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ABSTRACT

LEMES, M. F. S. Study of light-matter interaction in single-layer
molybdenum disulfide coupled to gold structures. 2023. 99p. Dissertation
(Master in Science) - Instituto de Fisica de Sao Carlos, Universidade de Sao Paulo, Sao
Carlos, 2023.

This dissertation studies the light-matter interactions in MoS,; monolayers deposited over
gold gratings. We aim to characterize this hybrid device’s morphological, vibrational, and
optical properties. Our investigation started with the characterization of the semiconduc-
tor film morphology in different sample regions. We observed large height deformations
for the MoS,; monolayer in the gratings, along with various defects. Then, Raman spec-
troscopy was used to study the vibrational properties of the two most pronounced Raman
modes of MoS,, namely the E' and A} modes. Raman hyperspectral maps showed that
the peak positions of those modes are susceptible to the underlying spatial distribution.
In particular, by constructing a correlative plot of the A} vs. E’ peak frequencies, we
could evaluate the contributions of strain, doping, and plasmonic effects on the frequency
changes of those modes. Interestingly, we observed that the electron concentration on the
gold gratings depends on the polarization of the incident radiation, which was attributed
to a plasmon-induced hot electron injection. Finally, the emission of exciton and trion
states was investigated using photoluminescence (PL) spectroscopy. Partial PL quench-
ing of the MoS, over the gold substrate reveals the existence of charge transfer from the
semiconductor to the metal. However, the charge transfer is not particularly efficient, prob-
ably due to air and water contaminations between the film and substrate that prevents
good direct contact. We also observed a polarization-dependent trion to A exciton ratio,
which further corroborated the existence of a plasmon-induced doping mechanism. These
findings may help elucidate some underlying physics in hybrid MoS;/Au nanostructures,

which can benefit fundamental studies and technological applications.

Keywords: Transition-metal dichalcogenides. Plasmonics. Light-matter interaction. Ra-

man and photoluminescence spectroscopy.






RESUMO

LEMES, M. F. S. Estudo da interacao luz-matéria em monocamadas de
dissulfeto de molibdénio acopladas a estruturas de ouro. 2023. 99p. Dissertacao
(Mestrado em Ciéncias) - Instituto de Fisica de Sdo Carlos, Universidade de Sao Paulo,
Sao Carlos, 2023.

Esta dissertacao apresenta um estudo das interagoes radiacao-matéria em monocamadas
de MoS, depositadas sobre grades de ouro. Nosso objetivo é caracterizar as propriedades
morfologicas, vibracionais e épticas deste dispositivo hibrido. Em nossa investigagao,
comecamos com a caracterizacdo da morfologia do filme semicondutor em diferentes
regides da amostra. Observamos deformacoes de altura muito grandes para a monocamada
MoS, nas grades, juntamente com uma variedade de defeitos. Em seguida, a espectroscopia
Raman foi usada para estudar as propriedades vibracionais dos dois modos Raman mais
pronunciados do MoSs, ou seja, os modos E’ e A}. Os mapas hiperespectrais Raman
mostraram que as posicoes de pico desses modos sao altamente sensiveis a distribuicao
espacial subjacente. Em particular, ao construir um grafico correlativo das frequéncias de
pico A} vs E’, pudemos avaliar as contribui¢oes de tensao mecéanica, dopagem e efeitos
plasmonicos nas mudancas de frequéncia desses modos. Observamos de forma interes-
sante que a concentracao de elétrons nas grades de ouro varia dependendo da polarizacao
da radiagao incidente. Essa variacao foi atribuida a inje¢ao de elétrons quentes induzida
por plasmons. Finalmente, a emissao dos estados exciton e trion foi investigada usando
espectroscopia de fotoluminescéncia (PL). A extingao parcial de PL do MoS, sobre o sub-
strato de ouro revela a existéncia de uma transferéncia de carga do semicondutor para
o metal. No entanto, a transferéncia de carga nao é particularmente eficiente, provavel-
mente devido a contaminacoes de ar e agua entre o filme e o substrato que impedem um
bom contato direto. Também observamos uma relagao de trion para éxciton dependente
de polarizagdo, o que corroborou ainda mais a existéncia de um mecanismo de dopagem
induzido por plasmons. Essas contribui¢coes podem ajudar a elucidar parte da fisica sub-
jacente em nanoestruturas hibridas de MoS,/Au, que podem beneficiar tanto os estudos

fundamentais quanto as aplicagdes tecnoldgicas.

Palavras-chave: Dicalcogenetos de metais de transicao. Plasmoénica. Interacao luz matéria.

Espectroscopia Raman e de fotoluminescéncia.
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1 INTRODUCTION

Since the discovery of graphene in 2004, an impressive surge in developing other
2D materials has followed. Some examples are transition metal dichalcogenides (TMDs)
(e.g. molybdenum disulfide (MoS,), molybdenum diselenide (MoSe;), tungsten disulfide
(WS,), etc.), hexagonal boron nitride (h-BN), silicene (2D silicon) and many others (see
Fig. 1). In particular, TMDs exhibit distinctive electrical and optical properties that have
attracted tremendous scientific and technological interest in electronics and optoelec-
tronics. For instance, monolayers of MoSs can sustain current densities 50 times larger
than copper (1) and have stiffness comparable to stainless steel. (2) TMDs transition
from indirect bandgap semiconductors in the bulk form to direct bandgap semiconduc-
tors when thinned to a monolayer. These characteristics make them promising candidates
for developing ultra-small and low-power transistors, solar cells, photo-detectors, and
light-emitting diodes. (3-9)
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Figure 1 — Comparison of bandgap values (wavelength and energy) for representative two-
dimensional materials.

Source: CASTELLANOS-GOMEZ. (10)
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However, TMD monolayers have a low optical cross-section due to their atomic
thickness, which results in low light absorption (11,12) and hinders their systematic use
in applications based on light-matter interaction. Various designed systems have been
studied to improve this interaction in 2D materials, such as chemical treatment (13) and
quantum doping (14), but they suffer from a high degree of complexity for practical imple-
mentation. One effective way to enhance the optical response of TMD monolayers relies
on using plasmonic metal nanomaterials that localize and enhance the electromagnetic
field within their proximity. (15-17) Plasmonic devices alone offer a wide range of applica-
tions based on extreme light concentration such as nanophotonic lasers (18), biochemical
sensors (19), and optical metamaterials (20) (see Fig. 2). In the context of 2D materials,
plasmonic nanostructures can increase the optical path length of light through scattering,

boost light trapping and improve the performance of the TMD monolayers. (21-23)

I:EI) n - contact [b) 20 l
Silver Ry 3> |
encapsulation g |
p - contact 8 ||
. AvPvm) 0 22
- x
InGaAs gai %,. 9300 115[3{2l
region 5 L
£

n 5
1300 1400 1500 1600
Wavelength (nm)

Figure 2 — (a) Schematic representation of a Fabry-Pérot metal-clad plasmonic laser. (b)
Laser spectrum at 10 K for the device above the lasing threshold. The inset
shows emission spectra below the threshold.

Source: Adapted from HILL et al. (24)

This dissertation investigates the structural and optical properties of the MoS,
monolayer coupled to gold nanostructures in different geometric configurations. First, we
provide some theoretical background on the physical concepts presented in this work,
focusing on the most relevant aspects needed to follow along. Second, we describe the
methods and experimental setup used for growth and characterization. Then, our results
are presented and discussed. Finally, we summarize the key points of this work and outline

possible routes on this research topic.
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2 TRANSITION METAL DICHALCOGENIDES

In this chapter, a general introduction to the TMDs will be presented since a com-
prehensive description of the field is impossible, given its extent and depth. We discuss the
fundamental aspects of these materials relevant to this dissertation, with special attention

to the MoS, monolayer.

2.1 Crystal structure

TMDs have the general formula MX,, where M is a transition metal of the groups
4-7 (e.g., W, Mo, Ta, Ti, Nb, and Re) and X is a chalcogen such as S, Se, or Te. Every
individual unit is composed of a transition metal layer sandwiched between two chalcogen
layers with the M-X bonds predominantly covalent in nature, whereas weak van der Waals
forces couple the different units (25) (see Fig. 3a). The TMD monolayer is arranged in a
2D hexagonal Bravais lattice (see Fig. 3b), defined by the two lattice vectors:

31:%(X+\/§Y) (2 1)
agzg(x—\/gy>. '
@ X
[« ||

Figure 3 — (a) Three-dimensional representation of an MX, structure, in which M rep-
resents transition metal atoms (yellow) and X represents chalcogen atoms
(black). The lattice constant is a and the interlayer spacing is ¢. (b) Top view
of the same TMD monolayer.

Source: (a) Adapted from RADISAVLJEVIC et al. (3); (b) Adapted from LOPEZ et al.
(26)

Depending on the atomic stacking configurations, 2D TMDs can be categorized as
trigonal prismatic (2H) or octahedral (1T) (see Fig. 4). In the 2H phase, each M atom
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is prismatically coordinated with six surrounding X atoms. In contrast, T-phase has a
trigonal chalcogen layer on the top and a 180-degree rotated structure at the bottom,

forming a distorted octahedron.

Trigonal prismatic (2H) MX, Octahedral (1T) MX,

Figure 4 — Unit cell structures of 2H-phase and 1T-phase.
Source: LV et al. (27)

The most studied TMD is the MoS, monolayer, which has a lattice constant a =
3.16 A and a interlayer spacing ¢ = 6.5 A. (3,28) Also, it is naturally found in the 2H-
phase since it has been shown that the 1T-phase is thermodynamically unstable and it
returns to the trigonal prismatic structure at room temperature. (29) However, it has
been demonstrated that 2H-MoS, can be converted into 1T-MoSs by intercalating Li or
K (30), with the 1T-phase appearing to be a more active hydrogen evolution catalyst
than the 2H-phase. (31,32)

2.2 Electronic properties
2.2.1 Band structure

In this section and the following ones from this chapter, we focus on the MoS,
material, but the general description should also apply to MoXs and WX, compounds.
To describe any material’s electronic properties, the crystal structure’s reciprocal lattice
needs to be constructed. In the case of 2D materials, the reciprocal lattice is defined by
the primitive vectors by and bs. If the primitive vectors in the direct lattice are a; and a,,
then the vectors in the reciprocal lattice can be constructed by satisfying the condition
(33)

a; bj = 27'('5@', (22)

where ¢, 7 = 1,2 and d;; is the Kronecker delta.
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In the case of the primitive vectors a; and a, for the TMD monolayer, the vectors

b, and b, are:

by =3 (x +75v). (2.3)
b1 (e o)

The primitive cell of the reciprocal lattice is known as the first Brillouin zone (BZ), and

it is depicted in Fig 5 for the case of 2D materials.

Figure 5 — First Brillouin zone of TMD monolayer with high-symmetry points shown.

Source: By the author.

Usually, bulk TMDs are indirect bandgap semiconductors with a valence band
(VB) maximum at the I' point and a conduction band (CB) minimum at the midpoint
along the I'- K symmetry line. However, when thinned to a monolayer, it becomes a
direct bandgap semiconductor located at the K point. This transition was first observed
by SPLENDIANTI et al. with the MoS, material (34) and it is depicted in Fig 6 both

theoretically (DFT calculations) and experimentally (photoluminescence emission).
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Figure 6 — (a) Band structures calculated from first-principles density functional theory
(DFT) for bulk (i), quadrilayer (ii), bilayer (iii), and monolayer (iv) MoSs. (b)
Photoluminescence (Raman normalized) spectra of MoS,; monolayer, bilayer,
hexalayer, and bulk sample. The indirect bandgap is ~1.2 eV and the direct
bandgap is ~1.9 eV.

Source: Adapted from SPLENDIANTI et al. (34)

The change in the electronic band structure of the MoS; as a function of layer
number can be understood in terms of the electron orbitals of different wave vectors and
quantum confinement (see Sec. 2.3). The DFT (density functional theory) calculations
from SPLENDIANT et al. showed that the conduction band states at the K point are
primarily due to localized d orbitals at the Mo sites. Since the transition atoms are located
in the middle of the unit cell, they have a small interlayer coupling and are unaffected by
the change in layer number. In contrast, the states near the I' point at the valence band
and the point of the indirect bandgap at the I'- K symmetry line on the conduction band
originate from a linear combination of d orbitals on the Mo atoms and antibonding p,
orbitals on the S atoms. This results in strong interlayer coupling, consequently leading

to a great dependency on the layer thickness.

