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Abstract

Controlling and manipulating light-matter interaction is one of the major goals of
nanophotonics. Studying the interaction of light with materials has wide implications,
including the development of sensors, photodetectors, phototransistors, LED, lasers,
and other devise. After the discovery of graphene two dimensional emerges as a ma-
jor field of research as it possesses unique optical, mechanical, electrical, and chemical
properties. TMDs are a special class of material as they are direct band semiconductors
with high exciton binding energy. Their bandgap lies in visible to near-infrared wave-
length range and they shows high oscillator strength and valley selective optical prop-
erties. Engineering optical emission from two-dimensional transition metal dichalco-
genides (TMDs) materials is important for creating and understanding nanophotonic
devices based on two-dimensional materials. To achieve control over the emission
properties of TMDs, one has to achieve control over parameter of the emitted light
like intensity, polarization, and wavevectors. One of the approaches to control and ma-
nipulate these parameters is to place these materials inside the cavity. Coupling TMDs
materials to optical cavities results in enhanced quantum yield of excitonic emission,
and can provide the control over other emission properties enabling advanced quantum
optics and nanophotonics devices.

Herein, we discuss the effect of different metal film-based cavities on the wavevector
and polarization of the emission from TMDs. We probed various metal-dielectric and
metal-metal cavities using Fourier plane microscopy and spectroscopy. First, we have
studied the wavevector and polarisation states TMDs sandwiched inside silver nanowire
on mirror cavity and achieve the directional emission. Next, we have used the bent
plasmonic nanowire on mirror cavity to further reduce the angular spread and reduce
the back-reflected light. Finally, we discussed the effect of placing TMDs inside the
microsphere on mirror. We have achieved beaming of TMDs photoluminescence using

this cavity.
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Chapter 1
Introduction

Controlling and engineering the light-matter interaction plays a crucial role in science
and technology. Historically this problem has been tackled from various viewpoints,
and several milestones have been achieved. Diffraction limit of the light was problem
for a long time in imaging nanoscale entities. Tip-enhanced field proved essential in
pushing this barrier and achieved the resolution far beyond diffraction limit. Another
key area of research is to control and manipulate the absorption and emission of pho-
tons in atoms and molecules. Emission and absorption of light form the basis of many
emerging and mature technology like modern spectroscopy, lasers, X-ray sources, light-
emitting diodes, photo-diodes, and solar cells. Advancement in the field of micro and
nano-fabrication enables the control and fine-tuning of emission properties. Studying
light-matter interaction inside a cavity has grown as an important field of research in
last two decades[1-6]. Fabrication of subwavelength size structures increases the ap-
plicability of light-matter interaction.

Emission cross-section depends on the local density of optical states (LDOS). Hence,
changing the LDOS might inhabit or enhanced the spontaneous emission of molecule
or atom. In 1946 It was shown for the first time by E M Purcell that placing an emitter
inside micro-cavity can modify the rate of spontaneous emission[7, 8]. This effect was
further demonstrated by Drexhage in 1966 in a fluorescence experiment in front of a
mirror[9]. There are many strategies to modify the LDOS from coupling the emitter
to metamaterials to placing the emitter inside cavity. Placing the emitter inside cavity
modifies the LDOS by means of high electric field and cavity and resonances. LDOS
inside a cavity critically depends on the architecture and the dimension of cavity. There
are many cavity designs that have been studied to engineer light-matter interaction[ 10—
13]. To count a few metal nanoparticles on a mirror for detecting the signal molecule
Surface-enhanced Raman Scattering (SERS) signal and to enhance the photolumines-
cence and molecular fluorescence. Dielectric micro-cavity has been used for lasing and
sensing application, label-free single-molecule detection[3, 5, 14—16] and many other

application.
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Next, We will briefly discuss spontaneous emission and Raman scattering. We will
discuss the different types of micro and nano-cavity and how they can be used to control
and modify the spontaneous emission and Raman scattering cross-section. After that,
we will discuss the basic properties of two-dimensional materials and their applications.
We will also discuss how these micro and nano-cavities can be utilized to modify the

emission properties of these two-dimensional materials.

1.1 Spontaneous Emission

Upon excitation of an atom or molecule to a high energy state, it stays in an excited
state for a short time and returns to the ground state after emitting a photon as shown
in figure 1.1. This process is called spontaneous emission. Depending on excitation
source, this spontaneous emission process can be called photoluminescence, chemilu-
minescence, or thermoluminescence. When excitation source is light or photon it is

photoluminescence[17-19].
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FIGURE 1.1: Schematic showing the photoluminescence process. Sy
and S; are two singlet states while T is a triplet state. When molecules
or atoms are excited using light, electron jumps to S; from Sy. From
S; electron jumps back to the ground state by emitting a photon or goes
to a metastable triplet state T; and comes back to the ground state by a
radiative transition. The Figure reproduced with permission from[19]

The absorption of a photon by an atom or molecule depends on its absorption cross-
section P,,s. Usually, the excited electron relaxes to a singlet ground state Sy and

goes back to the ground state after emitting a photon. The absorption cross-section of
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molecules is usually measured by illuminating a beam of polychromatic light through
molecules and measuring the transmitted power Py..,s and then calculating the extin-
guished power P.,; = P;,,. - Pyans. Thus one can define the extinction cross-section P,

as the sum of scattering and absorption cross-sections:

Oext = Oabs T Oscat (11)

Scattering cross-section for the molecules and quantum emitter is negligible hence the
extinction cross-section is mostly dominated by the absorption. In the case of the
molecule and quantum emitters, the absorption cross-section gives information about
the optical extinction.

The rate of the spontaneous emission can be defined by the probability of the tran-
sition from the excited state to the ground state by emitting a photon which is called

radiative decay. Radiative decay rate I';; is given by the Fermi golden rule[20].
Ui o< Sigp (fij) (1.2)

Where I';; is the transition probability for an electron to going from excited state ¢ to
lower energy state j . S;; is the transition matrix and p( f;;) is the density of the optical
state available to the emitter at the frequency f;;. To control and modify the emission
one can modify either of these two. Since LDOS depends on the local environment of
the emitter, transition probability can be modified easily by placing the emitter inside a
cavity. An atom or molecule in an excited state can also lose its energy by nonradiative
decay. If I', and I, are the radiative and nonradiative decay rate, total transition prob-
ability can be written as I[';;,; = ', + I',,,.. The lifetime associated with the radiative
transition can be written as the inverse of the I';,.,;.

Sometimes atoms or molecules in the excited state reached to metastable triplet state
and relax for a longer time as shown in figure 1.1. Radiative decay from the triplet state
results in phosphorescence. Phosphorescence is dominant in some materials and its

lifetime varies from a few milliseconds to seconds[21, 22].

1.1.1 Modifying Spontaneous Emission

In previous sections, we have discussed the phenomena of spontaneous emission. Spon-
tanious emission can be modified and controlled by different way such as impurity dop-
ing, gating, heating, twisting and placing them in the cavity[23, 24]. When atoms or
molecules are placed in a very high electric field their absorption cross-section and de-
cay rate change. At the same time, other properties of the emitted light are governed

by the local environment of the emitter. The emitted light can be characterized by four
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parameters and can be modified or controlled by controlling these parameters. We will

briefly discuss these four parameters and how they can be controlled.

* Energy: Energy is one of the most important parameter associated with the emit-
ted light. It can be measured by measuring the frequency or the wavelength as-
sociated by emitted photon. Spectroscopy is commonly used to measure the en-
ergy associated with the emitted photon however there are other methods based
on photo-diode [25] and metasurfaces[26] has been used for the same. Energy
associated with a emission process can be modified by modifying the local envi-

ronment or coupling the emitters to plasmonic nanostructures[27].

* Intensity: Intensity of the light is defined as the square of amplitude of EM wave.
For emitted light it is associated with is number of photon emitted and give in-
formation about the quantum yield of the material. When an emitter is placed in
a high electric field the absorption and decay rate changes substantially[7, 19].
The total emission enhancement is a combination of enhanced photolumines-
cence yield and the enhancement in absorption cross-section. Intensity of the
emission depends on the rate of the absorption or absorption cross-section. The
enhancement in the emission as a function of change in the absorption can be

written as

Elocal
Einc

Mabs =3 ' (emol : elaser)2 (13)

where .., and E;,. are local electric field experienced by the molecule and
incident electric field respectively. e, represents the orientation of the molec-
ular axis, e, represents polarization of the incident light. Absorption will be
nonzero only when electric field orientation has a component along the orienta-
tion of molecule. Hence the enhancement in the absorption is directly dependent
on the local electric field. The Quantum yield of an emitter can be modified by

placing it near a metal.

* Polarisation: Polarisation of light is defined as the plane of oscillation of the
electric field. A light beam can be azimuthally, linearly, circularly or elliptically
polarised based on the amplitude and the direction of the electric field associated
with the beam. Polarisation of the emitted light depends on the factors which
include the band structure, local environment of the emitter, structure, and sym-
metry of the emitter molecules, energy of incidence light, and the polarisation of

the incidence light. TMDs show valley polarisation when they are excited with
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circularly polarised light with energy close to their bandgap[28]. Molecular fluo-
rescence shows vectorial polarisation when they are coupled with the whispering
gallery mode of the microsphere. Most of cavity-coupled molecular emissions

show a very strong polarization signature[29].

* Wavevector: Wavevector is another very important parameter to characterize the
emitted light. Wavevector gives information about the propagation direction of
the emitted light. Studying the wavevector distribution is crucial for fundamental
understanding of the quantum cavity electrodynamics as well as for designing the
nanoantenna and other directional sources. Wavevector distribution of emitted
light depends on the molecular orientation of the emitter as well as on the local
environments. Figure 1.2 shows the wavevector distribution of molecular fluo-
rescence and surface-enhanced Raman scattering (SERS) forming a plasmonic

nanowire on a mirror antenna[30].

beaming inp r
light & SERS

; Bent'AgNw

Au mirror

glass substrate

FIGURE 1.2: Schematic of a bent silver nanowire on mirror cavity. One
end of the nanowire was excited using a laser beam. Light out-coupled
from the bent part of the nanowire was filter using a pinhole and projected
onto the detector for the Fourier plane imaging. Inset shows the Fourier
plane image of the emission from the bent part of the nanowire. It is
clear form the Fourier plane image that light outcouples in a directional
manner (See the inset). The Figure reproduced with permission from[30]

1.2 Raman Scattering

In the previous section, We have discussed spontaneous emission and its cross-section.
Now we discuss another important concept, Raman Scattering. It was discovered back
in 1926 by Sir C V Raman and hence named Raman Scattering[31-33]. When light
scatters from the molecules of any material predominant scattering is elastic scattering.
While C V Raman observed that after scattering from some material, some energy is

gained or loosed by the molecules which result in the change in the frequency of some
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of the scattered photon. In the scattering spectra of these materials, there are discrete
frequencies present in scattered light other than incidence frequency. Later it is found
that these discrete inelastic frequencies are the fingerprint of the materials and are as-
sociated with the properties and structure of that materials, such as bond length and
polarisability. This effect is known as the Raman effect serves as a basic building block
for many applications.

Scattered light from any material can be divided into three-part on the basis of the

frequency of scattered light :

* Rayleigh scattering: It is the most prominent of the three processes and is elas-
tically scattered light from the material. As a result, the scattered and incident
light has the same frequency. (Vscar = Vine). Central peak labeled by laser line in

figure 1.3 is Rayleigh line or elastically scattered light of Raman spectra.

» Stokes scattering: This is the result of inelastic scattering from the material or
molecule. When the frequency/energy of the scattered photon is less than that of
the incidence photon it is called Stokes scattered photon. This is part of Raman
scattering and the difference between these two frequency is is called the Raman
shift (Vgokes < Vine). Peak situated on positive x-axis of the figure 1.3 represents

the stokes part of Raman scattering spectrum.

» Anti-stokes scattering: Similar to Stokes scattering this is the result of inelastic
scattering from the material or molecule. When the frequency of the scattered
photon is greater than that of the incidence photon it is called Anti-stokes scat-
tered photon. This is the part of Raman scattering and the difference between
these two frequency is is called the Raman shift(vysiokes > Vine). Peak situated
on negative x-axis of the figure 1.3 represents the stokes part of Raman scattering

spectrum.

Raman scattering is a weak process and it is very difficult to detect a Raman scattered
photon from most of the atoms or molecules. Raman scattering cross-section depends

on the Raman scattering cross-section and the power of the input light.
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1.2.1 Enhanced Raman Scattering

anti-Stokes Stokes
} Sf

E 5 S " E=E+ o,

| RH6G SERS spectrum
Laser: 633 nm

Raman intensity

|
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FIGURE 1.3: Surface Enhanced Raman Scattering (SERS)

Top left and right panel showing the schematic of the stokes and anti-stokes part of
Raman scattering. Sy and S, are two singlet states. There are multiple vibrational level
within these states labeled by v = 0,1,2, 3, ... and E, is a virtual state. Bottom left and
right panel are Stokes and Anti-stokes part of the SERS form rhodamine 6G molecules.

As the cross-sections of Raman scattering are small, it’s difficult to detect Raman scat-
tered light from many materials and molecules. Similar to spontaneous emission scat-
tering cross-section can be modified by modifying the local environment. Surface-
enhanced Raman scattering (SERS) is the most common approach for increasing the
Raman scattering cross-section. It was discovered by Fleischmann accidentally in 1974
while performing Raman spectroscopy on rough silver electrodes with pyridine[34].
When molecule are placed on the metallic surface or in confined in small cavity, Raman
Scattering cross-section increases by a large factor because of excitation of localised
surface plasmon at the metallic surface. Enhancement is largest when plasmon fre-
quency is in resonance with the radiation. For the enhanced scattering oscillation of the
surface plasmon must be perpendicular to the surface. To satisfy this criteria roughed
metal film or the assembly of plasmonic nanoparticle are commonly used. Figure 1.3
shows the SERS spectra of Rhodamine 6G molecule taken using 633 nm laser. It is
very powerful spectroscopic technique which can detect single molecule and have ap-

plication in many field.
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1.3 'Two-Dimensional Materials and their properties

In the previous section we have discussed the molecular emission and how they can
be modified. Now we will discuss a special class of emitter called 2D materials.
They are called 2D material because of their atomic scale thickness. After the dis-
covery of graphene and the Nobel prize of Andre Geim and Konstantin Novoselov,
two-dimensional materials are in limelight and are being explored from every possible
aspect. A lot of two-dimensional materials have been discovered and now it covers a
large spectrum, and now it includes everything from insulators (e.g., hexagonal boron
nitride(hBN)) to semiconductors (e.g.,TMDs) and other semi-metals (e.g., black phos-
phorus) and shown in figure 1.4. A wide range of optical, mechanical, chemical, and

electric phenomena have been realized using these materials. [35-37].

NIR: communications, MIR: thermal infrared, FIR: astronomy, ‘ Aircraft communication
night vision goggles military medicine AM radio
Document security, Display, VA Microwave oven, satellite communications, /
DVD players solid-state lighting / radar, cell phone, Bluetooth, etc /
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FIGURE 1.4: a. Different application of two dimensional materials over
a large spectral range. MIR, NIR, and FIR are ths short form of mid,
near, and far-infrared, respectively. Atomic structure of various two di-
mensional materials has been shown in the middle panel with respec-
tive band gap for BN, MoS2, black phosphorus, and graphene. b-e,
Shows the band structures of single-layer hBN (b), MoS2 (c), BP (d),
and graphene (e). The Figure reproduced with permission from[35]
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In 2010, the discovery of MoSs as a direct band semiconductor added another func-
tionality to it toward high-end electronics and optoelectronics applications[38—42]. This
field has been revolutionized since then and several other materials in this family have
been discovered with slightly different properties. This whole family is called transition
metal dichalcogenides (TMDs). Monolayer TMDs are formed by sandwiching the a
hexagonal network of transition metal atoms (Mo, W) between two hexagonal network
of chalcogen atoms (S, Se) as MoS,, WS,, MoSe,, WSe,. The empirical formula for
these materials is MX2. (where M is Mo or W and X is S or Se). These materials con-
tain very rich physics as well as are very important for the application purpose. They are
unique in comparison to graphene and hexagonal boron nitride as their bandgaps are in
the range of visible to near-infrared wavelength range. Strong Coulomb interaction and
reduced dielectric screening results in sharp excitonic resonances. Inversion symmetry
breaking in the monolayer TMDs leads to the direct bandgap transition at the degener-
ate K (K’) point at the edge of the Brillouin zone, which shows valley-selective circular
dichroism[43]. This property leads to valleytronics, which utilizes valley pseudo-spin
manipulation to transmit information. Due to these unique optical and electronic prop-
erties, these material has been utilized for a large number of optoelectronic applications
such as photodetectors, phototransistors, modulators, light-emitting diodes, quantum
emitters, and lasers. Recently these materials coupled with metasurfaces have been
used for quantum computation[28, 43-53].

For materials with such large implications, it is important to achieve control over
their properties. Along these lines, coupling these materials to cavities for tailoring
and controlling their emission properties has gained relevance. Inside cavity, modifi-
cation of the local density of state alters the emission properties of the emitters placed
inside cavity. Emission properties can be controlled by designing the different cavity

architectures.

1.4 Cavity structures to modify the emission properties
of TMDs

In previous sections, it was discussed that by changing the local environment, we can
modify the properties of the emitter. Placing the emitter inside micro and nanocavity
changes the LDOS which changes the rate of spontaneous emission. As we discussed
above, other properties of the light can also be changed by placing the emitter inside
cavity. Since the properties of the emitted light is very sensitive to the local environ-

ment, cavity design become crucial to control these properties. There are several cavity
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designs depending on the application and we will broadly divide it into two parts Plas-
monic cavity and Dielectric cavity. Figure 1.5 shows the different cavity designed for
various application. Figure 1.5 (a) and (b) shows two fabry-perot based cavity utilised
for the strong coupling with emitter. Another nano-triangle based cavity in figure 1.5 (c)
is used to enhance the excitonic emission form WS,. In Figure 1.5 (d) a bent-nanowire
on mirror cavity is used for directing the wavevector of the excitonic emission to small

range of wavevectors.

(a) Cavity field (C) Nanotriangle on WS,

Dielectric
Mirror . TMD

Cﬁtslmirl 681‘@ %

attracti ros:‘at

i K
- e

Casimir cavity

FIGURE 1.5: Schematic of different cavities utilize to modify the spon-

taneous emission. (a) Used for the mixing of bright and dark excitons

spectral features and strong coupling. (b) Casimir cavity for the strong

coupling in 2D materials. (c) Nanotriangle is used to tune the neutral

and charged exciton in spectral features. (d) Bent NW on mirror cavity

is used to direct the emission to the narrow range of wavevectors. The
Figure reproduced with permission from[54-57]

1.4.1 Surface plasmon and plasmonic nano-cavity

Plasmonic cavities are nanometric structures that use surface plasmon excitations to
concentrate electromagnetic fields into sub-diffraction volumes. Plasmons are the co-
herent and collective oscillation of the electron in the metals. Surface plasmons are plas-
mons that are confined on the surface of the metal. Surface plasmon interacts strongly
with the light called surface plasmon polariton as shown in figure 1.6 (a). Resonances
associated with the electron oscillation are called surface plasmon resonance. Different
plasmonic nanocavity has been utilized for many applications Surface plasmon can be
divided into many categories depending on the structure and dimension and structure of

the material.



