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Abstract

Nanopatch antennas based on metallic nanoparticles-on-mirror configuration offer great ad-
vantages as a potential source for launching surface plasmon polaritons (SPPs). In this
work, we propose a plasmonic platform consisting of gold bipyramid nanoparticles (AuBPs)
deposited over a gold thin film. A sub-10nm TiO2 gap is introduced between the two metallic
structures to prevent conductive contact. The synthesized AuBPs have the ability to support
a strong localized surface plasmon resonance along its longitudinal axis which behaves like a
radiating dipole. When the nanoparticles are brought to interact with the gold mirror, each
AuBP resembles a nanoscale nanopatch antenna with an “opening-mouth”, which allows for
effectively launching SPPs over the metallic surface around the bipyramid. In the terms of
the experiment, we employ a leakage radiation microscope working in the dark-field config-
uration to study the scattering of the antenna and also excite and collect the SPPs. Here,
we highlight the importance of the orientation effect in the optical response of the AuBPs.
A rich mode structure ranging from the visible to the near-infrared regime is opened by
tilting AuBP with one tip touching the substrate, whereas other orientations only display a
single dipolar longitudinal mode. The plasmon modes exhibit both radiative nature and are
confined within the gap. The COMSOL calculation confirmed that the plasmon gap mode
behaves similarly to the Fabry-Pérot resonances. Finally, the bipyramid nanopatch is em-
ployed to optically excite SPPs, showing that the efficiency of launching SPPs is resonantly
enhanced at the plasmon resonance wavelength of the mode. Especially, in the comparison
to the plasmon generated by scattering from a dielectric bead nanoparticle of silica on the
same gold substrate, the bipyramid nanopatch induces a greater SPPs efficiency by around
1 order of magnitude. These characteristics of the AuBP nanopatch can pave the way for
electrically driven plasmon antennas, for which many applications such as energy harvesting

or quantum information, are beneficial.



Résumé

Les antennes nanopatch basées sur une configuration de nanoparticules métalliques sur miroir
offrent de grands avantages en tant que source potentielle pour lancer des polaritons de plas-
mon de surface (SPP). Dans ce travail, nous proposons une plateforme plasmonique constituée
de nanoparticules en fame de bipyramide d’or (AuBP) déposées sur un film mince d’or. Une
couche de TiO2 inférieure a 10 nm est introduite entre les deux structures métalliques pour
empécher le contact conducteur. Les AuBPs synthétisées ont la capacité de supporter une
forte résonance plasmonique de surface localisée le long de son axe longitudinal qui se com-
porte comme un dipole rayonnant. Lorsque les nanoparticules sont amenées a interagir avec
le miroir d’or, chaque AuBP ressemble a une antenne nanopatch a ’échelle nanométrique
avec une ~ouverture”, qui permet de lancer efficacement des SPP sur la surface métallique
autour de la bipyramide. Dans nos expériences, nous utilisons un microscope a fruites radia-
tives fonctionnant dans la configuration de fond noir pour étudier la diffusion de 'antenne et
également exciter et collecter les SPP. Ici, nous soulignons I'importance de I'effet d’orientation
dans la réponse optique des AuBPs. Une structure de mode riche allant du régime visible
au proche infrarouge apparait en inclinant ’AuBP quand la pointe touche le substrat, tandis
que d’autres orientations n’affichent qu'un seul mode longitudinal dipolaire. Les modes de
plasmon présentent a la fois une nature radiative et sont confinés dans l'espace. Le cal-
cul COMSOL a confirmé que le mode gap plasmon se comporte de maniere similaire aux
résonances de Fabry-Pérot. Enfin, le nanopatch bipyramide est utilisé pour exciter optique-
ment les SPP, montrant que l'efficacité du lancement des SPP est améliorée a la longueur
d’onde de résonance du mode. En particulier, en comparaison avec le plasmon généré par
diffusion a partir d’'une nanoparticule de billes diélectriques de silice sur le méme substrat
d’or, le nanopatch bipyramide induit une plus grande efficacité des SPP d’environ 1 ordre
de grandeur. Ces caractéristiques du nanopatch AuBP peuvent ouvrir la voie a des antennes
a plasmon a commande électrique, pour lesquelles de nombreuses applications telles que la

récupération d’énergie ou I'information quantique, sont bénéfiques.
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Introduction

Plasmonic antennas are analogs of radio antennas that transfer electromagnetic energy from
free space to localized fields, and vice versa. The attractiveness of plasmonic nanostruc-
tures is the ability to concentrate light into deep sub-wavelength volumes and offer relative
broad optical resonances while plasmons can propagate over micrometer distances. Plasmonic
nanoantennas are pervasive in various domains of modern technologies, ranging from sub-
nanometer resolution optical imaging, quantum information processing, energy harvesting,
and conversion, to biological sensing [1]. For instance, recent advances in nanofabrication al-
low to couple a single emitter into metallic nanostructures, thus increasing the spontaneous
emission rate of the emitter, making it becomes a reliable ultrafast photon source [2]. A
promising route towards using advantageously plasmonics to construct optically thick but
physically very thin photovoltaic absorbers for solar energy harvesting [1]. To bring plas-
monic antennas into the practical realm, it is critical to optimize the energy transfer between
a localized source and the free-space radiation. Several challenging requirements must be met,
including large local density of optical states (LDOS) enhancement, good photon-radiation

efficiency, and the ability to control the emission direction.

A single metallic nanoparticle with sharp corners can strongly confine light to volume
with dimensions in the range of 10-100nm [3]. Even more tightly confined fields — on the
scale of sub-10nm — can be achieved by coupling nanoparticle plasmons together in a dimer
configuration. However, a major challenge is to separate individual nanostructures precisely
and reproducibly in the subnanometer scale. An alternative promising route toward control-
ling plasmonic gaps is provided by nanopatch antennas in a nanoparticle-on-mirror (NPoM)
configuration, where a metallic nanoparticle is separated from a metallic film by a thin di-

electric layer, which behaves similarly to a dimer of nanoparticles [4]. The attractiveness



of the plasmonic nanopatch or NPoM is that large numbers of plasmonic nanogaps can be
fabricated in a controllable and reproducible manner, and thus extend their uses in various

practical applications.

Generally, the optical response of the nanopatch based on nanoparticle-on-mirror geom-
etry is strongly modified by the exact geometry of the overlying particle, especially by the
bottom facet that contacts the underlying metallic film. Nanospheres and nanocubes are the
most extensively used and studied to produce the gap plasmon for the patch antenna, thanks
to their symmetrical geometry. However, when it moves to less symmetrical particles, more
degrees of freedom are required to be controlled. In the framework of this Thesis, we aim to
study a new kind of nanopatch antenna made from gold bipyramid nanoparticles (AuBPs)
placed separately above a thin gold film, focusing on investigating one of the most crucial
degrees of freedom induced by the elongated shape of particle: its 3D orientation. The op-
tical responses of a single AuBP have been well studied in the team previously [5], showing
that that particle has the ability to support strongly localized surface plasmon resonances
along its longitudinal axis and allow to tingly confine field around its sharp tip ends. In
our work, we harvest these distinctive characteristics of the individual AuBPs and couple
them to the metallic film, from which a rich optical response hybridized between confined
gap plasmon and radiating localized plasmon is opened. This structure is then employed to

optically excite surface plasmon polaritons propagating on the gold film.

In Chapter 1, we set out the basic concepts of surface plasmon polaritons. We begin this
chapter with fundamental discussions of the interaction of light and metals, where their ability
to confine light below the diffraction limit is highlighted. Subsequently, both propagating and
localized surface plasmon at the planar and confined metallic structures is presented, which

provides a profound understanding of the plasmon hybridization in the following chapter.

In Chapter 2, we investigate numerically the surface plasmon hybridization in alternative
multilayers of dielectric/metal by using a dipole as a probe. We start by showing how we can
use the classical approach to study the spontaneous emission of the dipole. The optical modes
supported by the multilayer metallic structures are then identified from the spatial spectrum
of the dissipated power of the dipole. In this Chapter, we mainly focus on a practical long-

range surface plasmon device and alternative N-stacks of metallic and insulator thin film.
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Excitation and collection of surface plasmon can be done in the far field. In Chapter 3,
we present the experimental methods that are employed to investigate the optical responses
of the nanopatch. In which, a dark-field microscope equipped with Fourier-plane filtering to
measure scattering spectra of the nanoparticles. Besides, the leakage radiation microscope is
applied to efficiently collect the SPPs.

Owning to the elongated geometry, the random deposition of bipyramid nanoparticles
on a flat substrate can induce many orientations of the particle, which as will be shown
later results in significantly different optical responses. Chapter 4 is therefore dedicated to
presenting the measurement of the 3D orientation of the bipyramids on the glass substrate.
The orientation is measured by polarization analysis of the longitudinal localized surface
plasmon resonance of the bipyramid, which behaves like a linear dipole. We demonstrate
that the bipyramids display two main orientations: lying horizontal to the surface or tilting
with a tip touching the surface.

In Chapter 5, we introduce the opening-gap nanopatch antenna which consists of bipyra-
mids deposited separately on the gold film by a dielectric spacer. We prove explicitly that
tilting bipyramids on the surface can enhance the interaction strength of the particles and
the underlying substrate, from which various optical modes are opened with interesting be-
haviors: radiative and confined inside the gap like Fabry-Pérot resonances. The nature of
these plasmon modes is identified with the support of the COMSOL simulation.

The SPPs can offer great potential for various photonic applications thanks to their ability
to concentrate light in space in time. In Chapter 6, we therefore employ scattering from the
bipyramid nanopatch antenna to optically launch SPPs. Besides fundamental properties of
the SPPs such as propagation length or dispersion are well characterized, we also measure
the SPP emission efficiency of the antenna and seek to comparison to a dielectric nanobead.
The physical mechanisms involved in generating SPPs also will be discussed.

The results in this Thesis demonstrate the potential of the opening-gap plasmon antennas
based on gold bipyramids to confine light to the nanoscale and convert it into desired output
channel of SPPs. Such properties may be utilized as a flexible platform for surface energy
transfers over a long distance and in a very short time, which can be applied in perspective

to various practical fields such as sensing, photovoltaics, and optoelectronic devices.



Résumé substantiel en francais

Les antennes plasmoniques sont analogues aux antennes radio qui transferent 1’énergie électromagnétique
de I'espace libre vers des champs localisés, et vice versa. L’attrait des nanostructures plas-
moniques est la capacité de concentrer la lumiere dans des volumes profonds de dimensions
sub-longueur d’onde et d’offrir des résonances optiques relativement larges tandis que les plas-
mons peuvent se propager sur des distances micrométriques. Les nanoantennes plasmoniques
sont omniprésentes dans divers domaines des technologies modernes, allant de 'imagerie op-
tique a résolution inférieure au nanometre, du traitement de l'information quantique, de la
récupération et de la conversion d’énergie, a la détection biologique [1]. Par exemple, les
progres récents en nanofabrication permettent de coupler un seul émetteur dans des nanos-
tructures métalliques, augmentant ainsi le taux d’émission spontanée de ’émetteur, ce qui
en fait une source de photons ultra-rapide fiable [2]. Une voie prometteuse est 1'utilisation
avantageuse de la plasmonique pour construire des absorbeurs photovoltaiques optiquement
épais mais physiquement tres fins pour la récupération de 'énergie solaire [1]. Pour amener
les antennes plasmoniques dans le domaine pratique, il est essentiel d’optimiser le transfert
d’énergie entre une source localisée et le rayonnement en espace libre. Plusieurs exigences
difficiles doivent étre satisfaites, notamment une amélioration de la grande densité locale
d’états optiques (LDOS), une bonne efficacité du rayonnement photonique et la capacité de

controler la direction d’émission.

Une seule nanoparticule métallique aux angles vifs peut fortement confiner la lumiere
dans un volume dont les dimensions sont comprises entre 10 et 100 nm [3]. Des champs
encore plus étroitement confinés - a ’échelle inférieure a 10 nm - peuvent étre obtenus en
couplant des plasmons de nanoparticules ensemble dans une configuration dimere. Cepen-

dant, un défi majeur consiste a séparer les nanostructures individuelles de maniere précise
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et reproductible dans le régime subnanométrique. Une voie alternative prometteuse vers le
controle des lacunes plasmoniques est fournie par les antennes nanopatch dans une configura-
tion de type nanoparticules sur miroir (NPoM), ot une nanoparticule métallique est séparée
d’un film métallique par une fine couche diélectrique, qui se comporte de maniere similaire
a un dimere de nanoparticules [4]. L’attrait du nanopatch plasmonique ou NPoM est qu’un
grand nombre de nanogaps plasmoniques peuvent étre fabriqués de maniere controlable et

reproductible, et ainsi étendre leurs utilisations dans diverses applications pratiques.