2.2.2  Spin-orbit coupling

In the monolayer limit, the inversion symmetry of the TMDs is broken since taking
the M atom as the inversion center would map the X atom to an empty location. As
a consequence, the spin-orbit coupling (SOC) effect is expected to occur in this case.
(35) To understand the physics of the TMD monolayer, we can take the MoS, as a
prototypical example. By constructing a minimal band model based on general symmetry
consideration, the two-band k - p Hamiltonian of MoSs close to the K point has the form
(36):

Hy = at (Thky0y + ky6y) + g&z, (2.4)
where & denotes the Pauli matrices for the two basis functions, a is the lattice constant,

t the effective hopping integral, 7 the valley index and A the energy gap. In this context,
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the term “valley” indicates a local minimum of the band structure and for the case of the

TMD monolayer, they are located at the K points (see Fig. 5).

The conduction-band-edge state mostly comprises d,» orbitals, which makes the
first-order SOC splitting vanish. On the contrary, the valence-band-edge state splits since
it is primarily composed of metallic orbitals % (dy2_,2 £ idyy). Approximating the SOC
by the intra-atomic contribution L - S, the total Hamiltonian is given by (36)

A A 5.~ 1
H = at (thy6, + kyo,) + 562 - arZ T (2.5)

where 2 is the spin splitting at the valence band top caused by the SOC and 4 is the Pauli
matrix for a spin. Typical values for the spin splitting in VB of TMD monolayers range
from 150 meV in MoSs to 430 meV in WS,. Additionally, time-reversal symmetry requires
that the spin splitting at different valleys be opposite, which means the K valleys have
different energies for a specific spin orientation. This phenomenon is called spin-valley
locking and refers to the fact the spin and valley degrees of freedom are connected. Figure
7 shows a schematic drawing of the band structure at the band edges located at the =K

points resulting from the spin-orbit coupling effect.

Figure 7 — Schematic drawing of the band structure at the band edges located at the K
points.

Source: Adapted from WINKLER. (35)

2.3 Optical properties

The most important optical property of the TMD monolayers is the formation
of excitons, which are bound electron-hole pairs. In a semiconductor, the absorption of
a photon with suitable energy can promote an electron to the conduction band, leaving
a hole in the valence band. When the attraction forces between the two particles are
stronger than the thermal fluctuations of the surrounding environment, an excitonic bound
state can form before decaying within a certain lifetime. In bulk crystals, the Coulomb
interaction between electrons and holes is strongly screened, resulting in the low binding
energy of excitons and their observation only at cryogenic temperatures. On the other

hand, the dielectric screening in TMD monolayers is significantly reduced (37) because
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the electric field lines joining the electron and hole begin to extend outside of the sample,
as shown in Fig. 8a. This strong, attractive Coulomb interaction increases the binding
energies, which can reach up to 0.5 eV in dielectric modulated environments (38,39) and
generate excitons even at room temperature. Also, it results in the exciton Bohr radius
(analogous to the hydrogen atom) on the order of one to a few nanometers, with the

correlation between the carriers extending several lattice periods (see Fig. 8b).
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Figure 8 — (a) Change in the dielectric environment for the bulk-to-monolayer transition
(left) and subsequent modification of the optical absorption spectra (right).
(b) Exciton wavefunction in real space and momentum space (inset).

Source: (a) Adapted from CHERNIKOV. (37); (b) Adapted from QIU; FELIPE; LOUIE.
(40)

The complex band structure of TMD monolayers (Fig 9a) gives rise to a spec-
trum of different types of excitons. They include “bright” excitons, which are optically
active and can decay emitting a photon, and “dark” excitons, which cannot recombine
radiatively. Dark excitons are generally formed when the recombination transition is spin-
forbidden or momentum-forbidden. Such optical selection rules can happen by scattering
events with other excitons, phonons, or electrons that induce spin flips or changes in ex-
citon momentum. More specifically, due to the limited momentum carried by photons,
radiative transitions for excitons are restricted to the “light cone” shown in Fig. 9b. Since
dark excitons are optically inactive, they are usually absent from the photoluminescence
(PL) spectrum, but they can be brightened with a magnetic field (41,42) or using an

in-plane detection scheme. (43)
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Figure 9 — (a) Bright and dark excitons and band structure of a tungsten-based TMD
monolayer. The diagram is simplified for clarity, showing only the upper valence
band at +K and the high-symmetry points =K and Q in the conduction band.
(b) Exciton light cone, where excitons inside the cone are bright, and those
outside are essentially dark. (c¢) Gate-dependent PL spetra showing neutral
(X%), charged (X* and X~) and trapped (X!) exciton states in a monolayer
MoSe, field-effect transistor.

Source: (a,b) Adapted from WANG et al. (44); (c) Adapted from ROSS et al. (45)

In addition to excitons, the strong Coulomb interaction generates many-body ef-
fects such as trions, biexcitons, and more complex species (46-50) (see Fig. 9c). Trions
are charged excitons formed by two electrons and a hole, or vice versa. They have lower
binding energies than excitons and can emerge when excess carriers are introduced to bind
to electron-hole pairs. (46) They have been observed using gate-dependent PL measure-
ments. (45) Biexcitons, on the other hand, are neutral four-body quasiparticles composed
of two electrons and two holes and can be measured by power-dependent PL. (47-49)
Finally, we mention that more complex excitonic species such as five-particle negatively
charged biexciton (50) and localized excitons (51,52), formed at defect sites or by ex-
ternal confinement have been observed, with the latter being a prominent candidate for

single-photon devices.

2.4 Vibrational and mechanical properties

Another important feature of TMDs is their unique phonon dispersion, which has
been studied using ab initio calculations and Raman spectroscopy. Figure 10a shows the
main Raman modes for bulk MoS,, which correspond to the in-plane mode Eég and out-
of-plane mode A;,. Figure 10b,c shows the behavior of the Raman spectra as a function of
the film thickness. Interestingly, as the film approaches the monolayer limit, the frequency

difference tends to a specific value, which lies between 18-19 cm™! for MoS, over SiO,/Si
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substrate. (53) Besides, the frequency difference for single MoS, layers is approximately

1

3 cm™ smaller than for bilayers, showing that Raman spectroscopy constitutes a useful

method for identifying layer thickness.
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Figure 10 — (a) Schematic illustration of the in-plane phonon mode Ej, and out-of-plane
phonon mode Aj,. (b) Raman spectra for mono- and multilayer MoS,. (c)
Peak frequency and frequency difference as a function of the layer thickness.

Source: (a) Adapted from MOLINA-SANCHEZ; WIRTZ. (53); (b,c) Adapted from LEE
et al. (54)

Additionally, TMDs possess excellent mechanical properties that can be used as
key components in flexible electronics. (55,56) For instance, using atomic force microscopy
(AFM) nanoindentation to measure the mechanical properties of exfoliated MoS, mono-
layer, researchers have found Young’s modulus and breaking strength of 270 £ 100 GPa
and 15 4+ 3 Nm™!, respectively. (2) Although those values are lower than graphene, they

are still greater than stainless steel.
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3 PLASMONICS

Plasmonics is a subfield of optics and is concerned with the investigation of elec-
tron oscillations in metallic nanostructures known as plasmons and their interaction with
light. One very interesting type of those coherent collective oscillations is surface plasmon
polaritons (SPPs), which can control and manipulate light at the nanoscale. Here, we

describe the essential features of SPPs systems pertinent to this work.

3.1 Classical electromagnetic formalism
3.1.1 Maxwell’s equations

In order to describe any classical electromagnetic phenomena, such as the behav-
ior of electric and magnetic fields and their interaction with matter, the macroscopic
Maxwell’s equations must be introduced. They are a set of coupled differential equations
that describe how electromagnetic fields are generated by changes in each other and by

the presence of charges and currents. They are given by:

V .D = py, (3.1a)
V.B=0, (3.1b)
0B
E=-2" 1
V X 5 (3.1c)
D
VxH:Jf+aat, (3.1d)

where D is the electric field displacement, B is the magnetic induction, E is the electric
field, H is the magnetic field, p; is the free charge density and J; is the free current
density. The definitions of the field D and H are, more explicitly:

D=¢E+P, (3.2a)
1

H=—DB-M, (3.2b)
Ho

where P is the polarization field, M is the magnetization field, gy is the vacuum permit-
tivity and pq is the vacuum permeability. These fields are associated with the density of
permanent or induced electric/magnetic dipole moments within a material and describe

how this material responds to an applied electric/magnetic field.
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For linear materials, the vectors P and M are given by:

P =¢ox.E, (3.3a)

M = .. H, (3.3b)

with x. and x,, being the electric and magnetic susceptibility, respectively. Substituting
equations (3.3) into equations (3.2) leads to:

D =¢cE+P =¢¢(1+ xe)E = ¢, E = €E, (3.4a)
1 1 1 1

H=- - B-M=——— B=—— B= "B, (3.4b)
1o fo(1 + Xm) [opty 1t

where € and p are the permittivity and permeability of the material, respectively.

However, the main challenge in characterizing any material is finding an appro-
priate model for ¢ and p. For instance, in inhomogeneous media, the permittivity and
permeability depend on the material’s location; in anisotropic media, they become ten-
sors. (57,58) Moreover, since real materials are generally dispersive, € and p depend on the
frequency of the driving fields. (59) In plasmonics, nonetheless, the materials are usually
linear, isotropic, and nonmagnetic (u, = 1), so we will concern ourselves with only the
permittivity, which may be frequency-dependent and is conventionally called the complex

dielectric function:
e(w) = e1(w) +igz(w). (3.5)

3.1.2 Dielectric function of a material

The dielectric function of any material is theoretically calculated by analyzing how
the charge distribution inside the media responds to the local fields, which are influenced
by the driving fields and the polarized matter. Those models can have varying degrees of
approximation, from classical methods to many-body calculations based on quantum field
theory. (60) Here, we will focus on two classical models that appropriately describe most
situations: the Lorentz model used to describe the response of materials with bounded
charge carriers, such as semiconductors and dielectrics, and the Drude model, which de-

scribes materials with free carriers, such as metals.

We begin our exploration by discussing the Lorentz model, in which we consider
an electron with charge —e and mass m, bound to a positive and much heavier atomic
nucleus. Restricting ourselves to the one-dimensional case for simplicity, we consider three
forces present in this system. First, the bond between the charge carriers is represented
by a “string” with spring constant k, that follows Hook’s law with a restoring force F, =

—k,x, where x is the electron displacement. Second, we consider damping of the electron
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motion by a viscous force Fy = —m.I'X, with speed x and damping frequency I'. Finally,
we let an external electric field drive this system by the electrostatic force Fo = —eE.
More specifically, we assume a harmonically oscillating electric field E = Eq exp{—iwt}.

Newton’s second law for this system is

MeX = —mel'X — mewix — eE, (3.6)

where wg = y/k,./me..

Equation (3.6) represents a typical damped and driven harmonic oscillator, whose

solution is

X = Xg exp{—iwt}, (3.7)

with
€E0 1

me Wi —w? —ilw’

(3.8)

Xg = —

The polarization field is defined as the net electric dipole moment per unit volume. If we
call p the dipole moment of a single dipole and n, the number of dipoles per unit volume,

we can write P as

P =n.p = —n.ex = —n.exg exp{—iwt}. (3.9)

Substituting Eq. (3.7), Eq. (3.8) and Eq. (3.9) into Eq. (3.4a) and isolating the dielectric

function ¢, we have
2

w
£, =1+ P =g +ie 3.10

(@) w —w? —ilw 1+ ez (3.10)

where w? = (n.e*/egm,) is called the plasma frequency and represents the rapid oscilla-

tions of the electron density within the material.

Let us discuss some general points regarding the complex dielectric function de-
rived above. Figure 11 shows the plots for the real and imaginary parts of ¢, ;. For the
imaginary part, we can see a clear resonant behavior, with the peak position at wy and full
width at half maximum (FWHM) equal to I, which shows that the resonance broadening
is directly related to the damping frequency. For the real part, there are two important
aspects worth mentioning. First, we can see that ¢;(w) is influenced by frequencies far
from the resonance. This fact occurs because of the causality-imposed Kramers-Kronig re-
lations (61), which describe that output cannot be determined by the instantaneous value
of an input. In other words, it shows that attenuation and dispersion are not independent
in real materials, leading to the contribution of all seemingly unimportant frequencies
away from the resonance. Second, we note that €;(w) can have negative values, which
is essential to the field of plasmonics regarding the formation of polaritonic states (see
Sec. 3.2). Finally, it is important to point out that for real materials, there is usually
more than one type of polarization, such as electronic, ionic, or orientational polarization.