Chapter 1. Introduction 11

* Localized surface plasmons : When any quasi zero-dimensional nanostructure
(nanoparticle) is illuminated by electromagnetic radiation, the surface electrons
tend to oscillate following the illumination. This creates a strong local electric
field near the metallic nanostructure. When the illumination frequency is equal
to the natural frequency of the structure, there is a large electromagnetic response
from the structure. This state is called localized surface plasmon resonance, as the
electric field is localized near the surface of the structure[58] as shown in figure
1.6 (b) and (c).

* Propagating surface plasmons : Metallic thin films and nanowires have an ad-
ditional degree of freedom for the surface excitation to propagate. To couple
the incident light energy to propagating surface plasmons one has to satisfy the
momentum matching criterion, as momentum of surface plasmons is larger than
that in free space. For semi-infinite thin films, this can be matched by providing
additional momentum through different means: coupling through the grating, ex-
citing through a prism, etc. In the case of wires, symmetry breaking at the ends
of the wire provides the additional momentum needed and hence one can excite

propagating surface plasmons in the wire[59, 60].

( a ) Surface Plasmons (b ) Gap Plasmons

L 3 o P 5
- 7 N

Surface plasmon

FIGURE 1.6: Schematic of the surface plasmon polariton, (a) showing

the oscillation of electron cloud when illuminated with an electromag-

netic wave, (b) schematic of the gap plasmon polariton in the small cavity

formed by two gold nanoparticles and (c) FESEM image of the cavities

formed by 100nm gold nanoparticles. The Figure reproduced with per-
mission from[61, 62]

1.4.2 Dielectric micro-cavity

In the previous section we discussed the plasmonic nanocavity in details. Plasmonic

nanocavity provide high electric field enhancement, on the other hand they suffer large
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ohmics losses. Instead of using metal, using dielectric micro-cavity provide high-
quality factor and sharp resonances. Quality factor, Q can be defined as Q =2 7 * (Time
average energy stored at a resonant frequency)/(Energy dissipated in one period of this
frequency). There are many ways to achieve optical confinement in a dielectric cav-
ity. In photonic-crystal defect cavities or mirror based cavities, optical confinement is
achieved through constructive interference of reflected or scattered light. In the micro-
sphere and micro-ring, it is achieved by total internal reflection. Resonance frequency
in such a resonator is called whispering gallery or fabry-perot mode. Microspheres and
ring resonators have been widely used in dielectric micro-cavity because they provide
high-quality factors and low losses[14, 63—68].

1.4.3 Whispering Gallery mode

Whispering gallery modes (WGMs) are sharp resonances (eigenfrequencies) associated
with a wave (acoustic waves, electromagnetic waves) inside a resonator or a cavity with
smooth edges as shown in figure 1.7 (a) in top right panel. The waves travel around
cavity by total internal reflection experiencing interference and hence certain frequency
components get enhanced due to the constructive interference. These resonances are
very sensitive to the structure of the cavity, hence they are called morphology-dependent
resonances. The concept of acoustic WGMs can be found in the classic architectures of
the 17th century like the St. Paul’s cathedral in London. In these architectural wonders,
a whisper uttered at one end of the dome travels over the surface of the dome and
can be heard at the other end. It was experimentally discovered with light in micron-
sized particles, but the name WGM stuck on. This is represented in figure 1.7. Since
the resonances in the WGMs depend on the structure of the resonator and the concept
of interference, the Q factors in WGM-based resonators are very large WGMs of a
resonator are eigenmodes of the resonator and can be derived by solving wave equation
with suitable boundary conditions. The complex amplitude of a wave (sound wave or
a component of an electromagnetic wave) inside a cavity, u, satisfies the scalar wave
equation given by,

Vi — S aE = f(rt) (1.4)

where v is the velocity of light in cavity with refractive index n, and f(r,t) is any wave
field source. The above equation can be solved by taking an ansatz u(r; t) 1. (r)e~“*“ with

Re(w,) > 0. Using the ansatz, equation 1.7 can be written as,

2 we iwet
\Y we + Fwe = f(rv t)e ‘ (1.5)
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This is an eigen value equation with eigen value (w.) and eigen function . (r).
Resonance frequency (w,.) can be obtained by solving the differential equation 1.5. For
microsphere one of the solution to the equation 1.5 is the Bessel function of first kind
using the boundary condition at the surface of the microsphere. Using the boundary
condition.

WGMs can be excited by the near-field coupling of a light-carrying waveguide cou-
pled to a microresonator[14] by placing an emitter in near-field[69]. When excited
through broadband molecular emission like fluorescence, modes that are supported by
the resonator will get enhanced due to the WGMs. This phenomenon has been used in

various contexts including single-molecule sensing[69], lasing [70-72]etc.
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FIGURE 1.7: Schematic representation of whispering gallery mode right

optical wave regime and left acoustic wave regime. Schematic shows the

excitation of whispering gallery mode in the cathedral on acoustic wave
regime. The Figures reproduced with permission from[73]

WGM modes of cavity has been utilised for many application in from lasing to
sensing. It is widely used in medical sensing, label free single molecule detection and

other application.

1.4.4 Photonic Nanojet effect

A photonic nanojet is a narrow and relatively high intensity light beam propagating in a
medium when a microsphere or microcylinder of dimension greater than the wavelength
is illuminated by a plane wave. It is a nonresonant phenomenon and can be observed
when the dimension of the microsphere or the cylinder is approximately greater than
10A. It also depends on the refractive index contrast of the microsphere or the cylinder.

It was first observed by Chen et al. using the finite difference time domain solution of
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the Maxwell equation for the dielectric microcylinder. They showed that illuminating
the plane wave to a dielectric microcylinder can result in generating a narrow, high-
intensity, sub-diffraction beam waist propagating in the background medium from the
other side of the cylinder. It was further shown that it is very sensitive to the position of
any other cylinder or particle in a way and the slightest perturbation in its path results in
an order of magnitude higher backscattered light. Photonic nanojet for the microsphere
was first reported by Li et al. in 2005[74]. figure 1.8 for the simulated photonics
nanojet at 850nm wavelength for the microsphere with different diameter and refractive
indices. Since the photonic nanojet is very sensitive to perturbation it has been widely
utilized as a position sensor at the nanoscale. Subwavelength diffraction beam waist has
been widely utilized for superresolution imaging, directional imaging and many other

applications.[75-79].
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FIGURE 1.8: Effect of size and refractive index on the characteristics
of photonic nanojet at wavelength 850 nm. The Figure reproduced with
permission from[80]
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1.5 Scope and Outline of the thesis

Metal film based micro- and
nano-cavity

A5
Aufim

Sasraie

Plasmonic NW on Mirror Bent-plasmonic NW on Mirror

Microsphere on Mirror

FIGURE 1.9: Schematic representation of the outline of the thesis. The
Figure reproduced with permission from[57, 81]

In previous sections we have discussed the different strategies to modify and control the
molecular emission. In this thesis, we Focus on modifying the emission properties of
Transition metal dichalcogenides (TMDs) giving special attention to the directionality
of the emission and studying wavevector distribution. As discussed before, molecular
emission can be modified by modifying the LDOS in cavity. Herein we have utilized
the plasmonic and dielectric nano-cavity to tune the wavevector distribution and control
the directionality of the emission. Scope of this thesis covers controlling the emission
properties of transition metal dichalcogenides especially the wavevector distribution
and the polarisation of emission under the broad umbrella of light-matter interaction.
Figure 1.9 describes the outline of my thesis. Three different structure has been utilized
to direct the photoluminescence emission from the transition metal dichalcogenides.

Chapter 2 In this chapter our focus will be on the experimental and numerical
methods used in the study. Measurements technique like Fourier plane microscopy and
spectroscopy used to probe the photoluminescence wavevector distribution is discussed.
Further, the nano and micro-fabrication technique is introduced and major fabrication
techniques photolithography, electron beam lithography, thermal vapor deposition, and
chemical vapor deposition are discussed. Further we have discussed the COMSOL-
based numerical simulation methods used for the analysis and understanding cavity
architecture by solving the Maxwell equation using the FEM methods.

Chapter 3 In this chapter we will discuss the effect of placing monolayer WS,

inside cavity formed by plasmonic silver wire and gold mirror. This gap plasmon-based
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cavity-enhanced photoluminescence emission from the WS, monolayer and directs the
signal into a narrow range of wavevectors. Detailed analysis of polarization-dependent
wavevector distribution and spectral feature is performed.

Chapter 4 In this chapter we will discuss how a bent silver nanowire on a mirror
cavity can be used to direct the photoluminescence emission from the WS, monolayer
to a very narrow range of wavevector. We will compare the angular distribution of a
straight nanowire on a mirror cavity and discuss how a bent nanowire on a mirror cavity
provides better directionality. We will corroborate the experimental results with FDTD
numerical calculation.

Chapter 5 In this chapter we will focus on the dielectric microsphere on mirror cav-
ity. We will discuss how the dielectric microsphere on mirror cavity can be utilized to
achieve extreme directionality in case of direct excitation of TMDs. We will show the
beaming of photoluminescence emission from the WS, monolayer using a polystyrene
microsphere on a mirror antenna. We show the coupling of PL emission with WGMs of
microsphere which can be utilized for sensing applications. Chapter 6 In this chapter
we will talk about the advantage and limitation of present study and challenges for the
future. We will discuss the possibility of coupling lithographically fabricated nanostruc-
tures to TMDs and its possible implications. We will discuss the strategies to fabricate

the devise form the 2D materials.
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Experimental methods: Microscopy,

Spectroscopy, and Nanofabrication

Light-matter interaction plays an important role in understanding electromagnetic-magnetic
fields and matter and also play a key role in today’s technology. It has been at the
heart of the development of many technologies like modern spectroscopy, light-emitting
diodes, photo-diodes, solar cells, high-energy particle detectors, and advanced mi-
croscopy methods. Usually, light-matter interaction is weak, however coupling light
to material with small dimensions behaves differently. Light confined to the nanoscale
dimensions shows completely different polarization, wavevectors, and dispersion rela-
tions. To control and probe these properties we need micro and nanoscale structures and
an optical microscope that can observe these effects at the nanoscale. We also need the
numerical tools to understand the light-matter interaction and to corroborate the experi-
mental findings. In this chapter, we focus on these aspects and discuss the methods used
to study the coupling of two-dimensional materials with optical cavities. I discuss the
Fourier plane imaging and spectroscopy which can probe the wavevectors and disper-
sion relation for the interaction. I also discuss the different fabrication techniques used
to fabricate the micro and nanostructures. Photo-lithography and electron-beam lithog-
raphy are the most commonly used tools for the fabrication of micro and nanostructures.
Further, I discuss the thin film deposition technique "Thermal vapor deposition" used
to prepare the gold mirrors and other micro and nanostructures used in the experiments.
Finally, I will discuss the Numerical simulation methods used to understand and cor-

roborate the experimental findings.

2.1 Fourier plane Imaging

One of the important parameters to describe an electromagnetic wave is its propaga-
tion direction. Wavevector k represent the propagation direction of the emitted light

in space. For example, a tungsten bulb emits in many directions and has a large range

17
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of wavevectors, but the emission from a LASER is confined to a very small range of
wavevectors and hence called a directional source. To probe the directionality of the
emission at the nanoscale we need to image the k space also called momentum space
and detect the wavevector associated with the emitted light. To probe the wavevector of
the emission at the nanoscale we can use Fourier space (Also called momentum space)
imaging. Fourier plane microscopy is based on Fourier transform property of a lens
[82]. Essentially, if an emitter/scatterer is placed at the front focal plane of a lens, imag-
ing the back focal plane (BFP) of the lens gives information about wave vectors of the
emitted/scattered light. Fourier plane microscopy is a well-understood technique [82]
and was known as conoscopy[83, 84] in the early days. I suggest review[85] for recent

applications in Fourier plane imaging.

2.2 Concept of Fourier plane imaging and its implemen-

tation in the microscopy system

The Fourier plane imaging technique is geometrically explained in figure 2.1 [82]. Light
emission from an emitter placed at the front focal plane of the lens can be expressed as
a weighted sum of the plane waves emanating at different angles (6, 6,). When a plane
waves pass through a lens, it get focused on a point (6, f, 0,f) at the back focal plane
(second focus of the lens), here f is the focal length of the lens. The figure shows three
plane waves emanating at different angles (represented with three different colors) that
get focused at three different points. Hence in this way, each direction in the real plane
corresponds to a point in the Fourier plane. For a three-dimensional emitter Fourier

plane project the emission directionality in the two-dimensional plane.

Focal plane
e p e —]

FIGURE 2.1: Schematic for the geometrical explanation of Fourier trans-
form property of a lens. The figure has been reproduced from [82] with
permission.

Focal plane
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It is clear from figure 2.1 that one has to record the back focal plane (BFP) of the
imaging lens to perform Fourier plane imaging. But BFP of a microscopic objective
lens is formed close to its back aperture and is difficult to be captured on an imaging
camera experimentally. An alternate method to capture BFP is using relay lenses as
shown in figure 2.2 (a). Schematic shows placement of tube lens and Bertrand lens in
4f configuration. In the 4f configuration, the tube lens (TL), placed at fr;, (focal length
of TL) distance from the BFP of the objective lens forms a real plane image of the
sample at its BFP. Now Bertrand lens (BL), placed at fz;, (focal length of BL) distance
from BFP of TL, Fourier transforms the real plane image and creates conjugate BFP
at the camera, placed fp; distance away from BL. Figure 2.2 (b) shows the schematic
mapping of the emission from the real plane to the Fourier plane. Photoluminescence
emission from WS coupled to a microsphere on mirror metallo dielectric antenna. A
real plane bright-field image of WS; coupled to microsphere on mirror antenna is shown
in the bottom panel of figure 2.2 (b). The emission direction from the microsphere on
mirror antenna is shown by the red blob on the surface of the hemisphere. Any point on
the surface of the hemisphere can be represented in terms of the angle ¢ and ¢. Fourier
plane is the two-dimensional projection of § and ¢. Hence directionality of the emission
can be majored directly by imaging the Fourier plane of the emission. Top panel of the
figure 2.2 (b) shows the Fourier plane image of emission WS, coupled to microsphere

on mirror antenna.
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(2) (b)
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FIGURE 2.2: Schematic showing the implementation of the Fourier
plane imaging technique in a microscopy system. (a)A ray diagram
shows the relaying of the back focal plane (BFP) of the objective lens
(OL) using tube lens (TL) and Bertrand lens (BL) onto the camera. (b)
Show real plane to Fourier plane or back focal plane mapping for the
emission from microsphere on a mirror cavity. 6 and ¢ coordinates rep-
resenting the directionality in the real plane have been mapped to exper-
imentally measured Fourier plane image.

2.3 Energy momentum spectroscopy

The back focal plane of the emitted/scattered polychromatic light can be projected to
the spectrometer slit to perform energy-momentum spectroscopy. The spectrometer slit
selects a narrow range of wave vectors along an axis of the BFP image and the grating
of the spectrometer disperses it. In this way, we have information about wavevector
on one axis and wavelength information on another axis, giving an energy-momentum
image. Figure 2.3 shows an energy-momentum image of molecular signals from a
plasmonic NW-film cavity [86]. The energy-momentum diagram shows the difference
in wavevector distribution of Raman and fluorescence signal from the cavity. Raman
signal is uniform along all wave vectors, but the maximum fluorescence signal is di-
rectional and comes at large wavevectors. This differentiation of wavevectors of two

signals, which overlap in the spectral range is not possible using only Fourier imaging.
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FIGURE 2.3: (a) Excitation of plasmonic NW-film cavity using 633 nm

laser. (b) Spectrum showing overlapping of Raman and molecular fluo-

rescence of Nile blue molecules from the cavity. (b) Selection of a strip

along ky/kg of BFP using slit of the spectrometer. (d) Energy momen-

tum diagram of the molecular signals. The figure has been adapted with
permission from [86—88].

2.4 Micro and Nanofabrication

Micro and nanofabrication are the most important basis for the development of elec-
tronics, optoelectronics, photonics, and other nanotechnology. The term nanofabrica-
tion means the creation of a structure of an artifact whose dimension is in nanometers.
One of the key processes in the micro or nanofabrication is the transfer of the pattern
and called lithography. There are several lithography techniques has been developed to
fabricate the nanostructures and pattern like photo-lithography, E-beam lithography, X-
ray lithography, and focussed ion beam lithography to count a few. photo-lithography
and E-beam lithography are the most commonly used techniques to fabricate the micro

and nanostructures and I discuss them in detail.

2.4.1 Photo-lithography

Photo-lithography, also known as laser writing or UV-lithography, is technique to fabri-
cate the micrometer size pattern on a substrate. A geometric design is transferred from
a photo-mask to photoresist on the substrate using light. Photoresist is a light sensitive
polymer which become soluble in developer after getting exposed with light. Following
that, a succession of chemical (developer and remover) treatments either etch the expo-

sure pattern into the material or etches the unexposed part of the photoresist, depending
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on whether it is a positive or negative photoresist. Removal or etching of the exposed
part (in case of positive photoresist) allows the deposition of the new material into the
etched part, fabricating the pattern of desired materials. Negative resist is used to fab-
ricate to grooved pattern or negative pattern on a substrate or to etch out the specific
part of the substrate itself. This is the most common lithography technique used for
the fabrication of transistors or cheap in the foundry industry. Briefly, the fabrication

procedure we followed can be divided into multiple steps as follow:

* Substrate Cleaning: First the substrate was cleaned using ethanol and isopropanol
followed by the plasma cleaning to remove any impurity on the substrate. After

the cleaning substrate was baked at 110°C for 2 minutes to remove the moisture.

* Photoresist Coating: Photoresist was spin-coated on the substrate at a rate of
4000 rpm. To polymerize the photoresist substrate was baked at 100°C for 2

minutes after photoresist coating.

* Patterning: Pattern was transferred to the laser-writer and the mask was aligned
on the substrate to transfer the pattern. The pattern was transferred to the pho-

toresist using a laser beam of 405nm wavelength.

* Pattern Development: After the transfer of the pattern sample was placed in the
developer solution to develop the transferred pattern. In this process exposed part

of the photoresist will be removed in case of (positive resist) and vice versa.

* Metal Coating: After the development of the pattern onto the substrate, the sam-
ple was coated with chromium, and gold was deposited. Placing the sample in

acetone will remove the resist with metal from the unexposed part of the substrate.
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Photolithographic Process
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FIGURE 2.4: Schematic for the steps of photolithography process for
the positive and negative resist respectively. The figure has been adapted
with permission from [89].