Généralement, la réponse optique du nanopatch basée sur la géométrie des nanopartic-
ules sur miroir est fortement modifiée par la géométrie exacte de la base géométrique de la
nanoparticule, en particulier par la facette inférieure qui entre en interaction avec le film
métallique sous-jacent. Les nanospheres et les nanocubes sont les plus largement utilisés et
étudiés pour produire le plasmon gap pour ’antenne patch, grace a leur géométrie symétrique.
Cependant, lorsqu’il se déplace vers des particules moins symétriques, plus de degrés de liberté
doivent étre controlés. Dans le cadre de cette these, nous visons a étudier un nouveau type
d’antenne nanopatch fabriquée a partir de nano-bipyramides d’or (AuBP) placées séparément
au-dessus d'un mince film d’or, en nous concentrant sur ’étude de I'un des degrés de liberté
les plus cruciaux induits par la forme allongée de particule : son orientation 3D. Les réponses
optiques d'une seule AuBP ont été bien étudiées dans 1'équipe précédemment [5], montrant
que cette particule a la capacité de supporter des résonances de plasmon de surface fortement
localisées le long de son axe longitudinal et de permettre de confiner le champ autour de ses
extrémités pointues. Dans notre travail, nous utilisons ces caractéristiques distinctives des
AuBP individuels en les couplant au film métallique, a partir duquel une réponse optique
riche hybride entre le plasmon a espace confiné et le plasmon localisé rayonnant est atten-
due. Cette structure est ensuite utilisée pour exciter optiquement des plasmons polaritons

de surface se propageant sur le film d’or.

Dans le chapitre 1, nous exposons les concepts de base des polaritons des plasmons de
surface. Nous commencons ce chapitre par des discussions fondamentales sur I'interaction de
la lumiere et des métaux, ou leur capacité a confiner la lumiere en dessous de la limite de
diffraction est mise en évidence. Par la suite, le plasmon de surface se propageant et localisé

au niveau des structures métalliques planes et confinées est présenté, ce qui nous permet de
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fournir une compréhension approfondie de 'hybridation du plasmon dans le chapitre suivant.

Dans le chapitre 2, nous étudions numériquement 1’hybridation des plasmons de surface
dans des multicouches alternatives de diélectrique/métal en utilisant un dipole comme sonde.
Nous commengons par montrer comment nous pouvons utiliser 'approche classique pour
étudier I’émission spontanée du dipdle. Les modes optiques supportés par les structures
métalliques multicouches sont alors identifiés a partir du spectre spatial de la puissance
dissipée du dipole. Dans ce chapitre, nous nous concentrons principalement sur un dispositif
pratique a plasmons de surface a longue portée et sur des piles N alternatives de couches

minces métalliques et isolantes.

L’excitation et la collection des plasmons de surface peuvent se faire en champ lointain.
Dans le chapitre 3, nous présentons les méthodes expérimentales utilisées pour étudier les
réponses optiques du nanopatch. Un microscope a champ noir utilisant la manipulation du
plan de Fourier a été mis en place pour mesurer les spectres de diffusion des nanoparticules.

En outre, le microscope a fuite radiative nous permet pour collecter efficacement les SPP.

En raison de leur géométrie, le dépot aléatoire des bipyramides sur un substrat plat peut
induire de nombreuses orientations des particules, ce qui, comme on le verra plus loin, se
traduit par des réponses optiques significativement différentes. Le chapitre 4 est donc con-
sacré a la présentation de la mesure de 'orientation 3D des bipyramides a 1’échelle individuelle
sur substrat de verre. L’orientation est mesurée par une analyse fine de la polarisation diffusée
par la résonance plasmon longitudinale de la bipyramide. Cette réponse peut étre modélisée
comme un dipole linéaire. Nous démontrons que les bipyramides affichent deux orientations
principales : couché horizontalement a la surface ou inclinée avec une pointe touchant la

surface.

Dans le chapitre 5, nous introduisons ’antenne nanopatch a ouverture de gap formée par
des bipyramides déposées séparément d'un film d’or par une fine couche diélectrique. Nous
prouvons explicitement que I'inclinaison des bipyramides sur la surface peut améliorer la force
d’interaction des particules avec le substrat sous-jacent, a partir de laquelle différents modes
optiques sont créés avec des comportements intéressants : radiatifs et confinés a l'intérieur
de l'entrefer comme les résonances de Fabry-Pérot. La nature de ces modes plasmons est

identifiée a Paide de la simulation COMSOL.
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Les SPP peuvent offrir un grand potentiel pour diverses applications photoniques grace a
leur capacité a concentrer la lumiere dans I'espace et dans le temps. Dans le chapitre 6, nous
utilisons donc la diffusion de I’antenne nanopatch bipyramide pour lancer optiquement les
SPPs. Outre les propriétés fondamentales des SPP telles que la longueur de propagation ou
la dispersion sont bien caractérisées, nous mesurons également 'efficacité d’émission SPP de
I’antenne et cherchons a la comparer a une nanobille diélectrique de silice. Les mécanismes
physiques impliqués dans la génération des SPP seront également discutés.

Les résultats de cette these démontrent le potentiel des antennes a plasmon a ouverture
de gap basées sur des bipyramides d’or pour confiner la lumiere a 1’échelle nanométrique et
la convertir en canal de sortie souhaité de plasmon de surface. De telles propriétés peuvent
étre utilisées comme plate-forme flexible pour les transferts d’énergie de surface sur une
longue distance et en tres peu de temps, qui peuvent étre appliquées en perspective a divers
domaines pratiques tels que la spectroscopie, la détection, le photovoltaique et les dispositifs

optoélectroniques.
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Chapter 1

Surface Plasmon Polaritons

As the ultimate gold of this work is to investigate the optical response of a plasmonic struc-
ture that hybrids between the nanoparticle and metallic film, it is necessary to begin with
the properties of the individuals. This Chapter thus aims to provide the underlying theory
of light-metal interaction. It begins with a basic description of the optical response of bulk
metal, discussing both pros and cons of using metallic material for light confinement. From
there, the propagating surface plasmon polaritons (SPPs) at a single dielectric/metal interface
and their hybridization in the three-multilayer structures will be considered. On the other
hand, the confinement of the surface plasmon in the nanoparticles of the finite dimensions
yields distinctive optical spectra through the phenomenon of localized surface plasmon reso-
nance (LSPR). The quasi-static approximation and Mie theory will be discussed to introduce

the basic theory of localized surface plasmon resonance.
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1.1 Metals and Light: Material perspective

1.1.1 Dielectric function of bulk metals

The optical response of the metal can be described by its dielectric functions, which reflect
its electronic structure. We follow Drude [6] in making a simple model studying the collective
response of metal in interaction with light. Classically, the metal is constructed from a lattice
of stationary periodic ions with conduction electrons freely moving around. The free electrons
of density N, (number of electrons per unit volume in the undisturbed state, N, ~ 107 cm ™3
[7]) are treated as classical particles, which have a given mass m,, elementary charge e, and

moving with velocity v. The Drude model solves the motion of the free electrons induced

by the applied electromagnetic (EM) field with harmonic time dependence E(t) = Ege™™!
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CHAPTER 1: SURFACE PLASMON POLARITONS

using Newton’s equation. The model approximates that the electrons are not subjected to
magnetic forces and electric fields from other electrons (i.e., no restoring force or potential
energy is zero). During the movement of the electrons under the EM field, they are damped
via collisions with other particles (electrons, ions, defects) at an average rate of v,. The
equation of motion for one electron can be expressed as:

ﬁ B ~ dx

Me— = —eE(t) — Mo (1.1)

As the driving field is the harmonic oscillation and without restoring force, the electron
also oscillates at the same frequency w as the incident field; its position is defined as Z(t) =
—iwt

Zoe ™. Replacing the exponential expression of the #(¢) and E (t) into the equation 1.1, we

found the position of the electron displaced by the incident field as:

(& —

E(t) (1.2)

Z(t) = —————
*) me(w? + iwyo)

For one electron, its charge displacement induces a dipole with a moment p = —eZ. In
the case of many electrons with the number density N, all of them will contribute to the

macroscopic polarization P of the metal and are given by

N, e? o

P=Nj=— E(t) (1.3)

me(w? + iwyp)

To find the dielectric function of the material, we recall the basic definitions of the macro-
scopic polarization P and electric displacement D of a linear, isotropic, and nonmagnetic
medium: P = egxE and D = egE 4+ P = goe(w)E, with e(w) = y +1 is the relative dielectric
function of the metal and y is the dielectric susceptibility, ¢y is the electric permittivity ! of

vacuum. We identify the Drude dielectric function of the bulk metal as

2

D p
w)=1———"—— 1.4

where wf, = ?ge—n‘f is the plasma frequency — a natural frequency of a local charge density

leg = 8.854 x 10712 F/m
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1.1. Metals and Light: Material perspective

(plasma electrons) that oscillates collectively in response to a fluctuation [8], which is as
shown depending on the electron density. From the complex expression of the dielectric

function ¢,(w), we derive its real and imaginary part in the condition of small damping

Yo K w as , ,
w w
Rele’(w)] =1~ "5 ~1-—
w* + 7 w
o y (1.5)
I D = p %_p
mle” (w)] (@ T 2) o3 0

Behavior of the Drude dielectric function
Roughly, in the case of simple metals, Drude model can successfully interpret the optical

properties of metals such as

e For w < w, and is very close to w,: the real part of e”(w) is predominant and negative,
resulting in a complex wavevector of light in metal k = £ \/Ww /c. This means that
the light is evanescent inside metal and cannot go through that is strongly reflected at
the interface. This also explains why gold and silver are good optical reflectors in the

visible to mid-infrared regions since their plasma wavelength is A\, = 27¢/w, ~ 200nm.

e For w = w,: the real part of e”(w) is equal zero. This means that all the electrons
oscillate in phase throughout the metal propagation length. This oscillation is known

as plasma oscillation.

e For w > w,: the e”(w) is almost real and positive. Therefore, the light can propagate

through the metal, making it being transparent.

Dielectric function of noble metals

The description of the optical response of metals by Drude model is only valid for photon
energies below interband transition of metal, which will be discuss in more detail later.
Intuitively, Drude model is not adequate at the large frequency (w >> w,) because electrons
are not completely free anymore, i.e. their energy band structure is not perfectly a parabolic
[10]. Figure 1.1 displays a comparison between the dielectric function of gold and silver
calculated by the Drude model and those measured by Johnson and Christy [11]. As can be
seen in the imaginary part of e”(w), the validity of the Drude model curve breaks downs at

the occurrence of interband transitions: Erp (gold) ~ 2eV (650nm) and E;p (silver) ~ 4eV
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Figure 1.1: Real (¢;) and imaginary (e;) parts of dielectric function of gold and
silver. Solid lines are the Drude model and squares are experimental measurement of Johnson
and Christy. hw;p is the interband transition threshold. Source: E.Cottantin et al. [9]

(330nm). Therefore, to calculate the dielectric function of the noble metals at energy above
FErp, we need to take the interband transition into account. The dielectric function then has

an additional term /7 [6, 9]:

R | (1.6)

Here, €2 is related to interband transition, which mostly accounted of the contribution

of the d-core electrons [6].

1.1.2 Light confinement in metals

Light emission plays an instrumental role in ant areas where advanced technological applica-
tions are desired. In general, the interaction of light with single emitters, such as molecules or
nanocrystals, is inefficient because of the dimension mismatch between the point-like charac-
ter of such emitters and the limit-diffraction light beam. Light confinement at the nanoscale

is thus the fundamental role of nanophotonics.
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1.1. Metals and Light: Material perspective

From a material perspective, there are two strategies for the light localization using: (i)
high-index dielectrics or (ii) negative-permittivity materials such as metals or doped semi-
conductors. Using the high-index dielectric materials allows for reducing the wavelength
to A\/n, with n ~ 3 (Si, Ge, GaP,..) [12, 13], which is usually prevented by the limit of
diffraction (this might be broken down by the nanoscale dielectric discontinuities [14, 13]).
On the other hand, metals allow light concentration beyond the diffraction limit by coupling
electromagnetic fields to the large momentum of the conduction electrons. This diffraction
limit beating also can be interpreted from an energy conversation point-of-view based on the
work of J.Khurgin [15], as illustrated in Figure 1.2.

Here, the light oscillates inside the finite dimension materials which is considered as an
optical resonator. For dielectrics with refractive index n (Figure 1.2 a and b), depending on

the resonator’ size a, the electric or magnetic fields might have different harmonic spatial

dependence
— — . -2 — — . - 27 )\
E = Eoefzwtez%z, H = Hoefzwtez%z (CL > _)
273 (1.7)

L L
E = Ege ™'¢'a*,  H = Hpe ™e'e*  (a< o
n

For the resonator size beyond the limit of diffraction (@ > 2), from the two first Maxwell’s
equations VH = £0E /0t and V x E = —pdH /0t, we can find a similar relation between the
magnetic and electric fields as H = \/5/_,uE, resulting in an equal average electric field and
magnetic energies: ugp = % =uy = “TH2 This means that the energy inside the resonator
converts between the electric energy ur and magnetic energy ugy, which is analogous to
the energy transformation between the kinetic energy and potential energy in a mechanical
harmonic oscillator for “self-sustaining oscillation”.

