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Abstract

Real materials contain structural defects which significantly affect their
properties. Defects, in a general sense, are ubiquitous and encompass the
diverse variety of elements capable of disrupting the continuity and trans-
lational symmetry of a crystalline lattice, both in terms of its structural
morphology, and in terms of local modulation of its electrical and optical
properties. In this perspective, atomic vacancies, line vacancies, atomic re-
arrangements, local doping inhomogeneity, chemically adsorbed adatoms, all
fall within the broad category of defects. Thus, the nanoscale details of
surface structure plays a pivotal role in understanding the impact defects
may have on the overall properties of the material, and this is particularly
true for "all-surface" materials such as two-dimensional (2-D) crystals. Even
the interface between two atomically thin layers has a strong impact on the
electronic and optical properties of few-layered stacks; therefore, also the in-
terface associated with stacking and layer orientation can be viewed as an
extend defect in two dimensions.

While macroscopic morphological characterization methods can provide
averaged information over a lateral extent defined by their spatial resolu-
tion, high resolution (i.e. nanoscale) imaging has the potential to unveil
important insights into the role of defects that dominate several aspects of
surface chemistry and physics. On the one hand, defects in 2-D materials can
be seen as deleterious as they may alter their electrical, chemical, magnetic
and mechanical properties. On the other hand, the intentional creation of
nanoscale defects may offer an additional degree of freedom for engineering

their properties. In this perspective, having structural defects can be either



Abstract

detrimental or beneficial, depending on the targeted application.

Despite the ever expanding literature on the study of the interplay be-
tween defects and the optical, electrical and mechanical properties of two
dimensional materials, direct and non-destructive imaging of defect forma-
tion at the nanoscale remains a significant challenge. Although techniques
such as electron microscopies or scanning tunnelling microscopy can be used
to resolve individual lattice defects, they may be destructive or restricted to
specific (e.g. conductive) substrates.

This thesis presents a nanoscale optical investigation of 2-D materials,
such as graphene and single-layer MoS,, with a particular focus on the char-
acterisation of defects.

The field enhancement at the tip-apex of a metal-coated atomic force
microscopy (AFM) tip is used to decrease the spatial resolution beyond the
diffraction limit. In the case of the investigation of Raman scattering, this
near-field optical technique is known as tip-enhanced Raman spectroscopy
(TERS).

TERS is here demonstrated to be a valid technique to probe the distribu-
tion of point-like defects at the nanoscale, especially in the case of barely de-
fective graphene. An analytical model to describe near-field imaging of point-
like Raman scatterers, which is of general applicability to zero-dimensional
scatterers such as molecules, is presented. The near-field image, constructed
from the Raman intensity, is found to depend on the Raman tensor and the
orientation of the scatterer. The model can be also used to explain the dif-
ferent values of near-field Raman enhancement observed for different Raman
bands.

Motivated by the successful optical characterization of defects in graphene
by means of Raman spectroscopy, it is now timely to expand the study of
structural defects to other 2-D materials, such as semiconducting transition
metal dichalcogenides. MoS, is one of the most prominent members of this
newly discovered category of chalcogenide monolayers.

Defect-induced Raman scattering of single-layer MoS, is studied by means
of a controlled introduction of defects using ion-bombardment. Phonon con-

finement is used to explain the evolution of peak widths and shifts, and a
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metric based on Raman intensities is proposed to quantify defects. To gain
insight into the defect-induced Raman processes, polarised and resonance

Raman spectroscopy are employed.
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2-D Nanomaterials

In the past four decades silicon-based electronics has proven to follow
Moore’s law, which states that the number of transistors per chip roughly
doubles every two years. This demanding trend has been so far enabled by
the continuous improvement of current technology, targeting the progressive
reduction of the gate length of transistors. However, silicon-based technol-
ogy has almost reached its integration limit, thereby triggering a common
effort in the scientific community towards development of new materials and
technology that could lead to realistic venues towards replacement of silicon.
In this context, 2-D materials exfoliated from their bulk counterpart are re-
ceiving a growing interest" thanks to their remarkable electrical, optical and
mechanical properties.

In layered materials, atoms within each layer are held together by cova-
lent bonds, while weak van der Waals interactions keep the layers together.
The existence of these materials in the form of single layers was theoret-

ically proven to be impossible®* due to Mermin-Wagner theorem, which
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1.1. Graphene

states that a 2-D, perfectly flat crystal is not stable at non-zero tempera-
ture because of thermal fluctuations. However, the ripples and corrugations
observed in these atomically thin materials may provide reasons for their
stability?. The first 2-D material to be intensely investigated over the last
decade was graphene, a monolayer of carbon atoms packed into a 2-D hon-
eycomb lattice®. It is a gap-less semi-metal that shows remarkable electronic
properties, including an exceptionally high carrier mobility” exceeding 10°
em?V~1s7!. Many other layered materials are now known to be exfoliable
down to a single layer, the most promising candidates for opto-electronics
applications being transition metal dichalcogenides®, featuring metallic and
semiconducting properties that cover the 1—2 eV band-gap range, and hexag-
onal boron nitride, an insulator with 5.9 eV bandgap?. Amongst layered tran-
sition metal dichalcogenides, MoSs is a subject of intense research because of
its electronic* and optical properties™, such as strong PLH"2 electrolumi-
nescence™, controllable valley and spin polarisation™1°. In a not-too-distant
future, it is hoped that this wide variety of 2-D materials could be used to
form complex electronic heterostructures (only a few atoms thick) that may

become the building blocks for future flexible and transparent electronics.

1.1 Graphene

1.1.1 Structure

Graphene is an allotrope of carbon consisting of a monolayer of carbon atoms
packed into a 2-D honeycomb lattice®. It is the building structural unit for
many carbon materials of other dimensionalities, such as 3-D graphite, 1-D
carbon nanotubes and 0-D fullerene®. Graphite consists of coherently stacked
layers of graphene which are arranged in a ABA structure (known as "Bernal
Stacking"), held together by weak interlayer van der Waals forces, resulting
in a interlayer spacing of 0.335 nm"®.

The carbon electronic configuration is 1s% 2s? 2p?, with the 2s and 2p
orbitals combining together to form hybrid orbitals sp® (i = 1,2,3). In

graphene 2p,, 2p, and 2p, orbitals form three sp? hybridized orbitals, which

12



1.1. Graphene
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Figure 1.1: On the left: the lattice structure of graphene, consisting of two in-
terpenetrating triangular lattices (A and B). On the right: corresponding Brillouin
zone. K and K’ denote the Dirac points.1”

are arranged at an angle of 120°, forming o covalent bonds with neighbor
atoms. The bond length is a._.=0.142 nm"®. The 2p, orbital is perpendicular
to the basal plane and remains free, determining the optical and electronic
properties of graphene.

The following nomenclature will be used throughout this thesis: sin-
gle layer graphene (SLG), few-layer graphene (FLG), multilayer graphene
(MLG).

1.1.2 Electronic Properties

The graphene structure can be seen as a triangular lattice with a basis of
two atoms per unit cellt? (Fig., forming a hexagonal lattice. The lattice

vectors can be written as:

ay = 5(\/5, 1), a9 = 5(\/57 —1), (11)

where a = v/3a,_.—0.246 nm is the lattice constant. In the reciprocal space,
the first Brillouin zone is also hexagonal. The reciprocal lattice is defined by

vectors given by:

by = 2%(%3, 3) b= %”(ﬁ, -3). (1.2)

The low-energy electronic band structure of graphene can be well de-

scribed by a tight-binding Hamiltonian. Near K or K’ in the Brillouin zone

13



1.1. Graphene

Figure 1.2: Energy band structure of graphene, and a zoom-in of the energy
bands close to one of the Dirac points.1?

(see Fig. [L.1)), the electronic dispersion is linear (Fig{L.2)):

E*(k) = +hvp|sl, (1.3)

where Kk = k — K, vp is the Fermi (electronic group) velocity: vy =
V3v0a/2h ~ 1 x 10%m/s, 7o is the hopping energy between first neighbour
orbitals, the k= (k,, k,) vectors represent the ensemble of the available elec-
tronic momenta, and K= %—g(l, \/ig) is the vector, in the momentum space,
representing the position of the K point of the Brillouin zone.

Eq[I.3] describes touching cones at the K and K’ points. Owing to this
linear dispersion, electrons in graphene behave like Dirac fermions (K and
K’ points are also called "Dirac points"). In undoped graphene, the Fermi
energy level Er resides at the Dirac points whereas it increases (decreases)

in the presence of n- (p-) doping.
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1.2. Molybdenum Disulfide

Figure 1.3: Three dimensional representation of the structure of MoSy.1%

1.2 Molybdenum Disulfide

1.2.1 Structure

Molybdenum Disulfide (MoS;) belongs to the family of transition metal
dichalcogenides. It is composed of a layered structure, held together by
van der Waals forces. The crystal structure of the MoSs sheets is depicted
in Fig[T.3] consisting of two sublattices, for Mo and S atoms respectively.
Due to the chemical ratio Mo:S=1:2, the Mo sublattice layer is sandwiched
between two nearby S sublattice layers. The thickness of a MoSs sheet is
about 0.313 nm"®. Most few-layered transition metal dichalcogenides exhibit
a Bernal stacking, but deviations from this stacking configuration are also
possible, especially when transition metal dichalcogenide layers are stacked

manually via transfer techniques.

1.2.2 Optoelectronic Properties

MoS, has technologically interesting optoelectronic properties, as its band

structure changes from bulk to single layer, thus giving rise to different band

15



1.2. Molybdenum Disulfide
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Figure 1.4: Calculated band structures of (a) bulk MoSs, (b) quadrilayer MoSs,
(c) bilayer MoSs, and (d) monolayer MoSy. The solid arrows indicate the lowest
energy transitions. Bulk MoS, is characterized by an indirect bandgap. The direct
excitonic transitions occur at high energies at K point. With reduced layer thick-
ness, the indirect bandgap becomes larger, whereas the direct excitonic transition
barely changes. Monolayer MoSs in (d) becomes a direct bandgap semiconductor.™

gap values (Fig. The change of bandgap in MoS, from indirect to direct
is reflected in its photoconductivity™, absorption™ and PLIZ,

By considering infinitely wide single S-Mo-S sheets, stacked with ABA
sequence with intersheet distance w fixed to the bulk value, it is possible to
calculate the variation of the band gap in multilayer MoS, sheets as a function
of the number (N) of layers. The calculated band gap monotonically increases
from bulk to the single layer, starting from 1.29 eV when N tends to infinity,
(bulk material) to 1.8 eV for the single layer™219 In the case of a MoS,
bilayer composed of two single sheets stacked in an AB configuration, the
bandgap increases monotonically with w; when the inter-sheet separation is
greater than 0.45 nm, the gap reaches the value found for a single sheet,
as the inter-sheet interaction vanishes™. Note that both AB-stacked sheets

contain three atomic layers (S-Mo-S) and that w refers to the z-axis distance

16



1.2. Molybdenum Disulfide
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Figure 1.5: (a) PL spectra of single-layer and bilayer MoSs on Si/SiO9 substrate
excited with 2.33 eV. The transitions I, A, and B are indicated. Adapted from
Ref20. (b) PL spectrum of a monolayer MoSs sample on a h-BN substrate at
a temperature of 10 K with fully resolved exciton (A) and trion (A™) emission.
Adapted from Ref. 21

between the upper S layer of sheet B and the lower S layer of sheet ALY,

As bulk MoSs is an indirect semiconductor with a band gap of 1.29 eV,
it does not show any PL. Its absorption spectrum is constituted by two
excitonic transitions, namely A (=1.8 ¢V) and B (x2.0 ¢V), originating from
the K point of the Brillouin zone. When the thickness of MoS, is reduced
to few layers the material starts showing an increasingly intense PL signal,
which becomes most prominent in monolayer MoS,. Such emerging PL has
been attributed to the increase of the indirect band gap due to confinement
effects, which leads to the transition to a direct semiconductor.

Figure [L.F|(a) shows the PL spectra of bilayer (red curve) and monolayer
(black curve) MoSy. For the former, the A and B excitonic features are
accompanied by a low-energy feature (I), which has been attributed to the
indirect gap in Ref. [11. In monolayer MoS,, the A excitonic feature can
be accompanied by an additional peak, such that the overall PL signal can
be deconvoluted into the neutral A exciton peak, also commonly referred
to as A° (located at ~660 nm), an A~ peak (at ~670 nm), attributed to
negatively charged trions**, along with the B excitonic peak. The A~ peak

has been found to originate from bound states of two electrons to a hole,

17



1.3. Synthesis of 2-D Materials
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Figure 1.6: Schematic illustration of the main graphene production techniques.
(a) Micromechanical cleavage. (b) Liquid phase exfoliation.(c) Growth on SiC. (d)
Chemical vapor deposition. Adapted from Ref.

i.e. negatively charged excitons. Both the exciton and trion features can
be generally identified in the PL of monolayer MoS, at room temperature,
although the resonances are significantly broadened. Low-temperature PL

measurements allow resolving the A and A~ peaks unambiguously, as shown

in Figure [L.5|(b).

1.3 Synthesis of 2-D Materials

This section briefly reviews the most common methods to produce

graphene and related 2-D materials.

Micromechanical Cleavage Micromechanical cleavage is the first

method used to produce individual 2-D nanosheets from layered materials,

18



1.3. Synthesis of 2-D Materials

and has been widely employed to prepare graphene? and MoS,1%23  This
method involves peeling off a piece of material by means of an adhesive
tape, as shown in Fig. . The produced monolayers can achieve up to
millimetres in size and have high structural and electronic quality**. The
graphene and MoS, flakes used throughout this thesis have been produced
by mechanical exfoliation. As the flakes have been subjected to progressive
and controlled introduction of defects, it was particularly important to start
with a highly crystalline material in the first place, allowing reliable collection
of a benchmark Raman spectrum, representative of the pristine condition.
Flake sizes of ~ 10 um can be achieved for MoS, and other transition metal
dichalcogenides®?. Due to the low yield, this method is suitable just for

fundamental research, and is thus impractical for large-scale applications.

Chemical Vapour Deposition Chemical Vapour Deposition (CVD) is a
process used in the semiconductor industry to produce high-purity thin films.
Volatile precursors reacts and/or decompose on a substrate, building up the
film (see Fig. [1.6[).