(58) Therefore, a more accurate model should incorporate the contributions of various
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polarizations across the frequency spectrum with appropriate frequency, damping, and

strength.

L o W Gt &1 (weak)
----- £ (weak)
—— £ (strong)

—— & (strong)
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Frequency (w/wg)

Figure 11 — Real and imaginary parts of dielectric functions calculated according to the
Lorentz model. Parameters: hwy = 1 eV, I' = wy/10, and hw, = 0.2 eV (weak,
dashed lines) or hw, = 1 €V (strong, solid lines).

Source: By the author.

We will describe the Drude model, which applies to materials with unbounded
electrons. To obtain the equation of motion for this model, one must omit the restoring

force in equation (3.6):

meX = —mel'x — eE. (3.11)

Using the same procedure as the Lorentz model, we can derive the dielectric function

associated with the Drude model:

w2

erp(w) = 1—% =g, +ieo. (3.12)

As we can see, the Drude model is a special case of the Lorentz model for wy = 0.
For all frequencies from zero to w,, the real part of the dielectric function is negative. This
is important because the plasma frequency is directly related to the response of metals to
incident electromagnetic waves, which will be discussed in more detail in the next section.
Here, we note that w, can be altered by changing the charge carrier density n., allowing

for tunability of the optical properties of different materials.
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3.1.3 Electromagnetic waves

For materials with no free charges (py = 0) or currents (J; = 0), Maxwell’s

equations (3.1) yield two wave equations:

<v2 - 6“3?) { EI((’;?) } ~0. (3.13)

Assuming a time-harmonic behavior, one can show that the general solutions for the
electric and magnetic fields in Eq. (3.13) are (57,62)

E(x,t) = Egexp{ik - x —iwt}, (3.14a)

H(x,t) = Hp exp{ik - x — iwt}, (3.14Db)

where w is angular frequency and k = kk = nw/cl; is the wavevector, with &k the
wavenumber. The quantity n = /¢, is the index of refraction of the material, and c is

the speed of light in free space.

For nonmagnetic media, we have p, = 1, so the optical properties of the material
are described by its dispersion relation (dependence with the frequency w) and the di-
electric function ¢,. Additionally, the the x, y, and z components of the wavevector k are

related by the relation

nw\ 2 n2m\ 2
k2:k2+k2+k2:<> :() , 3.15
T Yy z c A ( )
where we used w/c = 27/\, with A the wavelength of the wave. Note that (3.15) demon-
strates k,, k,, and k, cannot be increased indiscriminately, showing that dielectric ma-
terials have a fundamental resolution limit of A/2n, which is called Rayleigh’s resolution
limit.

To overcome this limitation, one of the components of the wavevector & must be

imaginary. For instance, if k. is imaginary, we have k? < 0, leading to
2, 12 2 _ 2 2
ky +k, —|k|” = n“(w/c)”. (3.16)

It is clear now that k, and k, can be increased arbitrarily, allowing for greater confinement
than dielectric media. Physically, one way to achieve this is by using plasmonic materials.
To understand this fact, it is important to discuss the concept of plasmons. A plasmon is
a collective oscillation of the free electrons in a given material. The electron motion can
be described by the dielectric function derived from the Drude model. To simplify our

discussion, we will consider the case with no losses (w > TI'), so Eq. (3.12) becomes

w2

er(w) =1 ——2 (3.17)

)
w2
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with three regions of interest: w > wy, w = w,, and w < wy,.

For w > w,, the dielectric function is positive. This results in a real value for the
wavenumber k and allows for propagating electromagnetic waves within the media. When
w = wp, we have e, = 0 and k£ = 0. This situation describes the volume plasmon, an
oscillation with a constant phase across the material. Finally, for w < w,, the dielectric
function becomes negative, allowing k£ to be a complex number. In this condition, the
electromagnetic wave becomes an evanescent field i.e. that decays exponentially. Moreover,
since k is a complex number, some components can increase arbitrarily, allowing for

resolutions below Rayleigh’s resolution limit.

3.2 Surface plasmon polaritons

Surface plasmon polaritons (SPPs) are oscillations of free electrons coupled to a
light wave at the boundary between metals and dielectrics. The term polariton describes
the coupling between the collective excitations in solids, such as free electrons (plasmons),
lattice vibrations (phonons), or spins of electrons (magnons), with light. (63-65) To under-
stand the physics of SPPs, we must define the geometry of the system. For simplification,
we consider two homogeneous semi-infinite media with the interface at z = 0 plane, where
for z > 0 we have a dielectric with a dielectric function ¢, 4 and for z < 0 we have a metal
with the dielectric function ¢, ,, (see Fig. 12a). Assuming harmonic solutions of electro-
magnetic waves propagating in the x direction with evanescent decay in the perpendicular

z-direction, as discussed in the previous section, one has

E(x,t)
H(x,1t)

where 3 is the wavevector in the direction of propagation, we can rewrite Eq. (3.13) as

(j; + (e — 52)> { E((ZZ)) } =0, (3.19)

{ E(é)) }exp(—i(wt— Br)), (3.18)

with kg = \/EoloW.

Now, inserting the proposed solutions in Eq. (3.18) into Maxwell’s equations, we
find that only a transverse magnetic mode (TM) with components (E,, E,, H,) and a
transverse electric mode (TE) with components (E,, H,, H,) can exist. (59) Additionally,
applying the boundary conditions to the two modes shows that only the TM mode is
capable of generating surface waves at the interface, with the respective field amplitudes
given by (66)

. kd/m .

E,, am(z) = i1m exp(ifx) exp (:de/mz) , (3.20a)
_ p .

E., am(2) = ————— exp(iBz) exp (Fham?) . (3.20b)

WEOEr,d/m
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Hy, ajm(2) = exp(ifz) exp (Fham?) (3.200)

where k4 and k,, are the wavevectors, perpendicular to interface (z-direction), in the
dielectric material and metal, respectively. Finally, using the continuity conditions (that

the tangential components of E and H are continuous at z = 0), one can show that (66)

kq Erd
—_— = - 3.21
km gr,m7 ( a)
kijm = B = koeram. (3.21Db)
(a) (b) 4
z
ZJ\
Dielectric
5cl
l e
+++ v—--v+++ === 5m/ -
Metal T

Figure 12 — (a) Illustration of the evanescent electromagnetic field and surface charges at
the interface between a dielectric material and a metal. (b) z-component of
the electric field as a function of the distance perpendicular to the surface.

Source: (a,b) Adapted from BARNES; DEREUX; EBBESEN. (67)

Since we are searching for solutions with an evanescent decay, we conclude from
Eq. (3.20) that the real part of the wavevectors kq,, are positive. To fulfill this condi-
tion, according to Eq. (3.21a), we must have ¢, 4 and €,.,,, with opposite signs. Generally,
dielectrics have a positive real part of the dielectric function, resulting in the need for
materials with a negative real part of the dielectric function. Metals are such materials
that naturally possess this property, with noble metals having high plasma frequencies
that allow SPP generation at optical frequencies. (68) However, as we have shown in Fig.
11, even materials with bound electrons can have negative permittivities, such as highly
doped semiconductors. (69) Moreover, the penetration depths shown in Fig. 12b are given

by da/m =1/ ‘kd /m‘ and characterizes the SPPs confinement with regard to the interface.
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Following our discussion, if we combine Egs. (3.21a) and (3.21b) we arrive at the

dispersion relation of SPPs

era(w)erm(w)
Blw) = ko(w)J @) T e (@) (3.22)
Figure 13 shows the plot for (3.22), considering €,4 = 1, €., = 1 — wﬁ/wz, and I' = 0,
as well as the light dispersion in free space. It is clear that for small 3, the dispersion of
SPPs lies very close to the light line, showing that the polariton state is “light-like”. As 3
increases, the SPP dispersion exhibits a nonlinear characteristic and approaches the limit
wspp = wp/+/T+ €,q4. Moreover, we can see that SPPs have a greater in-plane wavevector
than free-space light. Because momentum must be conserved, this condition implies that
the excitation of SPPs by free-space light is impossible. One solution to overcome the
momentum mismatch is using a prism coupling mechanism to enhance the momentum of
incident light (70). Another solution is to rely on diffraction and scattering effects, where
using gratings or some other types of surface corrugations, one can match the necessary

momentum to achieve the coupling between SPP and light. (71)
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Figure 13 — Dispersion relation of SPPs and light in free space. The parameters for this
simulation were: w, ~ 12 x 10" rad/s, ' = 0, €. = 1, g, = 1 —w}/w?, and
c=1.

Source: By the author.

3.3 Localized surface plasmons

Besides SPPs, another fundamental plasmonic excitation is worth mentioning: lo-
calized surface plasmons (LSPs). LSPs are non-propagating collective oscillations of elec-

tron plasma that arise when the interface is spatially restricted in the lateral direction, as
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in the case of metallic nanostructures. To understand how these excitations can influence
the optical properties of the whole system, we consider a simple geometry of a metallic
nanoparticle: a spherical metallic particle with the dielectric function ¢,,, with radius
R, surrounded by a dielectric material with the dielectric function e; and illuminated
by an electromagnetic plane wave with wavelength A. Usually, these particles are much
shorter than the wavelength of light (R < \), so the phase of the electromagnetic wave is
practically constant over the entire particle. Therefore, to calculate the fields inside and
outside of the particle, we can use the quasi-static approximation, i.e., retardation effects

are negligible. Figure 14 shows a schematic illustration of the problem.

Figure 14 — Schematic illustration of two metallic nanoparticles being illuminated by an
electromagnetic wave with wavevector k and electric field Eyg.

Source: By the author.

Note that the electric field Eq induces a polarization of the free electrons, and since
we are considering motionless ionic cores, a restoring force is created. Solving Maxwell’s
equations for this particular case, we can calculate the induced dipole moment inside the

particle as (59):

em(w) — €q
= Ar R3S =d
P = cocatm em(w) + 24

Eq = cpeqaEy, (3.23)
where a = 41 R3(e,, — €4)/(€m + 2¢4) is called the polarizability. It is important to point
out that we are using the description based on a single dipole moment instead of the
dipole moment density because we are describing a single isolated particle. Nevertheless,
it is possible to see that the resonant condition for oo occurs when ¢,, + 2¢4 = 0. Since
the real part of ¢4 is generally positive, we conclude that Re(e,,) must be negative and
thus arrive at the same conclusion as for the SPP case: the particle has to be metallic.
Additionally, solving Maxwell’s equations allows one to obtain the electric field inside and

outside of the sphere (59):
38d
Eip— — 4 R, 3.24
6m(w) + 25(1 0 ( a)



44

3t(t-p)—p 1l

Eout = EO + 3
dmepey T

(3.24D)

where T is the unit vector and r is the distance in the direction towards the point of

interest.

The ratio |Ein/out|/|Eo| determines the electric field enhancement at the vicinity
of the nanoparticle. Figure 15a shows this electric enhancement for the case of a silver
nanosphere using numerical calculations. One can see a small deviation from the sym-
metric dipole fields predicted by Eq. (3.24b) for the scattered electric field outside of the
particle. It is caused by non-negligible retardation effects that are not captured by the
simple quasi-static approximation. For more complex geometries, an analytical treatment
is impracticable and one must fully resort to numerical methods, such as discrete dipole
approximation (DDA), finite-difference time-domain (FDTD), or finite element methods
(FEM). Figure 15b shows a complex geometry of two coupled hybrid multilayer core-shell
spheres, which can achieve a field enhancement of more than 2 orders of magnitude greater

than a single solid silver nanosphere.
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Figure 15 — (a), (b) Electric field distribution plotted for a solid metallic particle (a) and
for two coupled hybrid multilayer core-shell spheres (b).

Source: Adapted from PARIA; ZHANG; BARMAN. (72)
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4 METHODOLOGY

In this chapter, we present an overview of the methods used to fabricate and char-
acterize a hybrid device composed of a MoS,; monolayer coupled to gold gratings. First,
we illustrate the microfabrication steps required to produce the plasmonic nanostructures,
the atomic-thin film of MoS,, and the transfer procedure of the monolayer to the gold
gratings. Then, the second part will describe the structural and optical measurement
techniques used in this dissertation. Finally, we conclude with a brief description of the

procedure used for the numerical simulations.