For the dielectric resonator with sub-wavelength size, resolving the first Maxwell’s equa-
tion gives H = /\/L%\/E/_,LLE, which is much smaller than E due to a < A. Subsequently,
the magnetic energy is also much smaller than electric energy uy < ug, the self-oscillation
cannot be maintained, hence the energy is dissipated outside the resonator as expected from
the diffraction limit. Besides, since the magnetic field is so small, the second Maxwell’s equa-

tion requires that the electric field must be irrotational, resembling an electrostatic field at

a sub-wavelength regime.
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Figure 1.2: Energy balance in photonic and plasmonic structures.(a) Optical res-
onator size a > \/2n, energy converts between electric ug and magnetic energy uy in order
to self sustain osicillation. Below the limit of diffraction:(b) magnetic energy of dielectric
resonator is too small, the energy is dissipated outside the resonator; (c¢) metallic resonator
of sub-wavelength dimension can beat the diffraction limit by storing energy in the kinetic
energy of free carriers. Source: J. Khurgin [15].

In contrast, the metallic resonator can store the dissipated energy below the diffraction
limit in the form of the kinetic energy of the free electrons, which can be quantified by the
Drude model (Figure 1.2¢). In response to the applied EM field, the movement of electrons
introduces an internal current density j’: —N,ev' which delivers a power P; =1/ 2Re(]’ﬁ*).
This power is associated with the rate change of the kinetic energy of the free electrons

2. Assuming the damping is small 7y < w we can find the average kinetic energy uyx =

2the potential energy is zero
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1.1. Metals and Light: Material perspective

1/2mv? =~ %50:—§E2 . Therefore, at a certain frequency w, the ug can compensate for the
small magnetic energy and make a balanced exchange with the electric energy ug. In other
words, in metals, the energy coherently oscillates between the electric and kinetic energy
of free electrons, and thus allow the light to be stored its electric energy at below limit of
diffraction.

For example, Figure 1.3 shows state-of-art optical cavities made from dielectric or metalic
of different structures used to boost light-matter interaction (accelerating the spontaneous
emission rate of emitters for example). Comparisons between cavities are based on two
figure-of-merits: (i) the time of the photon is trapped inside the cavity characterized by the
quality factor ) = w/Aw (Aw is the spectral width of the resonance) and (ii) the optical
mode volume V., allows to confine the light. A combination of a large quality factor and
a small volume mode is thus essential for enhancing light-matter interaction. The dielectric
cavities can offer huge @ values (10 — 10%) by trapping photons traveling back and forth
in between Bragg mirrors of the Fabry-Pérot cavity [16, 17], or moving circularly inside
the whispering gallery resonator (spheres or toroids) [18, 19], or making its slowdown in
the dielectric band gap of photonic crystals [20]. In turn, the reduction of mode volume is
prevented by the diffraction limits. As a counterpart, the metallic cavities allow localized the
field into deep-subwavelength volume near the tips of elongated nanoparticles [21] or inside
the gap structures [22, 23]. However, this success comes at a price of a low-quality factor due

to strong losses.

1.1.3 The loss in metal

As discussed above, free electrons in metals can drag photons below the diffraction limit
by storing their electric field energy in the kinetic energy, which however can get lost via
dissipative damping of electron motion. Consider a simplified energy band structure that
results from the outer elections of metals in Figure 1.4, from which the hybrid ns — p band
is separated spatially from the (n — 1)d band.

The ns — p band is only partially filled (conduction band), all below the Fermi level of
energy Epr — the highest energy that electrons can occupy at OK. By absorbing photons, the

electrons from the unoccupied states inside ns — p band can be promoted into the unoc-
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Figure 1.3: Cavities for enhanced light-emitter interaction. Upper row: dielectric
microcavities provide high quality factor () but usually, they can only focus light in the scale
of wavelengths. Lower row: plasmonic resonators/cavities hold the modest value of @) but the
light is confined to the deep sub-wavlength volume V.;r. Adapted from [24, 18, 20, 21, 23, 22]

cupied region above the Fermi level and move almost freely throughout the crystal. Such
optical transitions are called intraband transitions and take place in the visible and near-IR
range, which will be the most interesting in the works that follow. However, because electron
momentum is much larger than that of photons, the absorption loss during the intraband
transitions is thus unavoidable due to the momentum conservation. The absorption can be
assisted by several processes such as (i) phonons accompanied by the generation of “hot”
electrons and holes (i.e. charge carriers with significant additional energy before they ther-
malize via scattering [15]), (ii) electron-electron scattering that many carriers might involve in
dissipating photon energy, and (iii) direct absorption induced by large momentum of tightly
confined plasmon mode when the particle size a < A\/2 (Landau damping). In addition,

if a sufficiently energetic photon is absorbed, electrons from the fully filled (n — 1)d band
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1.2. Surface plasmon polaritons at a single interface

intraband transiti

interband transition

Figure 1.4: Optical transitions of the noble metals with schematic dispersion rela-
tion of (n-1)d band and ns-p band. Intraband transitions take place inside ns — p band,
whereas the interband transitions between the (n — 1)d band and conduction band requires
an energy threshold Q5. Adapted from J. Khurgin [15].

(valence band) can be excited to the unoccupied levels of the ns-p band. This band-to-band
transition is a so-called interband transition that requires a photon’s energy larger than the
energy threshold F;p = hf);g. For example, the interband transition becomes significant
around 650nm (Erg ~ 2eV) for gold and 300nm (E;z ~ 4eV) for silver [9].

In conclusion, loss in metals is an unavoidable process, that can affect the performance
of metallic devices in applications that ask for high efficiency of emissions such as single-
photon light sources, solar cells, or sensing. However, the generation of the hot carriers
assisted absorption can be harvested for productive purposes such as acceleration of chemical

reactions [25, 26].

1.2 Surface plasmon polaritons at a single interface

Above we have considered the optical response of bulk metals, noticing that the bulk plas-
mons (only exist at £(w,)=0) are naturally longitudinal waves that cannot be excited to the

transverse field of light. However, when it comes to a dielectric/metallic interface, the light
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CHAPTER 1: SURFACE PLASMON POLARITONS

waves can couple to the conductive electrons forming a hybrid surface mode. In this interac-
tion, the free electrons near the surface oscillate collectively in resonance with the light wave,
which are termed surface plasmon polaritons (SPPs) reflecting their hybrid nature. The
SPPs are confined below the diffraction limit in the direction perpendicular to the interface
while propagating in a long distance of micrometric scale along the surface). This fascinating
characteristic of SPPs was first highlighted by Wood in 1902 [27].

The aim of this section is therefore to characterize the SPPs in terms of their dispersion
relation (i.e., the frequency-dependent surface plasmon wavevector) and spatial profile, start-
ing by identifying the conditions from which the surface plasmon modes can exist. These
can be deduced by solving Maxwell’s equations under the appropriate boundary conditions

at the interface.

dielectric g4

Figure 1.5: Schematic representation of a surface plasmon propagating along the
dielectric interface/metal. ¢, and €, (w) are the relative dielectric function of the dielectric
and metal, respectively.

We consider a simple geometry that can support SPPs: a flat dielectric/metal interface,
as schematized in Figure 1.5. A dielectric of negligible with positive dielectric constant £4 > 0
is located in z > 0 and a metal with a complex dielectric function &,,(w) is located in z < 0.
The interface is set in a plane at z = 0. We simplify the problem to one-dimension surface
wave, i.e., the waves propagate along the x-axis (0/0x = ikj), and no spatial variation in
the y-axis (9/dy = 0). Here, kj = \/kZ + k2 is the in-plane wavevector, which is necessarily

conserved across the interface and therefore

kit + k7, = ejkd (1.8)
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1.2. Surface plasmon polaritons at a single interface

where j = d, m denotes for the dielectric and metal media, k;, z is normal component of the
wavevector and kg is the wavevector of light in the vacuum.
Conditions to sustain SPPs at the interface

In order to find the condition that excitation can couple to SPPs; we seek the solutions
of the Maxwell’s equations for a homogeneous medium in the absence of the external charges

and current density, yielding to the wave equation of the electric field [7]:
V2Ej + k85jﬁj =0 (19)

Naturally, a similar equation exists for the magnetic field H
we derive the fields in tow sets of polarization: transverse magnetic mode (p-polarization)
and transverse electric mode (s-polarization), and then apply the boundary conditions at the

interface.

e s-polarization excitation: only components H,, H., and £, are nonzero.

The electric and magnetic fields in each half-space medium can be expressed for s-

polarization as

—

Ej _ e_i(wt_kl|$)€ikj’ZZEj7y€y, Hj _ e—i(wt—kuw)eikj,zz(Hj’zé»r + ijzé'z) (110)

The one-dimension propagating surface wave problem allows to simplify the Maxwell

equation V X E = —%—? into- the relation % = —iwpgH,. On the other hand, the

continuity at the interface of the in-plane components of the electric and magnetic fields

requires:
0E, oF
E z= :Em 2=0; —’yz: = L z= L.11
iolem0 = Bmalemo 5 %]mo = S22, (1.11)
which are respectively equivalent to conditions
Edvy - Em,y> kd,ZEd,y - km,zEm,y (112)

These conditions are not fulfilled, excepted for £y, = E,,, = 0. Therefore, the surface

plasmon at the interface cannot be excited by the s-polarization
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e p-polarization excitation: only components E,, F., and H, are nonzero. The electric
and magnetic fields in each half-space medium can be expressed for the p-polarization

as
—i(wt—k)x) jik; .2 = > —i(wt—Fk)x) jik; .2 >
Ej =e ( I )6 > (Ej,zel, + E}-}ZGZ)7 ]J] =e ( I )6 h ijyey (113)

In the absence of the external charges in each medium, we have V.D = 0: kEj. +
k;.E;. = 0. On the other hand, the continuity of the in-plane component of E and
normal component of D imposes two boundary conditions at z = 0:Ey, = F,,, and
calla, = emE .. Combining these three equations, we obatain the final condition for
the p-polarization excitation

= 1.14
T (1.14)

This condition can be fulfilled by the two media have opposite signs of their relative
permittivity such as dielectric/metal or dielectric/doped semiconductor. In terms of
the excitation, we can conclude that the SPPs at the interface are essential to be excited

by the p-polarization.

Dispersion relation of surface plasmon polaritons
By introducing the relation 1.14 into the equation kf + k7. = £;kg, we can obtain the

dispersion relation of SPPs, which is expressed by a function

w EdEm
kspp = —,/ 1.15
SPP - cqt e ( )

For limit of low damping (implying I'm(e,,) = 0), we can plot the dispersion relation

between angular frequency w and the real part of k|, as shown in Figure. We can see that
for small kj corresponding to low frequencies (wavelength in mid-infrared and higher), the
dispersion curve of SPPs is close to the respective light line of the dielectric w = \/%—dk(y When
k) increases, the SPPs dispersion is more separated from the light line and it asymptotes to a
frequency wgp = \/f—%d as k| — 0o. The wgp is called the surface plasmon frequency. Besides,

the SPP dispersion is nearly flat for very large k|, the group velocity is thus v, = dw/0k — 0,

which means that the photons are dragged to be slowdown at the interface and the mode
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Figure 1.6: SPP dispersion relation. The dispersion of SPP (red curve) is below the light
cone, i.e., the propagating regimes, of the light line (black line).

thus acquires electrostatic character [7].

The most important feature of the SP dispersion relation is that for a given frequency,
the dispersion curve of SPPs is always under the respective light line of the dielectric. In
other words, the momentum of the SPPs hkgspp is always greater than that of a free-space
photon at the same energy, hki,. (Kine is the free-space wavevector). This implies that the
SPPs at the interface cannot be directly excited from free-space waves of the corresponding
dielectric medium. Instead, special phase-matching techniques are required to provide ad-
ditional momentum if the light is to be used to generate SPPs. There are three common
optical techniques have been used to increase the momentum: (i) prism coupling [28, 29],
(ii) grating coupling [30] (periodic configuration is patterned in the metal’s surface), or (iii)
near-field coupling induced by local scatters (i.e., particle or holes) [31, 32]. In this work, the
techniques used for the excitation of SPPs will be discussed in more detail in Chapter 3.
Propagation length of SPPs

Owning to the losses arising from the absorption of the metals, the SPPs are gradually
damped during propagating over the interface. The attenuation of the plasmon intensity

along the x-axis is linked to imaginary part of kspp as

Ispp = Ipe 2Imikser)e (1.16)

The propagation length is thus defined as the distance at which the plasmon intensity decayed
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Figure 1.7: Propagation of SPPs (a) attenuation of plasmon intensity along the surface
and (b) evanescence of field inside the media along the perpendicular z-direction.

to 1/e of its initial value (see Figure 1.7a) and can be given by

1

L = —
spp 2]m(k5pp)

(1.17)

Here, the imaginary part of kspp can be calculated by introduce the complex ¢,,(w) of metals
into equation 1.15. Therefore, the propagation length of SPPs is mainly dictated by the loss
in metals which is responsible by the imaginary part of its permittivity. For example, in
the visible regime, the smooth surface of silver can support long propagation lengths in the
range of 10-100pm due to its low losses, which is 1 order of magnitude greater than relative

absorbing metal such as aluminium [33].