This method has been used to grow monolayer graphene films on a variety
of metal substrates by feeding a source gas (such as methane) at a suitable
temperature. One of the first substrates used was nickel. The main growth
mechanism on this substrate is carbon segregation at metal surfaces and
grain boundaries. The grain size of such a graphene is relatively small and
there is often presence of multilayers at the metal grain boundaries. This
is mainly due to the high solubility of carbon in nickel that causes carbon
atoms to precipitate into the metal during the growth. Thin nickel films and
fast cooling process can be used to avoid this. However, this process leads to
thicker graphene layers as well as to presence of structural defects. Graphene
can also grow on copper substrates“, where carbon solubility is very low. In
this case, the grow mechanism is a surface-catalyzed process. It is possible
to achieve larger grain size and single layer graphene with less than 5 % of
the total area featuring thicker flakes.

CVD was recently adopted to synthesize MoS, layers on insulating sub-

27H29

strates , using solid precursors (such as S and MoOs powders) heated to
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1.4. Raman spectroscopy of 2-D materials

high temperature“®,

Epitaxial Growth FEpitaxial growth of a material refers to the formation
of a crystal on top of a crystalline substrate that exhibits a similar structure
(see Fig. [L.6c). The substrate used for graphene is SiC®L. Under high
temperature (>1000 °C) and ultra-high vacuum, SiC (Si(0001)- or C(0001)-
terminated) undergoes graphitisation, a process first proposed in 2012 by

Charrier et al.”? due to the evaporation of Si atoms.

Liquid Phase Exfoliation Liquid-phase exfoliation involves dispersing
the material in solvents, with the help of ultrasonication, as shown in Fig.
[1.6b. To produce graphene, both water®3539 and organic solvents®#5738 haye
been used; for the synthesis of transition metal dichalcogenide nanosheets,

successful solvents were similarly found®?, including mixtures®".

1.4 Raman spectroscopy of 2-D materials

Raman scattering is the inelastic scattering of photons by phonons. In a
classical framework, the electromagnetic field of the incident light induces in
a medium an oscillating dipole which acts, in turn, as an emitter of radiation
at the Rayleigh frequency (corresponding to the frequency of the incident
light) and at the Raman frequency. A deeper understanding of the origin of
Raman light can be obtained using a full quantum mechanical description
that involves photons, electronic transitions, and electron-phonon scattering
events. Raman scattering happens when, with a much lower probability
than Rayleigh scattering, the incident photon loses (or gains) energy in the
interaction process with phonons in the medium, thus exiting the sample
with a slightly lower (or higher) energy.

Raman spectroscopy is an integral part of graphene and 2-D materials
research®’. The absence of a bandgap in graphene makes Raman scattering
a resonant process in the visible range, thus the Raman spectrum contains
information about the electronic properties of graphene*!. The Raman spec-

trum of graphene can be utilised to determine the number of layers, level of
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1.4. Raman spectroscopy of 2-D materials

disorder, defects and edges, strain, doping, presence of functional groups and
perturbation due to magnetic fields*. Raman spectroscopy is also becoming

of interest to characterise other 2-D materials, such as single-layer MoS,4244,

Raman Spectrum of Graphene

Graphene has two atoms per unit cell, thus six normal vibrational modes
(Fig[1.7|(a)), which transform at the I'-point (centre) of the Brillouin zone, ac-
cording to the Ay, + By + Ey,+ E», representation of the D¢, point group™4d,
The Ey, and By, are optical modes whereas Ay, and £y, are acoustic modes.
The Raman spectrum of graphene is presented in Fig. [1.7(b) and consists of
several bands which can be normally Raman-active or can be activated by
the presence of defects (the spectrum is restricted to one- and two-phonon
peaks). In Fig. [1.7(c) the phonon dispersion of graphene is reported, as it is
essential to interpret its Raman spectrum. In general, first-order one-phonon
processes at I' are Raman-active if their group symmetry is correct and if

they satisfy the fundamental Raman selection rule, i.e. the phonon wave

(a)

A, '
Ez Bag [ Aw Ey " O

(b) (c)
r M K r
_ - ]1,700 = o—121
-~ | ' m
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> Al o 5
=1 D 2D ol =
c T 1, 3
B =i ™
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Figure 1.7: (a) I-point phonon displacement patterns for graphene vibrations.
Inequivalent carbon atoms are distinguished using empty and filled circles. Red
arrows show atom displacements. (b) Raman spectrum of pristine (top) and de-
fective (bottom) graphene. (c) Phonon dispersion relation of graphene. Red lines
indicate Kohn anomalies. Adapted from Ref. 41l
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1.4. Raman spectroscopy of 2-D materials

vector q &~ 0. As will be described below, the fundamental Raman selection
rule can be satisfied also by any pair of phonons with opposite momenta, q
and -q, giving rise to two-phonon processes in the spectra.

The G-peak (=~ 1580 cm™!) is due to the in-plane bond stretching of
all pairs of sp? atoms; it corresponds to a one-phonon (Es,) process orig-
inating from the degenerate LO and TO branches at the I'-point*!. The
D-peak is due to the breathing modes of six-atom rings and originates from
TO phonons in proximity of the K-point of the Brillouin zone*!. The D-
peak is a one-phonon process but does not obey the fundamental Raman
selection rule, and indeed requires a defect in order to be activated. The ac-
tivation mechanism of the D-peak is an inter-valley double-resonance, where
the phonon connects two points belonging to two different cones (at K and

4092 An equal and opposite momentum, in

K’) in the electronic dispersion
order for the overall momentum to be conserved, is given by the defect. Due
to a Kohn anomaly at K in the phonon dispersion, the D-peak is strongly
dispersive with excitation energy™?. Intra-valley processes, where the phonon
connects two points belonging to the same cone (at K or K”), give rise to the
defect-activated D’-peak, which is due to LO phonons in proximity to (but
not at) the T-point**% The 2D- and the 2D’-peak are overtones of the D-
and D’-peaks, respectively. Finally, the D+D” peak is assigned to a combi-
nation of one D- and one D”-phonon, the latter belonging to the LA branch
at ~ 1100 cm~!. Contrary to the D"™-peak, D+D” requires no defects in order
to be activated. An overview of the main Raman processes in graphene is
reported in Fig. [I.8] Double and triple resonance processes are depicted in
Fig. [1.§(b-g, j.k) and [1.§(h,i,]) respectively. Defect-activated peaks (D and

D’) will be discussed in detail in the following section.

Defect-activated processes Graphene edges can be regarded as extended
defects, as they break the translational symmetry of the crystal, and are in
general constituted by a combination of zigzag and armchair segments®>29,
In the Raman processes (D and D’) involving one phonon and one defect
(or edge), two conditions need to be satisfied®®: (i) since the electron and

the hole, generated by the incident radiation, have opposite momentum, the
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1.4. Raman spectroscopy of 2-D materials

Figure 1.8: Raman processes. Electron dispersion (solid black lines), occupied
states (shaded areas), interband transitions neglecting the photon momentum, ac-
companied by photon absorption (blue arrows) and emission (red arrows), intra-
band transitions accompanied by phonon emission (dashed arrows), electron scat-
tering on a defect (horizontal dotted arrows). (a) One-phonon processes responsible
for the G peak, which interfere destructively. Some processes can be eliminated
by doping, such as the one that is crossed out. (b-g) In the presence of defects,
the phonon wave vector need not be zero, producing the D’ peak for intravalley
scattering (b,c), and D peak for intervalley scattering (d-f). Besides the e-h or
h-e processes, where the electron and the hole participate in one act of scattering
each (b-e), there are contributions (e-e, h-h) where only the electron (f) or the hole
(g) are scattered. (h-k) For two-phonon scattering, momentum can be conserved
by emitting two phonons with opposite wave vectors, producing the 2D’ peak for
intravalley scattering (h) and the 2D, D+D” peaks for intervalley scattering (i-k).
The e-e and h-h processes are shown in (j, k, 1). With defects, one intravalley
and one intervalley phonon can be emitted, producing the D+D’ peak. The pro-
cesses (f, g, j, k) give a small contribution, as indicated by the orange peak labels.
Adapted from Ref. 41

phonon and defect scattering need to be back-scattering events, in order for

the electron-hole pair to recombine (Fig. [1.9(a)); (ii) the phonon wavevector
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1.4. Raman spectroscopy of 2-D materials

Figure 1.9: (a) Scattering processes involving one phonon (green arrow) and
one defect. Red lines indicate incident photons, generating electron-hole pairs, and
scattered photons from the recombination of electron-hole pairs. Black arrows in-
dicates quasi-classical trajectory of electron and holes. The upper scheme depicts
a backscattering process, with normal incidence, giving rise to a defect-activated
Raman peak. The bottom part depicts a scattering process where an oblique inci-
dence impedes the electron-hole pair to recombine. (b) Wavevector directions for
the backscattering process by armchair (d4) and zigzag (dz) edges. (c¢) Schematic
of the intervalley process giving rise to the D-peak, where only d4 connects two
valleys of the electron dispersion. (d) Schematic of the intravalley processes giving
rise to the D’-peak. Adapted from Refl55l

needs to connect two points in the electronic dispersion (double resonance).

20000 as perfect zigzag

The D-peak can be produced only by armchair edges
edges cannot scatter electrons between K and K’. This can be seen in Fig.
[1.9(b,c) where the wavevectors in real and reciprocal space (d4 for armchair
and dy for zigzag edges), for the backscattering processes, are reported. On
the other hand, the D’-peak can be activated both by armchair and zigzag
edges as intravalley scattering is allowed (Fig. [1.9(b,d)). It is interesting to
consider the D-peak Raman process in real space, as one can see how the D-
peak is localised in proximity to a graphene edge or a defect. As it can be seen
in Fig. [[.8(d,e), in the Raman scattering process giving rise to the D peak,
at least one of the elementary scattering processes bring the electron (hole)
into a virtual state; that is, energy conservation is violated by an amount
of the order of the phonon energy, hwp =~ 0.17 eV. As a consequence, the

electron-hole pair lifetime can be calculated, from the uncertainty principle,
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1.4. Raman spectroscopy of 2-D materials

as 1/wp =3 fs. The length scale of this process corresponds to the distance
travelled over the lifetime of the virtual electron-hole pair, V/wp ~ 4 nm,
where V & 1.1 x 10° m/s ~ 7.3 €V -h is the electron velocity (the slope of

the Dirac cones).

Raman Spectrum of single-layer MoS,

Single-layer MoS, has Ds;, symmetry>’. An unit cell consisting of one
Mo and two S atoms leads to 9 normal vibrations, which decompose at the
I' point into the following irreducible representation: A} + E” + 2AJ 4+ 2F'.
The A}, E’, and E” symmetries correspond to Raman active modes®’. The
two main first order Raman peak of monolayer MoS, are located at ~403
ecm™! and ~384 cm™!, and they correspond to one of the two E’ modes,
and to the A} mode, respectively. The latter is an out-of-plane vibration
of only S atoms in opposite directions. The E’ and A} peaks are denoted
as E219 and A4, respectively, for the case of multilayer MoS,, as the group
symmetry of the crystal varies with its thickness®”. In the following, the £,
A notation will be adopted for monolayer MoS, only, whereas the general
E%g, Ay, notation will be used for multilayer MoSs. The other modes are
either infrared (IR) active, or they require an uncommon scattering geometry
involving a polarization along the out-of-plane z component, i.e. parallel to
the c-axis of the crystal (or, equivalently, perpendicular to its basal plane)
and they are thus normally not observed in a backscattering Raman setup.

The Raman characterization of exfoliated MoS, is less developed in com-
parison to the rich amount of work performed on the Raman spectrum of
graphene, and the interpretation of its spectrum is still the subject of in-
tense debate in the scientific community. For instance, attempts have been
made to infer the number of MoS, layers from its Raman peaks, similarly to
what has been reported for the 2D peak of graphene. Lee et al.*? reported
a dependence of the Egg and A, peak frequencies on the number of layers,
intensities and widths in ultra-thin MoS, flakes. Li et al.*? confirmed the
monotone variation of the E219 and A;, peak frequencies with thickness, but

did not find a thickness dependence of their intensities and widths. In par-
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Figure 1.10: (a) Single-layer MoSy normal modes of vibration. Adapted from
Ref. (b) Raman spectra of MoS; flakes with different thicknesses. The left and
right dashed lines indicate the positions of the E21g and Aj, peaks in bulk MoSs
respectively. Adapted from Ref.23. (¢) Experimental peak frequency of A’y and E’
and their difference as a function of thickness. Adapted from Ref. 43l

ticular, it was found that the frequency of the E219 peak decreases whereas
that of Aj, increases with increasing layer number (Fig. This trend can
be explained as follows. With an increasing number of layers, the interlayer
van der Waals force suppresses atomic vibrations, resulting in higher force
constants and therefore in an increase of frequency®. The blue-shift of Ay
is consistent with this interpretation, whereas the red-shift of Eglg suggests
that other interactions take place. This anomalous behaviour may be at-
tributed to long-range Coulombic interlayer interactions and may reflect the
influence of stacking-induced structural changes®?. Despite the large amount
of work on the the D and D’ peaks for graphene, which are indicative of the
degree of disorder within the crystalline lattice, no comprehensive report on
the interplay between disorder and the Raman peaks of MoS, has been so
far presented in the literature. This will be the subject of Chap. [ for the

case of monolayer MoSs.
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Experimental set-up and

techniques

2.1 Near-field optical spectroscopy

Tip-enhanced Raman spectroscopy (TERS) combines the chemical sensi-
tivity of surface enhanced Raman spectroscopy (SERS) with the high spatial
resolution of scanning probe microscopy (SPM), thus enabling chemical imag-
ing of surfaces at the nanometre length-scale. The concept of TERS was first

5°Y and it was experimentally realised in 2000902,

proposed by Wessel in 198
Since then, TERS has rapidly progressed to become a non-destructive SPM
tool for surface chemical characterisation®, and opened up the opportunity
to study single macro molecules with sub-nm spatial resolution®®. Over the
last 15 years, the technique has been used to study scientific problems in bi-
ology®®, photovoltaics®®, catalysis®”, semiconductors®®, carbon nanotubes®?,

graphene™ and single molecule detection®?.
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2.2. Plasmon-mediated enhancement mechanism

Unlike electron spectroscopy and microscopy techniques such as scan-
ning electron microscopy (SEM), transmission electron microscopy (TEM)
and X-ray photoelectron spectroscopy (XPS) that require vacuum for their
operation, TERS can be used in an ambient environment and it is also well-
suited for the investigation of samples in aqueous media™. Although super-
resolution fluorescence microscopy techniques can be used for imaging of bio-
logical samples below the diffraction limit, the fluorescent labels prevent ob-
servation of the samples in their native state™. Being a label-free technique,
TERS can be used to study the molecules directly, particularly for investi-
gating chemical composition and molecular dynamics in biological samples.
Therefore TERS applications on biological samples such as pathogens™, lipid

75

and cell membranes™, nucleic acid™, peptides™ and proteins™ have drawn

a significant interest.

