo-excited electrons in the TERS process, Figure 4.12 (a) shows how the photo-excited

electron uncertaintyΔE changes from 20 meV when doped to around 50 meV near the neutrality

point. The experimental data [black bullets on Figure 4.12 (a)] were calculated using

Δ� =
E�ℏ

!c
, (4.9)

where E� = 1 × 106 m/s is the Fermi velocity and !c was obtained experimentally in section

4.3. The G band FWHM [Figure 4.12 (b)] and frequency [Figure 4.12 (c)] can then be fit
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to undoubtedly assign !c as due to electrons or phonons. There is a bias towards the phonon

interpretation because of the nature of the coherent TERS experiment. We consider that,

even though the Raman scattering process takes place inside the material in a relatively small

region dictated by the electronic coherence length, which should be in the 3-4 nm range, the

experiment we perform probes the interference of electromagnetic fields at the TERS tip,

and how it changes when you change the tip-sample distance. The interference we measure

considers the different paths of the incoming and scattered electromagnetic waves traveling

between the tip and the sample, and within the sample, a larger area given by the phonon

coherence length (30-40 nm) has to be taken into account, considering that within this area

the vibrations dictating the scattered field distribution exhibit fixed phases. We understand

this picture leads to an ultra-strong phonon softening, i.e. to values of phonon group velocity

that have not been neither measured nor predicted. However, we can argue that: (i) previous

experimental works do not get as close to the Γ point in the Brillouin zone as the optical Raman

experiment does (10−4× the first Brillouin zone dimension); (ii) theory may be missing some

fundamental aspect, as it was missing the Kohn anomaly two decades ago; (iii) the particle-like

picture defining !c/g2 may be misleading.

In the phonon interpretation, it is worth noting that the lifetime of optical phonons,

g?ℎ, is a measure accessible in the conventional Raman spectroscopy, as it can be extracted

from the peak widths by means of the Heisenberg uncertainty principle, as performed in

this paper. The development of ultra-fast optics made it possible to carry out time-resolved

spectroscopy experiments, which have already confirmed the g?ℎ values obtained through the

Raman linewidth [141, 142]. However, the coherence length, and consequently the group

velocity near the Γ point, as defined by E6 = !c/g?ℎ, remained inaccessible. The fact that

interference effects are detectable in the near-field regime makes TERS a technique capable of

measuring !c and, in the case of phonons dictating the coherence TERS, ΔE6 near the center

of the Brillouin zone, revealing unusually high optical phonon group velocity for graphene in

the ballistic regime.

In the electron interpretation, our results imply that the electronic energy uncertainty Δ�

is not constant, but it rather varies with doping, probably due to electron-electron interaction,

as suggested previously based on 2D-band analysis [143]. The values obtained from Δ� =

E�ℏ/!c are still debatable, being consistent with some works in the literature [136] and

inconsistent with others [18, 30, 134, 137–140].

By establishing the coherence length, a previously unavailable quantity, our results might

be relevant to understand strongly correlated phenomena in graphene [144, 145], and to

improve the present models based on the Kohn anomaly. The protocol is not limited to

graphehe, it can be utilized in other materials, with important consequences in optical and

transport phenomena.
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Chapter 5

TERS and TEPL of TMDs

This chapter will cover works that are yet to be published regarding TERS and TEPL of

TMDs. It will be divided into three parts. The first will be the TERS spectra on the TMDs,

displaying the challenges in the measurements and in the data analysis, specially in comparison

to graphene. Second, we will apply the same methodology presented in section 2.2.1 to analyze

the effects of coherence in two-dimensional systems. Finally, we will analyze the localized

emissions of these TMDs, in which it will comprehend the TEPL part of this thesis, as well

as nano-bubbles and substrate roughness effect in the TERS and TEPL of TMDs.