In terms of time domain, we also can define the decay time of SPPs as 7¢pp = Lff’ L=
g

21
wspp

, with wgpp is the imaginary part of the SPP frequency, which can be deduced from
the complex kspp. The decay time of a dielectric/metal interface is usually in the order of
10-100fs [34, 35|, which can propel their use in various applications.
Extension of field inside the media

The characteristic of the surface waves requires the electric field to be strongly confined
near the surface and evanescent decay perpendicularly away from it, which is expressed by
the term e~ %=l in the field equation. The reciprocal values §; = 1/|k;.|,which corresponds
to the z-distance at which |E,| decayed by 1/E (see Figure 1.7b), can determine the spatial
extension or the confinement of the fields perpendicular to the surface. This is so-called

evanescent decay length.
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1.3. Plasmon hybridization in planar structures

From the conversion relation of the in-plane wavevector k‘ﬁ + kfz = ¢;kZ, we can deduce

the decay lengths of SPPs inside the dielectric and respectively are:

A |lea+ Re(en)|
a 21 63
(1.18)

Because of |e,,] > |e4], the field penetrates more inside the dielectric half-space. Typically,
the decay length 04 into the dielectric is in the order of half wavelength, whereas the decay

length into metal is associated with the skin depth at room temperature d,, ~ 25nm. [7].

1.3 Plasmon hybridization in planar structures

In the previous section, we have seen that a single dielectric/ metal interface can support
surface plasmon which propagates along the interface while remains confined with a perpen-
dicular component field near the surface. When the SPPs from two individual interfaces
are brought near together (separated distance should be smaller than attenuation length
of SPPs ¢ inside the overlapping medium), they can couple and results in hybrid plasmon
modes. Typically, the planar structures that support the hybrid plasmon modes are based on
two fundamental structures: (i) insulator-metal-insulator (IMI) layers or (ii) metal-insulator-
metal (MIM) layers. The goal of this section is therefore to show how the SPPs of each single
interface interact and to give the main characteristics of the new modes that arise from the
SPPs coupling.

We consider three-layer structures consisting of a thin slab of thickness ¢ sandwiched
between two infinite cladding made from the same material, as shown in Figure 1.8. The rel-
ative dielectric functions of the cladding and slab respectively are €, and ¢., which necessarily
have opposite signs in order to support SPPs. Depending on the structure, the cladding is
made from metal, and the slab is made from a dielectric (MIM structure) or vice versa (IMI
structure).

The geometry of the three-layer system in Figure 1.8 is analog to a waveguide, which
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Figure 1.8: Schematic of a three-layer system that supports hybridization of SPPs
A thin slab of dielectric function €, and thickness t is embedded between two similar cladding
media of dielectric function ..

might exhibit oscillatory modes for the sufficient thickness of the slab. Here we are only
interested in the lowest-order bound modes. The electric and magnetic field components
of the p-polarization that are non-oscillatory in the z-direction and propagate along the
x-direction are written as

EI — Eg(z)e—l(wt—k||$)7 Ez — Eg(z)e—l(wt—kllw)

, (1.19)
Hy _ Hg(;) (Z)—z(wt—knx)

Here, kft = k7, +¢;k3 is the in-plane component of wavevector, k. is the associated normal

component; 7 = s, ¢ denotes for the slab and cladding media. From the boundary conditions

t

2) are continuous, two dispersion

that require H, and E, at upper and lower interfaces (z = +

relations and associated field components can be given by solutions of

k k
tanh(ks’zg) = —ﬁ, E%z) = E%(—2) w_!s cosh(ks .z) (1.20)
t ks .€ k
h(ky =) = — 225 [9(2) = —F%(—2) oc —L sinh .
tan (ks,z2) PR 2(2) 2(—2) x - sinh(k; .2) (1.21)

For the solutions of equation 1.20, the field component E,(z) is an even function that
exhibits a symmetry profile along the z-axis. On the contrary, for the solutions of equation
1.21, the E,(z) is an odd function and the field profile is anti-symmetric along the z-axis.

Respectively, they are called symmetric mode and anti-symmetric mode. Now we can apply
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these dispersion relations to describe the coupled SPP modes of IMI and MIM structures.

(a) IMI structure (b) MIM structure
z Z
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Figure 1.9: Plasmon hybrid modes in the IMI and MIM structure. Spatial profile
of the field component Re[F,(z)] and dispersion relations of the coupled SPPs in (a) IMI
structure and (b) MIM structure. Adapted from P.Berini 2006 [36]

In the IMI structure, SPPs on either side of the metal slab can hybridize, resulting in
E.-symmetric and anti-symmetric modes, Figure 1.9a illustrates the field profile and the
associated dispersion relation of the hybrid mode of the IMI structure. Here, the spacing
between two dispersion curves depends on the thickness of the metallic slab. For a large
slab thickness, the surface plasmon of each interface barely interact and the dispersion of
two hybrid modes can converge into the single SPP dispersion. The hybridization can take
place when the individual SPPs overlap and become significant when the metal thickness is
smaller than its skin depth (¢t < 20nm) [6]. At a given frequency, the in-plane wavevector
k) of the anti-symmetric mode (ksg) is always greater than that of the symmetric mode
(krgr). In the other words, the anti-symmetric mode has tighter confinement inside the slab
than the symmetric one. This also can be seen by an examination of the component field.

As the slab thickness vanishes, while the anti-symmetric mode increases its confinement due
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to the field null inside the metal, the symmetric mode evolves into a plane wave supported
by the surrounding homogeneous dielectric. Since the better confinement implies a lower
propagation length, the anti-symmetric mode is called short-range surface plasmon (SRSP)
and the symmetric mode is called long-range surface plasmon (LRSP). Depending on the
wavelength or the materials considered, the propagation length of the LRSP can take place
in the order of a few hundred micrometers [37]. Therefore, the LRSP in the IMI structure
can be employed to assist the information or energy over a long distance.

For the MIM geometry, the SPPs on either side of the dielectric medium similarly hy-
bridize inside the slab, as shown in Figure 1.9b. However, for the insulator thicknesses of
interest, only the fundamental symmetric mode (or long-range plasmon) is supported that
has no cut-off for vanishing slab thickness, unlike the anti-symmetric mode that is cut-off at
roughly A/2 [38]. We refer to the symmetric mode of this structure as the MIM plasmon
gap mode. The most striking feature of the MIM plasmon gap is that it has a very large
K|, usually in the 1 order of magnitude as compared to the SPP at a single interface, which
can be achieved even for excitation well below surface plasmon frequency. Therefore, the
metallic nanostructures based on the MIM geometry are a platform for deep-subwavelength
confinement of light with mode volumes smaller than ~ 1075(\/n)? [38, 22].

To conclude, we have shown that the hybridization of SPPs in the planar system allows
extending the properties of the individual SPPs in the terms of propagation length and light
confinement. Further investigation of these two structures will be done by the analytical

calculation in Chapters 2 and 5.

1.4 Localized surface plasmon of metallic nanoparticles

Previously, we have seen that the light can couple to electron plasma of metal at a planar
dielectric/metal interface, yielding propagating surface plasmon. In this section, we will
see that when the interface is reduced into nanoscale dimension of the metallic particle,
the free electron cloud can oscillate resonantly with electromagnetic field, resulting in non-
propagating surface plasmon. This resonance is called the localized surface plasmon resonance

(LSPR). We will begin with an overview problem of optical responses, including scattering,
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absorption and extinction, of an arbitrary object. Then, appropriate analytical treatments
will be discussed, depending on the size of the particle, to show how this give raise to the

phenomenon of the LSPR.

1.4.1 Scattering, absorption and extinction

Generally, when light interacts with an object, it can be scattered or absorbed by the object.
While absorption corresponds to the energy dissipation (heating) in the object, scattering
is an elastic interaction, i.e. the object re-emits the electromagnetic field without changing
the wavelength. The total energy that an object takes from the incident light, thus it is
attributed to scattering and absorption, is called extinction. Usually, these optical responses
of the object are characterized by optical cross-sections. This section aims to define these
optical cross-sections. Let us consider a general situation where an arbitrary scatter object
of relative permittivity e(w) with a finite size is surrounded by a homogeneous transparent
medium and is excited by an incoming plane wave Emc, as shown in Figure 1.8.
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Figure 1.10: Schematic diagram of optical responses of an arbitrary particle under
the plane wave excitation. The dotted ring presents an imaginary surface with surface
normal vector 7, which may be used to calculate the energy flux in the far field.

Scattering cross-section
It is clear that not all the photons but only a finite number of photons of the incoming
light are scattered by the object. Therefore, the probability that leads to the scattering

is proportional to an effective area, so-called scattering cross-section. The scattering cross-
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section is defined as the ratio between the average scattered power P,. and the intensity of

the incident field I,

o= Foe 1 / / (S,.).tdA (1.22)
Tinc | Sine)| J J

where (S;,.) and (Ss.) respectively are the time-average Poynting vector of the incident
and scattered field. Here, the EM energy flux of scattering through an imaginary surface
A far from the object (Figure 1.8) can be calculated as Py, = ffA(§SC>.ﬁdA, with 77 is an
outward-facing normal vector. It is important to note that the scattering cross-section has
unit of area but it does not represent a geometrical cross-section of the object. Instead, the
physical meaning of scattering cross-section is related to the energy of the incident light that
has been lost in scattering.
Absorption cross-section

Since the object has a permittivity, it can be considered as a perturbation of the back-
ground medium [39]. Therefore, the total fields around the object can be represented as a

sum of the incident fields and scattered fields:

(1.23)

As the medium is non-absorbing, the total EM energy flux inward the imaginary surface

around the object will be equal to the absorbed power

Py = — / /A (Syor). A (1.24)

The minus thus said that the direction of the time-averaged Poynting vector of the total
field (gtot> (inward) is opposite to 7 (outward). In the analogy to scattering, we can define

absorption cross-section as

Pabs 1 // ~ —
Oabs — = ———= <St0t>.ndA (125)
Line |(Sine)| JJa

Extinction cross-section

The time-averaged Poynting vector of the total field (§t0t> can be formulated as a function
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of the fields as

. 1 . .
<Stot> = §R€(Etot X Ht*ot)

- %R(E « It

wmc

) + %Re(ﬁsc X ﬁ:c) + %R6<Eznc X ﬁ:c + Esc X ﬁ* ) (126)

mnc

J/ J/ (.

~~ ~~ ~~

<§znc> <§sc> ?

Here, the first and second terms of equation 1.26 are equal to the time-avarage Poynting
vectors of incident and scattered fields (gmc> and <§SC>, respectively. We now want to find
the physical meaning of the last cross term. Applying the area integration for both sides of

equation 1.26, we have

— — — 1 — — — —
/ / (Soor) A = / / (Gone) A + / / (S.) AdA + / / SRe(Bye x Hiyt B x ) sidA
A A A A

1 " . . _
_Pabs =0+ Psc + // éRe(Einc X H:c + Esc X Hz*nc)ﬁdA
A
(1.27)
Here f f A<§mc>.ﬁdA = 0 is the result of the conservation of the incoming and out-coming

energies through the imaginary surface. We can express the cross term as
1 - - = -
~ / / SRe(Bue x 2+ By x H},.) idA = P+ Payy = Pea (1.28)
A

which as shown, is equal to the sum of the scattered power and the absorbed power.
Therefore this term is extinct power P,,; = P,. + P,s, which tells that the object can take
some energy from the incoming field and then distributes it into scattering and absorption.
The energy that the incident field has lost is called extinction. Besides, from equation 1.28 |
we can interpret the extinction as an interference between the incident and scattered fields.

Now, we can formulate the extinction cross-section as

P, 1 1 = S o3 o
Oogy = =2t — / / —Re(Ej. x H}, + E,. x H},.).ndA (1.29)
[inc |<Smc>| A 2

Subsequently, we also have 0.y = 04 + Tups.
For numerical calculation: The absorption cross-section can be calculated by applying

the Poynting’s theorem for the harmonic field in a homogeneous medium V(Etot X ﬁ;‘ot) =
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—f*.Etot, with 7 is the current density that the incident field induces in the particle. Making

a volume integration of this equation yields to the absorbed power

1 oL
Py = §/// Re(5* . Eyo)dV (1.30)
14

Similarly, we also can express the extincted power in the term of volume integral of the

current density by applying the reciprocity theorem V(Eim x H ot E,.x H? )= —j’*.ﬁmc,

mc

1 Lo
Peact = — [// Re(]*E”w)dV (131)
2 \%

The two expressions 1.30 and 1.31 of the powers of absorption and extinction would be

we obtain

very useful for numerical calculations.