2.2 Plasmon-mediated enhancement mecha-
nism

A sharp metal or metal-coated SPM tip is positioned at the centre of a
laser focus, and the electromagnetic (EM) field at the tip-apex is confined and
enhanced due to a combination of localised surface plasmon (LSP) resonance
and lightning rod effect (enhancement hot spot, due to curvature induced
electric-field enhancement). Such EM field increase enhances the Raman
signal from target objects (e.g. molecules) in the vicinity of the tip apex and
enables nanoscale chemical imaging of surfaces, overcoming the diffraction
limit of SERS and conventional Raman spectroscopy.

The optical properties of metals such as gold, silver, copper, aluminium
arise from the presence of free conduction electrons. The free electrons of a
metal can move in a background of fixed positive ions, which ensures over-
all neutrality. This system forms a plasma, that is generally refereed to
as free-electron plasma. Being a collective motion of the free electrons as
a whole, a plasmon is a quasi-particle representing the elementary oscilla-

tions, or modes, of the charge density oscillations. Such oscillation, if not
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2.3. Tip-enhanced optical spectroscopy set-up

maintained by an external source of energy, undergoes decay through various
loss mechanisms (collisions etc.). The characteristic oscillation frequency is
given by the free-electron plasma frequency. In a metal nanoparticle (which
can be seen as an approximation of the tip apex), the plasmon oscillates
locally around the nanoparticle centre with a frequency known as the LSP
resonance. The oscillation frequency is determined by several factors: the
density of electrons, the effective electron mass, and the shape and size of
the charge distribution. Therefore, the optical response of metal nanoparti-
cles can be tuned by controlling their size, shape, and dielectric environment.
The shape effect manifests itself as two concomitant phenomena: (i) firstly,
a shift of the LSP resonance (which is ultimately responsible for the EM
enhancement); (ii) secondly, a modification of the local field enhancement on
the particle surface. In general, larger sizes lead to red-shifted (i.e. moved to
longer wavelengths), broadened LSP resonances. The redshift is due to the
onset of so-called retardation effects (i.e. the conduction electrons do not all

move in phase anymore).

2.3 Tip-enhanced optical spectroscopy set-up

The experimental TERS work presented in this thesis is based on an in-
verted microscope system. A schematic of the setup is shown in Fig.
A Raman spectrometer (iHR320 Horiba Scientific, UK), is coupled with an
AFM system (CombiScope 1000, AIST-NT, The Netherlands). A 532 nm
diode laser, matching the plasmonic resonance of the Ag tips, is used to ex-
cite the sample. The illumination wavelength is thus selected to match the
plasmon resonance position of the metal tip apex. Generally, the spectral
profile of the plasmon resonance is broad (=100 nm). Au tips often exhibit
plasmon resonances in the 600-800 nm range. Furthermore, TERS expe-
riences Raman enhancement not only via the amplification of the incident
light, but via the Raman scattered light, with the relative amplitudes of the
enhancement being related to the strength of the plasmon at the spectral
position of both the excitation and Raman emission wavelengths. There-

fore, the Raman signal is enhanced by (E/Fy)*, where E is the enhanced
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2.3. Tip-enhanced optical spectroscopy set-up
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Figure 2.1: Transmission-mode tip-enhanced optical set-up used in thesis. The
green and red light paths corresponds to the excitation laser and the Raman scat-
tered light, respectively.

electric field and Ej is the excitation electric field. As a consequence, it is
usually desirable to utilise an excitation wavelength relative to the tip apex
plasmon spectrum such that the enhancement is high at both the excitation
and Raman-scattered wavelengths. The linearly polarised laser light initially
passes through a spatial filter, which is used to remove the unwanted multiple-
order energy peaks and unwanted components due to scattered light. The
polarisation is converted to radial by means of a liquid crystal polarisation
converter (ARCoptix, Switzerland), which will be described in detail later.
A dichroic mirror directs the light to an oil immersion 100x objective lens
(numerical aperture, NA=1.4) which focuses it on the sample, positioned on
a 170 pum-thick glass coverslip. The sample is supported and controlled by
a xy piezo translational stage. A Ag-coated AFM probe is used, with tip
apex in contact with the sample and aligned with the focal spot. The Ra-
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2.3. Tip-enhanced optical spectroscopy set-up

man scattered light is collected from the same objective and dichroic mirror.
The excitation light is blocked using an edge filter. The Raman light is anal-
ysed in the spectrometer using one of the gratings available (300, 600 and
1800 lines/mm) depending on the level of spectral resolution needed, and an
electron multiplying CCD (EMCCD) detector (Newton, Andor Technology,
Ireland).

2.3.1 Laser polarisation

The laser polarisation is a critical parameter in TERS, as the tip enhance-
ment is maximised when the laser polarisation is parallel to the tip axis. In
the setup used in this work, this can be achieved using a radially polarised
beam which, when tightly focused using a high-NA objective lens, gives rise
to a strong longitudinal polarisation at the focal spot™&0 (Fig. [2.2h). In or-
der to obtain a radially polarised beam at the back aperture of the objective,
a liquid crystal polarisation converter is used. A schematic of the converter,
shown in Fig2.2b, consists of three components: the polariser converter it-
self (O-cell), a retarder cell and a polarisation rotor. The retarder cell is
divided in an upper and a lower part. The upper part of the retarder cell
can be controlled electrically to change the inclination of the liquid crystal
molecules. As a consequence, the phase of the upper part of the beam can be
retarded in \/2 steps, where )\ is the wavelength of light. The polarisation
rotor is also based on the rotation of liquid crystal molecules by means of an
applied voltage. When the polarisation rotor is switched on, the polarisation
is rotated by 90°. The entrance and the exit plates of the #-cell are linearly
and circularly rubbed, respectively. Azimuthally polarised light is achieved
for light incident parallel to the rubbing direction. Radially polarised light

is achieved for light incident perpendicular to the cell axis.

2.3.2 Tip alignment

TERS experiments are performed by raster-scanning the sample, using
a xy-piezo stage, while keeping the tip and the focal spot aligned. The

alignment procedure consists of three steps. The tip is roughly aligned with
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Figure 2.2: (a) Schematic representation of a radially polarised beam tightly
focused on a focal spot via a high-NA lens, giving rise to a longitudinal polarisa-
tion. (b) Components of the polariser converting the beam linear polarisation to
azimuthal or radial. Adapted from Ref.

the optical view of a camera first. This is done by focusing a LED light 10
pm above the sample. The tip position in zy is then controlled by a stepper
motor until the tip reaches the camera field of view. The second step is a
rough alignment of the focal spot with the tip. The tip is landed on the
sample and appears as a shadow spot in the optical view. The objective
is controlled by a piezo scanner which moves it in the desired position. In
the third step, the focal spot is finely aligned with the tip by progressively
moving the objective while recording and maximising the Raman intensity.
A typical objective map of this type is shown in Fig. The maximum
Raman or PL intensity, due to the plasmonic enhancement, is reached when

the probe and the objective are aligned.

2.4 Tip fabrication

TERS probes are prepared through the thermal evaporation of a 50 nm
thick Ag layer (pressure of 10° millibars and evaporation rate of 0.5/s) onto
silicon AFM tips, purchased from MikroMasch (model HQ:CSC17/No Al).
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2.4. Tip fabrication

Figure 2.3: Photoluminescence objective map of a single-layer MoSs flake showing
a ‘hotspot’ due to the presence of the tip landed on the sample.

The refractive index of the substrate material (silicon: n=4.15 at 532nm)
of the tip is modified by growing a 300 nm thick layer of wet oxide (silicon
oxide: n=1.46 at 532nm) in a furnace at 1000°C for 45 min, with water
vapour flowing. With this method, the plasmon resonance of the metallic
layer is blue-shifted, to reach the wavelength of interest (532 nm). This was
shown in the literature both theoretically®l and experimentally®283. The tip
radius of curvature is determined using SEM and is typically of ~20-50 nm
(Fig. [2.4] (a, b)).

Cleanliness of the Ag layer is particularly important in order to obtain
signal enhancement and spectra free of Raman signatures from contamina-
tion. For this reason, the metal evaporator is maintained in a nitrogen gas
environment of a glovebox. As-prepared probes are also stored in such envi-
ronment in order to avoid the bulk oxidation of Ag. With this method the
probes can remain functional for at least 6 months.

An alternative AFM operational mode can be used in order to perform
tip-sample dependent optical measurements. For this purpose, robust knowl-
edge of tip-sample distance during approach is needed. While it may be pos-
sible to perform such measurements using a contact mode AFM tip, which
will be used for TERS imaging throughout this thesis, major challenges arise

due to the cantilever deflection. During the closest phases of the approach,
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i

Figure 2.4: SEM images of near-field probes. (a) An oxidised and Ag-coated
AFM tip; a close-up is shown in (b). (c¢) An electrochemically etched tip attached
to a tuning fork.

the interaction exerted on the tip by the sample makes the former snap,
hence it may be not be anymore assumed that the cantilever distance from
the sample varies at the same pace as the tip-sample distance. An effective
solution is enabled by lateral shear-force mode operation, based on metal tip
attached to one prong of a quartz tuning fork (as shown in Fig. 2.4{c)), a
rigid element not suffering from the above mentioned deflection issues.

The tuning fork takes advantage of the piezoelectric properties of crys-
talline quartz, whereby the application of a driving force (e.g. an oscillating
voltage) is translated to a mechanical oscillation. The piezoelectric current
generated as a result of the tuning fork mechanical oscillation can be subse-
quently measured. Both arms of the tuning fork move in the same direction,
and the amplitude of the displacement of the tuning fork is detected by
measuring an alternating current signal from the tuning fork. One should
note that a perfectly balanced tuning fork would not produce any current as
both arms would move exactly identically. Thus, the tip mounted parallel

to one arm of the tuning fork (oscillating nearly parallel to the surface of
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Figure 2.5: (a) Schematic of etching set-up for Ag tips. (b) Time evolution of
the current during tip etching for different DC voltage applied: 1, 2, 3 V using a
threshold cut-off, and 2 V without using threshold cut-off. (c¢) Tips corresponding
to the curves in (b).

the sample), changes the mass and stiffness of that arm thus generating a
net current. Under resonant conditions, the tuning fork arm has the biggest
displacement that corresponds to the maximum oscillation amplitude. Upon
approaching the sample, a variation of the oscillation frequency, accompa-
nied by a decrease in the oscillation amplitude, is observed, due to tip-sample
interaction. This results in a decrease in the output current signal, which
is sent to an I-V converted and an amplifier to increase the signal-to-noise-
ratio. The decreased output signal during tip-sample approach is compared
with a set-point of a feedback circuit and the resulting difference is fed back
to a scanner, in order to precisely control the probe-sample distance during

scanning. Both the amplitude and the phase of the output signal can be used
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2.4. Tip fabrication

as distance control parameter in the feedback system, however the phase has
been found to result in an improved stability of the feedback system®%.

Electrochemical etching allows the fabrication of tips from Ag wires, that
can then be attached to a tuning fork to be used in shear-mode or tapping-
mode AFM. The experimental setup for electrochemically etched tip fabri-
cation is shown in Fig. [2.5[a). A Methoohm Autolab system is used. The
solvent is nitric acid, which has been reported to produce sharp Ag tips in
literature®™. A Au ring (from a 1 mm thick wire), with diameter of 1 cm,
acts as the cathode electrode whereas the Ag wire (100 nm thick) acts as
the anode electrode. A membrane (or lamella) is first created in the Au
ring by immersion in nitric acid. The Ag wire is carefully immersed in the
membrane. The application of a voltage between the Ag wire and the Au
ring etches away the Ag. The tip is formed on the upper part of the wire as
soon as the lower part of the wire drops off. Any further etching after this
point is avoided by opening the circuit. This can be controlled by setting a
threshold for the change in current over time (dI/dt). Fig. shows the
variation of the current over time during the etching for different voltages.
The SEM images of the respective probes are shown in Fig. [2.5c.
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Near-field Raman scattering from
point-like scatterers and defects

in graphene

3.1 Introduction to Raman spectroscopy of de-

fective graphene

Raman spectroscopy is widely used to characterise the quality of graphene
layers. The issue of quantifying the level of disorder in sp? carbon materials
via Raman spectroscopy has been investigated since the pioneering work
by Tuinstra and Koenig®®, which reported the presence of a defect-induced
Raman peak at = 1340 cm™! in nanocrystalline graphite, now commonly
known as the D-peak (see Section 1.4 for further details). This was assigned

to a breathing mode with A;, symmetry at the K-point of the Brillouin
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3.1. Introduction to Raman spectroscopy of defective graphene

zone, and an inverse proportionality relationship was established between
the relative intensity of the Raman D- and G-peaks, i.e. I(D)/I(G), and the
crystallite lateral size*®.

In the following years, several works focused on the origin of the D- and
D’-peaks in graphite and on the use of Raman spectroscopy to quantify crys-
tallite size, defect concentration and defect type. In graphene research, the
physical origin of I(D)/I(G) has been investigated by various groups®® &8,
by systematically introducing point defects via ion-bombardment. Lucchese
et al.®%7 have studied ion-bombarded graphene by varying the density, np,
of point defects, or equivalently, the average inter-defect distance, Lp. The
induced damage results in a distribution of vacancy point-like defects. While
the pristine parts of the graphene layer give rise to the G-peak, the D-peak is
localised within few nanometers from a disruption of the crystal lattice sym-
metry, i.e. point defects in this case. In Lucchese’s model, two distinct spatial
regions are used to describe a defect. A ‘structurally disordered region’ (type
S) of radius rg is created from the impact of the ion, whereas an ‘activated
region’ (type A) of radius r4 describes the pristine area around the defect,
giving rise to the D-peak (Fig. [3.1(a)). In practice, the annulus between 74
and rg is eventually responsible for the D-peak intensity. The radius r4 can
be also be written as rs + ¢. By following this model, a phenomenological

expression linking I(D)/I(G) to Lp, can be derived as™

I(D) _
1(G) =Cafallo) +Csls(Lo) (3.1)

2 2
Ty —T
:OAﬁ[G_ﬂT%/LQD — e—ﬂ(ri—T%)/LZD] + C’S(l — e_WT%/LQD)
A S

)

where fa(Lp) and fs(Lp) are the fractions of the areas of type A and S
respectivily, in the graphene lattice. The evolution of the two areas of type
A and S is depicted in Fig. |3.1[(b) for different levels of disorder, correspond-
ing to different Lp; C'4 and Cg are the factors describing, respectively, the
contribution of the areas of type A and S to the D-peak intensity. In partic-

ular, C'4 is the ratio of the relative Raman cross-sections of the D- and the
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Figure 3.1: (a) Visual description of ‘activated region’ in green and ‘structurally
disordered’ region in red, adapted from Ref/86. (b) Simulations of structural evo-
lution in 45x45 nm areas within a graphene layer. These corresponds to bom-
bardment of 10! ions/cm? (Lp = 32), 102 ions/cm? (Lp = 10) 10'3 ions/cm?,
(Lp = 3) 10" ions/cm?, (Lp = 1), adapted from Refl86l (c) Evolution of
I(D)/I(G) and (d) D-peak FWHM for different defect size/ions and Lp, adapted
from Ref/88|

G-peak, and was found to be excitation energy dependent®”. As suggested in
Refs. 830 ¢ can be considered to be dependent on the defect type. For the
purpose of this work the contribution of the latter factor will be considered
null, as the focus is on vacancy-type defect, therefore the S regions do not
contribute to either D- or G-peak intensity.