5.1 TERS of MoS2, WS2, MoSe2 and WSe2

Here we begin with the TERS of the TMDs. The first challenge one has when attempting to

measure TERS of TMDs is that, unlike graphene, they are semi conductors, presenting photon

emissions (PL) when the electrons are excited above the gap energy. The laser used is the

HeNe (1.96 eV), which is high enough to excite all the TMDs studied, and the Raman response

is very close to the PL. For instance, in MoS2 and WS2 the Raman is a "shoulder" of the PL

spectra [see Figures 2.5 (a) and (b)]. This is an issue because when using high NA objective

lens (for instance, 1.4 as used in this work), the PL spectra can be saturated, meaning that

when the focus is optimal for Raman, the PL quenches. Therefore, the maximum PL emission

is not in the Raman focus. Since TERS is highly dependent in focus, this phenomenon hinders

the tip alignment process.

Raman spectra were taken with (orange) and without (black) the presence of the tip

for MoS2, WS2, MoSe2 and WSe2 monolayers and the spectra are displayed in Figure 5.1

(a)-(d), respectively. Unlike graphene, the totally symmetric A mode is not always clearly

distinguishable from the non-totally symmetric E mode. In addition, there are several other

Raman peaks with similar energies impacting the peak fitting process. Therefore, although

the spectral enhancement factor (SEF) is evident for all TMDs in Figures 5.1, to analyze near

field interference phenomena one needs to fit them properly.

Figures 5.2 (a)-(d) and (e)-(h) corresponds to the far-field and near-field data (black and

orange bullets, respectivelly) with the Raman band fits below. Here we will focus in the totally
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are very high and equal for all experiments: 54 = 7. The tip’s radii are different for each

experiment and we find Atip = 13, 21, 11 and 27 nm for the experiments envolving, MoS2,

WS2, MoSe2 and WSe2, respectively. With these parameters set, we can finally extract !c

from the fit.

Figure 5.3 (a) displays the intensities for the �16 and �1
26 of MoS2 as a function of tip-

sample distance. Each spectra were acquired with 1 s accumulation time and 200 `W laser

power. Again, plotting d as a function of tip-sample distance it is possible to perform the same

procedure done for graphene in section 4.3 and we find !c = 27 nm.

Repeating this over for all the other TMDs, with exposure time of 0.5 s, laser power of

200 `W for MoSe2 and 20 `W for WS2 and WSe2, we can determine !c. Figures 5.3 (b)-(d)

plots the (non-)totally symmetric (E) A modes intensities and Figures 5.3 (f)-(h) plots d for

WS2, MoSe2 and WSe2, respectively. Therefore, we found !c to be 12, 28 and 41 nm for the

remaining materials.

It is noticeable that the coherence length of MoS2 and MoSe2 are very close together (27

and 28 nm). WS2 on the other hand is considerably smaller (12 nm) and WSe2 is considerably

larger (41 nm). One disclaimer has to be done for both WS2 and WSe2. In the former, we

are exciting the sample very close to the energy gap. Therefore, the fitting process is not easy

with low acquisition time (which is necessary for the approach curve experiment) for when

the tip is far from the sample (>15 nm) due to the PL. The latter, the Raman A and E modes

are almost degenerate [150], in fact, the spectrometer’s spectral resolution (≈ 5 cm−1) is worse

than the separation between these modes, making the fitting likely inaccurate.

Here, it is important to highlight that all these experiments were performed under different

experimental conditions, with different tips and laser power. Therefore, to confirm these

experiments and the obtained values one must re-do this experiment under the same condition,

especially with the same tip. This is a development that is being worked on, producing a sample

with all the TMDs in the same region so one can perform the measurement more than once,

with the same tip in all TMDs.

5.3 Localized emissions

As discussed in section 2.1.2, one important characteristics of TMDs is the fact that they are

two-dimensional semi conductors. Thus, if one illuminates it with a laser with energy higher

than the electronic gap, electrons can be promoted to the conduction band, relax to the bottom

of the band and when it recombines with the hole left in the valance band, it emits a photon with

the gap energy. This is the so-called conventional PL spectrocopy. However, when conducting

this experiment, one is limited by the diffraction limit of light as well (equation 1.1), meaning

that one can only distinguish these emissions from two different points in space by a distance

about half of the wavelength of the light used. Thus, TEPL becomes an interesting technique

to overcome the diffraction limit and analyze these emissions localized in space.