Figure 2.4 shows the schematic of the fabrication method for both positive and neg-
ative resist approaches. The negative resist was used when a pattern was need to be
grooved in the substrate followed by etching of the substrate, while in the case when
a pattern need to be made using some other material positive photoresist is used and
followed by the material deposition on the substrate.

We fabricated many patterns using photolithography for various purposes. Some of
the them are shown in the figure 2.5. Figure 2.5 (a) shows the bright filed image of
the marked slide, we use for to correlate and identify the probed nanostructure in high
resolution scanning electron microscope image. Since using an optical microscope it is
not possible to visualise the morphology of nanostructure. To find the exact morphol-
ogy of probed nanostructure we do correlation microscopy between optical and electron
microscopy. Figure 2.5 shows a holography fork prepared by photolithography to gen-
erate Laguerre Gaussian beam. Spatial light modulator is commonly used to generate
the structured light however they can’t sustain high power. To performed the experiment
at higher power we design and fabricate the similar pattern on glass slide to generate
the structured light with higher power. Figure 2.5(c) and (d) are the micro triangles
prepared by photolithography method for the assembly of colloidal microsphere.
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FIGURE 2.5: Multiple micro-structures prepared by photolithography.(a)

Marked slide prepared by photolithography followed by metal deposi-

tion for the correlating the microscopy image with electron microscope

image. (b) A fork hologram prepared by same method for the genera-

tion of structured light. (c) and (d) are the micro triangle prepared by

same method for the assembly of colloidal microsphere. Figure has been
adapted with permission from [90]

2.4.2 E-beam Lithography

E-beam lithography follows a similar process with a high-energy electron beam instead
of using an ultraviolet light beam. Resist used in this are the different sets of polymers
called E-beam resist. Polymethyl methacrylate (PMMA) and Hydrogen silsesquioxane
(HSQ) the most commonly used positive and negative E-beam resists.

A schematic of the E-beam lithography is shown in Figure 2.5. To perform the E-
beam lithography, pattern is first transferred to the E-beam mask. Steps of the E-beam
lithography are very similar to the photo-lithography with a different set of chemicals
used as resist and developer. Positive and negative resist is used for the metal deposition
and substrate etching approach respectively. Optimization of and control mechanism
for the electron beam lithography and photolithography is completely different as beam
have completely different properties. In E-beam lithography we need to optimize the

irradiation power in such a way that one can avoid the excess scattering and sufficient
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to burn the resist. To avoid the charging of the substrate generally substrate was coated

with a conductive liquid or metal layer.

Pattern transfer by lift-off process

Spin coat Lift-off by resist
positive resist e-beam exposure Develop Metallization removal

Pattern transfer by etching

Spin coat After etching and
negative resist e-beam exposure Develop Etching resist removal

" gl llnl
- k-

FIGURE 2.6: Schematic for the steps of E-beam lithography process for
the positive and negative resist respectively. The figure has been adapted
with permission from [91].

=)

2.4.3 Thin-film deposition

It is the process of depositing very thin layer of materials ranging in thickness from a
few nanometers to a few micrometers, or a few atoms onto a substrate. Thin film de-
position is at the core of technology manufacturing industry such as solar panel, semi-
conductor, and optical devise. Thin-film deposition can be broadly divided into two

categories Physical Vapor Deposition and Chemical Vapor Deposition.

* Physical Vapor Deposition : This method refers to a wide range of technologies
that use mechanical, electromechanical, or thermal processes to release material
from a source and deposit it on a substrate. Thermal evaporation and sputtering

are the two most prevalent Physical Vapor Deposition (PVD) processes.

* Chemical Vapor Deposition : When a precursor reacts on the surface of the sub-
strate a thin layer of the material is formed on the substrate. This is the widely
used technique in industry for the growth of semiconductors and high purity crys-
tals. Because of the large area growth it is the most widely used technique for the

growth of two-dimensional materials.

Thermal Vapor Deposition and Sputtering are the two most commonly used PVD meth-

ods to deposit the material.
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Thermal Vapor Deposition : In thermal vapor deposition we heat a solid target
until it melts and evaporates. Evaporation of the target results in producing vapor pres-
sure. This happens inside a vacuum chamber because a low vacuum favors the vapor
rise. This evaporated substance is now a vapor stream, which may flow without inter-
acting or scattering against other atoms due to the vacuum and stick to the surface of
the substrate. This method is commonly used for the coating of metals like gold, silver,
copper, aluminium and chromium. Most of these material does not have a good binding
with commonly used glass or silicon substrate. A thin layer of titanium or chromium is
commonly used to make as adhesive layer. One of the main advantages of this method
is that one can achieve a high coating rate and smooth surface morphology. Figure 2.7
shows the schematic of the thermal vapor deposition, where a filament boat is heated
with Jule heating inside the vacuum. When material inside the boat evaporates it goes
upward because of vapor pressure and sticks to the substrate making a thin film of the
material. Rate thickness and other parameters can be controlled using the controller

attached to the setup.

Vacuum chamber

Substrate holder

[—— Substrate

/ T Vapor flux
Crucible 3 ]

containing — —
target materal

To pumping system

FIGURE 2.7: Schematic of the thermal vapor deposition system. The
figure has been adapted with permission from [92]

Sputtering: In sputtering target emits high energy micro particle when bombarded
by plasma of high energy gas. The substrate are placed in a vacuum chamber containing
an inert gas. These micro particles emitted from the target materials deposited on the
substrate forming a thin layer of the material. This method is used for coating of both
metal as well as oxide. Surface morphology of the thin films prepared by this method

are granular in nature.



Chapter 2. Experimental methods: Microscopy, Spectroscopy, and Nanofabrication 27

2.5 Numerical Modeling

Numerical simulations are crucial to corroborate and understand the experimental find-
ings and optimize the experimental parameters. We have used the finite element method
(FEM) based numerical simulation to calculate the mode of Silver nanowire on mirror
cavity and to calculate the near-field electric field distribution for the microsphere on

mirror cavity.

(a) (c) (e) (8)

0.94 - 0.04i 4.24 - 5.16i 6.28 —3.73i 7.43 -3.30i

2.

Gold

(b) (d) (f) (h)

FIGURE 2.8: Modes of the MIM waveguide. Their corresponding mode
index is given. (a) and (b) are higher-order modes. (c-h) Lossy gap
plasmon mode.

2.5.1 Mode of the Silver wire on mirror cavity:

To calculate the mode of the AgNW on mirror cavity an infinitely long silver nanowire
with penta-twin cross-section has been placed on gold mirror with 5 nm gap to account
for the A1203 layer and pvp coating on the nanowire. The diagonal length of the pen-
tagon is defined as the diameter D of the NW as 350 nm. The simulations are conducted
with commercial finite element-based software Comsol Multiphysics 5 (Mode Analy-
sis in RF module). The permittivity and refractive index of the data of silver and gold
adopted in simulations are taken from Johnson-Christy at 630 nm. For AgNW on mir-
ror cavity, we observed eight modes. The high order SPP mode (Fig. (a) and (b) have
larger propagation length as their imaginary part of the effective mode index is small.
In contrast, the six bound modes (Fig. 2.8 (c)-(h)) exhibit high loss owing to the very

high imaginary component of the mode index.
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Imax lmax

FIGURE 2.9: Calculated Near-field electric field for microsphere on mir-
ror cavity for in plane (left) and out of plane dipole(right)

2.5.2 Near field electric field of Microsphere on mirror Cavity

To calculate the near field electric field of microsphere on mirror cavity a polysterene
microsphere of diameter is place on the 150 nm gold film placed over glass substrate.
There is gap of 5 nm between gold mirror to account for AI203 and TMD. In plane
and out of plane dipole are placed at the center of the gold mirror and microsphere.
The simulations are conducted with commercial finite element-based software Comsol
Multiphysics 5 using the physics-controlled messing. Figure 2.9 show the near field

electric field for the in plane (left panel) and out of plane dipole (right panel) orientation.

2.6 Conclusion

In summary, this chapter has provided a brief overview of the various experimental
and computational approaches used in wavevector analysis from a subwavelength-sized
system. Fourier microscopy and spectroscopy and their experimental implementation
is discussed in detail. Fourier microscopy and spectroscopy can be used to explore pe-
riodic structures such as metamaterials, and not limited to individual nanostructures.
Further we have discussed the various micro and nano-fabrication techniques like pho-
tolithography electron beam lithography and thin film deposition in detail. In the end

we discussed the numerical techniques used to corroborate the experimental findings.



Chapter 3

Directing emission form Tungsten
Disulfide Monolayer using plasmonic

Nanowire-on-Mirror Cavity

This chapter is an adaptation of the research article "Adv. Photonics Res.2021,2, 2100002".
This article discusses the wavevector distribution and polarisation state of photolumi-
nescence emission when WS, monolayer is placed inside the silver nanowire on a mir-

ror cavity.

3.1 Introduction

In the last few years, Two-dimensional transition metal dichalcogenides (TMDs) have
attracted significant attention because of their novel optical and electronic properties[38—
41] Direct bandgap in their monolayer makes them a suitable candidate for electron-
ics applications[40—42]. Very high oscillator strength leads to a narrow peak with
a pronounced optical transition[93, 94]. In addition, TMDs exhibit valley polariza-
tion effects, making them a suitable candidate for spin-orbit interaction studies[95,
96]. Coupling 2D materials such as tungsten disulfide (WS;) monolayer to plasmonic
nano-cavities can enhance and influence light-matter coupling. This chapter is based
on our experimental studies of directional photoluminescence from WS, monolayer
sandwiched in a unique kind of cavity: Ag nanowire on a gold mirror. Plasmonic nano-
cavities are important architectures to study because of the very high electric field inside
the cavity caused by the hybridization of gap plasmon[97]. Ultrasmall volume inside
the cavity provides a large Purcell enhancement factor[13, 98]. To this end, nano-cavity
formed by a nanoparticle on gold film has been utilized for strong-coupling at the single-
molecule level[58], single-molecule Surface-Enhanced Raman Scattering (SERS)[19,

99], controlled reflectance properties[100], and enhanced spontaneous emission[98,

29
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FIGURE 3.1: Schematic of the experimental setup. The WSy monolayer
was placed over a gold film separated by a 3nm AlyOs3 spacer layer. Sin-
gle AgNW was placed over the monolayer WSy flake. One end of the
NW was excited with a 532nm laser. WS, PL from the excitation point
couples to the NW plasmons, which is further out-coupled from the distal
end of the NW. The emission from the distal end was collected and pro-
jected to spectrometer and EMCCD for spectroscopy and Fourier-plane
imaging, respectively.

101]. Of relevance to this study is the Ag Nanowire on a gold mirror cavity. Nano-
cavity formed by a silver nanowire (AgNW) on the gold film, apart from the above
advantages, can also work as an Opto-plasmonic waveguide of cavity’s emission, as
shown recently by our group[29]. Such nanocavities are also studied in the context of
Purcell enhancement[101], remote excitation of the molecules[29], spontaneous emis-
sion enhancement[101], wave-vector distribution[29], and trion enhancement[102].
Coupling surface plasmon polaritons to TMDs can facilitate interesting optical prop-
erties. To this end, studying the optical transition characteristics of TMDs in the vicin-
ity of a plasmonic nanostructure near resonance has gained relevance[103-106]. A
variety of prospects like Photoluminescence (PL) and Raman enhancement[107, 108],
enhanced spin-orbit interaction[102, 109], remote excitation of SERS[110], spectrum
tailoring[27], strong coupling[111], and trion enhancement[102] have been achieved
using such configuration. For these purposes many plasmonic structures like bowtie an-
tenna[112], nano-disk array[113], nano-cube[27], nanoparticle[111], and nanowire[ 102,
110] have been either fabricated over TMDs[114] or TMDs is transferred onto the struc-
tures[115]. Specifically, in the context of 2D materials, TMDs have been coupled to a
single AgNW for studying remote SERS[110], second harmonic generation[116-119],
logic operation[120], Rabi splitting[121], and plasmon-exciton interconversion[102].

Silver film - Ag nanowire cavity has been recently utilized for the Trion enhancement
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and enhancing the spin-orbit coupling[102]. Apart from these effects, a plasmonic Ag
NW can act as a subwavelength waveguide as well as a nanoscale antenna which can
be harnessed to route an excited signal and emit the signal at the distal end[122]. This
utility of Ag nanowire both as a plasmonic cavity and as a waveguide for 2D materials
has not been explored, which we do in this chapter.

Figure 3.1 shows the studied geometry. It contains a WS, monolayer sandwiched
between a plasmonic silver nanowire and a gold mirror (AgNW-WS,-Au cavity). A
thin, Al,O3 layer is deposited on gold mirror which acts as a buffer layer. In such
waveguide-cavity systems, wavevector analysis becomes an important aspect of the
study to quantify the emission process. Motivated by this, our study focuses on the
wavevector distribution of the PL emission in the AgNW-WS,-Au cavity. Specifically,
we excite one end of the cavity with a focused 532nm laser and study the PL spectrum
from the other end of the cavity as a function of angle and polarization. To achieve
this, we employ polarization-resolved Fourier-plane optical microscopy to study the
emission direction of the AgNW-WS,-Au cavity and quantify the in-plane angular dis-
tribution. By studying the angular distribution and polarization-resolved spectra, we
show that AgNW-WS,-Au cavity can modity the spectral feature of WS, monolayer by

interconversion between exciton and trion.

3.2 Experimental Methods

3.2.1 WS, Synthesis

The WS, monolayers were grown using atmospheric pressure chemical vapor deposi-
tion (APCVD) on a 300 nm SiO2 coated silicon wafer following the procedure men-
tioned in ref. [123] and [124]. The substrates were sonicated in acetone and IPA for
10 min each and blow-dried. They were further cleaned using O2 plasma at 60 W for
5 min. The substrates were loaded onto an alumina boat containing 500 mg of WOg
with the smooth side facing the powder. The boat containing the WO3 was placed in-
side a quartz tube of 3.5 cm inner diameter in the heating zone of the furnace. Another
boat containing 500 mg of Sulphur was placed upstream inside the tube, 15 cm away
from the WOj3 boat. The Sulphur boat was placed outside the furnace and was heated
separately using a heater coil. Initially, the tube was flushed with 500 standard cubic
centimeters per minute (SCCM) of argon for 10 min, and then the flow was reduced
to 30 SCCM and was maintained throughout the experiment. The furnace was ramped
up to 850 OC at a rate of 5 OC/min. As the furnace reached 850 OC the heater coil

was heated to 240 OC to evaporate Sulphur. These temperatures were maintained for
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10 min for growing WS, monolayer. After the growth, the system was allowed to cool

naturally.

3.2.2 Optical Characterization

A chemically synthesized WS, monolayer was further characterized by PL. and Raman

spectroscopy. PL and Raman spectra of the same are shown in Figure 3.2.
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FIGURE 3.2: Raman and Photoluminescence spectrum of the Monolayer
WS2, (a) Photoluminescence spectrum including excitation wavelength
to make sure that we are efficiently rejecting the Raleigh scattered light.
The excitation wavelength shown with an arrow has a negligible intensity
in comparison to photoluminescence intensity. (b) Raman spectrum of
the monolayer WS2 where peak E5 g and A1 g are at 350 cm-1 and 417
cm-1. Since WS2 was first grown on Si/SiO2 we can see the silicon peak
at 520 cm-1.

3.2.3 AgNW-WS;,-Au cavity preparation

Ag nanowires with an average diameter of 300 nm have been synthesized by the polyol
process as reported in.[125] FESEM image of the two typical nanowire is shown in
figure 3.3. For the preparation of the gold mirror, 160 nm gold film has been deposited
on the glass coverslip using thermal vapor deposition. Monolayer WS, flakes have
been transferred onto the gold mirror. Polystyrene is used as a support film for this
transfer as reported here[126]. 3nm Al,O3 spacer layer was placed using atomic layer
deposition in between the gold mirror and WS; to prevent the charge screening with
the aim to avoid PL quenching. To form a cavity, Ag nanowires were dropcasted on the
gold mirror with WS, sandwiched in between them. NW at which we have performed

the experiment is 300 nm thick and approximately 13 pm in length.
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FIGURE 3.3: FESEM image of two typical Silver nanowires

3.2.4 Experimental Setup

M 1 532nm
Laser

L1

L2
N2 plate
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FIGURE 3.4: The sample was excited using a high numerical aperture
100x, 0.95 NA objective lens. The backscattered light was collected us-
ing the same lens. The 532 nm laser light was expanded using a set of
two lenses L1 and L2. M1 is a mirror. The polarization of the incoming
laser was controlled by a \/2 waveplate in the path. BS1 and BS2 are
beam splitters to simultaneously excite the sample with laser and its vi-
sualization using white light. Lens L3 is used to loosely focus white light
on the sample plane. F1, F2, and F3 are set of two edge filters and one
notch filter to reject the elastically scattered light for SERS spectroscopy
and Fourier plane and energy-momentum imaging. Lenses L4 and L5 are
used to project the emission to the Fourier plane onto the spectrometer or
EMCCD. M2 is a flip mirror, used to project the light on the spectrometer
for spectroscopy and energy-momentum imaging. Lenses L6 and L7 are
flip lenses used to switch from real plane to Fourier plane.
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One end of the AgNW-WS,-Au cavity has been excited using a 532 nm laser with
polarization along the cavity. 100x, 0.95 numerical aperture (NA) objective lens was
used in the backscattered configuration for both excitation and collection. Signal from
the distal end of the nanowire is collected by spatially filtering the region, and the
real/Fourier plane is projected into the EMCCD/spectrometer. To transfer the Fourier
plane from the back aperture of the objective lens to the EMCCD, 4f configuration is
used[127]. High NA excitation ensures efficient excitation of surface plasmon in the
nanowire as well as high electric field in the cavity. Combination of edge and notch
filter has been used to efficiently reject the elastically scattered light. It can be seen
from the PL spectra in figure 3.2 a that the contribution from the elastic scattering is
negligible. A polarizer and half-wave plate are used in the input path to control the
input polarization. An analyzer is used in the output path to analyze the output light for
polarization resolved measurements. Detailed experimental setup is shown is figure 3.4
and our previous reports[128] for detailed experimental setup of Fourier plane optical

microscopy.