Optical responses of metallic nanoparticles: Problem with size

Now we will use the optical cross-sections discussed above to characterize the optical
response of metallic nanoparticles. Roughly, because of the small dimension, the EM field
can penetrate significantly inside the nanoparticles, however, the penetration can be different
depending on the particle’s size. Figurel.11 considers two spherical metallic nanoparticles
of different radii, which are surrounded by a non-absorbing medium and submitted to an

incident field.

Figure 1.11: Schematic diagram of optical responses of an arbitrary metallic par-
ticle under the plane wave excitation. Depending on the particle’s size, the external
field induce a dipole or multipole in the particles. Source: PhD thesis of [5]

For a vanishing small particle of diameter is much smaller than the wavelength of light
in the surrounding medium (a < ), the field is homogeneous over the particle volume.

Therefore, the oscillating EM field can be simplified to an electrostatic field and the optical
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responses of the small particle now can be analyzed using the quasi-static approximation.
On the other hand, for a large particle of diameter in the order of wavelength (a ~ \),
it can feel the spatial variation of the field, resulting in a more complex surface charge
distribution. In this case, a rigorous theory is required to study the optical responses of the
particle. This theory was developed completely by Mie in 1908 [40]. The discussion in the

following sections will be separated based on the two regimes of the particle’s dimension.

1.4.2 Quasi-static approximation

In this section, we aim to consider the interaction of EM waves with a small metallic nanopar-
ticle of characteristic dimension is much smaller than the wavelength. Using the quasi-static
approximation, we will see that the absorption and scattering cross-sections can be resonantly

enhanced at the LSPR.
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Figure 1.12: Schematic diagram of a small spherical metallic nanoparticle subjected
to an EM plane wave. The particle of radius a < )\ is approximated to a dipole of moment

D.

We consider the most convenient geometry for an analytical treatment: a spherical particle
of the radius a < \ is submitted to a plane-wave illumination Einc(x,t) = Fye iwi—ka) g
surrounding by an isotropic, non-absorbing medium with dielectric constant 4. The dielectric
function of the particle in response to the applied field is described by a complex number
em(w). The sketch of the situation is illustrated in Figure 1.12.

The strategy to find £,,(w) is first solving the Laplace equation in the absence of free
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charges for potential V2V = 0, from which we can calculate the electric field £ = —VV
inside and outside the particle. The boundary conditions at the interface of the particle
are also applied for both the potential and normal components of the displacement field.
In the following, we will present the main results as the consequences of the quasi-static
approximation:

Electrostatic field of excitation: the spatial variation of the incident field over the
particle volume can be ignored. Therefore, the harmonically oscillating field can be simplified
to an electrostatic field Ej,.(t) = Epe™ .

Induce dipole surface plasmon: free electron cloud of the metallic particle oscillates
in response to the applied EM field, yielding an oscillating induced dipole of moment p(t) =

eosdaﬁinc with polarizability a can be given by:

em(w) — eq

em(w) + 2e4 (1.32)

a = 4ra®

We can see that the polarizability « of the particle is resonantly enhanced at the vanish-
ing of €,,(w) + 2e4. For the case of small Im[e,,(w)], the resonance condition simplifies to
Rele,,(w)] = —2¢4. For particles made from Drude metal with dielectric function negligible
damping Relen, (w)] = 1 — w?/w?, the value of a can approach maximum at a frequency

WLSPR ~ m (1.33)

When the frequency of the applied field is wrspr, the electron cloud in the metallic
nanoparticle oscillates collectively and results in resonance that enhances the polarizability.
This resonance is called the localized surface plasmon that can appear in the optical spectra.
We can see that the resonance frequency wrspr depends on the dielectric function of the
environment £4, which makes metallic nanoparticles employed for optical sensing. Besides,
wrspr is not affected by the particle’s size as a consequence of the quasi-static approximation.

Field enhancement: As a consequence of the quasi-static approximation, if we look at
the particle from the outside, we could see it as a dipole located in the electrostatic field.
Therefore, a total field outside the particle can be interpreted as a superposition of the

incident field and the near field of the dipole (kr << 1), where its electric field is ~ 1/r3.
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The electric field outside the particle can be determined from the associated potentials via
E = —VV(7) and is formulated as

= = 3€r(€rﬁ) _ﬁ 1

E,.—E . 1.34
! o+ 4depey 73 ( )

Here we see that the resonance in « at wygpr also implies resonant enhancement in the
dipolar field. For example, if we consider the E,.: on the surface of a particle r = a and
at around the induced dipolar axis (i.e.,ﬁout is strongest ), we can obtain a maximum field

enhancement at resonance (Rele,,(w)] = —2¢4) as

Eres _ ., 3Relen(w)]
E, + Imle,,(w)]

(1.35)

For example, if we take a gold nanoparticle illuminated by A = 650nm which has g, =
—11 + 17 [11], the field at the poles along the axis of dipolar surface plasmon enhances by
~ 30 times as compared to the field Ej of the surrounding medium. Since the resonance is
also associated with the field enhancement, the metallic particle can act as a local refractive
index sensor, which is the most sensitive within the near-field region of order 10-50nm.

Optical cross-section enhancement: As the particle is approximated to a dipole, its
scattered power Ps. can be calculated from the Poynting vector associated with its far-field
radiation, i.e., retaining only the term 1/r of the dipole field [39]. For the absorption, the
mean power absorbed by the particle is responsible by the imaginary part of the polarizability
a via expression P, = %ngedl m(a). On the other hand, the particle is subjected to an
incident plane wave, which has an average incident irradiance [;,. = %0\/5_ch§. Recalling
the definition of the scattering and absorption cross-sections in equations 1.22 and 1.25,

respectively, we obtain

_ _ 4 2
Osc Iinc 67T€d( )\) |O{|
(1.36)
=L 2 i)
Oabs = [mc — &d )\

Besides, from the scattered far-field of the dipole, we can determine the interference with
the incident field, from which the extinction cross-section can be calculated [40], resulting in

Oext =~ Ogbs-
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The dependence of the optical cross-sections on the polarizability « implies that they
exhibit the same resonance condition at LSPR frequency wyspr. Noticing that « scales with
a® (equation 1.32) or V, with v is the volume of the spherical particle, we can see that
Ose ~ V2 and 0.y = 0ups ~ V. When the size of the particle decreases, it is clear that the
extinction is dominated by absorption. In the other words, the small plasmonic particles are
good absorbers and bad scatters. Besides, the o, is proportional to 1/A*, which corresponds

to the Rayleigh scattering.

1.4.3 Mie theory

We have shown that the resonantly absorbing and scattering light field of vanishingly small
particles is well-predicted by the quasi-static approximation. In response to the EM field that
approximates constant throughout the particle, the electrons oscillate collectively respected
to the fixed ion, forming a dipolar mode. However, for a particle of dimensions in the order of
wavelength, it feels the inhomogeneous spatial variation of the driving field. A more complex
surface charge distribution encloses the particle, which can induce multipolar modes. In
this situation, the dipolar or quasi-static approximation is no longer valid, and a rigorous
electrodynamic treatment is required. Mie in 1908 developed a complete theory that gives an
appropriate analytic solution to scattering and absorption problems for a sphere of arbitrary
radius embedded in a homogeneous non-absorbing medium.

A detailed description of the Mie theory can be found in the book of Bohren and Huffman
[41]. Generally speaking, the theory still follows the main strategy of calculating the optical
cross-sections of the object: applying the boundary conditions for fields inside and outside the
particle, which are also necessarily satisfied Maxwell’s equations. To address the higher-order
modes, the field outside the particle, including incident and scattered fields, and the internal
field are expanded into a series of the two basic vector functions M and N. These func-
tions have all the required properties of an electromagnetic field in a homogeneous medium:
solenoidal fields (V.1)) and satisfy the vector Helmholtz wave equation(V) + k20 = 0),
where 2/7 stands for electric field E and magnetic field H. Therefore, M and N are referred

to the vector spherical harmonics, which can be constructed from the scalar function v in
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spherical coordinates as
M =V x (7)
L1 . (1.37)
N=—-(VxM)
k
where 7 is the radius vector. These expressions are necessary to satisfy the vector
Helmholtz wave equation and the problem of finding solutions to the field equations can sim-

plify the finding solutions to the scalar wave equation 1. By resolving the scalar Helmholtz

equation in the spherical coordinates, we can obtain solutions to a scalar function

Yeim = P/"(cos 0)z(kr) cosme
(1.38)
Youm = P (cos 0)z(kr) sin me

where notations e and o stand for even and odd due to the presence of cosine terms.
The P™(cos ) is associated with Legendre polynomials. The z(kr) are the spherical Bessel
functions of 1st, 2nd, or 3rd kind, each involves in the expansions of incident, internal, or
scattered fields, depending on whether it either converges or diverges at the origin. Indices m
and [ are integers, [ > 1 and —I < m < +[, which determine the form of each vector spherical
harmonics Mlm and ]Vlm. Here, [ corresponds to the order of polarity of the different resonant
modes, e.g. dipolar (I = 1), quadrupolar (I = 2), and m is the azimuth number. The fields
now can be developed to an arbitrary order from a linear combination of these basis functions.

Returning to the scattering and absorption problem, while the incident field is already
known (e.g. plane wave), the expansions of the scattered field and the internal field con-
tains four unknown coefficients. These expansion coefficients can be found by applying the
boundary conditions at the interface of the sphere: the tangential components of the vec-
tor fields across the surface boundaries are preserved. Finally, the extinction and scattering
cross-section can be derived by calculating the flux of the Poynting vector over an imaginary

surface enclosing the particle. The extinction cross-section is expressed as

1 1 — — — —
’<Sin6>‘ A

o (1.39)
Oext — ﬁ Z(2l + 1)R€(al + bl)
=1
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and scattering cross-section is given by

oo / / (S,e).itd A
[(Sine)| /Ja

o X (1.40)
Oge = ﬁ Z(2l -+ 1)(|CL[|2 + |bl|2)

=1

Here, the a; and b, are called Mie coefficients (the expressions can be found in [41]). The
cross-section is given by the sum, this means that the energy scatters through independent
modes corresponding to a; and b;, with [ defining the order of the polarity of the modes.
When the particle size is much smaller than the wavelength, the contribution of all modes
beyond the lowest order may be negligible. The cross-sections remain only dipolar term,

which recovers the quasi-static approximation with corrections.

Silver nanoparticles in water
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Figure 1.13: Optical cross-sections of silver nanoparticles of various radii ¢ in water
calculated by Mie theory. Extinction is presented bold black line, absorption is presented
in grey line, and scattering is shown in thin black line. Here, D labels for dipolar mode and
Q lables for quadrupolar mode. Adapted from [9].

For example, the Figure 1.13 presents the results of the Mie theory for 4 silver spheres
with radii of 15nm, 30nm, 60nm, and 120 nm, surrounded by water (n = 1.33) [9]. We can

see that for small sizes, extinction is dominated by absorption and exhibits only the dipolar
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mode. When the radius increases, the scattering contributes significantly to the extinction
and the resonance is very different from the one expected in the quasi-static approximation:
resonance of dipolar mode is red-shifted and quadrupolar mode appears at a lower wavelength.

The Mie theory can be applied to spherical core/shell structure and extended to several
spherical nanoparticles in an interaction excited by an incident plane wave. For particles
with shapes that cannot be approximated by spheres or ellipsoids, numerical methods are

employed to calculate the optical cross-sections.
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Chapter 2

Coupling a dipole to multilayer
surface plasmon devices

Hybridization of surface plasmon in the multilayer structures allows for enhancing the per-
formance of single-surface plasmons, such as extending the propagation length to around 1
order of magnitude or deep-subwavelength confinement of light. In this Chapter, we inves-
tigate numerically the surface plasmon hybridized inside the planar multilayer structure by
employing a dipole as a probe. The first section will be dedicated to presenting how we can
use the classical approach to study the spontaneous emission of a dipole. Then by calculating
the spatial spectrum of the power dissipated by a buried inside the plasmonic structure, we
can identify and construct the optical modes that are supported by the structure. Moreover,
figures of merit were deduced, including the Purcell factor and coupling efficiency to each
identified mode. We mainly focus our study on two multilayer structures: (i) a realistic insu-
lator/metal /insulator (IMI) device and (ii) alternative N-stacks of metallic and insulator thin
films. For the IMI device, we found that the structure can support many modes including
the long-range surface plasmon of a few ten pm propagation length and waveguide modes.
The coupling efficiency to the modes can be controlled by the position and orientation of the
dipole. For the N-stack device, we show that when N is large, the plasmon modes evolve

toward an energy continuum in a manner similar to the energy bands in a solid.
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2.1 Spontaneous emission of an emitter

Quantum description: a two-level system

Proper treatment of the interaction of light and matter (molecules or other emitters)
requires rigorous theoretical treatment of quantum electrodynamics (QED), in which both
electronic states of an emitter and electromagnetic field are quantized. An emitter is described
as a two-level system: ground state |g) of energy E, and excited state |e) of energy E..
Interacting with a quantized radiation field promotes electrons from the ground state to
the excited state, subsequently relaxing into the fundamental level after a certain time,
accompanied by the emission of a photon of energy hw, = E. — E,;. The spontancous
emission is thus defined as the emission of a photon by a system previously brought to an
excited state and occurs independently of any external field. This process is schematized in
Figure 2.1a.