Moreover, the PL and Raman spectra of TMDs have been reported to be influenced

by the substrate they are on [151, 152] for conventional measurements and for nano-scale
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emissions [153]. Due to our experimental setup and high yield tips, we are able to expand

these studies.

This section will provide TERS and TEPL measurements for MoS2, WS2, MoSe2 and

WSe2 monolayers, as well as measurements of twisted bilayer MoS2 and MoSe2.

5.3.1 MoS2

First, let’s consider grain boundaries (GB) in a MoS2 sample grown by chemical vapor

deposition (CVD). This is the only sample in this thesis that is not assembled by mechanical

exfoliation. CVD grown samples are more susceptible to grain boundaries, therefore, in

order to study its optical properties, this sample had to be assembled differently. Nano-

optical characterization of such samples have already been studied in the literature [75,87,91],

however, they mostly present a quench in the Raman and PL signal in the GB region. This

contradicts what have been observed via micro-Raman/PL spectroscopy, in which for freshly

grown samples, the optical signals are enhanced in the GB region [154–156].

Figure 5.4 (a) presents a polarized second-harmonic generation (SHG) of a MoS2 mono-

layer, characterized by a multi-sided polygonal shape. Due to the sensitivity of SHG in

monolayer TMDs to material crystallographic orientation, utilizing polarized SHG measure-

ments enables the identification of grain orientations and thereby exposes the existence of GB.

Consequently, the varied SHG intensities observed in Figure 5.4 delimits individual grains

and show their boundaries within the others MoS2 monolayers.

In the red square in Figure 5.4 (a) a conventional PL spectra map is performed and the

map is displayed in Figure 5.4 (b). Here, it is clear that, as shown by previous `-PL works,

the GB region present a PL enhancement, yet with "poor" spacial resolution.

Moreover, to determine the precise location and extent of optical modifications within

these GB, we conducted TEPL measurements across specific regions highlighted by colored

rectangles in Figure 5.4 (b). Figure 5.4 (c) shows the PL intensity maps from four TEPL

hyperspectral measurements conducted along the regions of MoS2 monolayer GB. The color

encircling each map corresponds to the rectangular areas of the same color in Figure 5.4 (b)

and we observe localized enhancements in PL intensity across all examined GB.

Aiming to measure the spatial extent of the optical alterations within these defects ex-

amined through NF measurements and contrast them with the spatial resolution of the FF

measurements, Figure 5.4 (d) displays PL intensity profiles acquired along the black dashed

arrow in Figure 5.4 (b), and the orange and purple dashed arrows in Figure 5.4 (c). The upper

intensity profile graph in Figure 5.4 (d) illustrates a notable enhancement in spatial resolution

provided by the tip. While the GB in the FF measurement exhibit spatial widths of approxi-

mately 650 nm, the lower intensity profile graphs reveal that the area impacted by these defects

can be as narrow as 49 nm, which is close to our tip’s maximum spatial resolution. Different

GB exhibit distinct structural alterations, thus it’s natural for them to also demonstrate different

affected regions. For example, in the brown highlighted TEPL map of Figure 5.4 (c), a GB

is shown with two distinct intensified lines, corresponding to a wider and brighter area in

the FF PL map of Figure 5.4 (b). Figures 5.4 (e) and (f) compare the PL spectra of GB and
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Chapter 6

Conclusion

In summary, TERS and TEPL of two-dimensional materials were performed to study the

electronic, optical and vibrational properties of two dimensional materials, from graphene to

monolayer and twisted bilayer TMDs.

A high quality graphene device was patterned for optical measurements tailored for the

SNOM system (with no top hBN for TERS measurements) and due to the careful choice of

gate metal, the Kohn anomaly effect at room temperature was observed by varying the number

of charge carriers on the graphene surface and recording its Raman spectra.