3.3 Directing the emission using AgNW-WS,-Au cavity

Figure 3.5 is the bright-field image of the Ag nanowire placed on a gold mirror AgNW-
WS,-Au cavity. Excitation of nanowire end, with a tightly focused 532 nm laser excites
the propagating plasmons along the nanowire. In addition, the excitation of hybridized
gap plasmons between the AgNW and metal film creates a high local electric field,
which enhances the PL emission from WS, monolayer. Because of the near field inter-
action, the PL emission gets coupled to the nanowire SPPs travelling along the length
of the nanowire. Because of the spatial discontinuity at the nanowire end, these SPPs
are out-coupled as free-space photons. In figure 3.5 b, we observe strong PL emission
from the AgNW-WS,-Au cavity not only from the excitation and distal ends but also
throughout the nanowire. This is because of the high electric field in the nanowire on a

metal film cavity, which acts as a hot-line along the length of the cavity.
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FIGURE 3.5: Directional emission from the distal end of Ag nanowire
(a) Bright-field image of nanowire over WS», which is placed over a gold
mirror with 3 nm spacer layer of AloO3. WS, monolayer boundaries are
shown with red dotted lines. One end of the nanowire was excited with
532 nm laser with polarization along the long axis of the nanowire. (b)
PL image of the nanowire after rejecting the elastically scattered light
using a combination of edge and notch filters. The dotted box shows the
distal end collection of the nanowire. (c) WSo PL spectrum collected
from the distal end of the nanowire as per the configuration in (b). (d)
Fourier space intensity distribution of the PL out-coupled from the distal
end of the nanowire showing directional emission in narrow range of
wavevectors.

Figure 3.5 ¢ shows the emission spectrum collected from the distal end of the
AgNW-WS,-Au cavity. To study the wavevector of emission from the cavity, we per-
formed Fourier plane imaging, which maps the emission wavevectors in terms of 6 and
¢ spreading. Radial coordinate in Fourier plane is N A = nsinf, and ¢ is tangential co-
ordinate varies from O to 27. Fourier plane image Figure 3.5 d shows that the emission
from the nanowire end is directed towards higher ky/k0 and covers only a small range

of radial and azimuthal angles, indicating highly directional emission.
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(@) (b)

FIGURE 3.6: Bright-field image of Wire on WS2 without a gold mirror in

between. (a) No propagation is observed on the glass coverslip because

of high absorption from WS2 monolayer. (b) Propagation of nanowire

plasmons along the length of the nanowire when the laser used is 633

nm. With 633nm laser, the absorption is very minimal and the plasmons
out-couple at the distal end of the nanowire.

A relevant question to ask is how does the presence of a gold mirrors influence
the performance of the cavity on and off the absorption band of WS, monolayer? To
explore this, we performed experiments similar to figure 3.5, but placing the WS, on
a glass coverslip and drop-casting the Ag nanowire over it and exciting it with 532nm
and 633 nm lasers. In the case of 532 nm excitation, we do not observe any plasmon-
assisted propagation from the distal end of the nanowire because of high absorption
of the incoming laser by WS, and NW, whereas for 633 nm excitation, we do observe
plasmon propagation as shown in figure 3.6. Although we observe plasmon propagation
with 633 nm, the PL of WS, cannot be excited at this wavelength. To understand the
role of the AgNW-Au cavity we have calculated the modes of the cavity. For the AgNW-
Au cavity, we have observed eight modes. The higher-order SPP modes as shown in
figure 2.8 a and b have a larger propagation length as their imaginary part of the effective
mode index is small. In contrast, six bound modes as shown in figure 2.8 (c)- h) exhibit
high loss owing to a very high imaginary component of the mode index. These higher-
order modes for which near field is distributed near the top of the NW contribute to the
propagation[129]. An inference we draw from this is that the presence of a gold mirror

enhances the propagation length.
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3.4 Polarization resolved angular emission from AgNW-
WS,-Au cavity
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FIGURE 3.7: Emission-polarization-resolved Fourier plane imaging of
distal end PL emission, which indicates the momentum-space distribu-
tion of the emitted light from a particular region in the geometry. (a)
Real-plane PL intensity distribution of the nanowire captured using EM-
CCD integrated over, all polarizations (indicated by orthogonal arrows);
(b) corresponding momentum space PL intensity distribution, collected
from the distal end of the nanowire (shown by dotted box in (a)). Mo-
mentum space PL intensity distribution of the emission from the distal
end of the nanowire when polarization is analyzed (c) along the long
axis of the nanowire and (d) transverse to the long axis of the nanowire

The emission at the distal end of the nanowire is mediated through the SPPs of the
nanowire, which generally show a rich polarization signature. In addition to this, emis-
sion from the WS, which is confined in the AgNW-WS,-Au cavity is enhanced and
out-couples through the nanowire end, after propagating through the cavity. To study
the effect of nanowire and metal film cavity, we performed polarization resolved Fourier
plane imaging on the PL emission from the distal end of the nanowire. Figure 3.8 a rep-
resents the PL image of the AgNW-WS,-Au cavity after rejecting the elastically scat-
tered light captured using EMCCD. Figure 3.8 b is the momentum space image of the
PL emission from the distal end of the nanowire. Figure 3.8 c is the momentum space
image analyzed for the polarization along the long axis of the nanowire and Figure

3.8 d represents the momentum space image analyzed for the polarization transverse to
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nanowire. For the output polarization along the nanowire, we observe that light is direc-
tional and most of the emission is centered around ¢ = 0. While in the case of the output
polarization transverse to the axis of the nanowire, the ¢ spread is more. This means
that photons which are polarized along the wire are more directional in comparison to
the photon whose polarization is transverse to the nanowire. This is attributed to the

polarization maintaining properties of surface plasmon polaritons in a nanowire[130].

3.5 Polarization-resolved photoluminescence AgNW-WS,-

Au cavity
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FIGURE 3.8: Dependence of PL spectral features from the distal end of
AgNW-WS,-Au cavity as a function of excitation and collection polar-
ization. (a) PL spectrum as a function of excitation polarization along
(red curve) and perpendicular (black curve) to the nanowire axis. (b) PL
spectrum as a function of analyzed polarization along (red curve) and
perpendicular (black curve) to the nanowire axis. Apart from the reduc-
tion in the intensity, the change in polarization also leads to a redshift in
the peaks.PL spectrum collected from the distal end of the nanowire, red
and black curve corresponds to the input polarization along the long axis
of the nanowire, and transverse to the long axis of the nanowire.

In the previous section, we discussed how polarized excitation and collection can influ-
ence the directional emission from the AgNW-WS,-Au cavity. This further motivated
us to study the spectral characteristics as a function of excitation and collection polar-
ization. First, we checked the excitation polarization dependence. The red and black
curves in Figure 3.9 a are the PL spectrum from the distal end of the nanowire AgNW-
WS,-Au cavity when input excitation polarization is along and transverse to the long

axis of the nanowire, respectively. It can be clearly seen that output PL intensity is
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greater when excitation polarization is along the long axis of the nanowire. With this
hindsight, we fixed the excitation polarization along the long axis of the wire, and col-
lected the polarization-resolved PL emission from distal end. In figure 3.9 b, the red and
black curve represents the PL emission along and perpendicular to the long axis of the
nanowire. It can be clearly seen that intensity in the case of output polarization along
the long axis of the nanowire is more in comparison to the transverse output polariza-
tion. It is also observed that the PL peak in the case of the output polarization along
the long axis of the nanowire is red-shifted in comparison to the output polarization
transverse to the long axis of the nanowire. This redshift is found to be approximately
AE =23 meV.

Since the PL spectrum has the contribution of both the neutral exciton and the
charged exciton (trion), such redshift can be attributed to the exciton to trion conver-
sion[131]. Trions are essentially formed when exciton is bound by an excess of elec-
tron or hole, also called charged exciton. Photoionization and doping are the two main
ways to convert exciton into trion[132, 133]. In this case, WS, is slightly n doped, so
the trions in the system are negatively charged. Exciton to trion conversion is reported
by coupling with SPP in the MIM cavity (metal insulator metal) cavity[102]. In the
AgNW-WS,-Au cavity there are two kinds of plasmon involved. One is propagating
along the wire and the second is localized in the cavity[134]. The intensity component

along the NW is larger as compared to the transverse to the NW.
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FIGURE 3.9: Power dependence photoluminescence spectrum of mono-
layer WS5 showing the red-shift with increasing power

At higher irradiation power, it has been observed that exciton converts into trion;
which leads to redshift in PL spectra as shown in figure 3.10 [133]. To further con-
firm this, we deconvoluted the PL spectra into two peaks by Voigt function double fit

as shown in figure 3.11. The deconvoluted spectrum is consistent with the reported
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exciton and Trion peak[132], and Trion binding energy is found to be around 50 meV,
which is consistent with the reported value[102, 135]. However, the propagating SPP
may experience reabsorption by WS,, NW or gold film during the propagation which
leads to the redshift for the component having polarization along the wire. Since the
absorption coefficient is fairly constant above 550 nm for WS,[136], so the contribution
from the reabsorption of WS, is negligible and redshift is caused by the exciton to trion

conversion in the cavity.
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FIGURE 3.10: Output polarization analyzed spectrum (a) Analyzed

along the long axis of the nano wire is de convoluted into exciton (Red

dotted curve) and trion (green dotted curve). (b) Analyzed perpendicular

to the long axis of the nanowire is deconvoluted into exciton (Red dotted
curve) and trion (green dotted curve).

3.6 Conclusion

To summarize, we have experimentally studied the polarization-resolved directional PL.
emission from the AgNW-WS,-Au cavity as a function of angular and spectral sig-
natures. Through detailed experiments and analysis, we have shown the role of each
component of the cavity, and how it influences the directional emission characteristics
of the WS, monolayer. By performing polarization- and momentum-resolved PL spec-
troscopy from the distal end of the AgNW-WS,-Au cavity, we reveal the possibility of
studying exciton to trion conversion at room temperature. It is to be noted that nanowire
based cavities inherently facilitate waveguiding characteristics, which means the exci-
tation and collection in the geometry is spatially off-set. Such separation of excitation
and collection of optical locations can be of relevance in 2D material-based nonlinear

nanophotonic chips and open-cavity nano-lasers. We envisage that the confined electric
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fields facilitated by the spatially-extended cavity can be further harnessed by engineer-

ing various parameters such as: the composition, shape, and size of the nanowire and

the underlying gold mirror.






Chapter 4

Directing Tungsten Disulfide
Monolayer PL using a Bent Nanowire

on a Mirror Cavity

This chapter is an adapted version of the research article "European Physical Journal:
Special Topics (2022) Accepted". The article discusses the directionality of emission
when monolayer WS, is placed inside a plasmonic nanowire cavity and its comparison

to a straight nanowire.

4.1 Introduction

Controlling and manipulating spontaneous emission is a principal indispensable task
in nanophotonics[137-140]. The emergence of cavity electrodynamics has provided
an excellent framework to study and manipulate spontaneous emission[7, 141, 142].
Molecular fluorescence coupled to micro and nano-cavities has been widely studied
from the fundamental point of view as well as for application purposes[29, 143, 144].
Of late, studying spontaneous emission from emitters confined in the plasmonic cavity
has gained relevance. Specifically, plasmonic cavities formed using mirror substrates
have gained special attention because of the ease of preparation and very intense elec-
tric field inside the cavity formed between the structure and its image across the mirror
substrate[29, 58, 111]. To this end, various cavities have been utilized for field enhance-
ment by placing nanoparticles[58], nanocube[27]s, and nanowire[29, 101] on mirrors.
Out of these, nanowires not only provide enhancement but also direct the light from
molecules placed between the nanowires and mirror[29, 81]. Furthermore, bending the
nanowire has been shown to enhance the directionality of the secondary emission from

molecules placed on the nanowire or in the gap between the nanowire and mirror cavity.

43



Chapter 4. Directing Tungsten Disulfide Monolayer PL using a Bent Nanowire on a
44 Mirror Cavity

4.2 Architecture of the System
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FIGURE 4.1: Schematic representation of the experimental configura-
tion. A monolayer of WS, is grown and transferred onto the top of a
gold mirror. A bent silver nanowire was dropcasted on a gold mirror thus
forming a bent nanowire on a mirror (B-NWoM) cavity with the mono-
layer inside the cavity. One end of the nanowire was excited using a high
numerical aperture objective lens and the emission from the kink region
was spatially filtered for spectroscopy and Fourier plane imaging. The
emission from the kink is directional in nature and covers a very narrow
range of angles.

The gap between the particle-image particle can be controlled by placing either molec-
ular monolayer or two-dimensional materials of finite thickness[29, 30, 58]. Recently
two-dimensional transition metal dichalcogenides (TMDs) have emerged as new quan-
tum emitters with high exciton binding energy, which lead to well-pronounced optical
transitions[38—41, 94]. The direct bandgap of monolayers of TMDs makes them suit-
able for switching and optoelectronics devices[41, 94]. Well-defined molecular orienta-
tion and dipole moment of a monolayer of TMDs makes it a more suitable candidate to
study quantum cavity electrodynamics[88, 145, 146]. TMDs show other unique optical
properties such as strong spin-orbit interaction[147, 148], valley polarization[96, 149],
second harmonic generation[150-152], and chiral Raman[153]. Plasmonic and dielec-
tric cavities coupled to TMDs have been utilized for strong coupling[54, 111, 154, 155],
photoluminescence enhancement[108, 113, 114], tailoring the emission[27], trion en-
hancement[102] and chiral routing of Raman[109] and photoluminescence[156]. Moti-
vated by coupling TMDs to mirror-based plasmonic cavities, we study a bent plasmonic
nanowire on a mirror cavity with a monolayer of WS, placed in the cavity. We show

that the cavity can direct the WS, photoluminescence (PL) emission to a very narrow
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range of wavevectors when the emission is collected from the kink region, upon exci-
tation of the nanowire end. Using Fourier plane imaging[87, 127, 157, 158] we image
the PL emission wavevectors and corroborate and understand the experimental findings
using three-dimensional finite-difference time domain-based numerical calculations.
Figure 4.1 shows the schematic of the experiment configuration. A monolayer of
WS, was sandwiched between a gold mirror and a bent-silver nanowire thus confin-
ing the monolayer in an extended cavity. One end of the nanowire was excited using
a focused laser source of wavelength 532 nm with polarization along the length of
the nanowire. Propagating surface plasmon polaritons (SPPs) outcouple from the kink
part of the nanowire, exciting the cavity-enhanced monolayer photoluminescence (PL)
of WS,. The fundamental SPPs along the nanowire and incoming laser source at the
nanowire end also excite the cavity-assisted PL emission from the WS,. This PL emis-
sion also get couple to the nanowire SPPs because of near-field coupling and out-couple
from the kink part of the nanowire. The emission from the kink of B-NWoM cavity was
collected using spatial filtering and was routed to the spectrometer for spectroscopy or

EMCCD for Fourier plane imaging.
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FIGURE 4.2: Optical imaging and PL spectroscopy. (a) Schematic of
the experimental setup used to probe the Fourier plane imaging of WS,
PL from the B-NWoM cavity. (b) Raman spectroscopy of the WS layer
confirming the monolayer. (c) Optical imaging of B-NWoM cavity. (i)
Bright-field image of a 350 nm thick bent nanowire placed on a gold
mirror of thickness 160 nm with a monolayer of WSy inside the gap.
(i1) Elastic scattering image of the same bent nanowire when one end
of the nanowire was excited with a 532 nm laser. (d) WS2 PL spectrum
collected from the kink part (shown as a white circle in figure 4.2c (ii)) of
the bent nanowire upon excitation of one end of the bent nanowire (black
curve), and spectrum collected only from the WS5 monolayer placed on
the gold mirror (blue curve). A detailed optical setup is shown in figure
4.2(a). The sample was excited using a high numerical aperture 100x,
0.95 NA objective lens. The backscattered light was collected using the
same lens. The 532 nm laser light was expanded using a set of two lenses
L1 and L2. M1 is a mirror to direct the laser into the microscope. The
polarization of the incoming laser was controlled by a half wave-plate in
the path. BS1 and BS2 are beam splitters to simultaneously excite the
sample with laser and its visualization using white light. Lens L3 was
used to loosely focus white light on the sample plane. A set of two edge
filters and one notch filter were used to reject the elastically scattered
light for PL spectroscopy and Fourier plane imaging. Lens L4 was used
to recreate the real image for spatial filtering. Lens L5 was used to image
the Fourier plane on the camera or CCD whereas lens L7 was used to flip
lenses used to switch from real to Fourier plane. Mirror M2 and Lens L6
were used to route light towards the spectrometer and to focus the light
onto the spectrometer, respectively.
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4.3 Experimental Details

A detailed optical setup is shown in figure 4.2(a). The sample was excited using a high
numerical aperture 100x, 0.95 NA objective lens. The backscattered light was collected
using the same lens. The 532 nm laser light was expanded using a set of two lenses L1
and L2. M1 is a mirror to direct the laser into the microscope. The polarization of the
incoming laser was controlled by a A\/2 waveplate in the path. BS1 and BS2 are beam
splitters to simultaneously excite the sample with laser and its visualization using white
light. Lens L3 was used to loosely focus white light on the sample plane. A set of two
edge filters and one notch filter were used to reject the elastically scattered light for PL
spectroscopy and Fourier plane imaging. Lens L4 was used to recreate the real image
for spatial filtering. Lens LS5 was used to image the Fourier plane on the camera or
CCD whereas lens L7 was used to flip lenses used to switch from real to Fourier plane.
Mirror M2 and Lens L6 were used to route light towards the spectrometer and to focus
the light onto the spectrometer, respectively.

Figure 4.2(b) shows the optical characterization of the monolayer WS,. Monolayer
WS, was grown using atmospheric pressure chemical vapor deposition at 300 nm S102
coated silicon wafer following the procedures given in the references[123, 124]. The
gold mirror was prepared by depositing 160 nm gold on a glass coverslip using ther-
mal vapor deposition. Monolayer WS, was then transferred to the gold mirror by wet
transfer method using polystyrene support film[126, 159]. After the transfer, WS, lay-
ers were characterized by PL and Raman spectroscopy. Figure 4.2(b) shows the optical
characterization of the monolayer WS,. High PL intensity confirms the sample probed
was a monolayer. In the Raman spectrum, the intensity of the E5g' is much higher than
A, g and the peaks E»g! and A g are positioned at 351 cm-1 and 417 cm-1, respectively,
which matches with the reported Raman spectra for monolayer WS»[159, 160].

Silver nanowires (AgNWs) with an average diameter of 350 nm were synthesized
using the polyol process[125]. The nanowires were sonicated for 30 seconds to bend
the nanowires[161]. Post bending the AgNWs were dropcasted on the WS; transferred
gold mirror. This leads to the placement of the monolayer WS, in the cavity formed
between the bent nanowire and mirror (B-NWoM cavity). The optical images of the
monolayer WS; placed in the B-NWoM cavity is shown in figure 4.2(c). The bright-
field image shows a bent silver nanowire of thickness 350 nm placed on a gold mirror.
One end of the nanowire was excited using a focused laser source of wavelength 532
nm with polarization along the length of the nanowire to efficiently excite the propa-
gating nanowire SPPs[122]. The light out couple from the kink portion of the nanowire

was spatially filtered for spectroscopy and Fourier plane imaging. Spectral signature
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collected from only the kink portion of the B-NWoM cavity shows a modulated spec-
trum as compared to the spectrum collected from the WS, monolayer placed only on
the gold mirror (figure 4.2(d)). This modulation can be attributed to exciton to trion

conversion caused by coupling of surface plasmon polaritons[81, 102].
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FIGURE 4.3: Schematics to visualize the Fourier plane imaging. (a) Ex-
perimental configuration to image the Fourier plane using an objective
lens. 4f configuration was used to reimage the Fourier plane from the
back aperture of the objective lens to the camera. (b) The emission di-
rection from the sample plane is marked as a point on the hemisphere.
f and ¢ are the radials and azimuthal coordinates in the Fourier plane.
Schematic showing the direction emission in the real plane (red curve)
and Fourier plane is the two-dimensional projection of the emission. The
black curve shows the maximum angle corresponding to the numerical
aperture of the objective lens.