Fig. [3.1fc) shows the experimental I(D)/I(G), measured by Pollard et
al., as a function of Lp and for different ion types (adapted from Refl88).
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3.1. Introduction to Raman spectroscopy of defective graphene

The experimental data are fitted using Eq3.1} two distinct regimes can be
identified. As Lp decreases, the total area of type A on the graphene layer
increases (green area in Fig. [3.I(a-b)). The contribution to the D-peak
increases and therefore I(D)/I(G) increases until a peak is reached in cor-
respondence of small Lp (3-5 nm). This regime is referred as stage 1 in the
literature. As Lp is further decreased, the total area of type S (red area in
Fig. B.1fa-b)) outweighs the total area of type A and I(D)/I(G) tends to
vanish. This regime is referred as stage 2. The distinction of the two stages
can be also seen in the behaviour of the D-peak full width at half maximum
(FWHM), which is constant to ~20-30 cm™! in stage 1 and dramatically

1

increases up to ~100 cm™! in stage 2, due to phonon spatial confinement”*

(Fig. BI(d)).

There are however several issues with conventional confocal Raman spec-
troscopy when investigating nanoscale defects. Due to the diffraction limit,
confocal Raman spectroscopy provides an averaged spectrum over the probe
size (typical sizes vary from several hundred nanometres to around 1 pm?
depending on the laser wavelength and numerical aperture), whereas the
electron-hole pair involved in the D-peak process is expected to recombine
within a few nanometres from the defect®293  Therefore, for typical de-
fect densities it is not possible to spatially resolve individual defects; ad-
ditionally, inferring the distribution of defects based on the analysis of a
confocal Raman spectrum is challenging. Moreover, the confocal Raman
spectroscopy signal strength from individual defects is extremely weak, mak-
ing detection difficult in the case of a very low defect density. Confocal
Raman spectroscopy also does not allow a straightforward discrimination
among different types of defects when they are present together within the
same sample. For example, both vacancies and grain boundaries in chemical
vapour deposition (CVD) grown graphene can be regarded as defects, how-
ever they cannot be distinguished and quantified separately using confocal
Raman spectroscopy. Specific defects, such as dopant atoms to modify the
carrier density of graphene®, or sp? hybridised bonds in oxidised®? or fluo-
rinated® graphene, can be deliberately introduced rather than being an un-

desired result of the graphene production process. Hence, knowledge of their
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3.2. Methods

distribution is highly desirable to optimise defect engineering in graphene.
The quantification of defects in liquid-phase exfoliated graphene using Ra-
man spectroscopy is also particularly challenging®’, as the graphene flake
size is comparable to the confocal probe size and the D-peak signal from
the edge is therefore always probed in these measurements. Although other
techniques such as electron microscopies or scanning tunnelling microscopy
(STM) can be used to resolve individual lattice defects to overcome many
of these obstacles, they may be destructive or restricted to conductive sub-
strates, respectively.

In this chapter, a demonstration of the ability to resolve the near-field
Raman scattering signal from a point defect in graphene using TERS is
given. The analysis of the measured near-field Raman spectra enables di-
rect and non-destructive enumeration of defects within the graphene sheet,
thus greatly reducing the uncertainty in Lp when compared with its deter-
mination using confocal Raman spectroscopy (which is only able to provide
an estimate of the average inter-defect distance). To further gain insight
into the physics of near-field enhancement of point-like Raman scatterers,
a theoretical model is also developed and further extended to generalised

zero-dimensional Raman scatterers, including molecules.

3.2 Methods

Graphene samples were produced through mechanical exfoliation of
highly oriented pyrolytic graphite (HOPG) on to glass coverslips. A single-
layer graphene flake was identified on the substrate through a combination of
AFM and confocal Raman spectroscopy. Defects were introduced by means
of Biz* ion bombardment (performed by B. Brennan), with an ion energy of
25 keV, as described in detail in Refs 98, [99. These bombardment conditions
result in a defect radius of r¢ = 1.9+ 0.1 nm, as previously determined using
STM®:; an example STM image (acquired by A. Pollard) of a point defect in
bombarded HOPG is shown in Fig (c) The ion current and the exposure
time were tuned®™ to obtain a defect density of np=10'" ions/cm?, which

corresponds to an average inter-defect distance Lp =100 nm, according to
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3.3. Experimental Results

Lp=1/\np.

3.3 Experimental Results

Post-bombardment, a very weak D-peak appears in the confocal Ra-
man spectrum, revealing I(D)/I(G)=0.03 £ 0.01 (Fig[3.2(d)). This mea-
surement was performed at the centre of the graphene flake, in order to
rule out any contribution of the D-peak arising from the graphene edges.
Based on Eq.(3.1]), an I(D)/I(G) value of this order is expected for such a
low density of defects. However, due to the uncertainty on the estimated

SOISTO8 a5 well as the uncer-

values of Cy, rg, and ¢ reported in literature
tainty on the estimated I(D)/I(G) value (arising from the low intensity of
the D-peak measured in the Raman spectrum) a precise determination of
an average inter-defect distance of this order cannot be obtained using Eq.
. Here, an average inter-defect distance Lp=1004+40 nm can be derived
from confocal Raman spectroscopy. The large uncertainty in this value re-
sults from an application of the worst case uncertainty analysis to Eq. ,
where 1(D)/I1(G)=0.03£0.01, as found in this work, and Cy = 5.0 + 0.9,
rg =1.9+0.1 and ¢ = 2.4 + 0.6 as reported in Ref. 98, obtained by fitting
Eq. to the experimental variation of I(D)/I(G) as a function of Lp.
In general, a scaling factor dependent on the Fermi level energy, Ep,
should be taken into account in Eq. (3.1) whenever doping is intro-
duced™. The position of the G-peak (Pos(G)), the FWHM of the G-peak
(FWHM(QG)), the position of the 2D-peak (Pos(2D)), and the intensity ratio
between the 2D- and the G-peak, I(2D)/I(G), are sensitive to doping and
can subsequently be used to estimate Ep1%
graphene flake here investigated shows Pos(G)~1581 cm™!, FWHM(G)~14
em™!, Pos(2D)22670 cm™!, and I(2D)/I(G)=24.8, that are consistent with

negligible doping™ (Er<100 meV). Therefore, the effect of doping in Eq.

. The Raman spectrum of the

(3.1) can be neglected. Such doping occurs naturally upon exfoliation, due to
a combination of surface adsorbates after exposure of the graphene flake to

102

ambient conditions'%®, and of charge transfer with the substrate!®. These

values do not vary significantly when defects are introduced and therefore
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Figure 3.2: (a) Schematic diagram of TERS experiment using an Ag-coated AFM
probe on a vacancy defect (white disk) in a graphene flake. The incident green
light (Fjn.) illuminates the defect and the TERS probe. The Raman scattering is
enhanced from the near-field region (delimited by the green dashed line) where the
defect is located. The Raman D-peak scattering occurs in the region around the
defect (yellow), whereas the Raman G-peak scattering is present for all areas of
the graphene flake that are illuminated (Image not to scale). (b) SEM image of an
Ag-coated AFM probe used in this work. (¢) STM image (acquired by A. Pollard)
of a HOPG surface with a defect (white ellipse) created by bombarding the surface
with Big™ ions (sample voltage 50 mV, tunnel current 1.0 nA). (d) Comparison of
the confocal Raman spectrum of pristine and defective graphene. Inset shows the
D-peak spectral region in the defective graphene Raman spectrum. Symbols are
experimental points and the solid line is a Lorentzian fit.
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Figure 3.3: (a) AFM topography image of a single-layer graphene flake (marked
by the white dashed line). (b) TERS map obtained using the Raman D-peak
intensity (a.u.), showing the distribution of point defects within the flake. Pixel
step-size 25 nm. (c¢) High resolution TERS image of a point defect obtained using
the D-peak intensity. (d) Line profile of the TERS D-peak intensity across a
point defect. Dots are experimental points, the solid green line is a Gaussian fit.
(e) Comparison of one representative far-field, and two near-field Raman spectra.
TERS spectra for when the TERS probe is located at a graphene point defect and
when the probe is away from any defects are shown. Integration time per pixel in
all TERS data is 5 s.

there is no evidence of induced doping.

Fig. [3.3[b) shows a TERS D-peak map (500x500 nm?) of the defective
graphene flake shown in Fig. (a), and a high-resolution map of an indi-
vidual defect is shown in Fig. [3.3|c). From visual inspection of Fig. [3.3(b)
and the representative Raman spectra (red and blue lines in Fig. [3.3(e))
extracted from this TERS map, it is evident that I(D) is distinctively more
intense (I(D)/I(G)=0.3) where point defects are located. For these points,
the FWHM of the D-peak is ~20 cm™!, consistent with the low disorder

80 No commensurate changes can be observed in the intensities or

regime
FWHM of the G- and 2D-peaks, which are uniform over the scanned area.
The ability to visualise the Raman scattering from each point defect en-
ables a direct quantitative analysis. This is particularly important for very
low defect densities, where the value of Lp becomes comparable to the con-
focal Raman probe size, and the associated error of Lp, when determined
using Eq. , increases significantly. However, from Fig. (b), it can

be observed that the inferred value of Lp = 100 nm determined from the
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3.3. Experimental Results

ion bombardment is consistent with the distribution of individual defects
revealed using TERS imaging, from which Lp =130 nm is determined.

Refl104] suggested a different model for assessment of Lp based
on I(D)/I(G) in carbon nanotubes, i.e. the relationship I(D)/I(G)x
0.5nmx1/Lp. However, as Refll04 could not spatially resolve point de-
fects they could not provide a quantitative comparison between the confocal
I(D)/I(G) and the number of defects, as has been presented here. In addition
to this, the present analysis allows one to compare the different enhancement
of the D- and G-peaks (as will be shown later), which was neglected in the
model suggested by Refl104.

A TERS map of a given Raman peak is always the convolution of the spa-
tial distribution of the Raman scattering signal itself with the spatial extent
of the region where the field enhancement takes place, which corresponds
to the TERS spatial resolution. In the case of an effective zero-dimensional
object, such as a point defect, the line-profile essentially corresponds to the
spatial resolution of the TERS probe, which in this case is ~24 nm (Fig.
3.3(d)). To resolve the shape of the ring associated to the D-peak (shown as
a yellow area in Fig. [3.2]a)) the spatial resolution must be much improved
(down to 1-2 nm). This resolution has been demonstrated in particular ex-
perimental conditions such as cryogenic temperature, ultra-high vacuum®*
or STM-based TERS"™, where a conductive substrate is required. However,
the present TERS measurements are conducted without any environmental
constraint.

In order to compare the confocal and tip-enhanced Raman spectra few
relevant concepts and notations are introduced in the following. In a tip-
enhanced Raman spectrum, the peak intensities represent the sum of two
Raman scattering contributions arising from the near-field enhancement re-
gion and from the region illuminated by the confocal probe, i.e. the far-field.

The enhancement factor (n) is defined as'®

I
n= a%, (3.2)

where NF and FF stand for near-field and far-field respectively. Iypr and
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Irp are the peak intensities, with the ratio Iyr/Irr usually referred to as
contrast®™. The G- and 2D-peaks are allowed Raman modes arising from
the whole of the probed graphene area. The value of i for the G- and 2D-
peaks can be calculated using Eq. through consideration of Aypr and
App, the areas of the sample that produce the specific Raman scattering
peak under investigation, such that « = App/Anp. Therefore Ayp and
App are calculated for these peaks using the near-field and far-field spatial
resolutions respectively, where App is determined using a diameter of the
confocal probe® of 225 nm, and Ayp is determined using the near-field
spatial resolution previously calculated from Fig. [3.3(d). Contrarily, D-peak
Raman scattering is localised close to defects and therefore, for a spatial
resolution greater than 2r4, a = np X App, that is the number of defects
within the probed far-field area. Here, o =4 for Lp = 100 nm.

The values of the enhancement factor n and the calculated contrasts of
the D-, G- and 2D-peaks are summarised in Fig. [3.4 The contrast of the
D-peak is ~40 times higher in comparison to the G- and 2D-peaks, mainly
due to the high localisation of the D-peak around the defects and the very
low number of defects probed within the far-field area.

The analysis of the enhancement factor is far from trivial as it depends on

WD sych as the probe-sample distance, the incident laser

several factors
polarisation, the angle of the probe to the sample normal, the symmetry of
the modes, the dimensionality of the Raman scatterer, the coherence of the
Raman scattering and the plasmonic resonance profile of the probe.

In particular, one can note that the enhancement factor of the G-peak is
~1.5 times lower than that of the D-peak. This is expected when the spatial
resolution is less than the coherence length of the phonons, i.e. = 30 nm for
optical phonons in graphene™. In the fully coherent regime, the intensity of
the G-peak from the near-field region should in principle vanish due to de-

19 arising from the particular symmetry of the

structive interference effects
mode (Es,), for a polarisation that is perpendicular to the sample. However,
an enhancement for the G-peak is still observed here, as the angle of the
probe dipole is generally randomly oriented. As the D-peak is assigned to

the A, symmetry, the corresponding signals from the near-field region add
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Figure 3.4: (a) Contrast and (b) enhancement factor for the main Raman scat-
tering peaks. Error bars represent the standard error from the fitting process.
The contrast for the D-peak depends on the number of defects probed within the
far-field area, equal to a.

in-phase™®. However, one should note that in this case the D-peak is heavily
enhanced due to the fact that the defect acts as a zero-dimensional point
source, i.e. a steeper D-peak signal increase is expected as the probe ap-
proaches the sample?®. Although the 2D-peak shares the same Ay, symme-
try, a much lower enhancement factor is observed for the 2D-peak, compared
to both the D- and the G-peaks. This observation can be attributed to the
frequency-dependent enhancement due to the plasmonic resonance profile of
the Ag-coated TERS probe, leading to a different scale of enhancement for
the 2D-peak, as the associated Raman shift (~2670 cm™!) is much higher
than that of the D- and G-peaks. This effect is particularly relevant for Ag-
coated probes, as Ag exhibits much sharper resonances™ 2 when compared
to Au™3, which is also frequently used for TERS measurements.