Moreover, TERS measurements were done in this device and it was possible to probe

the near field interference phenomena when varying the Fermi level. Raman spectroscopy is

known to be a spatially incoherent phenomena, but this is only true in `-Raman, in which the

spatial resolution is limited by the wavelength of the light used. In nano-Raman, since the

measurement takes place inside the so-called Raman coherence length, the Raman scattered

photons can interfere. By varying the Fermi level, the Raman bands enhance differently for

different number of charge carriers, showing the effects of near field interference in the totally

and non-totally symmetric 2D and G bands of graphene TERS sprectra. Furthermore, it is

shown that near the neutrality point, the Raman coherence length is smaller (≈ 7 nm) than

when graphene is highly doped (≈ 40 nm) due to the Kohn anomaly modulation.

The concept of near field interference and coherence in TERS was expanded from graphene

to TMDs, performing the approach curve experiments for MoS2, WS2, MoSe2 and WSe2 and

probing the (non-)totally symmetric (E) A bands and the relation between them, assigning

Raman coherence length for the TMDs. It is noticeable that for all TMDs studied the same

trend observed for graphene are repeated here: the totally symmetric A band enhances more

than the non-totally symmetric E band, despite all the differences that they present. For

instance, in the TMDs, both A and E are first order Raman modes, whereas in graphene, only

the E (G) band is first order. Moreover, graphene presents Kohn anomaly near the neutrality

point, while TMDs do not. Among the four TMDs studied, MoS2 and MoSe2 present very

close values of !c, at 27 and 28 nm, respectively. WSe2 presents the highest value for !c at

41 nm, disclaiming the difficulty in fitting the A and E modes (they are almost degenerate),

while WS2’s Raman coherence length is considerably smaller than the others at 12 nm. These

experiments are the first steps towards the understanding of coherence in TMDs and further
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experiments and theoretical development are still to be done to confirm or disprove this trend.

It is important to highlight that the analysis performed here is based on the assumption that

!c is the same for both A and E symmetry Raman modes. Finding the Raman coherence length

by fitting the relative enhancement d provides an intrinsic metric that mitigates instabilities of

the experiment, being the main way that most of the previous works used to find !c. However,

in reference [86], the authors assigned two different values for !c for two A-type Raman modes

in GaS, so there are clues that the coherence between different Raman modes is not the same.

In this sense, further studies are needed in order to confirm whether !c can be calculated using

the ratio or if an individual treatment of the peaks is necessary.

The spatial resolution gain by the optically active tips also allowed the measurement of

localized phenomena in TMDs, probing grain boundaries in CVD grown MoS2, where an

enhancement of the excitonic response is seen in the GB region, in the opposite direction of

previous TEPL GB measurements. Furthermore, TERS variations in wrinkles of WS2 and

MoSe2 were measured, showing an enhancement of the TERS signal strongly depends on

the topography. Moreover, the influence of the substrate on the TERS and TEPL spectra of

MoSe2 showed that, when on top of hBN, the A16 Raman mode decreases in intensity and in

energy (it redshifts) in comparison when it is on top of glass. Finally, localized defects islands

in WSe2 were measured using two different laser powers, with no clear topography feature,

displaying a defect in the order of 25 nm.

As future perspectives, TERS and TEPL can be applied to the studies in vertical and

horizontal heterostructures, probing their unique properties provided by the different sample

preparations. In particular, twisted bilayer samples present unique properties, among them,

the moiré features that are yet to be seen and studied in twisted TMDs. To achieve that, one

must prepare a nanometrically flat sample without bubbles and without top encapsulation. The

nano bubbles observed in the twisted bilayer samples in this work presented strong correlation

between topographic features and the TERS and TEPL signals, making it not possible to

measure the moiré features.
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Appendix A -

Other measurements in graphene devices

This appendix displays the sweep measurements of two other graphene devices, number 2 and

number 3. The data with the tip is displayed in red and without the tip in blue. All the Raman

parameters of the bands displayed (see the Figure caption for details). Here, in particular, it

is noticeable that the same trend for d is followed in Figure 4.6 (c) in the main text and in

Figures A.1 and A.2 (i) in this appendix.
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