Figure 4.3(a) shows the schematic to visualize the directionality of the emission.
The emission from the sample plane was collected using the objective lens, which forms
the Fourier plane at its back aperture. To image the Fourier plane it was recreated onto
the camera, using a combination of tube lens and Bertrand lens. A pinhole in the path
was placed to selectively collect the emission from the kink part of the B-NWoM cavity
using spatial filtering. Figure 4.3(b) shows the schematic to understand the projection
of the emission direction from the sample plane to the Fourier plane. Every point on the
hemisphere represents a direction and can be written in terms of radial and azimuthal
angles # and ¢. The bent nanowire, placed in the x-y plane, emits the light in directions
6. m and ¢.,,, as shown by red arrows. Fourier plane is the two-dimensional projection of
the emission in radial (6) and azimuthal angles (¢.,,). The directionality of the emission
can be quantified from the spread in 6.,,, and ¢.,,. The black curve shows the maximum

angle (A 4) corresponding to the numerical aperture of the objective lens.
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FIGURE 4.4: Fourier plane imaging of WSy PL emission. (a) Fourier
plane image of PL emission from the kink portion of B-NWoM cavity
upon excitation of one end of nanowire after rejecting elastic scattering
light. (b) Fourier plane image of PL emission from the distal end of a
nanowire placed on a mirror cavity (NWoM cavity) upon excitation of
one end of nanowire after rejecting elastic scattering light. (c) Fourier
plane imaging of WSy PL emission from a monolayer of WS placed on
a mirror. (d) Intensity cross-cuts along the red dotted line in (a), blue
dotted line in (b), and black dotted line in (c). (e) Intensity profile of
azimuthal angles (¢) for 6 corresponding to maximum intensity in the
Fourier plane images (a-c).

4.4 Directing the PL using B-NOM cavity

To study the angular distribution of the WS, PL emission spectrum from the kink por-
tion of the B-NWoM cavity, we performed Fourier plane imaging on the WS, PL emis-
sion. Figure 4.4(a) shows the Fourier plane image of the PL emission collected from the
kink portion of the B-NWoM cavity using the spatial filtering technique. The emission
is confined to a narrow range of wavevectors and is directed towards the higher k,/k
and k,/ko. On the other hand, the Fourier plane imaging performed on the PL emis-
sion from the distal end of the nanowire without the bending shows that the emission is
directed towards higher angles and the majority of the emission is along the nanowire
length (figure 4.4 (b)). For comparison, the Fourier plane image of off-cavity emission
from only the monolayer WS; on a gold mirror is shown in figure 4.4(c). The emission
is isotropic in nature and covers a large range of angles. The intensity cross-cuts along
the red, blue, and black dashed lines in figures 4(a-c) are shown in figure 4.4(d). The
emission in the case of B-NWoM is very narrow in radial angles with a full width at

half maxima of 11.0°. The intensity profile of azimuthal angles (¢) for # corresponding



Chapter 4. Directing Tungsten Disulfide Monolayer PL using a Bent Nanowire on a
50 Mirror Cavity

to maximum intensity in the Fourier plane images 4(a-c) are shown in figure 4.4(e).
Along with the confinement in radial angles, the emission is also confined in terms of
azimuthal angles in the case of the B-N'WoM cavity with a full width at half maxima of
25.1°. The nanowire on mirror (NWoM) cavity also facilitates the directional emission
but with a slightly broader radial and azimuthal angular spreading, 11.4° and 31.7° re-
spectively. Because of the finite reflection from the nanowire end the emission is also
directed towards the —ky/k0 direction which decreases the forward to the backward ratio
of emissionS5 figure 4.4(d). On the other hand, the kink portion of the bent nanowire
does not reflect the emission in the backward direction and out-couples the maximum
of the mission in one direction only. This makes the B-NWoM cavity an excellent

geometry for directing TMDs emission to a narrow range of angles.

4.5 Numerical Simulation
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FIGURE 4.5: FDTD based numerical calculations to understand the di-
rectional PL emission from the B-NWoM cavity. (a-c) The component-
wise magnitude of the near-field electric field in the B-NWoM cavity
upon excitation of one end of the nanowire with a focused Gaussian laser
source of 532 nm. Calculated Fourier plane images of the emission from
the kink portion of B-NWoM cavity, upon excitation of nanowire end
by a dipole oscillating along the x-axis (d), y-axis (e), z-axis (f), and
an incoherent sum of emission from all three dipoles (g). The dipoles
are oscillating at a wavelength of 620 nm, which is near the maxima of
monolayer WSo PL.

To corroborate and understand the experimental results we performed finite difference

time domain-based numerical calculations in Lumerical Software. The bent nanowire
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was modeled by combining two cylindrical silver rods of length 6 um. The radius of the
cylinder was 125 nm and to make the kink portion, the radius was made to be 110 nm.
The thickness of the gold mirror was set to be 100 nm. A 5 nm gap is set between mirror
and nanowire to account for the molecular monolayer thickness and the PVP coating
on the nanowire[162]. Figure 4.5(a-c) shows the component-wise near-field electric
field in the cavity upon illumination of one end of the nanowire using a high numerical
aperture objective lens. The polarization of the incoming laser was set along the x-axis,
which is along the length of the nanowire for efficient excitation of the propagating
nanowire SPPs. The E, field is much more enhanced in the cavity as compared to
the E, and E, fields. The large electric field present in the gap enhances the emission
from the WS, monolayer. To see how the molecular orientation affects the far-field
emission wavevectors, we excited the cavity by placing dipoles oscillating in different
orientations at a wavelength of 620 nm at one of the ends of the bent-nanowire. A
two-dimensional monitor was placed near the kink part of the B-NWoM cavity and the
near-field was projected to the far-field using the in-built feature in Lumerical software.
Figure 4.5(d-f) shows the Fourier plane images when the nanowire end was excited
by dipoles oscillating along the z, y, and x-axis respectively. Figure 4.5(g) shows the
Fourier plane image of the incoherent addition of the emission from the x, y, and z
oriented dipoles. In all four cases, the emission is directional in nature and the result
matches well with the experimentally obtained Fourier plane image. This suggests that
both in-plane and out-of-plane exciton emission out-couple from the cavity in the same

manner which makes it difficult to distinguish their individual contribution.

4.6 Conclusion

To conclude we show how a bent silver nanowire placed on a gold mirror can direct
monolayer WS, PL which is otherwise isotropic in nature. The emission is confined
to a narrow range of angles with a full width at half maxima in radial and azimuthal
angles of 11.0° and 25.1°, respectively. We have compare the results with a straight
nanowire and shown that the a bent nanowire can reduce both radial and azimuthal
spread and also reduce the back reflected signal. Because of high out of electric field
this architecture can be used to probe the dark exciton in TMDs and direct them to
small range of wavevectors. Furthermore, using finite difference time domain-based
numerical calculations we understood the effect of dipole orientation on the radiation
pattern of PL emission. We believe that the results presented here will be extrapolated
to direct enhanced Raman signal from TMDs and to design on-chip directional optical

sources using various other class of TMDs.






Chapter 5

Beaming of Tungsten Disulfide
Monolayer PL using metallo-dielectric

antenna

The chapter explores the effect of coupling a microsphere on mirror based metallo-
dielectric antenna to the excitonic emission of monolayer WS,. We have experimentally
shown that this antenna can direct all the photoluminescence to a very small range of

wave-vectors and beaming of the WS, PL is observed in Fourier plane image.

5.1 Introduction

Two-dimensional transition metal dichalcogenides (TMDs) have attracted major atten-
tion in recent years because of their unique optical and electronic properties [38—40].
High exciton binding energy and direct bandgap make them suitable candidates for op-
toelectronic device applications[40—42]. TMDs show other unique properties such as
valley polarization which make it suitable for valleytronics and spin-orbit interaction
studies[96, 149]. Influencing and controlling the emission properties of the TMDs are
key to improving the efficiency of optoelectronic devices. Recent advancements in the
field of plasmonic and dielectric nanoantennas have enabled control over the fundamen-
tal emission properties such as wavevector distribution and Purcell enhancement[13, 98,
137, 163]. Furthermore, plasmonic nanostructure coupled to TMDs has been studied for
strong coupling[111, 154, 155], photoluminescence (PL) enhancement[107, 108, 112,
113], surface-enhanced Raman scattering[110, 164], spectrum tailoring[27, 105], trion
enhancement,[102] and directional emission[81]. Although plasmonic nanostructure
provides great control over the emission properties, they suffer large Ohmic losses and
have broad resonances[165]. On the other hand, dielectric structures such as microdisk,
cylinder, and microsphere show low absorption and sharp resonances, which make them

a suitable candidate for controlling the emission, properties without much loss. To this
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end, studying the optical transition characteristics of TMDs coupled whispering gallery
mode of the dielectric microsphere and disk has gained relevance. A variety of prospects
like PL enhancement[166], lasing[166—168], directional emission[169], and out-of-
plane dipole excitation[170] have been achieved using such geometries. Recently hy-
brid metallo-dielectric cavities have been used to enhance light-matter interaction[95,
171, 172], build hybrid metasurfaces[173], tailor the quality factor[174], and in design-
ing directional sources[175-178]. Especially, dielectric particle on mirror is one such
geometry which is widely used for hybridizing surface plasmon and whispering gallery
modes (WGMs)[173], studying wavevector and polarization state of emission from flu-
orescent dye[128], and probing magnetic resonances[179]. Although, basic emission
properties of TMDs such as Purcell enhancement and polarization of emission have
been studied in great detail but the wavevector distribution is relatively less explored

using geometries involving complicated fabrication and etching techniques[180].
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FIGURE 5.1: The sample was excited using a high numerical aperture
100x, 0.95 NA objective lens. The backscattered light was collected us-
ing the same lens. The 532 nm laser light was expanded using a set of
two lenses L1 and L2. M1 is a mirror. The polarization of the incoming
laser was controlled by a \/2 waveplate in the path. BS1 and BS2 are
beam splitters to simultaneously excite the sample with laser and its vi-
sualization using white light. Lens L3 is used to loosely focus white light
on the sample plane. F1, F2, and F3 are set of two edge filters and one
notch filter to reject the elastically scattered light for SERS spectroscopy
and Fourier plane and energy-momentum imaging. Lenses L4 and LS are
used to project the emission to the Fourier plane onto the spectrometer or
EMCCD. M2 is a flip mirror, used to project the light on the spectrometer
for spectroscopy and energy-momentum imaging. Lenses L6 and L7 are
flip lenses used to switch from real plane to Fourier plane.

In this context, tunability of directionality of the optical emission from nanostruc-

tures coupled to TMDs remains a challenging problem, and highly directional emission
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from TMDs is yet to be achieved. Motivated by this, we study the optical emission
properties of a monolayer WS, coupled to a metallo-dielectric antenna formed by plac-
ing a dielectric microsphere on the gold mirror. Specifically, we report the PL beaming
from monolayer WS, coupled to this antenna. We study the wavevector distribution of
monolayer WS coupled to a metallo-dielectric antenna. Using Fourier plane imaging,
we characterized the PL. beaming and found the divergence angle to be as narrow as
¢ 2 = 4.6°. Furthermore, we numerically study the near-field and far-field properties

by using finite element method-based simulations.
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FIGURE 5.2: Schematic of the experimental configuration. A WS,

monolayer was placed over a gold mirror separated by a 3 nm AlxO3

spacer layer. Polystyrene microspheres of a diameter 7 um were placed

over it. A single microsphere was excited using a 532 nm laser. Insets

show the bright field (right) and Fourier plane (left) images. Boundaries
of the monolayer are shown with red dotted lines.

5.2 Experimental Methods

* Sample preparation: WS, monolayer were grown using chemical vapor de-
position. Polystyrene microspheres were purchased from Sigma-Aldrich. Gold
mirrors were prepared by thermal vapor deposition (TVD) by depositing 160 nm
gold film on a glass coverslip. Monolayer WS, flakes were transferred onto the
gold mirror using the wet chemical method. Briefly, polystyrene solution is spin-
coated on the WS, sample followed by baking at 100° C. Sample was placed in
water, and WS, was fished on the desired substrate with polystyrene support film
when it started floating in the water. Polystyrene was removed using toluene,

followed by cleaning the sample using acetone and IPA. Al,O3 spacer layer was
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deposited using atomic layer deposition. After transferring the WS, monolayer
on the Al;O3 coated gold mirror, microspheres were dropcasted on it, and the

sample was dried in a vacuum desiccator.

* Experimental setup: The sample was excited using a 532 nm laser. 100 X, 0.95
numerical aperture objective lens was used in the backscattered configuration for
both excitation and collection. The collected signal was projected into EMCCD
and spectrometer for imaging and spectroscopy. Horiba iHR 320 spectrometer
with 1800 grooves/mm and 300 grooves/mm grating was used for Raman and PL
measurements, respectively. Schematic of detailed experemental setup is shown

in figure 5.1.

5.3 Beaming of WS, PL using metallo-dielectric antenna

Figure 5.2 shows the schematic of the experimental configuration. Monolayer WSs has
been grown using chemical vapor deposition (CVD)[123, 124] and characterized using
Raman and PL spectroscopy as shown in figure 5.3. Raman and PL spectrum match
well with the reported Raman and PL spectra[159, 160]. WS, flakes were transferred
to Al;O3 coated gold mirror using a wet chemical method[126]. A 3 nm Al;O3 layer
is used between WS, and the mirror to avoid the charge screening, which might lead
to PL quenching. Microspheres were dropcasted on a monolayer WS, placed on a gold
mirror. A single microsphere placed on the mirror was excited by a 532 nm laser us-
ing a 100x, 0.95 numerical aperture (NA) objective lens. The backscattered signal was
collected using the same objective lens and projected onto EMCCD and spectrometer
for imaging and spectroscopy. A microsphere placed on a gold mirror acts as a direc-
tional metallo-dielectric antenna to direct the WS, PL to a narrow range of wavevectors
which was probed using Fourier plane imaging. To project the Fourier plane from the
back aperture of the objective lens to the EMCCD, 4f lens configuration was used[87,
127]. A combination of edge and notch filters were used in the output path to effi-
ciently reject the elastically scattered light, which can be observed in the PL spectrum
shown in figure 5.3. Details of the experimental setup can be found in reference[128].
Figure 5.4(a) shows the PL spectrum collected from the WS, coupled to the metallo-
dielectric antenna. The microsphere was excited using a 532 nm tightly focused laser
beam. The microsphere focuses the incoming laser to a small region because of the
photonic nanojet effect[181, 182], which excites the PL of the WS, monolayer. The PL.
emission from the monolayer acts as a near-field source that excites the WGMs of the
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FIGURE 5.3: Optical characterization of WSy (a) Photoluminescence
(PL) spectrum of WS, before and after the transfer to the gold mirror,
the arrow represents the excitation wavelength, (b) Raman spectrum of
the WSy before and after the transfer. High PL intensity confirms that
WS, probed is a monolayer. After transferring the monolayer onto the
gold mirror, emission becomes slightly broader while the Raman spec-
trum remains the same. In the Raman spectrum, Peak F g1 and A;g are
positioned at 351 cm-1 and 417 cm-1, respectively, and the intensity of
the Eog! is an order of magnitude higher than A;g, which matches well
with reported Raman spectra 1 2. In the Raman spectrum of WS» after
the transfer, there is a small peak near 520 cm-1, which might be because
of the small remains of Si after the transfer

microsphere. WGMs are the sharp resonances supported by the dielectric microstruc-
tures[168]. WGMs of the microsphere can be seen as sharp peaks riding over a broad
PL spectrum.

To study the wavevector distribution of the PL emission from the metallo-dielectric
antenna, Fourier plane microscopy and spectroscopy were performed. Fourier plane
image maps the wavevectors of the light in terms of # and ¢ coordinates. The radial
coordinate in the Fourier plane image is the numerical aperture (NA)= n sin(f), and ¢
is the azimuthal coordinate that varies from 0 to 27. Figure 5.4 (b) shows the Fourier
plane image of the PL emission. It can be observed from figure 5.4 (b) that the 6 spread
is very small, and the majority of the emission is beaming at the center of the Fourier
plane image.

The PL generated below the microsphere gets out-coupled from the upper side of
the microsphere in a narrow range of angles because of the reverse of the photonic
nanojet effect[181]. To quantify the spread of the emission wavevectors, we plot the
intensity profile along the white dotted line in the Fourier plane image (Figure 5.4(b).
The measured intensity profile was fitted using the Lorentzian function, which shows
that the divergence angle, 6, /2, half of the full width at half maxima (H-FWHM), of
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FIGURE 5.4: Beaming of WSy PL. (a) PL spectrum of WS monolayer

coupled to a metallo-dielectric antenna. (b) Fourier plane image of the

PL emission from the WSy coupled to the antenna. (c) Intensity profile

of the Fourier plane image along the white dashed horizontal line in the

Fourier plane image. (d) Energy-momentum image of the PL. emission
along the white vertical rectangular region.

the emission is only 4.6°. For various microspheres (five microspheres) the divergence
angle varies slightly with an average of (5.2 + 0.6)° (See figure 5.5).

To further confirm that both WGMSs coupled and uncoupled emissions get directed
to a narrow wavevector range from the metallo-dielectric antenna, we performed energy-
momentum imaging (figure 5.4(d)). For this, the Fourier plane image (figure 5.4(c)
was projected onto the slit of the spectrometer to get the wavelength information. The
energy-momentum image shows that both WGMs coupled and uncoupled emission is
out-coupling from the microsphere towards the center of the Fourier plane image with
a narrow range of angles. Additionally, this further rejects the possibility of elastically
scattered light at the center of the Fourier plane image.

To highlight the significance of the gold mirror, similar experiments were performed
on different configurations. Figure 5.6(a) shows the wavevector distribution of WS,
PL on the Si/SiO, substrate. The PL emission from WS, monolayer is isotropic in
nature and covers a broad range of wavevectors. Figure 5.6(b) shows the wavevector
distribution when a microsphere is placed over Si/SiO, substrate. Placing the monolayer

between the microsphere and Si/Si0O, substrate results in confining the wavevectors.
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FIGURE 5.5: Multiple measurements showing the beaming of the emis-

sion, (a-e) Fourier plane image showing the PL beaming from five differ-

ent microspheres. (f) Shows the intensity profile along the white dotted

line. The divergence angle was calculated by fitting the Lorentzian func-

tion for each intensity profile. The average value of divergence angle is
(5.2£0.6)°.