One should note that the probe position, relative to the sample and the
laser focus, could affect the calculation of contrast and enhancement factor
using Eq. (as mentioned above). This effect can be separated in two
contributions: the movement of the probe in the plane of the sample, affecting

the tip-laser alignment, and the movement of the probe in the direction
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3.4. Model for near-field scattering

perpendicular to the sample. In the plane of the sample, the probe is placed
within the confocal probe diameter of 225 nm, corresponding to the FWHM
of its Gaussian spatial intensity profile, such that TERS enhancement has a
very weak dependence on any small misalignment between the probe and the
laser focus. On the other hand, in the direction perpendicular to the sample,
the probe position is governed by the AFM feedback control. As this is much
less than the radius of curvature of the probe, the enhancement factor is not
expected to be affected.

Ref. 110 reported on a theoretical study of the enhancement factors for
graphene’s most prominent Raman peaks, occurring in proximity to a one-
dimensional scattering site. The authors predicted a symmetry-dependent
enhancement of the D-peak, which was experimentally validated later in Ref.
109 via a TERS scan across a graphene edge. A similar qualitative selectivity
- albeit with a different numerical value of enhancement factor - should in
principle be observed for a lower dimensionality scatterer. To the best of
my knowledge, the observed preferential enhancement of the D-peak at a
point defect site observed in this report, constitutes the first experimental

validation of the selective D-peak enhancement in zero-dimensional sources.

3.4 Model for near-field scattering

In this section a model for near-field Raman scattering of 0-D sources
is presented, with the purpose of gaining insight into the underlying prin-
ciples governing the resulting enhancement and spatial resolution. In the
following, a description of the geometry used for the model is given, which is
schematically depicted in Fig[3.5

When the probe-sample system is excited by an incident electric field,
both the probe and the sample undergo multiple scattering events. The case
of interest, which gives the most significant Raman signal at the detector,
is the one where: (i) the incident field is enhanced by the probe, (ii) the
enhanced field excites the sample, (iii) the excited Raman signal is enhanced
by the probe and then collected. The incident electric field at the probe
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Figure 3.5: Schematics of the model, representing a near-field probe on a 0-D
Raman scatterer. A is the distance between the probe and the plane xzy, where
the 0-D Raman scatterer is located. In yellow is the probe apex, described by a
curvature radius p. 7’ and 7, indicate the location of the 0-D Raman scatter and
the center of the probe apex, respectively. p and p’ are the dipole moments at the
probe apex, aligned with the probe axis, and described by the angles 6 and ¢ with
respect to the z and x axes, respectively. Ej; is the incident field described by the
angles v and [ relative to the z and x axes, respectively.

apex, located at r,, can be written as

Ei(r,,w) =F;(sin~y cos /X + siny sin 8y + cosyz)
=FE)/(cos fx + sin fy + E.z) (3.3)
=E,x+ E,;y+ E.z,

where FE; is the amplitude of the electric field, X, y and z represent the
unit vectors of the Cartesian coordinates system,  is the angle between the
electric field and the z-axis and [ is the angle between the projection of
the electric field on the xy-plane and the x-axis. The metal probe can be
modelled as a metal sphere with radius p, whose surface is at distance A from
a 0-D scatterer located on the xy-plane. Given an electric field of wavelength

A and frequency w, one typically has A >> p in near-field experiments,

49



3.4. Model for near-field scattering

and therefore the incident electric field induces a simple dipole at the probe
apex, as also confirmed experimentally™#. In practice, the elongation of the
probe needs to be taken in account: for highly enhancing probes the dipole
is oriented along the probe axis. Within this model, the polarisability of the

metal probe can be written ast’®

cos? psin®f  cospsingsin®f  cos pcosfsinf
ap(w) = 2mep° f(w)x | cosesingsin?d  sin®psin?6  sinpcosfsin f

cospcosfsinf  sinpcosfsinf cos? 6

(3.4)

where 6 is the angle between the probe symmetry axis and the z-axis, ¢
is the angle between the projection of the probe symmetry axis on the xy-
plane and the z-axis. Here a complex enhancement factor, f (w) is used,
dependent on material and geometry of the probe. The field generated by
the dipole moment p(r,,w) = a,(w)E;(r,,w) at the probe apex generates a
field propagating to the point-like scatterer, located at r’. The electric field

at v’ can be written as

E'(r'w) = C:}’(Tz,rl;w) cap(w) - Ey(r,w), (3.5)
with the near-field term of the free-space Green’s function

et/c - 3RR

(a1 0) = —— (—1 .
Glrarr') = T+ ) (3.6)

where R =r, — 1, R = |R|, [ is the identity dyadic, c¢ is the vacuum speed
of light. A Raman dipole d(r',ws) = ar(ws,w) - E'(r',w) is induced in the
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3.4. Model for near-field scattering

point-like scatterer, which is described by a Raman tensor

a1 2 g3
ar(ws,w) = | oo a2 a3 |, (3.7)
G31 O32 Q33
with wg being the frequency of the Raman signal. The electric field emitted
by the Raman dipole reaching the probe apex is

E"(r.,ws) = ws/(eoc®)(r', 723 ws) - }:%(ws, w)- B w), (3.8)
which in turn induces a secondary dipole p/(r,,ws) = a,(ws)E"(r,, wg). Us-

ing Eqgs. [3.5§3.8] the collected field intensity I assumes the form

wiwd
18
€ac

|ép(wS)-C:¥(r',rz;ws)-éR(wg,w)é(rZ,r';w)-ép(w)-EZ-(r,w)P.
(3.9)
Fixing the position of the Raman scatterer at ' = (0,0,0), i.e. under-
neath the probe apex, Eq. can be simplified to

I oc [p/(rs,ws)|* =

12

I ogia gy P ) fws) P
X [cosy cos B + cos(B — ) sin v sin 6%]? (3.10)

X darzz cos® O — sin 20[(a3 + 1) cos o + (g + azz) sin @]

+ sin? O[ay1 cos? o + (g + aa1) cos psin @ + agg sin? @2

From Eq. [3.10} one can note that the Raman intensity is inversely pro-
portional to the 12" power of probe-sample distance, this dependence being
steeper than that found in 1-D"? and 2-D"U® scatterers. In fact, assuming
the Raman dipoles as coherent (incoherent) sources, the Raman intensity
will be inversely proportional to the 10® (11*") power for 1-D and to the 8
(10'") power for 2-D systems, respectively. One can also note the presence
of the factor | f(w)f(ws)|? which, for f(w) 2= f(ws) (usually valid for Raman
",

scattering), reduces to | f(w)[*, usually identified as the overall enhancement
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3.4. Model for near-field scattering

factor in near-field Raman experiments. However, if the Raman modes of in-
terest have a rather large spectral separation, the wavelength dependence of
the plasmons activated at the probe apex may start to play a non-negligible
role on the different enhancement experienced by each mode. Additionally,
the analytical formula shown here allows one to highlight the importance of
taking into account both the probe dipole orientation and the Raman tensors
in the interpretation of the experimental overall enhancement factors, which

may vary significantly depending on these properties.

3.4.1 Point defects in graphene

In this section the model is applied to point defects in graphene. In-
deed, as pointed out in section 3.1, the D-peak can be spatially localized in
a nanometer-sized area around a vacancy point-like defect, which defacto
acts as a point Raman source for the typical spatial resolution of near-field
spectroscopy (= 20 nm). In Fig. the spatial Raman maps arising from the
D-peak of a point defect in graphene is shown, computed using Eq. [3.9] for
different orientations of the incident field and of the probe. The azimuthal
angles o = 8 = 0° and the electric field angle v = 30°, whilst moving the
angle of the probe, 6, was moved in the zz plane. The intensity is calcu-
lated by varying the position of the point defect in the xy plane, i.e. r’. In
the computation, the Raman tensor for the A, symmetry associated to the

D-peak was used:

ap(ws,w) = ap (3.11)

o O =
o = O
o O O

where ap is a constant, and z, y, and z were fixed as the principal axes of
the crystal. For the curvature radius of the probe apex and for the probe-
scatterer distance typical experimental geometry parameters were used, i.e.
p=20 nm and A=1 nm, respectively.

As shown in Fig. , when the probe is perpendicular to the sample
(0=0°), the TERS intensity pattern resembles a circular ring. For a slight
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tilting angle, which is inevitably present in experimental conditions™# an

asymmetry starts developing in the TERS pattern which becomes a single
(and slightly asymmetric) peak for the probe approaching a direction par-
allel to the sample. The image shape is independent on the electric field
orientation (i.e.  and ) whose only role is to affect the efficiency of the
excitation of the probe dipole, and therefore the overall TERS intensity. One
can also note that the patterns obtained in Fig. reflect the probe dipole
field distribution, and in particular the intensity of the in-plane electric field
component incident on the sample. This is due to the structure of the Ay,
Raman tensor adopted here, where only the diagonal components are not
zero. In general, more complex shapes are expected for different Raman
tensors.

In the literature it is often assumed that the resolution of a TERS image
is equivalent to the extent of electric field enhancement around the probe
or the probe apex radius™?®. From the patterns calculated with this model
one can find that the resolution is greatly affected by the probe angle, a
phenomenon neglected in literature so far, yet in experimental studies the
probe is seldom oriented normal to the sample surface. For example, in
the present calculation, the spatial extent of the near-field Raman signal
(which, in practice, corresponds to the mapping resolution) ranges between
~ 2(A + p) for = 0° (ring-like map) and ~ (A + p)/2 for 6 = 90° (a single
maximum), as shown in the line profiles of Fig. Moreover, in the case
of highly tilted probes (large @), the intensity maximum occurs when the
location of the probe is shifted from that of the scatterer.

Fig. shows the dependence of the maximum TERS intensity that can
be obtained in a single map on the respective orientation of the probe and
electric field. The effect of the tilting angles for the electric field and the
probe is first analysed, by keeping the azimuthal angles fixed (¢ = = 0°).
In order to maximize the intensity, the condition v = 6 needs to be satisfied
for high tilting angle of the electric field (v —90°). When ~ is lowered, the
maximum intensity is achieved for # increasingly higher than ~, and, in the
limit y=0°, it is achieved for § =20°. This trend arises as a consequence of

the trade-off that needs to be reached between the condition of maximum
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3.4. Model for near-field scattering

enhancement of the exciting light (y = 6) and of the Raman scattering
(0=90° for in-plane modes). Therefore, given a certain excitation incidence,
the angle of the probe needs to be calibrated taking the polarisability of the
sample into account. One can note that in the available literature it is often
assumed that probe axis and incident electric field need to be aligned™® and
the effect introduced by the specific Raman tensor is neglected. For the sake
of completeness, Fig[3.7(b) also shows the relation between the maximum
TERS intensity and the azimuthal angles of the probe and the electric field
(that is, their orientation with respect to one another and to the Raman
tensor principal axes), which needs to satisfy the condition ¢ =  in order
for the enhancement to be maximized. The graph is plotted by keeping
0 = ~v = 45° fixed; however the shape of the plot is independent of these
angles.

Knowledge of the orientation of the incident electric field at the probe
axis (E;(r.,w) in Eq3.3) is required in order to compute correctly the rela-
tive Raman intensity when the probe angle is varied. However, although a
focused laser beam is characterized by a dominant polarisation of the elec-
tric field, a distribution of polarisations occurs on the focal plane of a highly
focused Gaussian beam™. As a consequence, the polarisation of E;(r,,w) is
dependent on the alignment of the probe apex with the focused laser beam.
From the experimental point of view, the probe apex can be illuminated
sideways by a linearly polarised beam (reflection mode), or through a trans-
parent substrate by a tightly focused radially polarised beam (transmission
mode). The field strength of the spurious component of E; will depend on the
numerical aperture NA of the objective lens and on the index of refraction
n of the medium. To discuss the contribution of the spurious components,
one can analyse the case of NA=1.4 and n=1.5, and a beam waist matching
with the back aperture of the objective. For an z-polarised focused Gaussian

U7 (i.e. the case when the deviation from the

beam, in the worst case scenario
dominant polarisation is highest, occurring in specific points within the focal
plane), one has |E,|* = 0.003|E,|* and |E,|* = 0.12|E,|>. When a radially
polarised beam is focused, the center of the focal spot is dominated by the

component F, whereas the intensity of the transverse component £ domi-
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Figure 3.6: Calculated near-field intensity maps of Raman D-peak from an in-
dividual point defect in graphene, for a probe of apex radius p =20 nm, angles of
the incident electric field y=30° and S = . The angle 0 is equal to (a) 0° (b)
20° (c) 45°. In the bottom-right sections of each panel, the relative line profile
corresponding to the dotted lines are indicated. Yellow symbols indicates the point
where the probe apex and the point defect are aligned along the z-axis. Relative
intensities are reported in the bottom left of each figure.

nates as one moves away from the center, in a ring-like shape. In the worst
case scenario, one has™ |E)|? = 0.3| E,|?. In practice, the orientation of E;
can be affected by misalignment more effectively when radial polarisation is

used in comparison to linear polarisation.

3.4.2 Effect of Raman tensor on near-field Raman map-

ping: biomolecules

In this section, the model developed in Section is extended to the
study of the Raman tensor of a generic 0-D scatterer, demonstrating how

the symmetry of the Raman tensor is reflected in the near-field map. For
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Figure 3.7: Calculated maximum intensity from near-field D-peak Raman maps
of an individual point defect in graphene, as a function of the (a) inclination angles
and the (b) azimuthal angles of the probe and the electric field. In (a) the optimal
inclination angle of the probe, given a certain inclination angle of the electric field,
is marked by the white dotted line. The black dotted line indicates the condition
corresponding to v = 6.
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3.4. Model for near-field scattering

the sake of simplicity, the probe is kept fixed and oriented along the z-axis,
whereas the Raman tensor is varied. One can consider a general diagonalized

Raman tensor of the form

(05] 0 0
ax(ws,w)=1 0 a 0 |, (3.12)
0 0 Q3

with respect to a set of principal axes x’, ¥’ and z’, of the particular Raman
active mode, such that the Raman tensor can be expressed using a transfor-
mation matrix as
— =T -0 =
ar(ws,w) =R -ap-R. (3.13)
For the present purposes only the relative magnitude of the tensor ele-
ments are relevant, therefore one can define
aq (0%
ro=-— rp=-— (3.14)
as a3
which totally describe the Raman tensors. A possible graphical visualization
capturing a%, can be constructed by plotting the polarised Raman inten-

sity T8

[=l|e-a%- e, (3.15)

where e is a unit vector rotating in the xyz space. In other terms, the spatial
plot of I could be generated with an ideal experiment where the excitation
and collection polarisers are varied in all the directions, while kept parallel
to each other.