As the relaxation is spontaneous, the probability that the recombination takes place is an
exponential decrease of time e '*, with I' being the decay rate of spontaneous emission; which

is inverse proportional to the lifetime of the excited state of the emitter. Before Purcell’s
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coupling p(@o)

local environment

Figure 2.1: Spontaneous emission: Quantum description. An emitter is described as
a two-level system: (a) the relaxation in a homogeneous medium and (b) coupling to local
environment defined by its local density of state p(wp).

analysis in 1946 [42], the rate of spontaneous emission was thought to be the unchangeable

property of atoms or emitters, which is expressed in vacuum as [43]:

3,,2
q wOIuge

= 2.1
O 3mohic3 (2.1)

where hwy is the difference between ground and excited energies and pge is the dipole
matrix element between the two optical transition levels.

It has been realized later that the spontaneous emission can be modified by interaction
between the emitter and its electromagnetic environment. The modified rate is usually
expressed by Fermi’s golden rule [44] and is rewritten as:

Fq - %_hﬂge‘p(w()) (22>

Here, the decay rate depends on two factors: the internal structure of the emitter rep-
resented by the transition dipole moment pge and the electromagnetic environment, which
is described by the local density of states (LDOS) p(wp) at frequency wy. The LDOS is the
number of electromagnetic modes, per unit frequency and per unit volume. In other words,
the presence of the local environment opens new channels that are available for the emitter to
radiate into, and thus modify the spontaneous emission rate through its LDOS (Figure 2.1b).
The idea of enhancement of spontaneous emission was first proposed by Purcell [42], through

coupling an atom to a cavity. The ratio between the modified and free-space emission rates
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has thus come to be known as the Purcell factor:

1¢

Fp=—
P Fg

(2.3)

Classical treatment: a harmonic oscillator

The classical picture of spontaneous emission can be described by treating an emitter as
a harmonically oscillating dipole. In terms of energy, a harmonic oscillator can be equivalent
to a system that has an infinite number of equidistant levels. As the dipole oscillates, it
dissipates its energy (determined by integrating the Poynting vector over a surface enclosing
the emitter) into electromagnetic radiation. The spontaneous emission rate is now equivalent
to the damping rate of the harmonic oscillator, which is defined as the rate at which the energy
decayed to 1/e of its initial value. In an arbitrary environment, the classical spontaneous
emission rate can be found by resolving the equation of motion:

it 00

2
— e -1 —
_atQ + FO _875 + Wg,u - EEIOC(TO> (24)

where e and m respectively are the charge and mass of electron, /i is the dipolar moment
of the dipolar emitter [39]. The term on the right of the equation is related to the driving
force F = —65;00(770), and induced the local field EIOC(FO) that arrives back to the dipole (at
position 7) after being scattered by the inhomogeneous environment. For example, this field
can be reflecting field from an interface if the emitter is placed in proximity to this interface.

In the free space, this backscattered field is absent and the equation is now the equation
of motion for an undriven harmonic oscillator, oscillating at the natural frequency wy with
a damping rate I'’. The spontaneous emission rate of the emitter in the free space is now

equal to I'¢, which is given by:
2,2

o €Wy

O 6rgmed

(2.5)

With the presence of an inhomogeneous environment, both the emission rate I's' and the
oscillating frequency wqy are modified by self-interacting with its backscattered field. These

can be found (as we will present in detail later) by resolving equation 2.4.
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o

g
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Figure 2.2: Spontaneous emission: Classical approach. An emitter is described as
a harmonic oscillator of the infinite equidistant energy levels. The damping rate can be
modified by the homogeneous medium induced the backscattered field of the medium.

Connecting both pictures

We stress that the decay rate calculated from the harmonic oscillator system is not as
rigorously accurate as the one obtained by quantum treatment. Yet, it is possible to account
for the spontaneous emission modification of the decay rate I'“/T¢, as we will show later,
this gives the same result as the Purcell factor determined by the quantum treatment, under
certain conditions. So the question is in which conditions that the classical theory still
works properly for the calculation of normalized decay rate? This happens in the situation,
in which an emitter is a two-level system, and reacts as a harmonic oscillator. When the
two-level system is driven, some electrons distributed at the ground state will be promoted
in the excited state. This happens similarly for the harmonic oscillator, except for after
being excited, the electrons can immediately go to above-excited states, as the harmonic
system contains an infinite number of equidistant energy levels. Thus, the two-level system
and the harmonic oscillator could be identical at a weak excitation, from which we can
neglect the excitation in higher levels of the harmonic oscillator. This requires the interaction

with EZOC(FO) to be weak, resulting in the shift of frequency being small compared to wy
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2.1. Spontaneous emission of an emitter

and both terms of i and EZOC(FO) have a harmonic time dependence e ™!, with is new
resonance frequency. Replacing these trial solutions for dipole moment and the driving field

into equation 2.4, we obtain:

—w? —ilw + wj = G—ENOC (2.6)
miko

where i is the amplitude of dipolar moment [ and FE, . is the complex amplitude of
the component field along dipole axis i, of EZOC(FO). The solution of w in equation 2.6 is
a complex number represented as w = Re(w) + Im(w), in which the real part defines the
frequency shift as Aw = Re(w) — wp and the imaginary part determines the total decay rate
as I' = —2Im(w). As the excitation is weak, the frequency shift should be small compared to
its natural frequency: Aw < wy. Besides, we assume that the dipolar oscillator has I' < w
(i.e. the oscillation amplitude remains unchanged over period of oscillation), so that later
the quadratic terms of I'“ can be neglected. Applying these assumptions into equation 2.6,

we obtain the solution:

2 1 2
Aw = —8—0 — 5 € RG(ETJOC)
w wom
0 - Howo (2.7)
r¢ =rd 4 Im(Er o)
HoWon

These two solution means that the radiation of a dipole in an inhomogeneous medium
leads to the modification of the total decay rate and the shift of resonance frequency, which
are respectively responsible for the imaginary and real parts of the backscattered field. Now
we can determine the normalized spontaneous emission rate classically as:

Fd 67T063

— =1 —+
Iy How;

Im(Er,loc) (28)

Following [39], the scattered field induces by dipole, at the location of the dipole itself
7" = 79, can be represented by the Green’s function as E,.,.(7o) = G(70, 7o) (projected along
the dipole axis). On other hand, the LDOS can be calculated from the imaginary part
of the Green’s function: p(wy) o< Im[G(7y, To)], from which the modification of spontaneous

emission rate calculated by the quantum treatment (i.e., Fermi’s golden rule) and the classical
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CHAPTER 2: COUPLING A DIPOLE TO MULTILAYER SURFACE PLASMON

self-interaction are equivalent:

r« 1 (2.9)
=== 2.9
I

Fp

The derivation of the connection between the LDOS and the imaginary part of Green’s
function can be found in the book [39] of Lukas Novotny and Bert Hecht. In this chapter,
now we can use the classical treatment for spontaneous emission of emitter, that latter will

be deployed for studying the plasmonic structures.

2.2 Spontaneous emission of a dipole near planar in-

terfaces

Ta

The expression of the Purcell factor Fp = 57 = E—Z suggests that we can use the classical
0 0

approach to study the dynamics of spontaneous emission of a dipole. To serve the purpose of

studying the planar plasmonic structure, we first study the spontaneous emission of a dipole

Fcl
rg

near planar interfaces. Lukosz [45, 46, 47] first determined an analytical expression of
for a dipole in the vicinity of interfaces by a classical near-field calculation. The near-field
emission of the dipole is displayed as a superposition of plane waves and evanescent waves of
varying in-plane wavevector k. As the decay rate of the dipole is proportional to the total

power it radiates
_deipole

Pt = —
tot dt

= _FWdipole (210)

where Wy is the dipole’s energy, the calculation of T'“/T'¢ (or the Purcell factor) is
equivalent to the calculation of the normalized total power P/P, radiated by the dipole
(where Py is the power radiated by the dipole in vacuum). To effectively excite the surface
plasmon modes that will be discussed later, we employ a dipole that is perpendicular to the

interface. Following [46], we express the normalized dissipated power as:

Ptot 3 U3
=2 1+ g 2.11

(

where u = 2—‘0‘ = /1 — (k.,i/k,)? is the normalized in-plane wavevector, with ky = w/c is

the wavevector in vacuum and k., represents the vertical component of the wavevector in

o1



2.2. Spontaneous emission of a dipole near planar interfaces

the medium ¢ where the dipole is located.

The expression 2.11 can be interpreted as the interference of the field of the dipole in
an infinite medium and the reflected field of the nearby interfaces. The latter is represented
by the complex field amplitude ¢?, which is determined by the boundary conditions for p-
polarized fields. Considering two distinguished situations: a dipole near a semi-infinite layer
(c}, Figure 2.3a) or a dipole is buried in a layered medium consisting of multilayer (c{,, Figure
2.3b); the complex field amplitudes are respectively given by:

) =1l (u).e? =it (2.12)

and
27"1-7 U T,P U eQikz,i(le"dT) + TJ-) eQ’ikzﬂ‘dT + ,r.P 62ik27idl
CiT _ z,i( ) z,T( ) @7 i, (213)

L—rf (w)rf (u)e?=ilditdr)

i?

(a) (b)

z
""""" §/ dr) f/
d, /:eﬂecting field a

Figure 2.3: Two situation of a dipole near interfaces. Radiating of a dipole near (a)
a single interface: direct radiation of dipole can interfere with its reflection on the interface
and (b) in between two interfaces: multiple interactions are induced by the two interfaces.
The indices |, T respectively, denote upward and downward media. For multilayer struc-
ture, Tf, , and rﬁ 4 correspond to the Fresnel reflection (p-polarization) coefficients calculated
by the transfer matrix (see Ph.D. these of Kelvin [48]). The quantities d; and d; are the
distance from the dipole to the below interface and upper interface. The geometry is schema-
tized in Figure 2.3. In the case of a dipole close to the planar interface (Figure 2.3a), it only
feels the reflection of the surface. For a dipole embedded in a layered medium (Figure 2.3b),
the fields emitted by the dipole are initially reflected by the interfaces 7,1 and i,/ and are
then reflected back and forth between the two interfaces. This leads to the multiple beam-

interference factors appearing as the denominator in the expression 2.13 of ciT.
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CHAPTER 2: COUPLING A DIPOLE TO MULTILAYER SURFACE PLASMON

The integral in the expression 2.11 represents the normalized power dissipated by the
dipole in the directions of the optical modes whose component in-plane wavevector is u.
The values of u < 1 correspond to radiative emission, and the values u > 1 are associated
with near-field emission. By separating the integral spatially in different domains of u, the
optical modes of the system can be identified. We, therefore, employ a single vertical dipole
as a local probe to study plasmonic structures. In the following, from the calculation of
the dissipated power presented above, we extract three important physical quantities for the

characterization of the plasmonic system:

e the spatial distribution of the dissipated power «, that allows identifying the contri-

bution of the component optical modes,
e the coupling efficiency to the modes 5™,

e the Purcell factor Flp

2.3 Coupling a dipole to fundamental planar plasmonic
structures

The layered structure with subsequent lateral patterning are based around three funda-
mental structures: (i) insulator/ metal (IM), (ii) insulator/metal/insulator (IMI), or (iii)
metal/insulator/metal (MIM). In this Chapter, we first employ a dipole to investigate the
optical modes supported by these planar plasmonic structures. Figure 2.4 illustrates the
schematic of each structure. For calculation, the insulator and the metallic layers are as-
sumed to be air and gold (n4, = 0.15+3.32i at A = 650nm [11]), respectively. To effectively
excite the optical modes of the surface [45], we place a vertical dipole emitting at A = 650nm
in the air layer at a distance of d; = 15nm. The gap in the IMI and MIM structures has an
equal thickness g = 2d; = 30nm. We stress that the main goal of this work is to probe in a
given configuration the Purcell factor and the optical modes, the choice of the configuration’s

parameters is not optimal.
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2.3. Coupling a dipole to fundamental planar plasmonic structures
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Figure 2.4: Coupling a dipole to surface plasmon. (a) single insulator/dielectric (IM)
interface. (b) insulator-metal-insulator (IMI) structure. (c) metal-insulator-metal (MIM)
structure. Second row: Calculation of spatial spectrum of the power dissipated by the
dipole. Third row: Calculation of coupling efficiency to the modes as a function of the
dipole’s distance (IM and IMI) and decay rate enhancement of the MIM modes as a function
of the gap thickness.