Using a metallic mirror as a substrate further reduces the angular divergence and
results in the beaming of emission from the monolayer sandwiched between the micro-
sphere and the mirror (figure 5.6(c). This can be understood by the localization of the
electric field in the gap between the microsphere and the gold mirror. We corroborated
and understood this result using finite element method (FEM) based numerical calcula-
tions, which is discussed later in the chapter. Intensity profiles along the white dotted
lines in figure 5.6(a-c) are plotted in figure 5.6(d). Angular divergence (¢, /2) for the
gold and the Si/Si0O; substrate is 4.6° and 11.5°, respectively. For various microspheres
(three microspheres), the divergence angle varies slightly with an average (13.2 + 1.1)°
for Si/Si0, substrate as shown in figure 5.7. To study the effect of microsphere size
on the angular divergence of the emission, we performed experiments on microspheres
of sizes 3, 5, 7, and 10 um. Figure 5.8 shows the angular divergence for the different
sizes of the microsphere on mirror antenna. The angular divergence decreased when the
microsphere size was chosen to be 7 um as compared to the divergence obtained with a
microsphere of size 3 or 5 um. A further increase in the microsphere size (10 pm) leads
to an increment in the divergence angle.

Since in photonic nanojet effect microsphere act as a micro-lens[182], emission

wavevectors are sensitive to the position of the beam waist of the nanojet. The focus of
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FIGURE 5.6: Significance of using the gold substrate. Fourier plane im-

ages (a) on Si/SiO5 substrate, (b) with microsphere on Si/SiO substrate,

and (c) microsphere on mirror. (d) Intensity profile across the white dot-
ted line in (a-c).

the microsphere can be treated as the waist of the nanojet. Focusing dependent experi-
ment was performed to probe the wavevector as a function of beam waist position. Input
light was focused in the different planes of the microsphere, and wavevector distribu-
tion of PL emission was studied. Figure 5.9 (a-d) are the different focusing schemes,
and (e-h) are the corresponding Fourier plane images. The light green cone represents
the focusing of the excitation laser beam using the objective lens, while the dark green
cone shows the effective focusing of the laser beam. It is observed that the divergence
was smallest when the input laser was focused slightly below the microsphere. The
smallest angular divergence for the position of the waist just outside the microsphere
confirms that the beaming of the emission is caused by the reverse of the photonics
nanojet effect of the microsphere. To corroborate and understand the experimental
findings, we performed finite element method-based numerical calculations in COM-
SOL Multiphysics. We performed near-field calculations and calculated Fourier plane
images by using reciprocity arguments[183]. We calculated the near-field profile of a 3
um diameter polystyrene microsphere placed on a 160 nm thick gold mirror. The gap
between the microsphere and gold mirror was set as 5 nm for accounting for the Al;O3
and molecular layers. Figure 5.10(a) shows the experimentally measured Fourier plane

image of the emission from a WS, monolayer coupled to a metallo-dielectric antenna
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c¢) Fourier plane images of three microspheres on Si/SiO2 substrate, (d)
their intensity profile across the white dotted line. The divergence an-
gle was calculated by fitting the Lorentzian function for each intensity
profile. The average value of divergence angle is (13.2 + 1.1)°.
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FIGURE 5.8: Microsphere size dependence, (a-d) Fourier plane image

for the microsphere of the size 3, 5, 7, and 10 um. (e) Intensity profile

along the white dotted line in figure 5.8 (a-d). The divergence angle was

calculated by fitting the Lorentzian function for each intensity profile.

The divergence angle corresponding to these four Fourier plane images
i 9.0°, 9.5, 4.6°, and 9.9°, respectively.
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FIGURE 5.9: Effect of focusing of excitation laser in different planes on
angular diversion of emission from the metallo-dielectric antenna. (a-
d) Schematic of different focusing schemes and (e-h) are corresponding
Fourier plane images. The light green cone represents the focused laser
excitation using the objective lens, and the dark green cone shows the
effective focusing of the incoming laser by the microsphere.

formed by a 3 um polystyrene microsphere and gold mirror. We calculated the near-
field electric field of a 3 um polystyrene placed on a gold mirror and excited by placing
in-plane and out-of-plane dipoles. We placed an oscillating dipole at 645 nm oriented
along the in-plane (x-axis) (figure 5.10(d)) and out-of-plane (z-axis) (figure 5.10(e)).
We chose the wavelength of oscillation to be 645 nm as the PL emission has a peak
around this wavelength. The experimental Fourier plane image figure 5.10(a) matches
well with the calculated Fourier plane image for the in-plane dipole figure 5.10(b).

Figure 5.11 shows the near field electric for a Gaussian beam focused using a micro-
sphere of diameter 2 um (a) on the glass substrate and (b) gold mirror. The electric field
is more confined when the substrate is gold mirror as compared to a glass substrate.
This is confirmed by performing numerical calculations by exciting microsphere placed
on glass and gold substrates with a focused Gaussian beam.

To see how the localization of near-field electric field leads to the narrowing of
wavevectors, three dipoles were placed at the center of the microsphere separated by 80
nm from each other in the first case and 240 nm in the second case as shown in figure
5.12 (a-b). The calculated near-field electric field was projected to the far-field by using
reciprocity arguments(See figure 5.12 (c-d)). The spreading of the wavevectors is less
in the former case as compared to the spreading obtained in the latter. This explains

the narrowing down of the wavevectors in the case of a microsphere placed on a gold
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FIGURE 5.10: Calculated Fourier plane imaging of emission from
dipoles placed between microsphere and mirror. (a) Experimentally mea-
sured Fourier plane image of emission from a TMD monolayer sand-
wiched between a 3 um polystyrene microsphere and 160 nm gold mir-
ror. Calculated Fourier plane image of emission from a dipole oscillating
in-plane (x-axis) (b) and out-of-plane (z-axis) (c) Calculated near-field
electric field of a 3 um polystyrene microsphere placed on a gold mir-
ror excited by placing an oscillating dipole at 645 nm wavelength with
in-plane (x-axis) (d) and out-of-plane (z-axis) dipole in the gap between
microsphere and mirror (e).

Mirror.

For the in-plane dipole (x-axis), the calculated Fourier plane image matches very
well with the experimentally obtained Fourier plane image. The majority of the light is
coming out in a beaming manner and is confined to a very narrow range of wavevectors.
The calculated Fourier plane image for the out-of-plane dipole shows that the emission
is coming out in a doughnut-shaped pattern and is also directed towards the center of
the Fourier plane image. The results show that the contribution of in-plane dipoles is

more pronounced in the case of metallo-dielectric antennas.

5.4 Conclusion

To summarize, we have experimentally studied the wavevector distribution of PL and
coupled it to a metallo-dielectric antenna. By performing the experiment in the differ-

ent configurations, we have shown that the PL emission of WS,, sandwiched between
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FIGURE 5.11: Near field electric field distribution in x-y plane for a
microsphere of size 2 ym when excited using a Gaussian beam of 532
nm wavelength. (a) When microsphere is placed on a glass substrate (b)
when microsphere is placed over gold mirror. In the case of the gold
mirror substrate, the electric field is more localized in comparison to the
glass substrate. This is because of a hotspot formation around the contact
point of the microsphere and the gold mirror. This result implies that for
the gold mirror, the emission will be more localized
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FIGURE 5.12: Near field and far-field electric field for a microsphere
of diameter 2 pm: Near field electric field distribution when 3 dipoles
were placed (a) 240 nm apart and (b) 80 nm apart, (c) and (d) are the
corresponding Fourier plane images. Since the electric field was more
localized in the case of the gold mirror substrate, dipoles were placed
closer to mimic the gold mirror case. It can be seen from figure 5.12 (c
and d) that the divergence in the case of the localized emitter is lesser.

9x10’



Chapter 5. Beaming of Tungsten Disulfide Monolayer PL using metallo-dielectric
antenna 65

microsphere and gold mirror out-couples in a beaming manner. The microsphere on
the mirror geometry acts as an excellent metallo-dielectric antenna to direct the emis-
sion from TMDs in a very small range of wavevectors. In the Fourier plane image,
the angular divergence 0, /, = 4.6° was achieved. The experimental findings were cor-
roborated with three-dimensional finite element method-based numerical simulations.
This hybrid directional antenna will find relevance in two-dimensional material-based

nanophotonic chips and nano-lasers.






Chapter 6
Conclusion and Future Directions

In conclusion, this thesis focuses on understanding the light-matter interaction inside
the optical cavity. Interaction of light confined inside the cavity with 2D materials is
discussed. We have explored the directionality of emission when 2D materials were
placed inside the different cavities. We have shown that the directionality and wavevec-
tor distribution of the 2D materials can be tuned and can be controlled by placing them
inside different cavity structures. Highly directional emission in remote excitation, as
well as indirect excitation, is achieved. Surface plasmon polariton of the silver nanowire
is used to direct the light into a small range of wavevectors in remote excitation config-
uration. We have also shown that a microsphere can be used as a micro-lens to collect
the emission from the 2D materials and project it to a very narrow range of wavevectors

by the photonic nanojet effect.

Future direction:

Till now our focus was on designing the antenna which can direct the emission from the
2D materials to a narrow range of wavevectors. It will be important to understand the
process underlying these phenomena in more detail. This will not only help in the fun-
damental understanding of the system but also helpful in generalizing this phenomenon
for a wider range of applications.

As we discussed in chapter 3 and chapter 4, PL emission from the distal end is the
convolution of three processes:

First: The large local electric field at the excitation spot leads to the coupling of
WS 2 PL to the nanowire plasmons, which outcouples from the distal end.

Second: The fundamental plasmon polaritons at 532 nm outcoupling at the distal
end as free space photons and excites the WS2 PL.

Third: The fundamental plasmon polaritons (532 nm) propagating along the nanowire

over film excites the photoluminescence throughout the length of the nanowire which
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further couples to the nanowire plasmons because of the near field coupling and outcou-
ples from the distal end. The de-convolution of these three processes can give impor-
tant insights into the propagation length, coupling, and out-coupling of the light from
the nanowire ends. This requires a detailed study and we are planning experiments to
understand this phenomenon in the future.

In chapter 5, We have discussed the photonic nanojet of the microsphere to direct
the emission to a small range of wavevectors. However, another important aspect is the
coupling of photoluminescence with the whispering gallery mode of the microsphere.
TMDs coupled with the whispering gallery mode of the microsphere has been utilized
for the lasing and probing out of plane dipole. These modes of the microsphere play
a crucial role in understanding and designing WGMs-based devices. PL coupled to
WGMs of a microsphere on a mirror is not have been studied in detail which might lead
to the interesting phenomena like strong coupling. I would also like to understand the
far-field pattern associated with the different TE and TM modes.

Till now we have utilized the bottom-up synthesized micro and nanostructures to
direct and study the photoluminescence from TMDs. However, fabricated micro and
nanostructures offer more room in terms of controlling and making devices based on
these materials. Utilizing the top-down fabrication method to couple these materials
with metasurfaces and controlling the other properties of TMDs is another direction
to work on. Recently dark exciton in TMDs has been probed using the plasmonic
nanocavity. The cavity design proposed here can be utilized to probe and direct the

dark exciton emission from TMDs monolayers.



Bibliography

'W. L. Barnes, A. Dereux, and T. W. Ebbesen, “Surface plasmon subwavelength op-
tics”, nature 424, 824-830 (2003).

’F. Tam, G. P. Goodrich, B. R. Johnson, and N. J. Halas, “Plasmonic enhancement of
molecular fluorescence”, Nano letters 7, 496-501 (2007).

3S. K. Gray, “Surface plasmon-enhanced spectroscopy and photochemistry”, Plas-
monics 2, 143-146 (2007).

4C. J. Murphy, “Plasmons spring into action”, Nature Materials 6, 259—-260 (2007).

3J. Lakowicz and Y. Fu, “Modification of single molecule fluorescence near metallic

nanostructures”, Laser & photonics reviews 3, 221-232 (2009).

6P Zijlstra and M Orrit, “Single metal nanoparticles: optical detection, spectroscopy

and applications”, Reports on Progress in Physics 74, 106401 (2011).

"E. M. Purcell, “Spontaneous emission probabilities at radio frequencies”, in Confined

electrons and photons (Springer, 1995), pp. 839—-839.

8E. M. Purcell, “Proceedings of the american physical society, b10. spontaneous emis-
sion probabilities at radio frequencies”, Phys. Rev 69, 674 (1946).

K. Drexhage, “Beeinflussung der fluoreszenz eins europiumchelates durch einen spiegel”,
Ber. Bunsenges. Phys. Chem. 70, 1179 (1966).

10, Johansen, S. Stobbe, I. S. Nikolaev, T. Lund-Hansen, P. T. Kristensen, J. M. Hvam,
W. L. Vos, and P. Lodahl, “Size dependence of the wavefunction of self-assembled
inas quantum dots from time-resolved optical measurements”, Physical Review B 77,
073303 (2008).

""M. Frimmer, Y. Chen, and A. F. Koenderink, “Scanning emitter lifetime imaging
microscopy for spontaneous emission control”, Physical Review Letters 107, 123602
(2011).

12p. Lodahl, A Floris van Driel, I. S. Nikolaev, A. Irman, K. Overgaag, D. Vanmaekel-
bergh, and W. L. Vos, “Controlling the dynamics of spontaneous emission from quan-
tum dots by photonic crystals”, Nature 430, 654—-657 (2004).

69



70 Bibliography

3P, Lodahl, S. Mahmoodian, and S. Stobbe, “Interfacing single photons and single
quantum dots with photonic nanostructures”, Reviews of Modern Physics 87, 347
(2015).

14K J. Vahala, “Optical microcavities”, nature 424, 839—-846 (2003).

ISA. Campion and P. Kambhampati, “Surface-enhanced raman scattering”, Chemical
society reviews 27, 241-250 (1998).

16M. Moskovits, “Surface-enhanced spectroscopy”, Reviews of modern physics 57,
783 (1985).

17B. Valeur and M. N. Berberan-Santos, Molecular fluorescence: principles and appli-
cations (John Wiley & Sons, 2012).

18W. Barnes, “Fluorescence near interfaces: the role of photonic mode density”, journal
of modern optics 45, 661-699 (1998).

E. Le Ru and P. Etchegoin, Principles of surface-enhanced raman spectroscopy: and

related plasmonic effects (Elsevier, 2008).
29E. Fermi, “Quantum theory of radiation”, Reviews of modern physics 4, 87 (1932).

2IM. P. Gordon, T. Ha, and P. R. Selvin, “Single-molecule high-resolution imaging
with photobleaching”, Proceedings of the National Academy of Sciences 101, 6462—
6465 (2004).

22A. D. Nidhankar, D. S. Mohana Kumari, S. K. Chaubey, R. Nayak, R. G. Gonnade,
G. P. Kumar, R. Krishnan, and S. S. Babu, “Self-assembled helical arrays for the sta-
bilization of the triplet state”, Angewandte Chemie International Edition 59, 13079-
13085 (2020).

23], van de Groep, J.-H. Song, U. Celano, Q. Li, P. G. Kik, and M. L. Brongersma,
“Exciton resonance tuning of an atomically thin lens”, Nature Photonics 14, 426—
430 (2020).

24T, Kuechle, S. Klimmer, M. Lapteva, T. Hamzayev, A. George, A. Turchanin, T.
Fritz, C. Ronning, M. Gruenewald, and G. Soavi, “Tuning exciton recombination
rates in doped transition metal dichalcogenides”, Optical Materials: X 12, 100097
(2021).

25T. Barnes, “Photodiode array fourier transform spectrometer with improved dynamic
range”, Applied optics 24, 3702-3706 (1985).
2A. Tittl, A. Leitis, M. Liu, F. Yesilkoy, D.-Y. Choi, D. N. Neshev, Y. S. Kivshar,

and H. Altug, “Imaging-based molecular barcoding with pixelated dielectric meta-
surfaces”, Science 360, 1105-1109 (2018).



Bibliography 71

277, Huang, G. M. Akselrod, T. Ming, J. Kong, and M. H. Mikkelsen, “Tailored emis-
sion spectrum of 2d semiconductors using plasmonic nanocavities”’, ACS Photonics
5, 552-558 (2018).

K. F. Mak, K. L. McGill, J. Park, and P. L. McEuen, “The valley hall effect in mos2
transistors”, Science 344, 1489-1492 (2014).

P A. B. Vasista, H. Jog, T. Heilpern, M. E. Sykes, S. Tiwari, D. K. Sharma, S. K.
Chaubey, G. P. Wiederrecht, S. K. Gray, and G. P. Kumar, “Differential wavevector
distribution of surface-enhanced raman scattering and fluorescence in a film-coupled
plasmonic nanowire cavity”, Nano letters 18, 650-655 (2017).

39S, Tiwari, A. B. Vasista, D. Paul, S. K. Chaubey, and G. P. Kumar, “Beaming elastic
and sers emission from bent-plasmonic nanowire on a mirror cavity”, The Journal of
Physical Chemistry Letters 12, 6589-6595 (2021).

3IC. V. Raman and K. S. Krishnan, “A new type of secondary radiation”, Nature 121,
501-502 (1928).

32C. V. Raman, “A new radiation”, Indian Journal of physics 2, 387-398 (1928).

3D. A. Long and D. Long, The raman effect: a unified treatment of the theory of raman
scattering by molecules, Vol. 8 (Wiley Chichester, 2002).

3*M. Fleischmann, P. J. Hendra, and A. J. McQuillan, “Raman spectra of pyridine
adsorbed at a silver electrode”, Chemical physics letters 26, 163—-166 (1974).

3F. Xia, H. Wang, D. Xiao, M. Dubey, and A. Ramasubramaniam, “Two-dimensional
material nanophotonics”, Nature Photonics 8, 899-907 (2014).

36M. Zeng, Y. Xiao, J. Liu, K. Yang, and L. Fu, “Exploring two-dimensional materi-
als toward the next-generation circuits: from monomer design to assembly control”,
Chemical reviews 118, 6236-6296 (2018).

7K. S. Novoselov, L Colombo, P. Gellert, M. Schwab, K Kim, et al., “A roadmap for
graphene”, nature 490, 192-200 (2012).

3BK. F. Mak, C. Lee, J. Hone, J. Shan, and T. F. Heinz, “Atomically thin mos2: a new
direct-gap semiconductor”’, Phys. Rev. Lett. 105, 136805 (2010).

¥A. Splendiani, L. Sun, Y. Zhang, T. Li, J. Kim, C.-Y. Chim, G. Galli, and F. Wang,
“Emerging photoluminescence in monolayer mos2”, Nano letters 10, 1271-1275
(2010).

40Q. H. Wang, K. Kalantar-Zadeh, A. Kis, J. N. Coleman, and M. S. Strano, “Electron-
ics and optoelectronics of two-dimensional transition metal dichalcogenides”, Nature
nanotechnology 7, 699-712 (2012).


https://doi.org/10.1103/PhysRevLett.105.136805

72 Bibliography

4K, Roy, M. Padmanabhan, S. Goswami, T. P. Sai, G. Ramalingam, S. Raghavan, and
A. Ghosh, “Graphene—-mos2 hybrid structures for multifunctional photoresponsive

memory devices”, Nature nanotechnology 8, 826-830 (2013).
4R. Deshmukh, P. Marques, A. Panda, M. Y. Sfeir, S. R. Forrest, and V. M. Menon,

“Modifying the spectral weights of vibronic transitions via strong coupling to surface
plasmons”, ACS Photonics 7, 43—48 (2019).