Biomolecules are of particular interest for TERS, which has been used
to distinguish individual DNA and RNA bases™!H? DNA bases are a valu-
able example for the present purposes, as they have planar structures and
they can lay flat on a surface. In Fig. the four DNA bases (adenine,
cytosine, guanine, thymine) are depicted, along with two other widely stud-

ied molecules, tyrosine and peptide amide III. The principal axes (blue and
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3.4. Model for near-field scattering

red arrows), and the corresponding values of r; and ry for specific Raman
modes (indicated by the blue and red numerical values, respectively), are also
shown in Fig. as reported in polarisation studies which can be found in
the literature®2,

For each Raman mode of the selected molecules, both the spherical plot
of Eq. [B.15] and the spatial TERS map computed using Eq. are re-
ported. It is possible to note a qualitative resemblance between the two
spatial distributions of the plots, which allows one to gain information about
the structure of the Raman tensor giving rise to a specific vibration in a
molecule, via inspection of the spatial TERS map experimentally acquired
on the molecule.

The determination of Raman tensors of molecules is not usually straight-
forward. An experimental method®**2l to determine the tensor elements
requires polarised measurements (i.e. excitation and collection polarisers are
parallel) on a crystalline molecular structure first. As a second step, the
depolarisation ratio, as given by cross-polarised measurements on randomly
oriented molecules’??, needs to be calculated. The combination of these mea-
surements makes both the determination of the principal axes of the molecule
as well as its elements possible, however multiple measurements on two differ-
ent samples are required. On the theoretical side, ab initio molecular orbital
calculations can also be employed. In contrast, here the symmetry of the Ra-
man tensor can be qualitatively inferred by acquiring the near-field intensity

map of its related molecular vibration.

3.4.3 Enhancement of Raman scattering and fluores-

cence - a comparison

The TERS patterns presented in Sec)3.4.1] and [3.4.2| share qualitative

analogies with the near-field fluorescence images of molecules and quantum

dots, although the physical mechanism involved in these two optical pro-
cesses is intrinsically different. Fluorescence imaging has been reported in
the literature using near-field techniques such as near-field scanning optical

microscopy (NSOM)14#128 and tip-enhanced fluorescence“".
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Figure 3.8: Near-field Raman maps of different bands in biomolecules (Adenine,
Cytosine, Guanine, Thymine, Tyrosine and peptide Amide III) and the corre-
sponding 3D representation of the Raman tensor. Principal axes x and y and the
corresponding tensor elements, as reported in Ref. [120, are indicated in blue and
red respectively.
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3.5. Conclusion

NSOM utilizes a sub-wavelength aperture at the end of a fiber guiding
the exciting light, whose polarisation determines the fluorescence intensity
pattern. In tip-enhanced fluorescence microscopy, the intensity patterns are
determined by the near-field generated by a sharp probe which is, to a good

d™ As a consequence, the intensity patterns

approximation, a dipolar fiel
in tip-enhanced fluorescence are less dependent on the spatial envelope of the
incident field, as long as there is a sufficient z-component of polarisation in
the incident field to induce a strong field enhancement. One should also note
that metal probes, when placed in close proximity to a molecule (at a distance
of few nanometers), can decrease the molecular quantum yield, resulting in a

1281129 and quantitatively affecting the tip-enhanced

quenching of fluorescence
fluorescence patterns.

In addition, a fluorescent molecule is described well by a single dipole,
which can be described by a uniaxial tensor, whereas the case of Raman
scattering is qualitatively more complex. The symmetry of the Raman tensor
was demonstrated to have significant impact on the TERS intensity pattern.
The differences between the intensity patterns of molecules with different
Raman tensors are distinctive, and this can be potentially used to distinguish
different molecules with different types of Raman tensors, or even different

Raman modes within the same molecule.

3.5 Conclusion

In conclusion, the near-field Raman scattering arising from individual
point defects in graphene was investigated. It was demonstrated for the
first time that, by overcoming the diffraction limit of confocal Raman spec-
troscopy, tip-enhanced Raman spectroscopy enables detection of highly lo-
calised defects in graphene via their D-peak, with a resolution of ~24 nm. A
near-field Raman map was shown to allow a direct assessment of the amount
and distribution of point defects within the probed graphene area, thus over-
coming the large uncertainty in the average inter-defect distance when de-
termined using confocal Raman spectroscopy. The analysis of contrast and

enhancement factors evaluated in proximity to a point defect has highlighted
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3.5. Conclusion

a selective, symmetry-dependent enhancement of the D-peak intensity at a
zero-dimensional site.

A comprehensive analytical model was developed to calculate the in-
tensity patterns in tip-enhanced Raman scattering experiments of zero-
dimensional sources, such as localized Raman modes within a crystal,
molecules, nanoparticles etc. The model was first applied to the study of
the Raman D-peak originated from point defects in graphene. The optimal
angle of the probe (maximizing the enhancement) was found to be dependent
not only on the excitation incidence, as commonly accepted, but also on the
Raman polarisability. The TERS patterns were also found to be sensitive to
the probe orientation, thus determining the spatial resolution. The model
was then applied to the study of representative biological molecules with a
fixed, but arbitrary, orientation and for a range of Raman tensor symmetries.
The results can be useful to determine the orientation of single molecules and
differentiate molecules with diverse Raman tensors, or Raman modes with

different Raman tensors from the same molecule.
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Effect of disorder on the Raman

scattering of single-layer MoS-

4.1 Introduction

In this chapter, I will discuss the determination of the effects of defects,
induced by ion-bombardment, on the Raman spectrum of single-layer molyb-
denum disulphide (1L-MoSs). The evolution of both the line-widths and fre-
quency shifts of the first-order Raman bands with the density of defects is
explained with a phonon confinement model, with the aid of phonon disper-
sion curves computed by N. Bonini using density functional theory. Several
defect-induced Raman scattering peaks arising from zone-edge phonon modes
are identified. Among these, the most prominent is the LA (M )-peak at ~227
cm™!; its intensity, relative to the one of first-order Raman bands, is found
to be proportional to the density of defects. These results provide a prac-

tical route to quantify defects in 1L-MoS, using Raman spectroscopy and
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4.2. Methods

highlight an analogy between the LA(M)-peak in MoSy and the D-peak in
graphene. Furthermore, multiwavelength Raman spectroscopy allows deeper
understanding of both the LA-peak and the second-order Raman spectrum
dominated by the 2LA band, shedding light on double-resonance Raman

scattering processes occurring in 1L-MoSs.

4.2 Methods

Using micromechanical cleavage,” natural bulk MoS, was exfoliated and
deposited on Si substrates covered with 300 nm SiO,. Photoluminescence?
and Raman spectroscopy® were used to unambiguously identify 1L-MoS,
flakes. The 1L-MoS, flakes were bombarded with Mn™, each with a dif-
ferent ion dose, in an ultrahigh vacuum (UHV) time-of-flight secondary ion
mass spectrometry (TOF-SIMS IV) instrument (ION-TOF GmbH, Muen-
ster, Germany), equipped with a liquid metal ion gun at an angle of 45° to
the surface normal and using an ion beam kinetic energy of 25 keV (ion dos-
ing was performed by B. Brennan). Each 1L-MoS, flake was on a different
Si substrate and was dosed during different experiments, in order to verify
the reproducibility of the results. The ion beam current was measured using
a Faraday cup. The uncertainty in the current measurement is ~3% and is
reflected as the uncertainty in the inter-defect distance.

Raman spectra (532 nm excitation wavelength) were collected at room
temperature, in ambient conditions, on both the pristine and bombarded
flakes, using a confocal system (LabRAM HR800, Horiba Jobin Yvon) in
backscattering geometry, equipped with a 100x objective (numerical aper-
ture NA=0.9) and a 600 lines/mm grating. The spectral resolution is ~2
cm™!, as derived from the line-width of the Rayleigh peak, with an uncer-
tainty in the Raman shift position of 1 cm™! due to instrumentation. The
multi-wavelength Raman measurements were carried out, in collaboration
with the research group of M. Pimenta, on both a DILOR XY and a Horiba
T64000 triple-monochromator spectrometers by using different laser sources
(Ar/Kr, dye laser with DCM special and rhodamine 6G, and He-Cd laser)

covering a wide excitation energy range from 1.85 to 2.81 eV. The laser power
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4.3. Results and Discussion

was kept below 100 uW to avoid heating effects and thermal damage. The
Si Raman band at 520 cm™! was used as a reference for the calibration of
the Raman shift.

The phonon frequencies of 1L-MoS; were computed by N. Bonini using
density functional theory (DFT) and density-functional perturbation theory
as implemented in the QUANTUM-ESPRESSO distribution,**¥ within the

L3 using norm-conserving pseudopotentials.

Local Density Approximation,
A plane-wave expansion up to a 90 Ry cut-off was used and the Brillouin
zone was sampled with a 12 x 12 x 1 Monkhorst-Pack mesh. The single-layer
MoS, was modelled using a supercell approach and an interlayer spacing of
1.0 nm. The dynamical matrices were calculated on an 8 x 8 x 1 uniform
mesh and Fourier interpolation was used to compute the phonon dispersion
on finer grids.

Resonant Raman calculations were performed by M. Pimenta’s team us-
ing phonon dispersions sampled on a 400 x 400 x 1 grid for 1L-MoS; and a
200 x 200 x 50 grid for bulk. Since the absolute Raman shifts are prone to
slight (1%) over/under-estimates due to limitations of DFT, the calculated
phonon frequencies were shifted by within 1% to allow better comparison
with the respective experimental dispersions. This shift leaves the calculated
dispersion in the Raman shift with laser energy (which reflects the influence
of the phonon and electron band structures on the double resonance Raman

process) unchanged.

4.3 Results and Discussion

Figure shows the development of representative Raman spectra of 1L-
MoS, flakes, excited at 532 nm excitation wavelength, and bombarded with
Mn™, for an increasing density of defects. In order to induce a controllable
level of surface damage, the ion beam was rastered over the 1L-MoS, surface.
The density of ions impinging on the surface (o) is calculated as o = It/Ae,
where [ is the ion current, ¢ the exposure time to the ion beam, A the
rastered area, and e the elementary charge. By varying t it is possible to tune

the defect density between 10'? and 10 ions/cm?. These correspond to an
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Figure 4.1: Raman spectra of 1L-MoS, flakes with varying inter-defect distances
Lp. The asterisk refers to the 2TA(X) Raman peak of the Si substrate. The
spectra have been normalized to the intensity of the A}j-peak, as seen from the
relative increase of 2TA(X) with decreasing Lp.

average inter-defect distance (Lp) ranging from 10 nm to 1 nm (Lp = 1/4/0).
The bottom Raman spectrum of Figure is for a pristine flake and is shown
for comparison. Notably, as observed in Figure [4.1 the Raman spectrum
gradually evolves as a function of Lp. This evolution can be summarized
in two main points: (i) the first-order Raman bands show changes in both
their widths and positions, and (ii) new Raman scattering peaks arise in the
spectral region ~ 140 — 420 cm ™.

Focusing on the two main first-order Raman bands (Figure , as Lp
decreases the peak position of E’, Pos(E’), downshifts while that of A],
Pos(A}), upshifts, whereas the full width at half maxima, I', of both bands,

['(E’) and I'(A}), increase upon decreasing Lp. In order to exclude any possi-
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4.3. Results and Discussion

ble contribution of temperature-induced broadening and shifts of the Raman
scattering peaks, the Raman spectra were also measured as a function of laser
power, confirming that no significant variation is found in the Raman spectra
for a laser power range 1uW-1 mW, as evidenced in Fig. [1.2] It is worth
noting that ion-induced defects in 2-D materials are usually associated with
doping™ and strain,’*? which can affect the vibrational modes. Indeed, it
has been previously observed that Pos(A)) and I'(A}) are sensitive to doping,
whereas £’ remains unaffected.’*¥ However, the upshift of Pos(A}) should be

133 which is inconsistent with the present

accompanied by a decrease of I'(A}),
observation, allowing one to rule out the doping effect as the main mecha-
nism involved. One could also associate the shifts in peak positions with an
induced strain localized around defects. It has indeed been reported that
both Pos(E’) and Pos(A’;) decrease (increase) with tensile (compressive) in-

L3839 which is once again contrary to the present experimental

plane strain,
observations. However, although doping and strain will have an effect on
the Raman spectra, the observed disorder-related evolution of the first-order
peaks can instead be explained using a “phonon confinement model”, which
has been successfully applied to explain the Raman scattering from several
ion-bombarded crystals, for example, graphene,”! graphite®®® and GaAs,*37

1381139 and

as well as to estimate the domain size of microcrystalline silicon
the width of silicon nanowires.*4"

For a crystalline material, the vibrational normal modes have an infi-
nite spatial correlation. Therefore, Raman active phonons can be described
as plane-waves with finite wave vector ¢ = 0 (known as the Raman fun-
damental selection rule). The corresponding Raman bands have Lorentzian
line-shapes centered at frequency w of the zone-center of the Brillouin zone,
with a full width at half maximum, I'y, which is inversely proportional to
the phonon lifetime. When defects are introduced, these perturb the spa-
tial translational invariance of the system; as a consequence, the phonon
correlation length, Lo, becomes finite, causing the breakdown of the funda-
mental selection rule.’* The relaxation of the selection rule determined by
the presence of disorder can be taken into account by considering an “effec-

tive” circular region, with diameter equal to Lo, within which the phonons
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Figure 4.2: Raman spectra of defective 1L-MoSy (Lp=1.6nm) excited with 532
nm laser, at different laser power.

are confined, leading to a Gaussian attenuation factor of exp(-2r?/L%), where
r is the spatial coordinate. In the reciprocal lattice space, this corresponds
to a phonon wave-packet of exp(-q*L% /4). As a consequence, the intensity [

of a Raman band can be generalized as

272
LC)

el
I(w) = ~d? 4.1
() /Bz[w_w(q)]u% : (4.1)

where w(q) is the phonon dispersion and the integral is extended over

q

the Brillouin zone (BZ). For pristine materials, Lo tends to infinity and Eq.
(4.1)) reduces to a single Lorentzian centered at w(0).