Identification of optical modes supported by the structure
To determine the optical modes supported by the structure, we calculate the spatial
spectrum of the power dissipated by the dipole (i.e., the dissipated power as a function of

the normalized in-plane wavevector u), which is given by:

a(5e).

— (2.14)

a(u) =

The calculation of ) is presented in Figure 2.4 (second row). The presence of the surface
plasmon in each structure is filled in red, which superimposes to a broad “background”

containing both values of u less than 1 (far field) and greater than 1 (near field). For
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CHAPTER 2: COUPLING A DIPOLE TO MULTILAYER SURFACE PLASMON

0 < u < 1 (white region), the processes associated with photon radiation the free-space. The
mode corresponds to values of u above surface plasmon modes (grey region) referred to as
lossy surface waves (LSWs) or quenching. This transfers the dissipated power of the dipole
to the electron-hole pairs of metal.

For the IM structure, we observe a peak at u = 1.1 (red region), which is associated
with the wavevector of SPPs propagating along the air/ gold interface (kspp/ky = 1.1). In
the case of IMI structure, the spatial spectrum of a, features two distinctive peaks in the
near-field regime (u > 1), which results from the SPP the hybridization of SPPs bound
to each interface. The mode at smaller u has a narrower width (which means fewer losses
or longer propagation length) and is called long-range surface plasmon (LRSP). The other
one holds an opposite feature and is referred to as short-range surface plasmon (SRSP). In
terms of the field, these two modes are also usually referred symmetric (LRSP) and anti-
symmetric (SRSP) gap modes. The mode hybridization in the IMI structure is very sensitive
to the surrounding dielectric optical indices. If the difference between the optical index of
the upper and lower insulators are very different (10%), the SPPs of each interface will be
decoupled, and only the independent SPPs will remain [49]. In the MIM structure, the SPPs
on either side of the insulator medium similarly hybridize to form symmetric gap mode (the
anti-symmetric mode is cut-off at roughly A/2n [38, 50]), which features as a monomode with
a broad width on the spatial spectrum of a .

For comparison with the two other structures, the gap MIM has the largest k; and
spectra full-width at half-maximum (FWHM), which means the strongest field confinement.
However, the confinement of the gap MIM is accompanied by short propagation length.
The propagation length of the mode is determined by the imaginary part of the k| as L =
1/(2Im(ky)), which in turn is related to the FWHM of the plasmon peaks as Im(k)) =
ko.FW HM. From this, we deduce the propagation lengths of 9um (SPPs), 2um (SRSP),
44pm (LRSP), and 10nm (gap MIM).

Coupling efficiency to the mode

In proximity to the metallic surface, the emission process of a dipole is mainly a compe-
tition between the surface plasmon modes and quenching (LSWs). We define the f—factor,

which gives the fraction of the total dissipated power funneled into one mode by integrating
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2.3. Coupling a dipole to fundamental planar plasmonic structures

the spatial spectrum over the spatial region yields to the mode. It can be represented as

Pm Pm _ qumodes L (u)du

" Po Tiw f0+oo a) (u)du

3 (2.15)

This fraction is equivalent to the normalized decay rate of dipole emission into the mode.
Figure 2.4 (third row) shows the f—factor of surface plasmon modes and quenching calculated
as a function of the normalized separation d; /A (for IM and IMI) or the insulator gap thickness
g (for MIM). When the g changes, we note that the dipole is always placed in the middle of
the gap as d| = g/2.

In the IM and IMI structures, there are optimal distances yield to a maximum of [ -factor
of plasmon modes: 55 = 80% at d| = 0.3\, S84, = 55% at d; = 0.25\, and S5 p = 55%
at d; = 0.5\. At these optimal distances, the plasmon modes largely overcome the quenching
(blue curve, Figure 2.4). Above this distance, the radiative is the dominant channel. The
quenching tends to be localized near the metallic surface, which has the coupling efficiency
scales as dI?’ as d; — 0. This scaling is understood from the local and static nature of the
quenching. Below 10nm, the quenching is the dominant decay channel of the dipole.

For the MIM structure, we prefer to present the normalized decay rate of the modes
', /T rather than their coupling efficiency because the structure does not exhibit an optimal
distance where the coupling efficiency to the mode reach maximum, as seen in the IM and
IMI structures. Indeed, the gap mode and the quenching have identical separation distance
df)’ scaling as d; vanished (Figure 2.4). We note that the dissipated power into quenching
of MIM gap (or quenching rate) is ~ 2 — 3 times higher than that of the dipole near a single
interface of IM or IMI structure. Interestingly, we find that the coupling to plasmon gap
mode overcomes the quenching despite the very proximity to the metal (d; < 10nm). This
is attributed to the slowdown of the gap plasmon mode (group velocity decrease) and thus
strong field confinement when the gap thickness is reduced [51, 52].

The Purcell factor

The Purcell factor defines the total decay rate enhancement (as compared to vacuum
decay rate I'g) that can be calculated by integrating the spatial spectrum of ) over all

values of u,
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Fp = £ = /0+OO a) (u)du (2.16)
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Figure 2.5: The Purcell factor. (a) Purcell factor of the dipole in the IM and IMI structure
as a function of the dipole distance. T'wo gap thicknesses of the IMI structure are considered:
gy = 3nm and gy = 30nm. (b) Similar to (a) but focusing on smaller distance and compare
to the MIM structure. Only the IMI of g); = 3nm is considered.

Figure 2.5 a shows the calculation of Fp as a function of the normalized separation
distance d; /A of the IM and IMI structure. We can see that the Purcell factor of the IMI
with the gold slab thickness gy = 30nm (blue line) is nearly identical to that of the single
air/gold interface (black line). When the dipole is far from the interface, the Fp slightly
oscillates around unity (I' = I'g) due to the interference between the far-field radiation of the
dipole and its reflected field from the surface. As d; < 10nm, the Purcell factor of these two
structures increases rapidly; however, this is dominantly due to the quenching as shown in
Figure 2.4.

In Figure 2.5 b, we also calculate the Purcell factor of the MIM structure as a function
of gold thickness g = 2d, focusing on the thicknesses of interest g < 20nm. We note that
dielectric gap thickness at a 10nm scale is possible to achieve by state-of-art lithography or
self-assembled monolayer of molecules (¢ < 2nm) [53, 54]. Here we find that the Fp is also
significantly enhanced as the gap thickness reduces (Fp =~ 10° at ¢ = 2nm) and is more

prominent by around 2 orders of magnitude than that of IM or IMI (g); = 30nm) structures.

Moreover, as proved previously, the large Fp of the MIM structure is predominantly driven by
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2.3. Coupling a dipole to fundamental planar plasmonic structures

the gap plasmon mode but not the quenching, even at very small d;. It is thus apparent that
the MIM nanogaps can provide extreme light confinement inside the dielectric gap that its
excitation can compete with the quenching, thus propelling their use in various applications
related to enhancing spontaneous emissions such as single photon sources or sensing.

The IMI structure with extremely thin metallic gap thickness

Above we have considered the IMI structure with gold thickness gp; = 30nm, which
shows no significant difference in Purcell factor as compared to a single IM interface. In
fact, above the gold’s skin depth (> 20nm), the Fp of the IMI structure is not understood
to depend on the gap thickness, except that the plasmon mode hybridization is loose. Here,
we are interested in calculating the Purcell factor of an IMI structure with a very small
thickness, gy = 3nm for example (the thinnest metal sheets have reached), shown as the blue
dashed line in Figure 2.5 . This geometry has been recently studied in graphene plasmonics
[55] or nanoparticle-on-foil system [56], which allow tightly confined light and can be used
as molecular sensing. Here we find that in the far-field regime (d; is large, Figure 2.5a),
the Fp is nearly unaffected by the presence of very thin gold film thickness, which shows
no significant difference from that of a dipole in a vacuum. In contrast, in the near-field
regime (Figure 2.5b), the Fp of 3nm-gap-IMI is largely enhanced by 2 orders of magnitude
compared to 30nm-gap-IMI, which is an asymptote to the huge Fp of the MIM structure
for 10 < d; < 20nm. This is primarily contributed by the strong field confinement of the
as-symmetry IMI mode (SRSP) as its field is null inside the metal gap [56]. Besides, in terms
of the in-plane wavevector (kj), when gy reduces, kj of LRSP mode remains unchanged
and very close to the k| of SPPs on a single gold interface. In contrast, k of SRSP largely
increases by ~ 10 times, making it possible to be confined inside the extremely thin gold gap.
When d; < 10nm, the Purcell factor curve of the 3nm-gold-IMI structure converges toward
the Purcell factor curve of IM, and the 30nm-gold-IMI structure owing to the dominance of

the quenching in this regime.
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2.4 Coupling a single dipole to a long-range surface
plasmon device

Studying the plasmon modes hybridized inside the IMI structure above reveals several promis-
ing advantages of the long-range surface plasmon modes: very few losses compared to the
SPPs at the single interface as long as millimeter range propagation length can be reached
[37], and the tolerance on the structure symmetry is a few percent (achievable experiment).
The LRSPs are thus the potential for many applications and have been proposed for opto-
electronic devices [57], energy transfer [58], and biological sensors [59]. In a recent paper, we
experimentally demonstrated a strong coupling between the LRSP and J-aggregate dyes [37].
We demonstrated that this device enhances the coupling and, depending on the position of
the dyes, new modes can be excited.

The motivation of this section is to present a new study of the “more realistic” LRSP
device [60, 37] in the weak coupling regime. Using the same dipolar approach above, we
focus on the identification and reconstruction of the different modes supported by the device.
Besides, the coupling efficiency to the mode is extracted depending on the dipole’s position
and orientation. Finally, we present an optimization procedure as a guideline for future
optoelectronic devices.

The device is presented in Figure 2.6a. We set the same gold slab of 30nm between two
finite glass layers denominated substrate and superstrate (index 1.5, thicknesses 750nm) and
we place the whole structure on a prism of index 1.8. The dipole is placed at d; = 50nm from
the gold layer inside the superstrate. This configuration is also known as Otto or leakage
configuration [29, 61]. The chosen parameters here serve the purpose of demonstrating the
system, while their influence will be discussed later.

Identification and reconstruction profile of optical modes supported by the
device

Figure 2.6b shows the spatial spectrum of a.; of the dipole as a function of u. We can that
the device supports the plasmonic modes (LRSP and SRSP) located at w > 1.5. Furthermore,
new modes appear for v € [1;1.5], which belongs to the glass side of index 1.5. The inset

presents the Purcell factor as a function of the distance from the gold layer. No difference is
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Figure 2.6: A realistic long-range surface plasmon configuration. (a) Schematic of
the structure. (b) Plot o as function of the in-plane wavevector u. Inset: Corresponding
Purcell factor.

observed with the case of IMI structure in Figure 2.5a in the near-field regime (d; = 50nm)
but a new structure appears in the far-field distance (red arrow). These new modes are thus
propagative, belong to the glass, and will be attributed to wave-guided-modes (WGMs). In
Figure 2.7, we present a procedure to identify, optimize and reconstruct each mode’s profile.

The identification of the optical modes is done by comparing the intensity reflection coef-
ficient (R,, Rs) as function of the normalized in-plane wavevector u in p and s polarizations
with the calculated ;. These latter three curves are plotted in Figure 2.7a. It is important
to note that for reflectivity calculations, the wavevectors are limited by the index of the prism
(u < 1.8). We see that the modes in the o, curve also appear in R, at the same positions,
resulting from the vertical dipole near an interface mostly radiating p-polarized field inside a
higher index mediumn [39]. On the other hand, if we set a horizontal dipole, the dissipated
power would have been distributed in both p and s modes (the role of the dipole orienta-
tion will be examined at the end of this section. The mode at oy (v = 1.6) appears only
in p-polarization, while it is absent in s-polarization. This dependence on the polarization
confirms that this mode has plasmonic nature, which we attribute to LSRP mode. Moreover,
we observe that the SRSP is located at a; (u > 1.6), thus making it impossible to detect
in this configuration. For 1 < u < 1.5, many other modes are present in both polarizations.
These modes are attributed to wave-guided modes (WGMs).