T. Cao, G. Wang, W. Han, H. Ye, C. Zhu, J. Shi, Q. Niu, P. Tan, E. Wang, B. Liu,

et al., “Valley-selective circular dichroism of monolayer molybdenum disulphide”,

Nature communications 3, 1-5 (2012).

#E. J. Sie, C. H. Lui, Y.-H. Lee, J. Kong, and N. Gedik, “Observation of interval-
ley biexcitonic optical stark effect in monolayer ws2”, Nano letters 16, 7421-7426
(2016).

#K.-D. Park, T. Jiang, G. Clark, X. Xu, and M. B. Raschke, “Radiative control of
dark excitons at room temperature by nano-optical antenna-tip purcell effect”, Nature
nanotechnology 13, 59-64 (2018).

46 A M. Jones, H. Yu, N. J. Ghimire, S. Wu, G. Aivazian, J. S. Ross, B. Zhao, J. Yan,
D. G. Mandrus, D. Xiao, et al., “Optical generation of excitonic valley coherence in
monolayer wse 27, Nature nanotechnology 8, 634—638 (2013).

4D. Lagarde, L. Bouet, X. Marie, C. Zhu, B. Liu, T. Amand, P. Tan, and B. Urbaszek,

“Carrier and polarization dynamics in monolayer mos 2”, Physical review letters 112,
047401 (2014).

4BM. Onga, Y. Zhang, T. Ideue, and Y. Iwasa, “Exciton hall effect in monolayer mos2”,
Nature materials 16, 1193-1197 (2017).

4Y.-]. Chen, J. D. Cain, T. K. Stanev, V. P. Dravid, and N. P. Stern, “Valley-polarized
exciton—polaritons in a monolayer semiconductor”, Nature Photonics 11, 431-435
(2017).

00. Lopez-Sanchez, D. Lembke, M. Kayci, A. Radenovic, and A. Kis, “Ultrasensi-
tive photodetectors based on monolayer mos 27, Nature nanotechnology 8, 497-501
(2013).

11, Britnell, R. M. Ribeiro, A. Eckmann, R. Jalil, B. D. Belle, A. Mishchenko, Y.-J.

Kim, R. V. Gorbachev, T. Georgiou, S. V. Morozov, et al., “Strong light-matter inter-
actions in heterostructures of atomically thin films”, Science 340, 1311-1314 (2013).

2N. Perea-Lopez, A. L. Elias, A. Berkdemir, A. Castro-Beltran, H. R. Gutiérrez, S.
Feng, R. Lv, T. Hayashi, F. Lopez-Urias, S. Ghosh, et al., “Photosensor device based
on few-layered ws2 films”, Advanced Functional Materials 23, 5511-5517 (2013).



Bibliography 73

53S. Ghosh and T. C. Liew, “Quantum computing with exciton-polariton condensates”,
npj Quantum Information 6, 1-6 (2020).

4B. Munkhbat, A. Canales, B. Kiiciikoz, D. G. Baranov, and T. O. Shegai, “Tunable

self-assembled casimir microcavities and polaritons”, Nature 597, 214-219 (2021).

538, Latini, E. Ronca, U. De Giovannini, H. Hubener, and A. Rubio, “Cavity control of

excitons in two-dimensional materials”, Nano letters 19, 3473-3479 (2019).

56J. Cuadra, D. G. Baranov, M. Wersall, R. Verre, T. J. Antosiewicz, and T. Shegai,
“Observation of tunable charged exciton polaritons in hybrid monolayer ws2- plas-

monic nanoantenna system”, Nano letters 18, 1777-1785 (2018).
37S. K. Chaubey, S. Tiwari, A. Shukla, M. Gokul, A. Rahman, and G. Kumar, “Direct-

ing monolayer tungsten disulfide photoluminescence using a bent-plasmonic nanowire

on a mirror cavity”’, The European Physical Journal Special Topics, 1-7 (2022).
8R. Chikkaraddy, B. De Nijs, F. Benz, S. J. Barrow, O. A. Scherman, E. Rosta, A.

Demetriadou, P. Fox, O. Hess, and J. J. Baumberg, “Single-molecule strong coupling

at room temperature in plasmonic nanocavities”, Nature 535, 127-130 (2016).

S. A. Maier et al., Plasmonics: fundamentals and applications, Vol. 1 (Springer,
2007).

L. Novotny and B. Hecht, Principles of nano-optics (Cambridge university press,
2012).

°ID. Punj, R. Regmi, A. Devilez, R. Plauchu, S. B. Moparthi, B. Stout, N. Bonod, H.
Rigneault, and J. Wenger, “Self-assembled nanoparticle dimer antennas for plasmonic-
enhanced single-molecule fluorescence detection at micromolar concentrations”, ACS
photonics 2, 1099-1107 (2015).

62].-F. Masson, “Portable and field-deployed surface plasmon resonance and plasmonic
sensors”, Analyst 145, 3776-3800 (2020).

63]. W. S. B. Rayleigh, Scientific papers, Vol. 1 (University Press, 1899).

%4G. Solomon, M Pelton, and Y Yamamoto, “Modification of spontaneous emission of
a single quantum dot”, physica status solidi (a) 178, 341-344 (2000).

65J. Gerard, D Barrier, J. Marzin, R Kuszelewicz, L Manin, E Costard, V Thierry-
Mieg, and T Rivera, “Quantum boxes as active probes for photonic microstructures:
the pillar microcavity case”, Applied Physics Letters 69, 449-451 (1996).

6Y. Yamamoto and R. E. Slusher, “Optical processes in microcavities”, in Confined

electrons and photons (Springer, 1995), pp. 871-878.



74 Bibliography

7R. K. Chang and A. J. Campillo, Optical processes in microcavities, Vol. 3 (World
scientific, 1996).

8D, Armani, T. Kippenberg, S. Spillane, and K. Vahala, “Ultra-high-q toroid micro-
cavity on a chip”, Nature 421, 925-928 (2003).

%F. Vollmer, S. Arnold, and D. Keng, “Single virus detection from the reactive shift of
a whispering-gallery mode”, Proceedings of the National Academy of Sciences 105,
20701-20704 (2008).

"OE. Franchimon, “Modelling circular optical microresonators using whispering gallery
modes”, MA thesis (University of Twente, 2010).

"TA. Nakagawa, S. Ishii, and T. Baba, “Photonic molecule laser composed of gainasp
microdisks”, Applied Physics Letters 86, 041112 (2005).

2K. Daskalakis, P. Eldridge, G Christmann, E Trichas, R Murray, E Iliopoulos, E
Monroy, N. Pelekanos, J. Baumberg, and P. Savvidis, “All-dielectric gan microcav-
ity: strong coupling and lasing at room temperature”, Applied Physics Letters 102,
101113 (2013).

M. R. Foreman, J. D. Swaim, and F. Vollmer, “Whispering gallery mode sensors”,
Advances in optics and photonics 7, 168-240 (2015).

74X. Li, Z. Chen, A. Taflove, and V. Backman, “Optical analysis of nanoparticles via
enhanced backscattering facilitated by 3-d photonic nanojets”, Optics express 13,
526-533 (2005).

Bn, ().

6B. K. Singh, H. Nagar, Y. Roichman, and A. Arie, “Particle manipulation beyond
the diffraction limit using structured super-oscillating light beams”, Light: Science
& Applications 6, €17050-e17050 (2017).

7S. Lee, O. Kwon, M. Jeon, J. Song, S. Shin, H. Kim, M. Jo, T. Rim, J. Doh, S. Kim,
et al., “Super-resolution visible photoactivated atomic force microscopy”, Light: Sci-
ence & Applications 6, e17080—e17080 (2017).

8 A. Lombardini, V. Mytskaniuk, S. Sivankutty, E. R. Andresen, X. Chen, J. Wenger,
M. Fabert, N. Joly, F. Louradour, A. Kudlinski, et al., “High-resolution multimodal
flexible coherent raman endoscope”, Light: Science & Applications 7, 1-8 (2018).

8. Petsch, S. Schuhladen, L. Dreesen, and H. Zappe, “The engineered eyeball, a tun-
able imaging system using soft-matter micro-optics”, Light: Science & Applications
5, e16068—16068 (2016).



Bibliography 75

80H. Patel, P. Kushwaha, M. Swami, and P. Gupta, “Photonic nanojet assisted enhance-
ment in transmission of light through hollow pyramid shaped near field probes”,
Journal of Optics 17, 055005 (2015).

815, K. Chaubey, D. Paul, S. Tiwari, A. Rahman, and G. P. Kumar, “Directional emis-
sion from tungsten disulfide monolayer coupled to plasmonic nanowire-on-mirror
cavity”, Advanced Photonics Research 2, 2100002 (2021).

82B. E. Saleh and M. C. Teich, Fundamentals of photonics (John Wiley & Sons, 2019).

83S. Shatalin, R Juskaitis, J. Tan, and T Wilson, “Reflection conoscopy and micro-
ellipsometry of isotropic thin film structures”, Journal of Microscopy 179, 241-252
(1995).

84F. E. Wright, “Transmission of light through transparent inactive crystal plates, with
special reference to observations in convergent polarized light”, American Journal of
Science, 157-211 (1911).

8A. B. Vasista, D. K. Sharma, and G. P. Kumar, “Fourier plane optical microscopy

and spectroscopy”, digital Encyclopedia of Applied Physics, 1-14 (2018).

8A. B. Vasista, H. Jog, T. Heilpern, M. E. Sykes, S. Tiwari, D. K. Sharma, S. K.
Chaubey, G. P. Wiederrecht, S. K. Gray, and G. V. P. Kumar, “Differential wavevector
distribution of surface-enhanced raman scattering and fluorescence in a film-coupled

plasmonic nanowire cavity”, Nano Letters 18, 650-655 (2018).

87]. A. Kurvits, M. Jiang, and R. Zia, “Comparative analysis of imaging configurations
and objectives for fourier microscopy”, JOSA A 32, 2082-2092 (2015).

8J. A. Schuller, S. Karaveli, T. Schiros, K. He, S. Yang, 1. Kymissis, J. Shan, and
R. Zia, “Orientation of luminescent excitons in layered nanomaterials”, Nature nan-
otechnology 8, 271-276 (2013).

8A. Verma, J. Jennings, R. D. Johnson, M. H. Weber, and K. G. Lynn, “Fabrication of
3d charged particle trap using through-silicon vias etched by deep reactive ion etch-
ing”, Journal of Vacuum Science & Technology B, Nanotechnology and Microelec-

tronics: Materials, Processing, Measurement, and Phenomena 31, 032001 (2013).

0V. Sharma, D. Paul, S. K. Chaubey, S. Tiwari, and G. P. Kumar, “Large-scale op-
tothermal assembly of colloids mediated by a gold microplate”, Journal of Physics:
Condensed Matter 32, 324002 (2020).

°IK. K. V. Sethu, “Spin orbit torques in magnetic materials”, PhD thesis (Master’s
thesis, Katholieke Universiteit Leuven, Belgium, 2017).

27, Gupta, H. Shaik, and K. N. Kumar, “A review on the prominence of porosity in
tungsten oxide thin films for electrochromism”, Ionics 27, 2307-2334 (2021).



76 Bibliography

% A. Chernikov, T. C. Berkelbach, H. M. Hill, A. Rigosi, Y. Li, O. B. Aslan, D. R.
Reichman, M. S. Hybertsen, and T. F. Heinz, “Exciton binding energy and nonhy-
drogenic rydberg series in monolayer ws 27, Physical review letters 113, 076802
(2014).

‘K. He, N. Kumar, L. Zhao, Z. Wang, K. F. Mak, H. Zhao, and J. Shan, “Tightly bound
excitons in monolayer wse 2”, Physical review letters 113, 026803 (2014).
%Y.-F. Xiao, C.-L. Zou, B.-B. Li, Y. Li, C.-H. Dong, Z.-F. Han, and Q. Gong, “High-q

exterior whispering-gallery modes in a metal-coated microresonator”, Physical Re-
view Letters 105, 153902 (2010).

%H. Zeng, J. Dai, W. Yao, D. Xiao, and X. Cui, “Valley polarization in mos2 mono-
layers by optical pumping”, Nature nanotechnology 7, 490—493 (2012).

9E. Prodan, C. Radloff, N. J. Halas, and P. Nordlander, “A hybridization model for the
plasmon response of complex nanostructures”, science 302, 419-422 (2003).

%@G. M. Akselrod, C. Argyropoulos, T. B. Hoang, C. Ciraci, C. Fang, J. Huang, D. R.
Smith, and M. H. Mikkelsen, “Probing the mechanisms of large purcell enhancement

in plasmonic nanoantennas”, Nature Photonics 8, 835-840 (2014).

%G AlaguVibisha, J. K. Nayak, P Maheswari, N Priyadharsini, A Nisha, Z Jaroszewicz,
K. Rajesh, and R. Jha, “Sensitivity enhancement of surface plasmon resonance sen-
sor using hybrid configuration of 2d materials over bimetallic layer of cu—ni”, Optics
Communications 463, 125337 (2020).

100A . Moreau, C. Ciraci, J. J. Mock, R. T. Hill, Q. Wang, B. J. Wiley, A. Chilkoti, and
D. R. Smith, “Controlled-reflectance surfaces with film-coupled colloidal nanoanten-
nas”, Nature 492, 8689 (2012).

101K J. Russell, T.-L. Liu, S. Cui, and E. L. Hu, “Large spontaneous emission enhance-

ment in plasmonic nanocavities”, Nature Photonics 6, 459-462 (2012).

1023 Shi, J. Zhu, X. Wu, B. Zheng, J. Chen, X. Sui, S. Zhang, J. Shi, W. Du, Y. Zhong,
et al., “Enhanced trion emission and carrier dynamics in monolayer ws2 coupled with
plasmonic nanocavity”, Advanced Optical Materials 8, 2001147 (2020).

1035p Sriram, A. Manikandan, F.-C. Chuang, and Y.-L. Chueh, “2d transition metal
dichalcogenides: hybridizing plasmonic materials with 2d-transition metal dichalco-
genides toward functional applications (small 15/2020)”, Small 16, 2070081 (2020).

104]. Gu, B. Chakraborty, M. Khatoniar, and V. M. Menon, “A room-temperature po-

lariton light-emitting diode based on monolayer ws2”, Nature Nanotechnology 14,
1024-1028 (2019).



Bibliography 77

105p Ni, A. De Luna Bugallo, V. M. Arellano Arreola, M. F. Salazar, E. Strupiechon-
ski, V. Brandli, R. Sawant, B. Alloing, and P. Genevet, “Gate-tunable emission of
exciton—plasmon polaritons in hybrid mos2-gap-mode metasurfaces”, ACS photon-
ics 6, 1594-1601 (2019).

196p Ni, A. D. L. Bugallo, X. Yang, V. M. A. Arreola, M. F. Salazar, E. Strupiechonski,
B. Alloing, C. Shan, and P. Genevet, “Hybrid mos2-gap-mode metasurface photode-
tectors”, Journal of Physics D: Applied Physics 52, 374001 (2019).

7R Cheng, A. D. Johnson, Y. Tsai, P-H. Su, S. Hu, J. G. Ekerdt, and C.-K. Shih,
“Enhanced photoluminescence of monolayer ws2 on ag films and nanowire—ws2—
film composites”, ACS Photonics 4, 1421-1430 (2017).

08B Lee, J. Park, G. H. Han, H.-S. Ee, C. H. Naylor, W. Liu, A. C. Johnson, and R.
Agarwal, “Fano resonance and spectrally modified photoluminescence enhancement

in monolayer mos2 integrated with plasmonic nanoantenna array”, Nano letters 15,
3646-3653 (2015).

Q. Guo, T. Fu, J. Tang, D. Pan, S. Zhang, and H. Xu, “Routing a chiral raman signal
based on spin-orbit interaction of light”, Physical review letters 123, 183903 (2019).

HoN, Coca-Lopez, N. F. Hartmann, T. Mancabelli, J. Kraus, S. Giinther, A. Comin, and
A. Hartschuh, “Remote excitation and detection of surface-enhanced raman scatter-
ing from graphene”, Nanoscale 10, 10498-10504 (2018).

'"'M.-E. Kleemann, R. Chikkaraddy, E. M. Alexeev, D. Kos, C. Carnegie, W. Deacon,
A. C. De Pury, C. Groe, B. De Nijs, J. Mertens, et al., “Strong-coupling of wse2 in
ultra-compact plasmonic nanocavities at room temperature”, Nature communications
8, 1-7 (2017).

12 Palacios, S. Park, S. Butun, L. Lauhon, and K. Aydin, “Enhanced radiative emis-
sion from monolayer mos2 films using a single plasmonic dimer nanoantenna”, Ap-
plied Physics Letters 111, 031101 (2017).

138, Butun, S. Tongay, and K. Aydin, “Enhanced light emission from large-area mono-

layer mos2 using plasmonic nanodisc arrays”, Nano letters 15, 2700-2704 (2015).
114A. D. Johnson, F. Cheng, Y. Tsai, and C.-K. Shih, “Giant enhancement of defect-

bound exciton luminescence and suppression of band-edge luminescence in mono-
layer wse2—ag plasmonic hybrid structures”, Nano letters 17, 4317-4322 (2017).

5M. S. Eggleston, S. B. Desai, K. Messer, S. A. Fortuna, S. Madhvapathy, J. Xiao, X.
Zhang, E. Yablonovitch, A. Javey, and M. C. Wu, “Ultrafast spontaneous emission
from a slot-antenna coupled wse2 monolayer”, ACS Photonics §, 2701-2705 (2018).



78 Bibliography

16E, Drobnyh and M. Sukharev, “Plasmon enhanced second harmonic generation by
periodic arrays of triangular nanoholes coupled to quantum emitters”, The Journal of
Chemical Physics 152, 094706 (2020).

TW.-P. Guo, W.-Y. Liang, C.-W. Cheng, W.-L. Wu, Y.-T. Wang, Q. Sun, S. Zu, H.
Misawa, P.-J. Cheng, S.-W. Chang, et al., “Chiral second-harmonic generation from
monolayer ws2/aluminum plasmonic vortex metalens”, Nano letters 20, 2857-2864
(2020).

118X Han, K. Wang, P. D. Persaud, X. Xing, W. Liu, H. Long, F. Li, B. Wang, M. R.
Singh, and P. Lu, “Harmonic resonance enhanced second-harmonic generation in the

monolayer ws2—ag nanocavity”’, Acs Photonics 7, 562-568 (2020).
19y, Li, M. Kang, J. Shi, K. Wu, S. Zhang, and H. Xu, “Transversely divergent second

harmonic generation by surface plasmon polaritons on single metallic nanowires”,
Nano letters 17, 7803—7808 (2017).