4.1 Device fabrication
4.1.1 Gold structures

The growth of the gold gratings and monolayer MoS, was made at the Ecole Poly-
technique Fédérale de Lausanne (EPFL) in Switzerland by our collaborators G. Marega
and A. Kis. As we discussed in chapter 3, metals are good candidates for plasmonic
devices since they exhibit a negative real permittivity at optical frequencies. More specif-
ically, conventional metals such as gold and silver are commonly used in plasmonics since
they possess small ohmic losses and high direct current (DC) conductivity, although novel
materials with smaller interband losses and adjustable dielectric permittivity have been
studied recently. (73) Additionally, silver is well known to degrade in air, so gold was the

material used in this dissertation for the plasmonic devices.

The first step in fabricating gold plasmonic structures is the production of thin,
high-quality metal films. The electron-beam (e-beam) evaporation technique was used to
accomplish this task since it allows the deposition of high-quality films with good adhesion
and fast deposition rates. Figure 16 shows the system used for this technique. Overall,

the procedure for e-beam evaporation is the following:

o Preparation of the substrate and metal source: the substrate is generally made of
silicon or glass and properly cleaned to avoid impurity contamination. The metal is
placed on a crucible made of a material with a high melting point, such as graphite
(~ 3650 °C) or tungsten (~ 3400 °C);

o Creating a vacuum: thermal evaporation needs to be carried out at high vacuum,

typically 107¢ Pa, to remove gases or impurities that might interfere in the process;

o Heating the metal source and monitoring deposition: the metal is heated using an
electron beam, in which high-energy electrons transfer their kinetic energy to the

metal, causing rapid heating and evaporation. The electron beam is created using an
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electron source, an accelerating electrode, and a focusing system. A quartz crystal
microbalance is placed in the vacuum chamber to monitor the film thickness, so the
source material is deposited onto the sensor at the same rate as onto the substrate.
This crystal vibrates and its vibration frequency changes as the film is deposited,

allowing for monitoring the film thickness in real time;

o Cooling down the system: once the desired film thickness is reached, the electric
current is turned off and the vacuum chamber is allowed to cool down. The thin

metal film is then ready for further processing.
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QCM deposition Wafer
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——— E-beam

Iy

Filament Accelerator

Vacuum pump

Figure 16 — Schematic diagram for the e-beam evaporation system.

Source: Adapted from ZHANG; HOSHINO. (74).

After the thermal evaporation step is completed, the film is subjected to a lithog-
raphy phase to fabricate square metallic gratings. In this work, electron-beam lithography
combined with ion-beam-assisted etching was used. A simple schematic diagram can be
seen in Figure 17. First, the polymethyl methacrylate (PMMA) resist is spin-coated onto
the Au film. Then, the resist-coated sample is loaded into an electron beam lithogra-
phy system, where the exposed regions of the resist undergo a chemical change, making
them more soluble. After exposure, an appropriate developer solution removes the solu-
ble regions, creating the patterned resist layer. The patterned resist serves as a mask for
ion-beam etching, allowing for the removal of the gold material and forming the desired
structure. Finally, the leftover PMMA from the sample is removed using deionized water,

acetone, and isopropanol, resulting in the desired patterned structure. In this dissertation,
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we studied two gratings with different geometric parameters. Both gratings have a nomi-
nal slit depth of 50 nm, but different slit widths. More specifically, the nominal values for
the widths were 100 nm and 50 nm. Also, their periodicity (distance between adjacent
slits) is 1000 nm.

isopropanol

® 0o

e-beam ion-beam acetone

L VOELEEELH ® 00

000

P ||
Au film E-beam lon-beam PMMA Gold grating
patterning etching removal

Figure 17 — Schematic illustration of electron beam lithography combined with ion-beam
assisted etching.

Source: By the author.

4.1.2 Two-dimensional material

Currently, there are various methods of producing atomically thin materials, which
can be divided into two groups: the “top-down” method of exfoliation from bulk crystals
and the “bottom-up” method from precursor materials. The top-down method was used
in the initial research stage of 2D TMDs, which relied on the mechanical exfoliation of
bulk crystals. This technique is still used because it is simple and yields high-quality thin
layers. However, it suffers from significant shortcomings preventing its use in industrial
applications, such as unpredictable flake thickness, domain sizes, and slow manufactur-
ing time. (75) For these reasons, the bottom-up approach was developed, offering the
possibility of large-area growth of TMD films with high uniformity, scalability, and in-
tegration with other optical and mechanical systems. (76-78) The basic idea is to use
heated gaseous or solid precursors and deliver them to a reaction chamber where they
can combine to produce monolayers. The most common method is chemical vapor depo-
sition (CVD), which involves using inorganic precursors with low vapor pressure, such as
MoOs3 and sulfur. While this approach has been successful, it allows limited control over
the deposition rate and nucleation density since the low vapor-pressure precursors must
be loaded inside a heated zone of the reactor chamber. (79) To overcome this issue, the
metal-organic CVD (MOCVD) method was developed, allowing greater flexibility and

control over evaporation and mass flow rates. (80)

Here, we will provide a simple overview of the process, but the curious reader is
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encouraged to see Ref. (79-81) for more details. Figure 18a shows a schematic illustration
of a typical large-area MoS, film growth by MOCVD. Before growth, c-plane sapphire
substrate wafers are annealed at ~ 1000 °C in the air and treated with potassium hydrox-
ide (KOH). Then, an aqueous solution of sodium molybdate (Na;MoOQy) is spin-coated
onto the substrate, which provides the molybdenum (Mo) precursor and alkali metal pro-
moter (Na) for the monolayer growth, and placed in the growth chamber. Finally, the
sulfur (S) precursor is delivered to the quartz tube by liquid (CoHs)2S with argon and
hydrogen as the carrier gases. The reaction mechanism occurs at a growth temperature
of 850 °C for ~ 20 min, allowing the formation of a large-area continuous film. Figure
18b shows photos of the wafers before and after MoS, deposition. Figure 18c shows the

proposed mechanism by the researchers for the monolayer growth.
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Figure 18 — (a) Illustration of the MoSy growth process by MOCVD. (b) Photos of the
wafers before (left) and after (right) the MoS, deposition. (c¢) Proposed growth
mechanism.

Source: Adapted from CUN et al. (79)

4.1.3 Transfer procedure

The MOCVD-grown material is transferred to the gold gratings by delamination,
using a thermal release tape (TRT) and PMMA as a support layer. Initially, the PMMA
is spin-coated onto the wafer containing the MoS,; monolayer and heated at 180 °C. Next,
a TRT with the same size as the grown material is attached to the MoS, sample. It
is important to note that using a TRT provides a strategy to delaminate TMD layers

without using etchants or solvents that render the substrate unusable for another growth
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process. Then, the PMMA /MoS, /sapphire sample is placed in deionized water, which
can penetrate between the TMD layer and sapphire substrate by scratching the corners
of the film. Finally, the PMMA /MoS, system is lifted off, transferred manually to the
target substrate, and put in a hot plate at 135 °C for removing the thermal release tape.
The procedure is illustrated in Fig. 19a. Figure 19b shows a photo of the final system,
while Fig. 19¢ depicts a schematic illustration of the hybrid device based on the plasmonic

structures and the MoS,.
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Figure 19 — (a) Procedure for PMMA-assisted transfer of MoS, on a sapphire substrate.
(b) Photo of the final sample. (c¢) Schematic illustration of the MoS,-gold
hybrid device.

Source: By the author.

4.2 Characterization techniques
4.2.1 Atomic force microscopy

Atomic force microscopy (AFM) is a type of scanning probe microscopy that in-
volves the interaction between a very sharp tip (radius of a few to tens of nanometres)
and the sample surface. Scanning the surface with the tip and monitoring its deflection
allows the operator to achieve high-resolution topographic images and more advanced
physical properties maps such as modulus, adhesion, conductivity, etc. Moreover, AFM
is suitable for ambient conditions and controlled environments with one single piece of
equipment, making it a flexible platform for studying 2D materials. The core of an AFM
instrumentation consists of a spring-like cantilever with a sharp tip at the free end, a
piezoelectric actuator that is used to drive the tip or sample, an optical setup for mea-

suring the interaction between the tip and the sample, and a fast feedback control loop
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(see Fig. 20a). The optical setup is composed of a laser beam that impinges on the can-
tilever head and a position-sensitive photodetector. Monitoring the reflected beam allows
accurate measurement of the motion of the tip and, as a consequence, a precise 2D or 3D

image reconstruction of the sample surface.

The interaction forces may be attractive or repulsive depending on the distance
between the tip and the sample. A simple but effective model to describe this effect is
the Lennard-Jones potential. (82) For long distances (d > 1 um), there is no interaction.
As the tip approaches the sample (d < 50 nm), van der Waals forces emerge, resulting in
attractive forces between the atoms of the tip and the sample. Those forces increase with
decreasing distance until the separation is short enough (d ~ 0.5 nm), where the Pauli
exclusion principle dominates, and the interaction becomes repulsive. Figure 20b show
the Lennard-Jones potential as a function of the separation distance. Moreover, it shows
the regions of the three AFM operating regimes: contact mode, non-contact mode, and

tapping mode.
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Figure 20 — (a) Principle of operation of an AFM. (b) Lennard-Jones potential as a func-
tion of the separation distance shows the attractive and repulsive regimes and
the corresponding AFM operating modes.

Source: By the author.

Initially, AFM was used in contact mode, where the tip continually interacts with
the sample surface. While this enabled the formation of high-resolution images and ad-
vanced electric measurements, it also resulted in tip wearing and sample damage, making
it detrimental to various applications. To solve this problem, an intermittent contact mode
called tapping mode was created, where the cantilever oscillates near its resonance fre-

quency. When the tip is close to the surface, the forces acting on the cantilever cause its
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oscillation amplitude to vary. The feedback control loop sends a corrective voltage signal
to the piezoelectric actuator that maintains a constant cantilever amplitude, calibrated
to height information and subsequent topographic images. Moreover, a phase image that
monitors the phase lag between the signal that drives the cantilever oscillation and its
output signal can be obtained, where variations in the phase lag show the variations in
the mechanical properties of the sample surface. All AFM data in this dissertation were
acquired using Bruker’s Dimension Icon AFM in the IFSC laboratory. The intermittent
tapping mode and Si tip of approximately 7 nm were used to extract the morphological

information about the samples.

4.2.2  Photoluminescence spectroscopy

When light interacts with the medium, different optical processes can occur. They
can be those where the frequency of the incident electromagnetic wave is unchanged by
its interaction with the sample, such as reflection and Rayleigh scattering, or processes
in which the frequency is altered by the sample, including photoluminescence (PL) and
Raman scattering (see next section). PL is a powerful technique for characterizing the
optical response of a wide variety of materials and was the first technique used to observe
the indirect-to-direct bandgap transition in monolayer MoSs as discussed in chapter 2. The
process consists of the absorption of a photon by the material and the emission of a photon
with lower energy by the process known as spontaneous emission. It is important to point
out that the spontaneous emission cannot be explained by the classical electromagnetic
theory and a fully quantum mechanical treatment of the electromagnetic radiation is
required for a precise description (the interested reader is referred to Ref. (83) for more
details).

To gain a better understanding of the theoretical background of absorption and
spontaneous emission, we can use the instructive case of a two-level atom interacting with

a radiation field, which is given by the Hamiltonian
H= Hatom+Hrad+Hinta (41)

where Hgiom, Hpq and H;,; are the Hamiltonians for the two-level atom, the radiation,
and the interaction, respectively. Note that this formulation is inadequate for real solids
with energy bands and excitonic effects, but it is nonetheless useful for an intuitive phys-
ical approach. One can study this case in the picture of second quantization, where the
solution of the Hamiltonian describes the polariton concept. Alternatively, one can use
perturbation theory and treat the radiation field as a small perturbation to the eigen-
states ¢ and the eigenenergies F, of the two-level system. (84) Here, we use the latter
case. Moreover, employing a semiclassical treatment for the electromagnetic radiation and
keeping only the first-order perturbation term, the total Hamiltonian is given by (84)

K
H = Hypp — —AZA = Hyp + HY, (4.2)
m (3
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where e is the electric charge, m is the mass of the atom, h is the reduced Planck’s con-
stant, ¢ is the imaginary number and A is the vector potential. Using the time-dependent

Schrodinger equation

0
Hy = z'ﬁgf, (4.3)
the solutions to the problem are
Y(r,t)=> (1) (1) I E/PIL, (4.4)

For t > 0, the transition rate w;; from an initial state ¢ to another state j is given by
Fermi’s golden rule (84,85)

2m
wiy = | H Pp(E), (4.5)

where p(FE) is the density of final states and HZ-(;) is the transition matrix element given
by
1) _ * 1
1Y = [y HOvi(r)dr. (4.6)

What is important from Eq. (4.5) is that the transition between two states is essentially
given by the transition probability |Hf]1) |. In the case of absorption, this term is related to
the incident electromagnetic field, and in the case of spontaneous emission, it is associated
with the perturbation caused by the zero-point amplitude. (85) The optical intensity is
proportional to the transition rate given by (4.5) multiplied by the probability that the

initial state is occupied and the final state is empty (86)

Ipj, o wijfc<1 - fv); (4-7)

where f. and f, are the Fermi-Dirac distributions in the conduction and valence bands,

respectively.