In this work, the line-shapes of the first-order peaks are modeled using Eq.
, where Iy is taken as the experimental width of each Raman scattering
peak, as found in the pristine flakes. The phonon dispersion w(q) of 1L-
MoS, was calculated using DFT (credits to N. Bonini). The region of w(q)
which is of interest for the E’- and A’j-peaks is shown in Figure [1.3(a). At
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Figure 4.3: (a) Phonon dispersion and vibrational density of states (VDOS) of
1L-MoSs calculated by N. Bonini. (b) Close-up of the spectral region where the
first-order peaks are located, for sample with Lp = 2.2 nm. The gray lines are
the fitted Voigt peaks, and the red line is the cumulative spectrum from the Voigt
fitting process. Symbols represent the experimental spectrum. (c) Position and (d)
I of E' and A} as a function of Lp. Symbols refer to experimental data, continuous
lines refer to the phonon confinement model described in the main text. The error
bars for the peak position and I' represent the largest uncertainty present (the
spectrometer resolution or the standard error from the fitting process).
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the T'-point, the out-of-plane optical (ZO) branch gives rise to the A} mode.
The slight polarity of MoS, breaks the degeneracy of the longitudinal optical
(LO) and transverse optical (TO) branches at the zone-center. However, due
to the small LO-TO splitting, only one peak, F’, is detectable using Raman
spectroscopy measurements, =544

Fig. presents the line-shapes of the A}- and E’-peaks, numerically
calculated from Eq. using the corresponding branches of the phonon
dispersion curves. For the A|-peak, this is the dispersion of the ZO branch.
Eq.(d.1) is calculated for the LO and TO branches of the dispersion curve
and then the sum of the two integrals is taken for the E’-peak. It is therefore
assumed that the LO and TO branches equally contribute to the line-shape
of the E’ peak. The calculated phonon branches giving rise to the A} and
E’ peaks are rigidly shifted by -6.6 cm™!, -7.0 cm™!, and -9.7 ecm™! (for
the ZO, TO and LO branches, respectively), to match each I'-point value
to the experimental peak frequencies measured for pristine 11.-MoS,. In the
calculation, the phonon correlation length is taken to be proportional to the
inter-defect distance,”" that is Lo = aLp, where « is a real, positive number.

Figures [4.3(c) and [4.3[(d) show the experimental evolution of the posi-
tion and line-width of the E’- and A}-peaks as a function of Lp, calculated
using Voigt peak-fits as there are contributions from multiple peaks in this
spectral range, as shown in Figure [4.3(b). The upward and downward shifts
of Pos(A!) and Pos(E") respectively, resemble the phonon dispersion of the
corresponding branches: moving away from the I'-point (q = 0), the upward
trend for the ZO frequencies and the downward trend for the LO and TO fre-
quencies are observed. « is an adjustable factor, as the defect scattering cross
sections are expected to be quite different for in-plane (E’) and out-of-plane
(A7) modes. Here, « is determined by achieving the best agreement with
the experimental trends of Pos(E’), Pos(A}), I'(E’) and I'(A4}). From Figure
the optimal values for « are found to be 0.5 + 0.1 and 0.8 £ 0.1 for the
A~ and E’-peaks, respectively. Therefore the phonon correlation length and
the inter-defect distance are of the same order of magnitude, supporting the
validity of the proposed model. Note that these results are consistent with ex-

periments on ion-bombarded graphene that show a proportionality between
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Figure 4.4: Line-shapes of the E’- and A}-peaks, calculated using Eq. (4.1)) for
different inter-defect distances Lp.

Lo and Lp, with different values of o associated to different modes.”*
Other than the effects of phonon confinement on the two first-order 1L-
MoS; Raman peaks, the Raman spectra of the Mn* bombarded samples
are also characterized by the presence of defect-activated peaks. The peak
positions and relative assignments, based on the correlation with peaks in
the theoretical phonon dispersion (Figures [4.3|a) and [4.6(a)), are reported
in Table 4.1} These modes involve phonons at the zone-edge of the Brillouin
zone, which may be activated by the momentum contribution of a defect,
allowing the Raman selection rule to be satisfied. Similar peaks have been
previously reported in other transition metal dichalcogenides under electronic
resonance condition, and ascribed to disorder-induced modes originated at
the zone-edge.**¥ Some of these modes, while still clearly distinguishable,
overlap with the E’- and A} peaks, affecting the uncertainty in the fitting
process. For peaks in close proximity to the first-order peaks, the defect-
induced peak at ~357 cm~! can be assigned to the TO branch at the M-point,
whilst at the high frequency side of the A} peak it is possible to distinguish
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Table 4.1: Disorder-activated Raman band position and respective assignment.

Band (cm™')  Assignment
154524  TA(M)
180.6£1.9  ZA(M)
187.9408  TA(K)
2152+ 2.0 -
227.6+0.7  LA(M)®
250.4+£1.5 -
3577428  TO(
377.0+41.1  LO(
4119+ 1.2 Z0O(

®Assignment from Ref[142]

a peak centered at ~411 cm™' that is assigned to ZO(M).

Of particular interest is the peak at ~377 cm™!, which overlaps with the
E’ peak until it becomes barely distinguishable for high levels of disorder.
Indeed, the ~377 cm™! was previously identified not as a distinct peak, but
as a broadening of the E’-peak.™* This is not the case, as clearly evidenced
from the comparison between the spectra with different levels of disorder
(Figure . The distinctive identity of the ~377 cm™! peak is further con-
firmed by its presence in pristine 1L-MoSs, where it manifests itself as a weak
shoulder located at the low-frequency side of the E’-peak. The existence of a
similar shoulder has been previously reported for bulk MoSs, and it has been
assigned to Raman-inactive TO phonons with E?, symmetry, 4% arising
from an atomic displacement pattern similar to that of Ezlg. This assignment
is questionable, as reflectivity measurements show this peak at the higher
frequency side of the E'-peak.™% Moreover, the distinction between the Fj,
and the E?, modes is not present in 1L-MoS,,** where a single E’-peak
should be observed. Therefore, the origin of the low frequency shoulder can-
not be attributed to Ey,2. This study enables the ~377 cm™! feature to be
identified as a disorder-induced peak, suggesting that it is a mode originated
at the edge of the Brillouin zone (LO(M)).

Analysing the low-frequency region of the Raman spectrum (150-280

cm™!) of Mn™ bombarded 1L-MoS, (see Figure , the appearance of new
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bands is observed. Among these, the most intense peak is located at ~227
cm~!. It has previously been shown that exposure to ambient conditions can
cause partial oxidation of MoS,, therefore leading to the presence of molyb-

148 in the spectral region

denum oxides, with MoQO3 displaying Raman bands
120-1110 cm~!. The most prominent peak of MoOs is located at ~820 cm™!
and is attributed to a symmetric stretch of the oxygen atoms in the O-Mo-O

d,*® whilst a very weak band is also present at ~227 cm™!. Therefore,

bon
one possible assignment of the ~227 cm™! peak in 1L-MoS, could be an in-
creased level of partial oxidation on the MoS, samples, as vacancy sites are
expected to interact with molecular oxygen, thus promoting the formation
of Mo-O bonds. However, if this were the case, the onset of the MoO3 band
at ~227 cm~! should be accompanied by a distinct appearance of a much
more intense peak at ~820 cm™!. In the Raman spectra of Mn* bombarded
MoS,, a peak is observed at ~820 cm™! but its intensity does not increase as
a function of disorder, indicating that it corresponds to a higher order MoS,
peak ™50 (see Figld.5).

A prominent peak at ~227 cm™! has also previously been reported in the
literature for deposited MoS, films**? and MoS, nanoparticles.™ #4153 Study-
ing MoS, nanoparticles, Frey et al. 142123 attributed the ~227 cm™! peak to
disorder-induced Raman scattering. This peak has been linked to the pres-
ence of a local maximum in the vibrational density of states (VDOS), located
at the energy corresponding to the longitudinal acoustic (LA) branch at the
edge of the Brillouin zone™ (Figure [4.6(a)). The emerging peak has been
assigned to LA phonons with momentum q#0 at M-point, and referred in
literature as LA(M),142153 which is the term that will also be used hence-
forth. However, restricting the origin of the peak to M-point phonons may
not be completely justified, as (a) the VDOS presents a van Hove singularity
between the M- and K-point, and (b) the LA branch is almost dispersion-
less over the entire edge of the Brillouin zone, that is, all the phonons at the
zone-edge have similar energies and could potentially contribute to the ~227
cm ™! peak. The second order of LA(M) is also present in the spectra at ~454
cm™! and it is denoted as 2LA(M) (Figure [4.1). The origin of this band is
interesting and will also be discussed later. While the notations LA(M) and
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Figure 4.5: High frequency region of the Raman spectra of 1L-MoSy flakes with
different inter-defect distances Lp. The spectra are normalized to the A}-peak
intensity. The peaks at ~754 cm™!, ~784 cm~! and ~820 cm™! are assigned in
literature to second-order peakst42%121,

2LA(M) will be used for consistency with previous literature, in the light of
the above there is no reason for restricting their origin to the M-point; to
this end, the comprehesive multiwavelength analysis presented Section
will unveil their detailed assignement.

To further validate the strong correlation between the ~227 cm™! peak
and structural defects, the evolution of the intensity (peak height) of the
LA(M) peak, normalized to the E’-peak, I(LA)/I(E’), and the A} peak,
I(LA)/I(A}), respectively, as a function of Lp is shown in [£.6(b). The in-
crease of these intensity ratios is the combination of two concomitant factors
occurring upon increasing disorder: (a) an increase in the absolute intensity
of the ~227 cm™! peak, caused by the increase in disorder, and (b) a decrease
in the intensity of the E’- and A}-peaks that is possibly due to the progres-
sive ablation of the material caused by the ions bombarding the MoS, flakes.
The latter is observed in Figure [£.1] from the increase in the intensity of the
2TA(X) Si peak, observed at ~300 cm ™" and labelled with an asterisk, with
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4.3. Results and Discussion

decreasing Lp (note that the spectra in Figure are normalized to the A}
peak). On the basis of these observations, I(LA)/I(E") and I(LA)/I(A)) are
found to be inversely proportional to L%, or, equivalently, directly propor-

tional to the total number of ions impinging on the surface (1/L%). Fitting

the data in Figure [£.6(b) using

2
I(LA)/I(X) = ¢iX) , (4.2)

Lp
where X = B’ or A}, reveals that C(E’) = 1.11£0.08 nm? and C(4}) =

0.59 + 0.03 nm?. These values are expected to be dependent on the laser

excitation energy used for the Raman measurements. A similar relationship
is found when using the frequency-integrated peak intensities (Fig. [4.6]c)).
Interestingly, these intensity ratios behave analogously to the intensity ratio
of the D- and the G-peak, I(D)/I(G), in graphene, which is largely used to
assess the level of disorder within the latticeS¢:8t=Ls,

Besides the prominent mode at ~227 cm ™!, one can resolve other peaks
in the region 150-260 cm™!, whose intensities increase with disorder. Simi-
larly to the ~227 cm™! peak, from Figure (a), these bands appear to be
linked to acoustic zone-edge phonons: the peaks located at ~154 cm ™, ~180
em™! and ~187 cm™! are assigned to the TA(M), ZA(M) and TA(K) modes
respectively.

It is interesting to observe that all disorder-induced peaks in Table 1 orig-
inate from M- and K-point phonons. The explanation for this preferential
phonon activation within the Brillouin zone might be similar to the one sug-
gested for the origin of the 2LA(M) band"™#2. Indeed, it has been recently
shown that this band becomes more intense than the first-order A}- and E'-
peaks when the Raman experiment is performed with laser energies around
2 eV, which corresponds to the B exciton energy in 1L-MoS,;"2?. The mecha-
nism proposed to account for this behaviour is a double resonance scattering
process involving two LA phonons with equal and opposite momentum.

At the origin of the defect-induced peaks in 1L.-MoS, there could be a
similar double resonance mechanism, involving scattering with defects for mo-

mentum conservation. This would be similar to graphene, where the defect-
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4.4. Polarised Raman spectroscopy

induced D-peak and the relative second-order 2D-peak are activated by a
double resonance process.t® In order to check the validity of the double res-
onance mechanism in 1L-MoS,, a resonance Raman study with varying laser
excitation energy is needed. A discussion of the multi-wavelength Raman

spectra of both 1L- and bulk-MoS; is presented in Section [4.5]

4.4 Polarised Raman spectroscopy

The spectra for parallel (XX) and cross (YX) polarisation with increasing
disorder are reported in Figl4.7(a) and (b), respectively. In Fig. [£.7](c) a di-
rect comparison of the spectra for XX and YX polarisations is also shown for
a pristine sample. XX (YX) indicates the polarisation of the incident laser
and the analyser’s polarisation being parallel (perpendicular).

Concerning the pristine material, as expected from symmetry consider-
ations®?™98 the A’ peak disappears in the YX configuration whereas £’
maintains its intensity unchanged. However, one can still observe a small
Al peak for YX polarisation, which is due to polariser imperfections. In the
YX configuration, one can also observe that the low- frequency E’ shoulder
vanishes. In the low-frequency region of the pristine spectrum, weak features
are found at ~ 150, ~ 180, and ~ 227 cm~!. The ~ 227 cm™! peak, pre-
viously assigned to the LA branch, vanishes for YX polarisation, as seen in
Fig[4.7(c). The Raman band assigned to 2LA (M) also diminishes under YX
polarisation and notably its line shape undergo modifications as well; this
may suggest that such feature is composed of multiple peaks (four distinct
peaks will in fact be isolated within the 2LA band, using multiwavelength
Raman spectroscopy, presented in the next section). There are no available
reports on the symmetry of this mode from which its polarisation behaviour
can be inferred; however, strikingly, a similar polarisation behaviour can be
noticed for both the LA and the 2LA modes. Similarly to the pristine case,
the LA peak appears to be sensitive to the polarisation in the bombarded
samples; however, its intensity does not vanishes under YX polarisation but
only diminishes in intensity. While these preliminary observations reveal a

plethora of unexplored physical mechanisms, additional experimental studies
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Figure 4.8: Evolution of the Raman spectra of pristine and defective 11.-MoSs
(Lp = 2.2 nm) for an excitation energy in the 1.85-2.54 eV range.

and data analyses will be needed to shed light into the observed polarisation
behaviour. In the next section, a multiwavelength Raman spectroscopy anal-

ysis allows gaining further insight into the origin of the 2LLA band.