120, H. Kim, J. Lee, H. Kim, S. J. Yun, J. Kim, H. S. Lee, and Y. H. Lee, “Optical logic
operation via plasmon-exciton interconversion in 2d semiconductors”, Scientific re-
ports 9, 1-7 (2019).

2ID. G. Baranov, B. Munkhbat, E. Zhukova, A. Bisht, A. Canales, B. Rousseaux, G.
Johansson, T. J. Antosiewicz, and T. Shegai, “Ultrastrong coupling between nanopar-

ticle plasmons and cavity photons at ambient conditions”, Nature communications
11, 1-9 (2020).

122T. Shegai, V. D. Miljkovic, K. Bao, H. Xu, P. Nordlander, P. Johansson, and M. Kall,
“Unidirectional broadband light emission from supported plasmonic nanowires”, Nano
letters 11, 706-711 (2011).

123Y. Zhang, Y. Zhang, Q. Ji, J. Ju, H. Yuan, J. Shi, T. Gao, D. Ma, M. Liu, Y. Chen, et al.,
“Controlled growth of high-quality monolayer ws2 layers on sapphire and imaging
its grain boundary”, ACS nano 7, 8963—-8971 (2013).

124C. Cong, J. Shang, X. Wu, B. Cao, N. Peimyoo, C. Qiu, L. Sun, and T. Yu, “Syn-
thesis and optical properties of large-area single-crystalline 2d semiconductor ws2
monolayer from chemical vapor deposition”, Advanced Optical Materials 2, 131-
136 (2014).

125Y. Sun, B. Mayers, T. Herricks, and Y. Xia, “Polyol synthesis of uniform silver
nanowires: a plausible growth mechanism and the supporting evidence”, Nano letters
3, 955-960 (2003).



Bibliography 79

1267 -Q. Xu, Y. Zhang, S. Lin, C. Zheng, Y. L. Zhong, X. Xia, Z. Li, P. J. Sophia,
M. S. Fuhrer, Y.-B. Cheng, et al., “Synthesis and transfer of large-area monolayer

ws2 crystals: moving toward the recyclable use of sapphire substrates”, ACS nano 9,
6178-6187 (2015).

127A. Vasista, D. Sharma, and G. Kumar, “Digital encyclopedia of applied physics”,
American Cancer Society, 1-14 (2019).

128 A. B. Vasista, S. Tiwari, D. K. Sharma, S. K. Chaubey, and G. P. Kumar, “Vectorial
fluorescence emission from microsphere coupled to gold mirror”, Advanced Optical
Materials 6, 1801025 (2018).

129§, Zhang and H. Xu, “Optimizing substrate-mediated plasmon coupling toward high-

performance plasmonic nanowire waveguides”, Acs Nano 6, 8128-8135 (2012).

1307, Jia, H. Wei, D. Pan, and H. Xu, “Direction-resolved radiation from polarization-
controlled surface plasmon modes on silver nanowire antennas”, Nanoscale 8, 20118—
20124 (2016).

131P Fan, B. Zheng, X. Sun, W. Zheng, Z. Xu, C. Ge, Y. Liu, X. Zhuang, D. Li, X. Wang,
et al., “Trion-induced distinct transient behavior and stokes shift in ws2 monolayers”,
The Journal of Physical Chemistry Letters 10, 3763-3772 (2019).

1327 J. Carmiggelt, M. Borst, and T. van der Sar, “Exciton-to-trion conversion as a con-
trol mechanism for valley polarization in room-temperature monolayer ws2”, Scien-
tific reports 10, 1-7 (2020).

133y, Kwon, K. Kim, W. Kim, S. Ryu, and H. Cheong, “Variation of photoluminescence
spectral line shape of monolayer ws2”, Current Applied Physics 18, 941-945 (2018).

134W. Chen, S. Zhang, Q. Deng, and H. Xu, “Probing of sub-picometer vertical differ-

ential resolutions using cavity plasmons”, Nature communications 9, 1-8 (2018).

135A. Arora, T. Deilmann, T. Reichenauer, J. Kern, S. M. de Vasconcellos, M. Rohlf-
ing, and R. Bratschitsch, “Excited-state trions in monolayer ws 2”, Physical Review
Letters 123, 167401 (2019).

136X Jiang, B. Sun, Y. Song, M. Dou, J. Ji, and F. Wang, “One-pot synthesis of mos
2/ws 2 ultrathin nanoflakes with vertically aligned structure on indium tin oxide as
a photocathode for enhanced photo-assistant electrochemical hydrogen evolution re-
action”, RSC advances 7, 49309-49319 (2017).

37L. Novotny and N. Van Hulst, “Antennas for light”, Nature photonics 5, 83-90
(2011).



80 Bibliography

133D, Wang, W. Zhu, M. D. Best, J. P. Camden, and K. B. Crozier, “Directional raman
scattering from single molecules in the feed gaps of optical antennas”, Nano letters
13, 2194-2198 (2013).

139D. Vercruysse, Y. Sonnefraud, N. Verellen, F. B. Fuchs, G. Di Martino, L. Lagae,
V. V. Moshchalkov, S. A. Maier, and P. Van Dorpe, “Unidirectional side scattering of
light by a single-element nanoantenna”, Nano letters 13, 3843-3849 (2013).

1405, Khatua, P. M. Paulo, H. Yuan, A. Gupta, P. Zijlstra, and M. Orrit, “Resonant plas-
monic enhancement of single-molecule fluorescence by individual gold nanorods”,
ACS nano 8, 4440-4449 (2014).

141M. Kowalewski and S. Mukamel, “Manipulating molecules with quantum light”, Pro-
ceedings of the National Academy of Sciences 114, 3278-3280 (2017).

1421 A. Hutchison, T. Schwartz, C. Genet, E. Devaux, and T. W. Ebbesen, “Modifying
chemical landscapes by coupling to vacuum fields”, Angewandte Chemie Interna-
tional Edition 51, 1592-1596 (2012).

30. S. Ojambati, R. Chikkaraddy, W. D. Deacon, M. Horton, D. Kos, V. A. Turek,
U. F. Keyser, and J. J. Baumberg, “Quantum electrodynamics at room temperature
coupling a single vibrating molecule with a plasmonic nanocavity”, Nature commu-
nications 10, 1-7 (2019).

144D, Byrne and C. McDonagh, “In situ generation of plasmonic cavities for high sensi-
tivity fluorophore and biomolecule detection”, Nanoscale 10, 18555-18564 (2018).

145X -X. Zhang, T. Cao, Z. Lu, Y.-C. Lin, F. Zhang, Y. Wang, Z. Li, J. C. Hone, J. A.
Robinson, D. Smirnov, et al., “Magnetic brightening and control of dark excitons in

monolayer wse 2”, Nature nanotechnology 12, 883—888 (2017).

146G. Wang, C. Robert, M. M. Glazov, F. Cadiz, E. Courtade, T. Amand, D. Lagarde,
T. Taniguchi, K. Watanabe, B. Urbaszek, et al., “In-plane propagation of light in
transition metal dichalcogenide monolayers: optical selection rules”, Physical review
letters 119, 047401 (2017).

1477, Y. Zhu, Y. C. Cheng, and U. Schwingenschl6gl, “Giant spin-orbit-induced spin
splitting in two-dimensional transition-metal dichalcogenide semiconductors”, Phys-
ical Review B 84, 153402 (2011).

8B, T. Zhou, K. Taguchi, Y. Kawaguchi, Y. Tanaka, and K. T. Law, “Spin-orbit cou-
pling induced valley hall effects in transition-metal dichalcogenides”, Communica-
tions Physics 2, 1-7 (2019).



Bibliography 81

9D, Xiao, G.-B. Liu, W. Feng, X. Xu, and W. Yao, “Coupled spin and valley physics
in monolayers of mos 2 and other group-vi dichalcogenides”, Physical review letters
108, 196802 (2012).

150W.-T. Hsu, Z.-A. Zhao, L.-J. Li, C.-H. Chen, M.-H. Chiu, P--S. Chang, Y.-C. Chou,
and W.-H. Chang, “Second harmonic generation from artificially stacked transition
metal dichalcogenide twisted bilayers”, ACS nano 8, 2951-2958 (2014).

51T, M. Malard, T. V. Alencar, A. P. M. Barboza, K. F. Mak, and A. M. De Paula,
“Observation of intense second harmonic generation from mos 2 atomic crystals”,
Physical Review B 87, 201401 (2013).

152y, Li, Y. Rao, K. F. Mak, Y. You, S. Wang, C. R. Dean, and T. F. Heinz, “Probing
symmetry properties of few-layer mos2 and h-bn by optical second-harmonic gener-
ation”, Nano letters 13, 3329-3333 (2013).

153S.-Y. Chen, C. Zheng, M. S. Fuhrer, and J. Yan, “Helicity-resolved raman scattering
of mos2, mose2, ws2, and wse2 atomic layers”, Nano letters 15, 2526-2532 (2015).

154M. Stuhrenberg, B. Munkhbat, D. G. Baranov, J. Cuadra, A. B. Yankovich, T. J.
Antosiewicz, E. Olsson, and T. Shegai, “Strong light-matter coupling between plas-
mons in individual gold bi-pyramids and excitons in mono-and multilayer wse2”,
Nano letters 18, 5938-5945 (2018).

1558, Chakraborty, J. Gu, Z. Sun, M. Khatoniar, R. Bushati, A. L. Boehmke, R. Koots,
and V. M. Menon, “Control of strong light-matter interaction in monolayer ws2
through electric field gating”, Nano letters 18, 6455-6460 (2018).

156S.-H. Gong, F. Alpeggiani, B. Sciacca, E. C. Garnett, and L Kuipers, “Nanoscale chi-
ral valley-photon interface through optical spin-orbit coupling”, Science 359, 443—
447 (2018).

ST A. Dasgupta, D. Singh, R. P. Tripathi, and G. P. Kumar, “Directional fluorescence
emission mediated by chemically-prepared plasmonic nanowire junctions”, The Jour-
nal of Physical Chemistry C 120, 17692-17698 (2016).

15¥M. Esmann, S. F. Becker, B. B. da Cunha, J. H. Brauer, R. Vogelgesang, P. GroB,
and C. Lienau, “K-space imaging of the eigenmodes of sharp gold tapers for scan-
ning near-field optical microscopy”, Beilstein journal of nanotechnology 4, 603-610
(2013).

159A. Berkdemir, H. R. Gutiérrez, A. R. Botello-Méndez, N. Perea-Lépez, A. L. Elias,
C.-I. Chia, B. Wang, V. H. Crespi, F. Lopez-Urias, J.-C. Charlier, et al., “Identifica-

tion of individual and few layers of ws2 using raman spectroscopy’’, Scientific reports
3, 1-8 (2013).



82 Bibliography

1605, Qiao, H. Yang, Z. Bai, G. Peng, and X. Zhang, “Identifying the number of ws2
layers via raman and photoluminescence spectrum”, in Proc. of the 2017 Sth int. conf.
on mechatronics, materials, chemistry and computer engineering (icmmcce 2017)
(2017).

161Q. Chen, W. Xin, Q. Ji, T. Hu, J. Zhang, C. Shang, Z. Liu, X. Liu, and H. Chen,
“Ultrasonic bending of silver nanowires”, ACS nano 14, 15286-15292 (2020).

1628, Wiley, Y. Sun, B. Mayers, and Y. Xia, “Shape-controlled synthesis of metal nanos-
tructures: the case of silver”, Chemistry—A European Journal 11, 454-463 (2005).

163A . 1. Kuznetsov, A. E. Miroshnichenko, M. L. Brongersma, Y. S. Kivshar, and B.
Luk’yanchuk, “Optically resonant dielectric nanostructures”, Science 354, aag2472
(2016).

1641, Abid, W. Chen, J. Yuan, S. Najmaei, E. C. Pefafiel, R. Péchou, N. Large, J. Lou,
and A. Mlayah, “Surface enhanced resonant raman scattering in hybrid mose 2@ au
nanostructures”, Optics Express 26, 29411-29423 (2018).

165, B. Khurgin and G. Sun, “Scaling of losses with size and wavelength in nanoplas-
monics and metamaterials”, Applied Physics Letters 99, 211106 (2011).

166F, Liao, J. Yu, Z. Gu, Z. Yang, T. Hasan, S. Linghu, J. Peng, W. Fang, S. Zhuang, M.
Gu, et al., “Enhancing monolayer photoluminescence on optical micro/nanofibers for

low-threshold lasing”, Science advances S, eaax7398 (2019).
1670, Salehzadeh, M. Djavid, N. H. Tran, I. Shih, and Z. Mi, “Optically pumped two-

dimensional mos2 lasers operating at room-temperature”, Nano letters 15, 5302—
5306 (2015).

168N Toropov, G. Cabello, M. P. Serrano, R. R. Gutha, M. Rafti, and F. Vollmer, “Re-
view of biosensing with whispering-gallery mode lasers”, Light: Science & Applica-
tions 10, 1-19 (2021).

1A F. Cihan, A. G. Curto, S. Raza, P. G. Kik, and M. L. Brongersma, “Silicon mie
resonators for highly directional light emission from monolayer mos2”, Nature Pho-
tonics 12, 284-290 (2018).

79D, Andres-Penares, M. K. Habil, A. Molina-Sdnchez, C. J. Zapata-Rodriguez, J. P.
Martinez-Pastor, and J. F. Sdnchez-Royo, “Out-of-plane trion emission in monolayer
wse2 revealed by whispering gallery modes of dielectric microresonators”, Commu-
nications Materials 2, 1-9 (2021).

7IR. Cole, Y Sugawara, J. Baumberg, S Mahajan, M Abdelsalam, and P. Bartlett, “Eas-
ily coupled whispering gallery plasmons in dielectric nanospheres embedded in gold
films”, Physical review letters 97, 137401 (2006).



Bibliography 83

172p, Peng, Y.-C. Liu, D. Xu, Q.-T. Cao, G. Lu, Q. Gong, Y.-F. Xiao, et al., “Enhancing
coherent light-matter interactions through microcavity-engineered plasmonic reso-
nances”’, Physical review letters 119, 233901 (2017).

IB3R. Guo, E. Rusak, 1. Staude, J. Dominguez, M. Decker, C. Rockstuhl, I. Brener,
D. N. Neshev, and Y. S. Kivshar, “Multipolar coupling in hybrid metal-dielectric
metasurfaces”, ACS Photonics 3, 349-353 (2016).

74F. Wang and H. Harutyunyan, “Tailoring the quality factors and nonlinear response

in hybrid plasmonic-dielectric metasurfaces”, Optics Express 26, 120-129 (2018).

I3 A. Devilez, B. Stout, and N. Bonod, “Compact metallo-dielectric optical antenna for
ultra directional and enhanced radiative emission”, ACS nano 4, 3390-3396 (2010).

176§, Morozov, M. Gaio, S. A. Maier, and R. Sapienza, “Metal—dielectric parabolic
antenna for directing single photons”, Nano letters 18, 3060-3065 (2018).

77T, H. Au, S. Buil, X. Quélin, J.-P. Hermier, and N. D. Lai, “High directional radiation
of single photon emission in a dielectric antenna”, ACS photonics 6, 3024-3031
(2019).

1785, Tiwari, C. Taneja, V. Sharma, A. B. Vasista, D. Paul, and G. Pavan Kumar, “Dielec-
tric microsphere coupled to a plasmonic nanowire: a self-assembled hybrid optical
antenna”, Advanced Optical Materials 8, 1901672 (2020).

191, Sinev, 1. Torsh, A. Bogdanov, D. Permyakov, F. Komissarenko, I. Mukhin, A.
Samusev, V. Valuckas, A. 1. Kuznetsov, B. S. Luk’yanchuk, et al., “Polarization

control over electric and magnetic dipole resonances of dielectric nanoparticles on
metallic films”, Laser & Photonics Reviews 10, 799-806 (2016).

80T, Bucher, A. Vaskin, R. Mupparapu, F. J. Lochner, A. George, K. E. Chong, S. Fa-
sold, C. Neumann, D.-Y. Choi, F. Eilenberger, et al., “Tailoring photoluminescence
from mos2 monolayers by mie-resonant metasurfaces”, ACS Photonics 6, 1002—
1009 (2019).

1K, A. Sergeeva, A. A. Sergeev, O. V. Minin, and L. V. Minin, “A closer look at pho-
tonic nanojets in reflection mode: control of standing wave modulation”, Photonics
8,10.3390/photonics8020054 (2021).

821, Yue, B. Yan, J. N. Monks, R. Dhama, Z. Wang, O. V. Minin, and 1. V. Minin,
“Photonic jet by a near-unity-refractive-index sphere on a dielectric substrate with
high index contrast”, Annalen der Physik 530, 1800032 (2018).

1837, Yang, J.-P. Hugonin, and P. Lalanne, “Near-to-far field transformations for radiative
and guided waves”, ACS photonics 3, 395-402 (2016).


https://doi.org/10.3390/photonics8020054
https://doi.org/10.3390/photonics8020054
https://doi.org/10.3390/photonics8020054

	Declaration
	Abstract
	List of Publications
	Acknowledgments
	Introduction
	Spontaneous Emission
	Modifying Spontaneous Emission

	Raman Scattering
	Enhanced Raman Scattering

	Two-Dimensional Materials and their properties
	Cavity structures to modify the emission properties of TMDs
	Surface plasmon and plasmonic nano-cavity
	Dielectric micro-cavity
	Whispering Gallery mode
	Photonic Nanojet effect

	Scope and Outline of the thesis

	Experimental methods: Microscopy, Spectroscopy, and Nanofabrication
	Fourier plane Imaging
	Concept of Fourier plane imaging and its implementation in the microscopy system
	Energy momentum spectroscopy
	Micro and Nanofabrication
	Photo-lithography
	E-beam Lithography
	Thin-film deposition

	Numerical Modeling
	Mode of the Silver wire on mirror cavity:
	Near field electric field of Microsphere on mirror Cavity

	Conclusion

	Directing emission form Tungsten Disulfide Monolayer using plasmonic Nanowire-on-Mirror Cavity
	Introduction
	Experimental Methods
	WS2 Synthesis
	Optical Characterization
	AgNW-WS2-Au cavity preparation
	Experimental Setup

	Directing the emission using AgNW-WS2-Au cavity
	Polarization resolved angular emission from AgNW-WS2-Au cavity
	Polarization-resolved photoluminescence AgNW-WS2-Au cavity
	Conclusion

	Directing Tungsten Disulfide Monolayer PL using a Bent Nanowire on a Mirror Cavity
	Introduction
	Architecture of the System
	Experimental Details
	Directing the PL using B-NOM cavity
	Numerical Simulation
	Conclusion

	Beaming of Tungsten Disulfide Monolayer PL using metallo-dielectric antenna
	Introduction
	Experimental Methods
	Beaming of WS2 PL using metallo-dielectric antenna
	Conclusion

	Conclusion and Future Directions