From a practical standpoint, a typical PL experiment in solids can be described
as follows. First, the sample is excited by a laser with an energy higher than the mate-
rial’s bandgap. Following the photon absorption, electrons are promoted to the conduction
band, leaving a hole in the valence band. Then, both particles undergo energy and mo-
mentum relaxation in the form of Coulomb and phonon scattering towards the band
extremes. Finally, the electron-hole pair can recombine radiatively, emitting a photon
with an energy equal to the bandgap. A schematic illustration of the general principle
of PL emission can be seen in Fig. 21. In this work, the measurements were made using
a conventional PL setup located at the Federal University of Sao Carlos (UFSCar) in
collaboration with Prof. Marcio Daldin. A schematic representation is shown in Fig. 22a.
The excitation source was a laser centered at 532 nm, transmitted to the optical setup via
a single-mode optical fiber. An aspheric lens with a 5 mm diameter, a focal distance of
1.6 mm, and a numerical aperture (NA) of 0.64 is used to focus the laser onto the sample

and to collect the emitted signal (spatial resolution is 700 nm). The sample is placed in a
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piezoelectric stage that controls the x, y, and z direction with a 10 nm spatial resolution.
A multi-mode optical fiber sends the PL signal to a 150 lines/mm diffraction grating and
then to a charge-coupled device (CCD) photon detector. The spectra are acquired using
homemade software with an integration time of 10 s and 3 accumulations. All measure-
ments were made at ambient conditions with a laser power of approximately 3.9 mW.
We should also note that the incident radiation is not linearly polarized, but the larger

component is in the x-direction (see Fig. 22b)
\e\\ / i

000000000 N

Figure 21 — General principle of PL spectroscopy. CB and VB stand for conduction band
and valence band, respectively.

Source: By the author.

For TMDs, the PL spectrum is highly dominated by excitonic transitions, such as
neutral and charged excitons (see Sec. 2.3). As we have seen in previous chapters, exci-
tons are bound electron-hole pairs originating due to the Coulomb interaction between
the charge carriers. Usually, excitons can be classified into two limiting cases. For a strong
Coulomb interaction, usually in ionic crystals, the electron, and hole are tightly bound
together in the same or nearest-neighbor unit cell and are known as Frenkel excitons.
(85) For most semiconductors, the electron and hole are only weakly bound, resulting in
delocalization at a crystal position. (85) In this case, they are known as Wannier-Mott
excitons. Formally, excitons in TMDs can be understood as an intermediate case between
Frenkel and Wannier-Mott excitons, since they have small radii due to the reduced dielec-
tric screening but present an electronic structure similar to the Wannier-Mott regime. (44)
However, in most cases, the Wannier-Mott description of excitonic effects in TMDs with
a few modifications (to account for small exciton radii and large wave function spread in

momentum space) is sufficient, and it is the approach used in this dissertation. (87)
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Figure 22 — (a) A schematic illustration of the conventional PL setup used in this disser-
tation in collaboration with Prof. Marcio Daldin. (b) Detailed representation
of the stick where the sample is placed.

Source: By the author.

4.2.3 Raman spectroscopy

Besides photoluminescence, a small fraction of the incident light might be scattered
inside the medium. The key difference between these two processes is that photolumines-
cence involves real excitation of electrons, whereas virtual excitations are sufficient in
light scattering. More specifically, light can be elastically scattered, where the frequency
is unchanged, or inelastically scattered, with a change in the frequency of the emitted
wave. One of the most important cases of inelastic scattering is the Raman scattering
mechanism, first reported by C. V. Raman in 1928 and which resulted in his Nobel Prize
award in physics in 1930 (88). In solids, the term is usually associated with the scattering
of light by optical phonons (quanta of lattice vibrations), but it can be used, in principle,

to describe the inelastic scattering by other collective excitations. (89)

The first approach to describe the Raman scattering process is to use the classical
macroscopic theory of electromagnetic waves interacting with a medium. If one considers
an infinite crystal at a finite temperature with dielectric susceptibility ?, the polarization

vector P can be written in terms of the incident electric field E as (85)
P=%E. (4.8)
The electric field is written as a plane wave
E(r,t) = Eo(k;,w;) cos (k; - r — w;t), (4.9)

where k; and w; are the wavevector and frequency of the incident light, respectively. Note

that fluctuations in the susceptibility tensor ? will induce variations in the polarization
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vector. At finite temperatures, those fluctuations are caused mainly by atomic vibrations
of the crystal lattice (phonons in quantum mechanics) and can be written in terms of the

atomic displacement vector Q(r,t) as (85)

Q(r,t) = Q(q,wp) cos (q » r — wopt), (4.10)

with wavevector q and frequency wy. However, since the amplitudes of these vibrations
are small compared to the lattice constant, one can expand 7 as a Taylor series in Q(r, t)
to find 5 ?
Q
where % is the electric susceptibility of the medium without fluctuations. Substituting
Egs. (4.9), (4.10) and (4.11) into Eq. (4.8) and rearranging the terms yields

?(ki,wi,@:%(ki,wm( ) Q)+ ... (4.11)

P(r,t,Q) = Po(r,t) + Pipa(r, £, Q) + .. .. (4.12)
The term Py is given by
Po(r, t) = %(kz, wi>E0(ki, (,L)i) COS (kl r — (A)Zt) (413)

and represents the polarization vector oscillating with the same frequency as the incident
electromagnetic wave, the so-called Rayleigh scattering. The term P, is given by

1 (0%

Pin r, t7 =5 | 3

@ = (58

3 () Qe
{cos((k; —q) + r — (w; — wo)t) + cos((k; + q) - r + (w; +wo)t)}.

(4.14)

We can see that the induced polarization has two components representing the inelastic
light scattered by the medium. The first term has a wavevector kg = k;—q and a frequency
w; — wp and is called Stokes scattering. The second term has a wavevector kas = k; + q
and a frequency w; + wp and is called anti-Stokes scattering. The physical interpretation
of those two scattered fields will become clearer when the quantum mechanical approach
is introduced. Before that, we note that energy and momentum must be conserved in
both cases. For typical experiments in the backscattered configuration, it implies that
the maximum value of |q| is about twice the photon wavevector. If the incoming light is
in the visible range (e.g., 500 nm), the wavevector is in the order of 10" m~!, which is
about 1/1000 smaller than the wavevector of a common crystal with a lattice constant of
a ~ 3A. In other words, the wavevector q is limited to the center of the Brillouin zone
around the I' point. Finally, we point out that
= (08
0Q

is known as the first-order Raman tensor, and it is very useful for determining the Raman

) Q(q, wo) (4.15)

selection rules based on the symmetry requirements of a particular medium (for more
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details, see Ref. (85)). The intensity of the scattered radiation can be calculated by con-
sidering the time-averaged power radiated by the induced polarizations into a unit solid

angle. (85) In terms of the Raman tensor, the intensity is proportional to
=
I, < |E;- R -E,? (4.16)

where E; and E; are the polarization of the incident and scattered radiations, respectively.

Although the classical theory is instructive for an initial understanding of the
Raman scattering process, it gives an incomplete picture since the radiation fields are
not explicitly quantized, nor the electron-phonon interaction is included. To solve this
problem, a quantum mechanical formalism is needed. Here, we will briefly introduce this
topic, but a more detailed explanation can be found in Refs. (85,89,90). The Hamiltonian
of the system is given by (85)

H=H. +H,+H.,+H.,+H,.,=H,+ H;. (4.17)

The term Hy = H.+ H,+ H, represents the unperturbed Hamiltonian, where H., H, and
H, are the Hamiltonian from the electron, phonon, and radiation, respectively. The other
term H, = H.,+ H,, corresponds to the Hamiltonian of perturbation, where H., describes
the interaction between the electron and the radiation, and H,, describes the electron-
phonon interaction. Schematically, the one-phonon Raman scattering can be described in

the following steps:

1. The system is the initial state |i);

2. An incident photon is absorbed by the medium, creating an electron-hole pair (via

H,,) and sending the system to the state |a);

3. The electron-hole pair is inelastically scattered to another state |b) by either emit-
ting (Stokes scattering) or annihilating (anti-Stokes scattering) a phonon via the

Hamiltonian H.y;

4. The electron-hole pair returns to the ground state by recombining radiatively and

emitting a photon. The final state is denoted |f).

Figure 23a shows a schematic illustration of this process. Since we have a spontaneous
emission of a photon in the last step, this process is known as spontaneous Raman scatter-
ing and, just as in the PL case, a rigorous quantization of the radiation fields is required
for a complete understanding of the process. It is important to point out that although
the electrons remain unchanged after the scattering process is finished, they mediate the
Raman scattering of phonons. Moreover, we can see that the anti-Stokes process can only
occur if the system is initially excited, meaning that the intensity of the Stokes scatter-

ing is usually much higher than the anti-Stokes scattering. One can use the third-order



o7

perturbation theory described in the last section to calculate the scattering probability
for phonons. An elegant description using Feynman diagrams is provided in Ref. (85).
Finally, for completeness, we comment that scattering processes involving more than one

phonon can be calculated using higher orders of perturbation.
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Figure 23 — (a) Schematic diagram of the different possibilities of light scattering in solids.
The dashed lines correspond to virtual states. (b) Photo of the confocal Ra-
man microscopy setup used in this dissertation.

Source: By the author.

Experimentally, the measurement of a Raman spectrum requires the following
components: a source of monochromatic light, an optical system to collect the scattered
field, a spectrometer to analyze the spectra, and a sensitive detector to detect the scat-
tered radiation. Since Raman signals are usually small, the system must be optimized for
meaningful measurements. In this work, the Raman spectra were acquired using a WITec
alpha300 RAS confocal Raman microscope (for more information on confocal microscopy
see Appendix A) in the backscattering configuration, with all the measurements being
made at room temperature. Figure 23b shows a photo of the equipment. A more detailed
schematic of the Raman measurement system is shown in Fig. 24a. The excitation source
used was a CW diode-pumped laser centered at 532 nm with a spot size of approximately
500 nm and it is transmitted to the microscope via a single-mode optical fiber. Then, it is
reflected by a dichroic mirror (high transmission starting at 95 cm~!) and focused onto the
sample by a 100X objective lens with a NA=0.9. Control of the x and y positions is made
by manual stages with micrometer resolution. The emitted radiation passes through the
dichroic mirror and a 532 nm long-pass filter, which allows only wavelengths longer than

532 nm to be transmitted. Subsequently, the signal is transmitted via a multi-mode optical



58

fiber to the acquisition system. The spectrometer comprises a 1200 lines/mm diffraction
grating (blaze at 500 nm) and a CCD photon detector.

The laser power was kept at 26.5 mW in all experiments to obtain a good signal-to-
noise ratio. Regarding the acquisition process, two types of measurements were made. A
single spectrum with high integration time and a number of accumulations was acquired
for different regions on the sample to study the general behavior of the Raman signals.
For MoS, deposited over SiO5/Si, an integration time of 10 s and 3 accumulations was
used. For MoS, deposited over the gold substrate or the metallic gratings, we chose an
integration time of 10 s and 10 accumulations since the signal is weaker in those regions.
Moreover, hyperspectral maps were acquired to investigate the spatial distribution of the
Raman signals. It is important to point out that the system can make automated scanning
at a small area with a high resolution using a PZT. The lateral displacements can also be
made manually for the location of the structures. Here, we used an integration time of 0.2
s and 1 accumulation. Fig. 24b shows a sequence of steps illustrating the acquisition and
processing of the color maps. First, a sample region is selected using the optical image (i).
After the measurement, an intensity map is generated (ii), where each pixel (red square)
in the image represents a single spectrum. Then, the baseline is subtracted (iii) for each
pixel using a spline interpolation to acquire the corrected spectra (iv). Finally, each peak
was fitted with a Lorentzian function to study common parameters such as amplitude,
peak position, and linewidth. We should note that before each measurement, the Raman
signals were calibrated using the silicon peak position (for our experiments, it was ~ 522

cm™!). All analyses were made using the WITec Project FIVE 5.2 software.
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Figure 24 — (a) Detailed schematic diagram the WITec alpha300 RAS confocal Raman
microscope. (b) A sequence of steps illustrating the acquisition and processing
of the color maps.