4.5 Resonance Raman spectroscopy

Resonance Raman spectroscopy provides important insight into the inter-
action of phonons with electrons or excitons. The use of multiple excitation
energies is pivotal to unveiling the rich physical phenomena underlying the
intervalley scattering processes in MoS, as well as its complex second-order
Raman spectrum. Fig. shows the evolution of the Raman spectrum for
pristine (left) and defective (right) 1L-MoS, for multiple excitation energies
E;, within the 1.85-2.54 eV range. It can clearly be seen that the intensity

of the first-order Raman modes is highly dependent on the excitation en-
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4.5. Resonance Raman spectroscopy

ergy for both pristine and defective 1L.-MoS,. As anticipated, of particular
interest is the spectral region featuring the second-order Raman processes,
in the range 400-480 cm~!. The second-order Raman spectrum of MoS,
and other semiconducting transition-metal dichalcogenides hosts a rich vari-
ety of features, which are strongly dependent on the number of layers and
the excitation laser energy. However, in the published works on 2-D MoS,,
the second-order Raman bands were probed using only few laser excitation
lines"??,

Fig. [4.9(c, d) shows a multiple excitation Raman map for pristine 1L-
MoS, and bulk MoS,;. The horizontal scale represents the Raman shift,
whereas the vertical scale is the laser excitation energy. Omne can clearly
observe the resonances of all Raman bands across the A (~1.89 eV) and
B (~2.06 eV) excitonic transitions, which are marked by horizontal dashed
lines. A multiple Lorentzian peak fit has been used to identify the spectral
position of the measured Raman bands. Although the determination of the
lineshapes would require a complete theoretical description of the Raman
intensities, a sum of Lorentzian curves provides a means to associate each
feature in the spectrum to a specific phonon. This is only intended to provide
a reliable estimate of the spectral position of the different contributions to
the second-order Raman bands. The central goal of this work is to achieve
a quantitative comparison between the measured and the calculated spectra
within the entire spectral range considered, while making use of a dense
sampling in terms of laser energies. Constant values for the FWHM have been
imposed as constrains in the fitting analysis, leaving intensities and positions
unconstrained. This procedure was adopted to decrease the number of fitting
parameters since the FWHM is not expected to depend significantly on the
laser energy within this narrow energy range (1.85-2.18 eV). The number of
Lorentzians is gradually increased until a pre-defined convergence threshold
is reached.

An important result is the dispersion of some Raman features as the
laser energy changes, as clearly revealed by the dashed lines tracking the Ra-
man peak positions. In particular, in this analysis, the 2LA band was fitted

1

with four peaks (see Fig. 4.9 (a, b)): a peak around 440 cm™' and three
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Figure 4.9: (a) and (b) Raman spectra (red curves) and fits (green curves) of
1L and bulk MoSy measured with three laser excitation energies: 1.94 eV, 2.04 eV
and 2.11 eV. The second-order bands of interest are denoted p1, ps, p3, p4. The
440 cm™! peak is assigned to the Ay + Egg combination mode after Ref. M7, (c,
d) Resonant Raman maps with more than 20 different laser lines of 1L and bulk
MoS, showing the enhancement of the Raman bands across the A and B excitons
(horizontal dashed lines). (e, f) Laser energy dependence of the experimental values
of the positions of the py, p2, p3, ps peaks (symbols) of 1L and bulk MoSs , and
the calculated dispersion of these peaks (solid curves). (g) Raman spectrum of
a defective 1L-MoSsy sample, showing the disorder-induced bands associated with
acoustic phonons near the edges of the Brillouin zone. The band was fit to a sum
of Lorentzians with frequencies half the frequencies of py, p3, ps. (h) Laser energy
dependence of the experimental values of p2/2, p3/2, and ps/2 (symbols) shown
in (g), and the calculated dispersion of these disorder-induced peaks (solid curves)
assuming one-phonon-defect DRR scattering. The absence of the theoretical curve
for the ps peak in e,h is due to its weak intensity, not observable in the calculated
Raman spectra. The error bars in e,f,h represent the standard error from the fitting
process.
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4.5. Resonance Raman spectroscopy

peaks hereby named ps, p3, ps. The 440 cm™! peak was recently ascribed
in Ref.™ to the Ay, + E3, combination mode. In addition, Fig. 4.9 (a, b)
highlights the presence of an additional band, referred to as p; henceforth.
Most notably, the p;, p3s and ps peaks red-shift as the laser excitation energy
increases. Such dispersive behaviour is characteristic of double-resonance
Raman (DRR) processes. DRR is a kind of second-order process that in-
volves the resonant scattering of excited electrons by phonons, and can be
used as a unique experimental tool to study electrons, phonons, and their
interplay. By varying the incoming photon energy, the DRR condition selects
different electronic states and different pairs of phonons with opposite finite
momenta within the interior of the BZ. For graphene, the most important
DRR features, the D and 2D bands, provide rich physical information about
the sample.

To support the identification and assignment of the different contribu-
tions to the DRR process, first-principles calculations of the second-order
Raman spectra of 1L-MoS, and bulk MoS; have been performed using the
electronic structure and phonon dispersion obtained from DFT, by the team
led by M. Pimenta. The Methods section and Ref. [16(0 contain additional
details of the calculations. In essence, the intensity of a second-order Ra-
man process is obtained within the perturbation theory framework, which
describes microscopically the inelastic light by phonons. Matrix elements in-
cluding electron-phonon interactions represent each the complex amplitude
of the corresponding elementary process. Given the matrix elements, the
intensity of the Raman process can be computed by summing the matrix el-
ement squares over the phonon wavevector. Only electron-electron processes
are included in the calculations; processes involving hole scattering events
have not been taken into account at present.

The different contributions to the 2LA band are identified by comparing
the experimental and calculated multiple excitation Raman spectra of 1L-
and bulk MoS,.The calculated spectral positions of each Raman feature (rep-
resented by black solid lines) as a function of the laser energy are superposed
on the experimental data (coloured symbols) in Fig. [.9(e, f), showing a

very good agreement between the experimental and calculated results. The

81



4.5. Resonance Raman spectroscopy

non-dispersive behaviour of p, (see Fig. [£.9(e, f)) shows that it corresponds
to a conventional second-order Raman process. The experimental frequency
of py is found to match with twice the calculated frequency of the van Hove
singularity in the phonon density of states from a saddle point between M
and K. Thus, the origin of py is ascribed to such van Hove singularity. On
the other hand, p;, p3 and p, exhibit a dispersive behaviour, a signature of a
DRR process due to photons with different energies selecting electrons and
phonons with different wave vectors in the BZ.

Fig. [4.9(e, f) shows an excellent agreement between the experimental
values of the p; positions (red circles) and the dispersion of the calculated
peak (black curve), when considering an intervalley DRR process involving
one LA phonon and one TA phonon in the vicinity of K. Thus, p; is assigned
to LA(~(K))+TA(~(K)). According to the calculations, the combined en-
ergy of the relevant LA + TA phonons near K is found to red-shift as the
incident laser energy increases, dispersing at a rate of ~ 43 cm™! /eV, which
is reproduced in the experiments.

Following similar arguments based on the comparison between the exper-
imental and calculated dispersion rate, the p3 and ps peaks are assigned to
2LA(~K) and 2LA(~M), respectively. As the laser energy increases, ps, and
p4 disperse at rates of ~ 49 and ~ 21 cm™!/eV, respectively, and this result
reflects the different slopes of the LA phonon dispersion near K and M of
MoS,. The p3 peak is representative of a scattering process between K and
K’, involving two LA phonons in the vicinity of the K point, whereas py is
related to the scattering of excited electrons bewteen the K and Q valleys,
by two LA phonons near M.

Therefore, the broad and asymmetric band centered around 460 cm™!
can be overall explained by contributions from LA phonons near the saddle
point between K and M, and from LA phonons near ~K and ~M, which
are enhanced in the spectra by the intervalley DRR process. By varying the
incoming photon energy, the DRR condition, schematically depicted in Fig.
4.10 (a), selects different electronic states in the K valley, and different pairs

of phonons with opposite finite momenta near the M and K points of the

BZ (see Fig. [£.10](b)).
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Figure 4.10: (a) Schematic representation of a DRR process where excited elec-
tronic states are connected by two phonons with opposite momenta q and -q. The
DRR process begins with an incoming photon creating an electron-hole pair near
the K valley. The electron is then inelastically scattered by the emission of a
phonon with wave vector q to the K’ valley. After that, the electron is scattered
back to the K valley by the emission of a second phonon with wave vector -q, and
the electron-hole pair recombines emitting a photon (Stokes scattering). (b) Lo-
cus of electronic states that participate in the DRR Raman process around K for
laser energies of 1.9, 2.0 and 2.1 eV in red, green and blue. Possible phonon wave
vectors that connect these states with each other and with other high-symmetry
points (M and Q) are shown as red dashed arrows. Q is another conduction band
local minimum located halfway between I' and K. Besides the two main scatter-
ing processes giving rise to p3 and p4 (indicated by the K and M dashed arrows,
respectively), there is another possible scattering process between the K and the
Q valley, indicated by the Q dashed arrow . This was not detected experimentally
in the present study due to its almost vanishing electron-phonon coupling.
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As a further verification of the proposed DRR conclusions, a defect-
induced resonant Raman spectrum is shown in Fig. [£.9(g) for defective 1L-
MoS,, for an excitation energy of 1.92 eV. From a fit of the defect-induced

Raman band around 227 cm ™!

, one can identify three peaks located at 227
em™t, 234 em™!, and 235 ecm™!, corresponding respectively to one-half the
frequencies of the ps, p3, and ps peaks. Fig. (g) indicates the presence of
two additional peaks, needed in order to ensure the convergence of the fitting
process. While their origin is at present uncertain, they might be related to
other contributions, in the phonon density of states, to second-order Raman
scattering . Fig. [4.9(h) shows half the frequencies of po, p3, and py as a
function of the laser excitation energy, superposed on the calculated disper-
sion of the DRR features considering, now, scattering by a phonon and a
defect. This process is similar to the disorder-induced D band in graphene,
which also comes from a DRR process involving just one phonon, where mo-
mentum conservation is provided by elastic scattering of the excited electron
by a defect.The excellent agreement with the theory and experiment further
supports the interpretation of the second-order DRR features, and highlights

the role of intervalley elastic scattering by defects.

4.6 Photoluminescence

Figld. 11| shows the PL spectrum of pristine 1L-MoS,. Fitting the curve
with Lorentzian lineshapes, one can resolve features corresponding to the A
(1.88 €V) and the B (2.0 ¢V) exciton peaks, originating from the valence
band splitting at K-point™*2. The prominent trion peak A~ (1.83 eV) is an
indication that the as-prepared samples are n-doped“Y, as usually expected
in mechanically exfoliated MoS, on Si/SiO, substrates™?.

With increasing ion dosing, one can observe an overall reduction of PL
intensity (see Fig.). This is due to defects acting as quenching sites for
PL processes. Similar results have been obtained previously using low-energy
Art bombardment**Y. However, a new feature is also present at 1.7 eV (X?)
(see Figld.11)), which can be attributed to bound excitons (A excitons bound
to defects) 2163 As shown in Fig[.11](c), the intensity of the defect-induced
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Figure 4.11: (a) Evolution of the PL signal, (b) corresponding fits and (c) evo-
lution of the PL integrated areas for the distint PL contributions A°, A—, B, X°
of 1L-MoSs as a function of decreasing inter-defect distance.

feature X" initially increases with disorder (decreasing Lp), and then vanishes

together with the overall PL signal intensity for Lp<3 nm.
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4.7 Conclusion

In summary, a comprehensive investigation of the effects of defects in-
duced by Mn* ion bombardment in the Raman spectrum of 1L-MoS; has
been carried out. The degree of disorder has been quantified by the inter-
defect distance Lp. The E’ peak and the A| peak have been found to broaden
upon increasing the defect density, which is accompanied by a downshift of
the position of the E’-peak and an upshift of the position of the A}-peak.
Using DF'T calculations of the phonon dispersion, the evolution of these first-
order peaks has been explained as due to phonon confinement. Moreover,
the introduced disorder activates new Raman modes, many of which have
not been observed in the literature, and have been assigned as arising from
zone-edge phonons. Among these, a particular attention has been given to
the ~227 cm™! peak, which has been assigned to LA phonons at the M-
point. A phenomenological relationship between the intensity ratio of the
LA(M) peak and each of the first-order peaks has been proposed, allowing
a fast and practical quantification of defects in 1L.-MoSs using Raman spec-
troscopy. Finally, multiwavelength Raman spectroscopy has shed light on
double resonance Raman scattering phenomena, which are likely to trigger a
debate on the role of the electron-phonon coupling in the Raman scattering

of 1L-MoS, and other two-dimensional transition metal dichalcogenides.
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Conclusions and future outlook

In conclusion, a high-resolution, near-field spectroscopy setup (described
in Chapter 2) has enabled me to study the nanoscale details of 2-D crystals
surface structure, which plays a crucial role towards understanding of the
impact of defects on the properties of atomically thin materials. I have out-
lined that, despite defects may be seen as detrimental for the optoelectronic
properties of 2-D materials, their intentional creation on the nanoscale may
offer an additional degree of freedom for engineering their properties.

As reported in Chapter 3, I have probed the nanoscale distribution of
point-like defects in graphene. The measured TERS spectra have enabled
direct determination of the average inter-defect distance within the graphene
sheet; furthermore, analysis of the TERS enhancement factor of the graphene
Raman peaks has highlighted the preferential enhancement and symmetry-
dependent selectivity of the defective D-peak intensity. Motivated by the
latter experimental finding, I have developed an analytical model to describe

near-field imaging of point-like Raman sources, which can be regarded as
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zero-dimensional scatterers. The near-field images constructed from the com-
puted Raman intensities has been found to depend on the symmetry of the
corresponding Raman tensors and on the orientation of the scatterers. This
model can be both used to explain the different near-field Raman enhance-
ment found for different Raman bands in graphene, and it can be generally
applied to inelastic scattering of molecules.

In the light of the successful optical characterization of nanoscale de-
fects in graphene by means of Raman spectroscopy, I have found it timely
to expand the study of structural defects to other less investigated two-
dimensional crystals, such as MoS,. In Chapter 4, I have studied defect-
induced Raman scattering of single-layer MoSy by means of the controlled
introduction of defects using ion-bombardment. I have used a phonon con-
finement model to explain the systematic evolution of peak widths and shifts
as a function of defect density, and I have developed a metric based on the
measured Raman intensities to quantify defect density. Multiwavelength Ra-
man spectroscopy has revealed the origin of the defective and second-order

Raman bands, and ascribed it to double-resonance Raman scattering.
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