Source: By the author.
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4.3 Numerical simulations

Since Maxwell’s equations can only be solved analytically for simple problems,
we performed numerical simulations on the gold gratings to understand how the plas-
monic platform might influence the physical properties of the MoS; monolayers. One of
the most popular techniques for solving electromagnetic problems is the finite-difference
time-domain (FDTD) method, first proposed by K. Yee in 1966. (91) The idea is to
discretize Maxwell’s equations in space and time using second-order centered difference
approximations, so dz, dy, dz, and dt become Ax, Ay, Az, and At, respectively. The
ingenuity of Yee’s algorithm resides in how the electric and magnetic fields are allocated
in space and how the time evolution of the system is calculated (for more details, see Ref.
(92)). The cell locations are defined so the electric field components pass through the grid
lines as shown in Fig. 25a. Additionally, the electric and magnetic field components are
shifted in space by half a cell. This unit cell, known as the Yee cell, allows the calculation
of the spatial derivatives of the fields. For instance, the derivative of H, with respect to
x at the point (i, 7,k + 1/2) at time nAt is

OH,
ox

" . HZ‘ T szfl/z

Azx

n
i+1/2,5,k+1/2

Gk+1/2 O[(Az)?). (4.18)

i k+1/2

The other five spatial derivatives are obtained similarly. For the time derivatives, the fields
E and H are updated by one half-time step known as leapfrog time-marching. (92) More

specifically, the components of the magnetic field are defined at half-time steps, resulting

QEI™Y? gt g q

E ~ |At| = g(v X H)n+1/2 (419&)
ol n+1 H n+3/2 H n+1/2 1
el | A | = —;(V x E)"t (4.19b)

Combining the spatial arrangement and leapfrog time-marching methods allow the com-
plete discretization of Maxwell’s equations and the subsequent calculation of the spatial

and temporal field profiles.

In this work, the Yee algorithm was implemented using the Ansys Lumerical FDTD
software. It allows the design and modeling of plasmonic devices with advanced function-
alities, such as 3D CAD importing, fully vectorial, high NA beam sources, and a compre-
hensive materials database for dielectric functions. For example, dispersive materials with
tabulated refractive index or specific models such as Drude or Lorentz can be used. Addi-
tionally, the software is equipped with mesh refinement options, which is advantageous for
complex structures that need a smaller mesh. In all simulations, perfectly matched layers
(PMLs) were used on each boundary to eliminate unwanted reflections at the interface,

but other boundary conditions such as periodic or Bloch can also be employed. Finally,
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a Gaussian beam with high NA was used as the excitation source to closely mimic the
experimental conditions in the simulation. As an example, Fig. 25b shows the simulated
electric field distribution over a gold grating, where the width, depth, and periodicity (dis-
tance to the next slit) are 50 nm, 80 nm, and 1000 nm, respectively. The excitation source
was a focused Gaussian beam (NA=0.9) centered at 800 nm and polarized perpendicular

to the slits (z direction).

(a) (b)

U J, k1)

X (um)

Figure 25 — (a) Yee cell and subsequent assignment of fields. (b) FDTD simulation of the
electric field distribution over a gold grating excited by a focused Gaussian
beam polarized in the x direction.

Source: (a) Adapted from INAN; MARSHALL. (92); (b) By the author.
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5 RESULTS AND DISCUSSION

In this chapter, the results of our work are presented and discussed. First, we
describe the structural characteristics of our device. Then, the vibrational properties of
MoS, at different sample regions are investigated, where strain, doping, and plasmonic
effects play a critical role. Finally, using photoluminescence measurements, we studied
how those external perturbations might affect the exciton and trion emissions, the main

optical transitions in 2D TMDs.

5.1 Morphological characterization of MoS;/Au hybrid device

The first step to characterizing the MoSs/Au hybrid device was to investigate its
morphological properties. As described in Sec. 4.1.1, two square gratings with different
geometric parameters were studied in this dissertation. Both have a nominal slit depth
of 50 nm and periodicity of 1000 nm, but widths of 50 and 100 nm. They are denoted
as SQ1-50 and SQ1-100 (SQ stands for square). Figure 26 shows a scanning electron
microscopy (SEM) image of both structures before the MoS, transfer procedure where
the periodic array of slits produced by the e-beam lithography combined with ion-beam
assisted etching can be seen. The gratings have an area of approximately 20 x 20 um?.
However, due to a low lateral resolution, the width of slits cannot be properly measured,
but they appear smaller for the SQ1-50 structures. We should mention that the SEM
technique is outside the scope of this work, but more information can be found in Ref.
(93).

AFM images were acquired to better understand the morphology of our devices
when the monolayer is deposited over the metallic gratings. Figure 27 shows the height
and phase images for the SQ1-50 and SQ1-100 structures covered with a MoSs monolayer.
The patterned array of slits for both structures has an area of approximately 20 x 20
wm?, corroborating the SEM measurements. Moreover, one can see that the two gratings
exhibit a fairly pronounced degree of morphological heterogeneity. Interestingly, a variety
of defects/imperfections are readily observed in both images, which might have originated
from the various fabrication processes. For instance, the e-beam evaporation method used
for the deposition of the Au film can create small metallic clusters due to non-uniform
film deposition. The ion-beam etching phase can also form rough surfaces when used
on polycrystalline substrates. Another reason for the rough surface morphology can be
the PMMA residues left over from the lithography and transfer procedures. Finally, the
explanation might be contamination from air exposure since these samples have been used
for other experiments under ambient conditions before. We should also point out that,

although the phase images might suggest that the regions with the slits and defects are
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softer than other areas, a conclusive interpretation is challenging since the phase is not

only sensitive to variations in composition and viscoelasticity but topometric differences
as well.

Figure 26 — (a,b) Scanning electron microscopy images for the SQ1-100 (a) and SQ1-50
(b) gratings. The scale bar is 2 pm.

Source: By the author.
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Figure 27 — (a,b) Topographical (a) and phase (b) images for the SQ1-100 structure. (c,d)
Topographical (c) and phase (d) images for the SQ1-50 structure.

Source: By the author.

Figure 28 shows magnified, high-resolution topographical and phase images of the

MoS, deposited over the structures and their respective height profiles. Even in this small
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region, the slit width varies considerably. The SQ1-100 ranges from 104 to 128 nm with
an average value of 111 nm, whereas for the SQ1-50, it lies between 55 and 79 with an
average value of 67 nm. Regardless of those variations, one important characteristic we
can measure is the height profile of the monolayer when suspended over the slit (Figs.
28¢ and 28f). For the SQ1-100, the film deformation at the slits was approximately 47
nm, and, in some regions, the film is actually in contact with some defects at the bottom
of the slit. In contrast, the height deformations for the SQ1-50 are 39 nm since the
slit width is smaller in this case. Nevertheless, those deformations are much larger than
MoSs monolayer suspended over the Si substrate. For instance, BERTOLAZZI et al.
measured the height profile of MoS, suspended over an array of circular holes 550 nm
in diameter and found deformations on the order of 5 nm. (2) The reason for a large
film deformation in our case originates from the strong interaction between MoS, and
the gold substrate, which has been reported in other works. (94,95) More specifically,
the interaction between the S and the Au atoms has been described as a covalent-like
quase-bonding at the film/substrate interface. (96) In contrast, the height deformations
for the SQ1-50 are on the order of 39 nm since the slit width is smaller in this case. Besides
vertical deformations, the strong interaction of the semiconducting monolayer and gold
substrate combined with a lattice mismatch of 5.4% (97) leads to an induced strain at

the interface, which will be discussed in the next section.
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Figure 28 — (a,b) High-resolution topographical (a) and phase (b) images for the SQ-100
structure. (c¢) Corresponding height profile. (d,e) High-resolution topographi-
cal (d) and phase (e) images for the SQ-50 structure. (f) Corresponding height
profile.

Source: By the author.
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5.2 Vibration properties probed by Raman spectroscopy
5.2.1 Characteristic Raman modes of MoSs

Given the morphology analysis presented in the last section, particularly the strong
interaction between MoS, and gold, we investigated how the vibrational properties of the
monolayer are affected by the Au substrate and metallic grating. As described in Sec. 4.2.3,
Raman spectroscopy is an effective technique to study the lattice vibrations of crystals,
which can be classified based on the irreducible representation of the symmetry group. (98)
Figure 29a shows the phonon dispersion curve of MoS,; monolayer calculated by density
functional theory within the local density approximation. (53) It has three acoustic and
six optical branches at the I' point, which is the only allowed phonon wavevector for
first-order Raman processes when using visible light. The most important Raman active
modes for MoSs monolayers (TMD monolayers in general) are the in-plane mode E’
and out-of-plane A}, since their peak position shows opposite trends as a function of
the thickness, allowing the layer number identification through their relative frequency
difference. (53,54) The displacement of the £’ and A} modes are shown in Fig. 29b (for
completeness, the lower energy mode E” is also shown since it is observed in some of
our experiments). A typical measured Raman spectrum of MoS; monolayer over SiO,/Si
can be seen in Fig. 29c, where the spectrum for the semiconductor material had to be
amplified 100 times because of the strong Raman signal from the silicon substrate. The
frequency difference of ~ 19 cm™! between the A} and £’ modes confirms that MoS, flakes
are indeed monolayers. (53) Moreover, second-order modes of MoS,, commonly known as
2LA band in the literature (99), can be seen. However, a comprehensive spectral analysis

of those higher-order modes is beyond the scope of this dissertation.

The Raman spectrum is significantly changed when the MoS, is deposited over
another substrate, such as gold or gold gratings. Figure 30 shows the Raman spectra
of MoSs monolayer deposited over the Au film or the metallic gratings SQ1-100 and
SQ1-50 described in the last section. The two structures were also rotated 90° to study
the polarization effect. From now on, the unrotated gratings are denoted SQ1x-100 and
SQ1x-50, whereas the 90-degree-rotated gratings are denoted SQ1y-100 and SQ1y-50. The
characteristic £” and A} peaks as well as E” and second-order modes can be observed in
all structures. One can see that the regions where the MoS, is deposited over the gold
substrate, which are called supported regions in this work, show that the intensity of
the E' mode is greater than the A}. In contrast, for the regions where the monolayer
is deposited over the gratings, denoted as suspended regions, this intensity relation is
altered, with a greater intensity of the out-of-plane lattice vibration in comparison to
the in-plane mode. Besides, the peak positions of the E' and A} modes also change in
comparison to the MoSs/Si. More specifically, both modes soften in the supported and

suspended regions, although the frequency separation is greater in the supported case.
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Since many factors can be responsible for altering the amplitude and frequency position
of a Raman mode, such as strain, doping, and plasmonic effects, Raman mapping was
used to extract relevant statistical information on the physical processes involved in our

system.
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Figure 29 — (a) Phonon dispersion curve for MoS; monolayer calculated using DFT. (b)
Mode displacement for the E’, A}, and E” modes. (¢) Raman spectrum of
MoSs over Si substrate.

Source: (a) MOLINA; WIRTZ. (53); (b,c) By the author.
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Source: By the author.
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5.2.2  Amplitude and peak position for different regions

Raman hyperspectral mapping analysis was carried out for all the structures on a
8 x 8 pm? area, exemplified in the Fig. 31a,d for the SQ1x-100 and SQ1x-50 structures.
To increase the resolution in the direction of the grating, a matrix of 80 x 50 spectra
was collected for the SQ1x-100 and SQ1x-50, whereas for the SQ1y-100 and SQ1y-50, the
matrix consisted of 50 x 80 spectra. Each pixel in the final image corresponds to a Raman
spectrum, allowing the visualization of the spatial distribution of various parameters from
a particular mode, such as amplitude, peak position, and linewidth. Figure 31b,c,e,f shows
the measured A’ /FE’ intensity ratio in the scanned area for all structures. One can see a
general trend in the relationship between the amplitudes of both modes. More precisely,
the A} /E’ ratio is smaller than one for the Au-supported MoS, sample and it is more sig-
nificant than one when the film is suspended, confirming the initial observation previously
discussed (local variations in this trend can be seen due to non-uniformity in the MoS,
monolayer). Although the gold substrate affects the mode displacement of both modes,
we have found that the amplitude of the A} mode is more sensitive to this effect. This
behavior can be explained by the strong interaction between the Au and S atoms, which
restricts the amplitude of the out-of-plane lattice vibration when the MoS, is in contact
with the gold substrate. (96,100) Indeed, this interaction has been used for the exfoliation
of large-area TMD monolayers by gold-assisted mechanical exfoliation. (101) For the sus-
pended regions, the Au-S interaction decreases, allowing the proper mode displacement
for the A} mode.
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Figure 31 — (a,d) Optical image for the SQ1x-100 (a) and SQ1x-50 (d) illustrating the re-
gion where the Raman mapping was performed. (b,c,e,f) Amplitude mapping
showing the measured A /E’ intensity ratio for all structures.

Source: By the author.
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To further study how the metal substrate and metallic gratings modify the Raman
spectra of the MoS,; monolayer, we measured the spatial distribution of the peak frequency
position of the two characteristic Raman modes, denoted wg and wa;. Figure 32 shows
the color maps of the E’ and A} peak frequencies as well as the peak position as a function
of the position along the two lines indicated in the maps for the SQ1x-100 structure. One
can see that the £’ mode is well-modulated by the grating pattern. In both regions, the
peaks are red-shifted (the Raman shifts are smaller) in comparison to the MoS, over the Si
substrate, and these shifts are larger for the supported case (see Fig. 32b). In contrast, the
position of the A shows a less pronounced correlation with the supported and suspended
regions, where a clear distinction between the two topographical cases, comparable to the
E’ mode, cannot be made. However, the peaks also show a slight red-shift regarding the
silicon case. The color maps of the wp and wy; for the other structures showed a similar
pattern, so they are presented in Appendix B. In the literature, the frequency changes of
the vibrational modes of the MoSs; monolayer similar to ours have been reported, which
were attributed to various physical mechanisms, such as strain, doping, and plasmonic
effects. (102,103) In the next section, we investigate those mechanisms to gain additional

insight into the underlying physics that may be at play.
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Source: By the author.
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5.2.3 Observation of strain, doping, and plasmonic effects

An effective method for quantitatively evaluating the contributions of strain, dop-
ing, and plasmonic effects on the frequency changes of the Raman modes is to construct
a correlative plot of the A} vs E’ peak frequencies from their respective color maps. Such
an approach has been successfully applied to the characterization of the 2D and G peaks
in graphene (104-106) and has been recently used for MoS,; monolayer as well. (102,107)
Here, we have also applied this method and, for better comprehension, have separated
the analysis for the SQ1-100 and SQ1-50 structures.

Before we present our results, we should briefly explain the effects of strain and
doping in the frequency changes of the Raman modes. Strain refers to the deformation
of an object relative to a reference configuration. For 2D materials, the two commonly
observed cases of strain are the biaxial and uniaxial strains. The former refers to deforma-
tions in two of the three spatial directions (usually the plane defined by the 2D material),
while the latter considers deformations where the material is bent or stretched along a
single axis. Following the works of LI et al. (104) and MOHIUDDIN et al. (105), for a
phonon mode m with frequency w,,, the change in the peak frequency due to the strain
is associated with two parameters: Griineisen parameter 7,, and the shear deformation

potential 3,,. By definition, ~,, is

1 Ow,y,
=_— 1
Tm Wm 8eh <5 )
and (3, is
1 Ow,,
= . .2
B Wy, O€g (5:2)

The term €, = €; + €4 is the hydrostatic component of the applied strain, with ¢; the
longitudinal component of the strain and € is the transverse component of the strain.
Also, €, = €; — € is the shear component of the applied strain. The frequency change of a

particular mode Aw,, = w,, —w? , where w?, is the reference frequency, is given by (108)
Awy, = —wl Ymen £ ;Bmwfnes. (5.3)

For a biaxial strain, we have ¢; = €, = ¢, so Eq. (5.3) reduces to
Awp, = —2w° e (5.4)

However, under uniaxial strain we have ¢; = ¢ and ¢; = —ve, where v is the Poisson’s
ratio. (105) Then, Eq. (5.3) is given by

1
Awpy = =2 (1l —v)e £ §6mw$n(1 + v)e. (5.5)

In the case of a biaxial strain, a common cause is the lattice mismatch at the interface

of two crystal structures, since the material under study will usually be deposited over
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a substrate. In contrast, the presence of an external force in just one direction usually
causes an uniaxial strain, which can be seen in materials suspended over slits or grooves.
Figure 33 shows a schematic diagram of the two types of strain considered in this work
for the case of a TMD monolayer. Besides, charge doping also affects the peak position
of the Raman modes. It follows that the position is altered by a factor of k,,n, where k,,
is the shift rate of Raman peak as a function of the electron concentration n. (102,109)
Including this effect in Eq. (5.3), we have that the final expression for the changes in the

Raman frequency is given by

1
Awp = —w Ymen §ﬁmw2165 + kpn. (5.6)
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Figure 33 — (a,b) Schematic diagram for the two types of strain considered in this work,
namely the biaxial (a) or uniaxial (b) strain.

Source: By the author.

In the case of MoS,, these parameters are reported in the literature. For a biaxial
strain, the Grineisen parameters for the £’ and A} modes of MoS,; monolayer are vp =
0.68 and 74, = 0.21, respectively. (110) For an out-of-plane uniaxial strain, to the best of
our knowledge, only the Griineisen parameter and shear deformation potential for the E’
mode is known since the A} mode is essentially insensitive to applied strain. (111) Those
values are yg = 1.1 and g = 0.78. (112) Also, the Poisson’s ratio is v = 0.29. (113) For
the case of electron doping, the shift rates for each mode are kg = —0.33 x 10~ cm and
kag = —22x 10713 ¢m. (102) Finally, the reference frequencies for the peak positions of
the E’ and A} Raman modes are taken from a suspended MoS,; membrane, where the
substrate effects can be excluded and the deformations can be controlled. The values are
w? = 385 cm~! and wg,l =405 cm ™. (110)

Given this theoretical background, we can present and discuss our results. The
correlative plot of the A} vs E’ peak frequencies for the MoS; monolayer deposited over
Si or Au substrate is shown in Fig. 34. To help the understanding of this plot, parallel

lines corresponding to constant biaxial strain or constant doping were drawn, which can be
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calculated by fixing the values of € or n in Eq. (5.6) and solving the linear set of equations
for the A} and E’ modes. The straight black line represents the case for ¢ = 0, and the
dashed black lines parallel to it correspond to +0.3% variations in strain. Correspondingly,
the straight red line represents the case for n = 0, and the dashed red lines correspond
to 20.4 x 10'3 cm™2 variations in the electron doping. The lines of zero strain and zero
doping cross at the point (385,405) cm™!, which represents the reference case of free-
standing MoS,. From the Fig. 34, the MoS, monolayer deposited over SiOs/Si experiences
a slight compressive strain with an average value of € = —0.1%, which might be related to
the adhesion properties of MoSs monolayer over the silicon substrate. (114) In addition,
we observe an average electron density of n = 0.1 x 10*® cm~2 corresponding to a n-type
doped film. This can be explained by the natural propensity of MoS; monolayer to exhibit
n-type conductivity when grown via CVD-based methods, where hydrogen present during
the growth process provides an effective donor level near the conduction band minima.
(115)

For the MoS, deposited over the gold substrate, one can see that the data cloud is
located in a region of the e — n plane corresponding to a tensile biaxial strain and n-type
doping. Although the supported regions for the SQ1-100 and SQ1-50 should be essentially
the same, small variations in morphology might lead to slightly different substrate-induced
effects. Expecting this behavior, we show in Fig. 34 two graphs corresponding to the
supported regions near SQ1-100 and SQ1-50 structures. The average tensile strains and
electron concentrations for the supported regions near the SQ1-100 are € = 1%, n = 0.3
x 10" em™2 (SQ1x-100) and € = 1%, n = 0.3 x 10" em™2 (SQ1y-100). A tensile biaxial
strain at the interface originates from the lattice mismatch between MoS; and Au, in
which the lattice parameter of Au is about 5.4% larger than MoS,. (97) Other authors have
measured strains similar to ours for the MoSs/Au system, where large € values up to 1.2%
have been observed. (100) Interestingly, the measured n-type doping for the supported
region, which is higher than MoS,/Si, is contrary to previous works that observed an
electron transfer from MoS; to Au. (116) However, one should note that transferred MoS,
monolayer grown by CVD-based methods usually encloses a buffer layer of air and water
contaminations, preventing a good contact with the metal substrate, effectively preserving
the natural n-type. (117) In addition, the MoSs/Si and MoS,/Au regions are very distant
from each other, so variations of the concentrations of hydrogen gases are expected, which
would also influence the doping levels. From Fig. 34b, one can see that the behavior of the
supported regions near SQ1-50 structures is very similar to the regions near the SQ1-100
gratings. The average tensile strains and electron concentrations are € = 0.9%, n = 0.3
x 101 em™ (SQ1x-50) and € = 0.9%, n = 0.2 x 10" cm™2 (SQ1y-50). A smaller tensile
strain for the supported regions near the SQ1-50 structures in comparison to the regions
near the SQ1-100 might be due to the higher concentration of defects (see Fig. 28), which

allows the MoSs monolayer not exactly to conform to the lattice parameter of the Au
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substrate. Finally, we can see that rotating the polarization by 90° has no statistical

difference in the measured strain and doping. Table 1 summarizes these findings.

Table 1 — Average values of the strain and doping for MoS, over Si and Au substrate. In
the abbreviations, “sup.” means supported.

Parameter Si SQ1x-100-sup SQ1ly-100-sup SQ1x-50-sup SQ1ly-100-sup
e (%) -0.1 1.0 1.0 0.9 0.9
n (10" cm™2) 0.1 0.3 0.3 0.3 0.2

Source: By the author
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Figure 34 — (a,b) Correlative plot of the A} vs E’ peak frequencies for the Si and Au
substrates. Due to differences in morphology, the Au-supported regions have
been separated in two cases: the vicinity of SQI1-100 (a) and SQ1-50 (b)
structures. The average values of the clusters of points are also indicated.
The yellow square represents the reference case of free-standing MoS,.

Source: By the author.

The plot of the A} vs E’ peak frequencies for the suspended regions is shown in
Fig. 35. Here, the MoS,; monolayer is subjected to a uniaxial strain in the out-of-plane
direction, so the guidelines used in the Fig. 34 had to be modified (besides legibility, this
is another reason why we had to separate the graphs for the supported and suspended
regions). From the graphs, we note that the data is located in a region of the ¢ — n
plane corresponding to a tensile uniaxial strain and n-type doping for both structures.
The average strain and doping values for all the structures can be seen in Table 2. One
can see that the electron concentration in the gratings is higher than in the supported
regions, which is consistent with the fact that the MoS,; monolayer has lesser contact with

the gold surface, preventing the charge transfer mechanism. Additionally, a polarization
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dependence in the strain and doping values for both structures can be perceived from the
correlative plots. Previous works have demonstrated that the E'~ and E'* modes, which
originated from the splitting term in (5.6) caused by the shear deformation potential,
do posses a polarization dependence. (118,119) Nevertheless, we did not observe in our

measurements a splitting of the £’ mode, only an increase in the linewidth.

Table 2 — Average values of the strain and doping for MoS, over the suspended regions.
In the abbreviations, “sus.” means suspended.

Parameter  SQI1x-100-sus SQ1y-100-sus SQ1x-50-sus SQ1ly-50-sus

< (%) 0.9 0.7 1.0 0.7
n (10! cm™2) 1.0 0.7 0.5 0.3

Source: By the author
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Figure 35 — (a,b) Correlative plot of the A vs E’ peak frequencies for the SQ1-100 (a) and
SQ1-50 structures (b). The average values of the clusters of points are also

indicated. The yellow square represents the reference case of free-standing
MOSQ.

Source: By the author.

However, the linewidth color maps can be used to distinguish between the different
kinds of strain, which are shown in Fig. 36 for the SQ1x-100 and SQ1x-50 structures. In
the case of an applied uniaxial strain, the full width at half maximum (FWHM) of the E'~
mode is expected to increase due to the changes in the lattice symmetry. (112) In contrast,
when the MoS; is subjected to a biaxial strain, the in-plane mode usually does not show an
appreciable increase in the linewidth. (100). This contrasting behavior can be seen in the
Fig. 36a,c. Also, the linewidth color maps for the A} mode are presented (see Fig. 36b,d)
and they show a larger FWHM at the supported regions, probably because in those regions
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the out-of-plane mode is influenced by the strain and doping levels. (100,102) Since the
SQ1y-100 and SQ1y-50 structures showed a similar behavior between the supported and
suspended regions for the linewidth their FWHM color maps are presented in Appendix
B.3.
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Figure 36 — (a-d) Linewidth of the E’ and A} Raman modes for the SQ1x-100 (a,b) and
SQ1x-50 (c,d) structures. The solid white rectangles serve only as a guide to
represent the gold gratings.

Source: By the author

In regard to the polarization-dependent doping levels, the explanation might be
due to plasmon-induced hot electron injection. Indeed, numerical simulations show a dis-
tinct behavior of the electric field distribution when the incident radiation is linearly
polarized perpendicular or parallel to the slits. Figure 37 shows the calculated magni-
tude and z-component of electric field distributions for the SQ1x-100 and SQ1y-100 (for
the simulation of the SQ1-50 structures see Appendix C). It is clear that the generation
of plasmons (SPPs or LSPs) only occurs when the polarization of the electric field is
perpendicular to the gratings. After generation, those plasmons decay via different mech-
anisms, such as interband transitions, Landau damping, or electron-electron scattering
into so-called “hot carriers”. Those hot carriers may have sufficient energy to overcome
the binding force that keeps them inside the metal and effectively transfer charge into
the adjacent material, such as a semiconductor (120), thus offering an explanation for the

polarization dependence of the doping levels in the suspended regions.
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Figure 37 — (a-d) Magnitude and z-component of the electric field distribution for the
SQ1x-100 (a,b) and SQ1y-100 (c,d) structures. The dashed white lines serve
only as a guide to represent the gold gratings.

Source: By the author

5.3 PL measurements of exciton and trion states

To complete our analysis, photoluminescence measurements were performed to un-
derstand better the effect of the external perturbations discussed in the last section on the
emission properties of the exciton and trion states of MoS,; monolayer. Figure 38a shows
a comparison of the PL spectra for the semiconductor film in the supported and sus-
pended regions. One can see a quenching of the PL signal, which is commonly attributed
to the charge transfer of the photogenerated carriers between MoSy and Au, leading to
an effective exciton dissociation. (121). Figure 38b shows an energy band diagram for
the MoSs/Au system before and after contact, where the different work functions cause
a band bending near the interface between the two materials. However, in our case, we
observed a partial quenching, which implies that the charge transfer mechanism is not
very efficient, corroborating the analysis performed in the Raman spectroscopy section. In
addition, the suspended regions show a much higher signal and slight blue shift than the
supported regions. The stronger intensity is explained by the absence of substrate-induced
charge transfer, and the higher emission energy is due to a smaller strain compared to
the Au-supported region since the strain is known to cause a redshift of the PL peak
positions. (122)
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Figure 38 — (a) PL spectra of MoS, monolayer over the Au substrate and the SQ1x-100
grating. (b) Energy band diagram for MoS,; and Au before (top) and after
(bottom) contact between the two materials.

Source: (a) By the author; (b) Adapted from BHANU et al. (121)

Additional information can be acquired by looking at the normalized PL spectra
for the MoS, deposited over different regions, namely Si or Au substrate and the metallic
gratings, as shown in Fig. 39. Notably, three peaks, fitted using Lorentzian functions,
can be identified. They correspond to the A and B excitons originating from the direct
transitions between valence and conduction bands at the K point and the negative trion
A~. (46) Table 3 summarizes the calculated parameters from the normalized spectra.
For MoS,/Si, we can see a high ratio for the intensities of the trion and A exciton,
consistent with n-type conductivity observed in the Raman measurements. In the case
of MoSs/Au, we can see a decrease in the trion population compared to the A exciton,
accompanied by an extinction of the B exciton (although the signal-to-noise ratio is much
smaller). This contrasts with the doping levels calculated using the Raman hyperspectral
maps, where the MoS, over the Au-supported regions showed a pronounced n-type doping
level. It has been suggested that Raman spectroscopy might not be particularly accurate
for determining the structural and electronic properties of MoS, (123), so additional
studies are necessary to establish which experimental technique is more adequate for
characterizing 2D TMDs. In the suspended regions, the spectra become better defined,
i.e., less noisy. We can clearly see that the ratio between the trion and A exciton is larger
for the grating than the MoSs over the gold substrate due to a decrease in the direct
contact between the MoSy and gold. Finally, this ratio is greater when the grating is
perpendicular to the incident radiation (SQ1x-100 and SQ1x-50), which agrees with the
doping levels calculated using the Raman maps and the numerical simulations for the

electric field distribution. Interestingly, the trion population appears to be greater in the
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SQ1x-100 in comparison to the SQ1x-50 despite the fact that the simulated electric field
showed a very similar behavior in both structures. Since the SQ1x-50 gratings and its
surrounding environment presented a large variety of defects, this could be an indication

that the plasmon-induced hot electron injection might be less efficient in this structure.
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Figure 39 — (a-f) Normalized PL spectra for different regions in the sample.

Source: By the author

Table 3 — Calculated parameters from the normalized PL spectra for the MoS,; monolayer
deposited over different sample regions.

Parameter Si Au  SQIx-100 SQly-100 SQI1x-50 SQ1y-50
A position (eV) 1.88 1.87 1.89 1.86 1.86 1.88
A~ position (eV) 1.83 1.83 1.86 1.82 1.83 1.85
B position (eV) 2.02 - 2.04 2.02 2.01 2.02
Ia-/Ia- +14 (%) 200 111  38.2 31.9 26.4 15.9
I5/14 (%) 86 - 6.0 10.5 11.8 10.0

Source: By the author
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6 CONCLUSION AND PERSPECTIVES

In this dissertation, the morphological, vibrational, and optical properties of MoS,
deposited over gold gratings were investigated. In the first part, we focused on the charac-
terization of the morphology of the semiconductor film in different regions of the sample.
We showed that the MoS; monolayer is subjected to large height deformations in the
suspended areas. We also measured and discussed the defects observed in the AFM mea-

surements.

In the second part, we investigated how vibrational properties of the MoS, are
affected by the variations in substrate and morphology. Using Raman spectroscopy, we
noted that the intensity ratio of the £’ and A} modes strongly depends on the surround-
ing environment. More specifically, the amplitude of the A} mode strongly depends on
the interaction between the Au and S atoms, where the mode displacement is restricted
when MoS, is deposited over the gold substrate. Additionally, it was observed that the
peak positions of the characteristic Raman modes of MoS, are susceptible to the in-
duced external perturbations. By constructing a correlative plot of the A} vs. E’ peak
frequencies, we evaluated the contributions of strain, doping, and plasmonic effects on
the frequency changes of those modes. We observed that the MoS, at the Au-supported
regions is subjected to a biaxial tensile strain and an intriguing n-type doping level. The
n-type conductivity probably means that the transferred MOCVD MoS, does not have
good direct contact with the gold substrate. For the suspended regions, we noted that
the electron concentrations were dependent on the polarization of the incident radiation,
which was attributed to the plasmon-induced hot electron injection mechanism. We should
also point out that, to our knowledge, this is the first work that simultaneously considers
the effect of the biaxial and uniaxial strain in a strain-engineered TMD monolayer using

Raman spectroscopy.

Finally, we studied the emission properties of the exciton and trion states of the
MoS; monolayer. The partial quenching of the PL indicates that a charge transfer between
MoSs and Au exists, but this mechanism is not very efficient because of the lack of
a good MoSs/Au contact. Moreover, a polarization-dependent trion to A exciton ratio
further corroborates the existence of a plasmon-induced doping mechanism. It should be
noted that some measurements conflicted with the results from the Raman spectroscopy,
suggesting that complementary studies are necessary to establish which experimental
technique is more adequate to investigate the electronic properties of the MoS, monolayer

deposited over metallic gratings.

To conclude this work, we provide a few prospects for future studies on these

two-dimensional transition-metal dichalcogenides and, more broadly, 2D materials. It is
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clear that substrate-induced effects play an important role in the vibrational and opti-
cal properties of these materials. Control of the exciton dynamics in MoS,; monolayers
has been achieved by using a hyperbolic metamaterial (HMM) substrate (124) while the
growth of MoSs using graphene as the substrate has been shown to produce a stable,
strain-free MoSs, layer and the realization of van der Waals heterostructure via epitaxy.
(123) In addition, the possibility to modulate various properties of 2D materials based
on strain engineering is a promising strategy that has attracted extensive research inter-
ests. In particular, a spatially modulated biaxial tensile strain has been shown to realize
“artificial atoms” on a MoSs monolayer. (125) Another interesting prospect is the study
of plasmon-enhanced nonlinear optical processes in 2D materials, where second-harmonic
generation enhancement has been demonstrated using a hybrid plasmonic nanostructure.
(126) One can see that many exciting routes on the rich physics of 2D materials exist and

that further works will help advance this research field.
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APPENDIX A - CONFOCAL MICROSCOPY

This appendix presents a basic overview of the confocal microscopy technique, but
the interested reader is encouraged to see Ref. (127,128) for more details. Conventional
optical microscopy is a powerful tool for studying the physical and chemical properties of
various samples. However, due to the superposition of the features from the focal plane
and scattered light from outside of the focus, regular widefield microscopes possess low-
depth image resolution. In contrast, confocal microscopes are able to suppress light from
above or below the focal point, rendering them higher image contrast. To achieve this,
confocal imaging techniques rely on point-to-point image formation, where a point-like
source (a laser) is used for illumination and the light is detected through a small pinhole
in front of the detector. An image of the sample is obtained by scanning the sample with
the laser point by point and line by line. Figure 40 shows a schematic of the essential
components common to all confocal microscopes. Besides the enhanced depth contrast,
confocal microscopy presents two other advantages. First, by changing the focus to create
a 3D dataset, a reconstruction of the entire sample volume can be made. Moreover, the
appropriate selection of the pinhole diameter allows an increase in the lateral resolution
by a factor of v/2. (127) However, since a significant part of the light from the sample is

blocked by the pinhole, long exposures and highly sensitive detectors are often required.
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Figure 40 — Principal setup of a confocal microscope.

Source: Adapted from JONKMAN et al. (128)
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One way to evaluate the response of the optical system to the specimen is by
using the intensity point spread function (PSF). It describes the system response in real
space to the three-dimensional diffraction pattern of light emitted from a point source in
the specimen and transmitted to the image plane through the numerical aperture (NA)
objective. Although the PSF is best suitable for point-to-point image formation techniques
such as confocal microscopy, it can be used for conventional widefield microscopes, since
the specimens can be considered as a superposition of an infinite number of objects having
dimensions below the resolution of the system. To facilitate the explanation, we can
consider only the intensity distribution of the point spread function in the plane of focus,
which is described by the Airy pattern (named after George Biddell Airy). Using the
Rayleigh criterion (127), one may define resolution as the minimum separation distance at
which the two objects PSFs can be sufficiently distinguished (there is still some ambiguity
in the meaning of “sufficiently distinguished” (see Ref. (129))). As a consequence, the
width of the PSF becomes an important property to describe the resolution of an optical
system. Figure 41 shows the full-width at half maximum (FWHM) of the point spread
function for a conventional and a confocal microscope, solidifying the claim of enhanced

image contrast for the latter case.
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Figure 41 — Comparison of the PSFs for conventional and confocal microscopes.

Source: Adapted from DIEING; HOLLRICHER; TOPORSKI. (127)



APPENDIX B
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Figure 42 — (a) Color map of the peak position for the E’ mode. (b) Peak position as
a function of the position along two lines in (a). (¢) Color map of the peak
position for the A} mode. (d) Peak position as a function of the position along
two lines in (c). Both maps correspond to the SQ1y-100 structure.

Source: By the author
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Figure 43 — (a) Color map of the peak position for the E' mode. (b) Peak position as
a function of the position along two lines in (a). (¢) Color map of the peak
position for the A} mode. (d) Peak position as a function of the position along
two lines in (c). Both maps correspond to the SQ1x-50 structure.

Source: By the author
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Figure 44 — (a) Color map of the peak position for the £’ mode. (b) Peak position as
a function of the position along two lines in (a). (¢) Color map of the peak
position for the A} mode. (d) Peak position as a function of the position along
two lines in (c). Both maps correspond to the SQ1y-50 structure.
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B.3 Linewidth
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Figure 46 — (a-d) Linewidth of the £’ and A} Raman modes for the SQ1y-100 (a,b) and
SQ1y-50 (c,d) structures. The solid white rectangles serve only as a guide to
represent the gold gratings.
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APPENDIX C — ELECTRIC FIELD DISTRIBUTION
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Figure 47 — (a-d) Magnitude and z-component of the electric field distribution for the
SQ1x-50 (a,b) and SQ1ly-50 (c,d). The dashed white lines serve only as a
guide to represent the gold gratings.

Source: By the author
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