In Figure 2.7b, we calculated the coupling efficiency ( of the vertical dipole within the
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Figure 2.7: (a) Dissipated power and reflectivity simulated as a function of u. (b) Coupling
efficiency to the different modes as a function of the vertical distance in the glass. (¢) Mode
profiles |é,(r0)]?.

superstrate as a function of the separation distance to the gold. First, we note that the
coupling efficiency of the LRSP and the SRSP does not change in this device as compared to
the ideal structure IMI with insulator sides made from glass. The finite size of the structure
(750nm of glass thickness) does not disturb these modes. Secondly, we see that the coupling
efficiency to the guided modes can be: B4, = 40%, which is obtained deeply inside the
glass layer. We have one and two maxima for WGM1 and WGM2 respectively which seem
to reproduce the spatial shape of the modes. One important feature is that the number
of modes depends on the position of the dipole inside the glass slab. For example, for a
dipole position at d; = 0.3ds,,, three modes are excited with 25% of total power dissipated
to WGM2, 15% to the WGM1, and 15% to LRSP.

To complete the description of the modes and to display the energy propagation within

the structure, we reconstruct the mode profiles. It has been shown that in the case of discrete
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2.4. Coupling a single dipole to a long-range surface plasmon device

modes, the LDOS can be formulated through a summation. This calculation is then weighted

by the amplitude of the eigenmodes at the dipole position rq as [62]:

p(ro,w) =Y [&(ro)*6(w = wy) (2.17)

We have reconstructed the mode profile |, (ro)|* by first selecting the mode wavevector u
and then moving the position of the dipole. Figure 2.7c presents the profile structure of the
four modes independently. We observe the profile shape of the plasmon with an exponential
decrease in the dielectric surrounding the gold. In the case of the WGM, we observe the
number of nodes, in the upper glass, according to the order of the mode. We notice that the
WGM profiles are not completely symmetric in the superstrate because of the as-symmetry
in terms of the optical index of the surrounding medium (i.e., the device around the gold
fim).

Optimization of coupling efficiency

Until now, only a vertical dipole has been set to clarify the discussion and to optimize
the coupling to plasmonic modes. Using complementary reflectivity calculations, we have
identified all the modes. In Figure 2.7a, we also clearly see that the waveguided modes also
occur for s-polarization which may be excited with a horizontal dipole. Depending on the
purpose of various applications, it may be more interesting to mostly couple to the LRSP or
to both LRSP and WGMs in a defined proportion.

For all these reasons, we introduce a new contrast parameter C' between the LRSP and

the WGM. This factor of merit highlights the tolerance and optimization of the coupling

within the desired mode.

- Brrsp — Bwem (2.18)
Brrsp + Pwaem

The coupling efficiencies for WGMSs are integrated for u € [1;1.5]. Figure 2.8 displays the
behavior of C' with the most important parameters which are the gold distance and the dipole
orientation. We retrieve the previous result which is a better coupling to the LRSP with a

vertical dipole at short distances. In this case, the range of angle tolerance is around 20°.

A horizontal dipole (6 = 90°) will barely couple to the LRSP (only at very short distances).
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Figure 2.8: Contrast map as function of the vertical distance d; in the superstrate
and with the dipole orientation 6. The dash lines point-out the delimitation between
each region. Inset: schematic of the dipole orientation.

There is an intermediate range (for C' = 0), where the dipole will couple to each mode with
equivalent, efficiency, this region is marked with the white dash. This calculation is only
valid for one dipole. In the case of a monolayer of random independent emitters, we have to
average our calculation over all orientations 6.

Conclusion: To conclude this section, we have investigated the dipole coupling into a
Long-Range plasmonic device. In a symmetric configuration where a gold slab is inserted
in-between two identical mediums, the dipole may radiate into a Long-Range plasmon. The
dissipated power is redistributed into the Long Range as well as in a Short Range plasmon.
The coupling efficiency to the LRSP is around 57 and the propagation length is around 44m
for wavelength of 650nm. In an even more realistic configuration, where the mediums have
finite sizes, waveguided modes may also appear in the dielectric layers without modifying
the properties of the LRSP. According to the orientation of the dipole, the coupling effi-
ciency may be optimized and balanced between the LRSP and the WGM. One interesting
feature is that these channels may be independent (in wavevector) or coupled (excited by
the same dipole) depending on the optimization. This configuration may be interesting for
multimode integrated devices such as single photons on chip, quantum entanglement or for

optical communications. More details of this part can be found in [49].
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2.5 Surface plasmon hybridized dressed states

Multiple-hybridization between metallic layers inside plasmonic nanocavities displays prop-
erties similar to atomic-dressed states. In this framework, we propose to numerically and
analytically investigate the case of a multilayered structure composed of N stacks of metallic
(M) and insulator (I) thin films. We also use a vertical dipole as an optical probe buried
inside the structure to excite the optical modes. To understand the multiple-plasmon hy-
bridization of the structure, we begin with a layered structure with a small number of metallic
slabs (N = 3; 4). When the number of blocks is increasing, we will show that the resulting

modes evolve toward an energy continuum in a manner similar to the energy bands in a solid.

Surface plasmon modes of alternative insulator/metal multilayer: begin with
3 and 4 metallic layers

In the following, we discuss about the construction of the plasmonic modes due to multi-
hybridization by first analyzing coupling between 3 and 4 metallic layers. These configura-
tions are labeled MIMIM and MIMIMIM. In Figure 2.9, the dissipated power is calculated
and the profile of each mode is extracted for each geometry. All layer thicknesses are set to
20nm.

In the case of 3 metallic layers, we observe two modes noted M1 and M2 in Figure 2.9a.
We clearly observe different widths in u for these modes which is a fingerprint of their losses.
In Figure 2.9b, the M1 mode, with smaller losses, is rather located near the outer limit of the
structure, whereas the M2 mode, which has more losses, is propagating close to the central
metallic layer.

In the case of 4 metallic layers, we observe the appearance of three modes with different
widths. The profile of these new modes displays similar features as those presented in Figure
2.9a and b. The first mode M1, with the narrowest width, is more likely located in the
central insulator. Its profile increases in the vicinity of the external metallic layers. By
contrast, the modes (M2 and M3) with broader widths tend to localize closer to the central
metallic layer. In particular, the intermediate M2 mode is vanishing inside the middle of the

structure. Considering the cases of 3 and 4 metallic layer structures, we generally observe

64



CHAPTER 2: COUPLING A DIPOLE TO MULTILAYER SURFACE PLASMON

(a) (b)

420
—M1
M1 M2 14 —M2
2801 =
3 o
c
140 | o
0 08
1 2 u 3 4 M I M I M
(c) (d)
%0 M1 M1 1 — M1
A M e
200 = o | —M3
3 M3 2
1001 - w N
04 ‘ ‘ 0 ||
1 2 y 3 4 M IMIMI M

Figure 2.9: Three and four multilayers. Dissipated power as a function of the wavevector
u for (a) MIMIM and (¢) MIMIMIM structures. (b,d) Corresponding spatial profiles of each
selected mode. The dipole is placed at 10nm from the metal in the left insulator (I) layer
displayed (b,d). The finite layer thicknesses are set to 20nm.

that the modes which present more losses are those that are more closely located near the
central metallic layer. In both cases, the SPP modes at lower wavevector display fewer losses,
propagate farther, and increase systematically near the external metallic layers.

Multiple-plasmon hybridization between metallic layers

To understand the creation of these new coupled modes, one of the insulator (I) layers
is replaced by a dielectric with a variable refractive index n, while the other insulators
are air. On the basis of our previous analysis, changing the optical index is expected to
detune the respective energies between the modes to decouple them [63, 64]. This results
in a characteristic anti-crossing pattern. For this analysis, we assume that the independent
modes are those of the MIM structure. The evolution of the independent MIM mode where
the index of dielectric n is changed is denoted MnM and the results are presented in Figure
2.10.

We observe the appearance of 2 and 3 branches for the case of 3 and 4 metallic layers
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Figure 2.10: Construction of plasmonic modes in the case of structures with 3 and
4 metallic layers and a dielectric layer of variable refractive index. (a,d) Schemes of
the devices. The position of the dipole is shown by a red arrow and located at 10nm from the
metallic surface. (b,e) Evolution of «; as function of n and u of the associated structures.
The dashed lines are the positions of the independent modes (upsrp and upmar(n)) and the
continuous lines are the calculated eigenmodes of the interaction matrix. (c,f) Schematic
diagram of the mode construction for 3 and 4 metallic layers respectively.

in the anti-crossing maps (Figure 2.10b, e). For example, for 4 metallic layers, a simple
matrix formalism, grounded on physical considerations, can be introduced to reproduce the
simulations. This case is based on the interaction between three coupled MIM structures.

The interaction matrix can be written as:

uprve Vio Vi3
upimivnM = | Vig  Umim Va3 (2.19)
Vis Vaz s (n)

In matrix wpsrarrvmar, we insert the wavevectors of the SPP for the MIM structure 7.
This value can be slightly corrected due to the finite size of the layer. The SPP wavevector of
the MnM structure is noted as @y7p7(n). These two values are extracted from simulations.
We also define V;; as the interaction strength between 7 and j layers, in order to reproduce
the numerical simulation. In Figure 2.10b, e, we present, in black continuous lines, the calcu-
lated eigenmodes from the matrix. These results are superimposed on the simulations for the
cases of 3 and 4 metallic layers. We found that only the first neighbor’s MIM structures are
interacting and that the coupling strength between neighbors does not depend on the overall
structure (namely 3 or 4 metallic layers). For the case of 4 metallic layers, the independent

mode of the MIM structure is used twice in the matrix. As these 2 modes are degenerate
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(wavevector @psrar), only one vertical dash line appears in Figure 2.10e. In the case of 4
layers of equation 2.19, we deduce Vis = Vo3 =V = 0.5, Vi3 = 0.The wavevector of the MIM
plasmon of the single IM interface is corrected by 0.25, so that @asrar = uparrar +0.25. Finally,
we also found that the correction to MnM is @psnar = Unmar(n) + 0.3, The most important
result is that, in the case of successive layers with the same thickness and index, we always
have only first neighbors coupling with the same coupling V' = 0.5. Finally, it is worthwhile
to note that the regime of strong coupling can be achieved when the ratio of the coupling
strength to their intrinsic losses is higher than 1 [64]. In our case, the coupling strength is
2V =1 and the losses, given by the width of the independent MIM mode, is Au = 0.1. The

strong regime criterion is, therefore, V/ A wu >> 1.

Surface plasmon hybridization: N layers

In the following, we analyze the evolution of these hybridized modes as a function of the
number of metallic layers. All dielectric layers are set to air to maximize the hybridization
coupling strength. We note N, as the number of metallic layers so that the overall structure
possesses (N, — 1) air layers. For example, the MIM structure is obtained for N, = 2. The
thicknesses of both finite gold and air layers are set to 20nm. The dipole is placed in the
center of the global structure (similar to Figure 2.10). If the center is air, the dipole is placed
in the center and if it is metallic, the dipole is set 10nm above. The results are presented in
Figure 2.11.

In Figure 2.11a, we see that the number of plasmonic modes increases with the number
of layers. It is important to note that in our simulations, the dipole probes the Local Density
of Optical States (LDOS). We see that for the case of 8 gold layers, the amplitudes of the
modes are different. The distribution of the nodes of the various modes in the structure
are different, so that the dipole may not be able to excite all the modes with the same
efficiency. Nevertheless, when the number of layers is very large, all the modes merge to form
a continuum in a similar way as the energy bands in a solid. The simulated colormap in Figure
2.11b illustrates this evolution. We see that when Nb is increasing, multiple hybridization
occur and we observe the coalescence of all modes. In Figure 2.11a and b, we also detect two

asymptotic limits of the wavevector values that will be noted wymir = Umaz OT Umin-
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Figure 2.11: Evolution of the dissipated power o as function of the number of
metallic layers N,. (a) Dissipated power « as a function of the in-plane wavevector u for
3 different numbers NV, (3, 8 and 200) and (b), as a colormap with u and Nj from 2 (MIM
scheme) to 40.

In Figure 2.11b, we find them close t0 w4, = 3.4 and u,,;, = 1.5. These asymptotic
values are dependent on the thickness of the gold or the air layers as illustrated in Figure 2.12.
As expected, the asymptotic evolution (I, — oo) of the wavevector u tends to the initial
values of building blocks (MIM or IMI) presented in Fig.1. When increasing the thicknesses
(ear or eg), the building blocks forming the overall structure become actually decoupled.
When the dielectric layer thickness e; is infinite, the global structure tends to an IMI scheme
with long-range (LRjy ;) and short-range (SRypr) plasmon. In the opposite case, when the
metallic layer thickness e;; is very high, the global structure adopts the behavior of a MIM
structure with one plasmon mode (SPPysyp).

Conclusion: To conclude this section, we have studied multiple hybridization between

MIM structures. Hybridization occur at a small distance between adjacent MIM blocks with

68



CHAPTER 2: COUPLING A DIPOLE TO MULTILAYER SURFACE PLASMON

(a) (b)

71 7_é
6,% ¢ umax 6 * umax
5—§ " Unin 5—i " Unin
EY E4,
3531 s S5 34, s
* »
T N I A~
" m C¥ea LTI
0 T T 0 T T
0 100 200 0 100 200
e, (nm) e, (nm)

Figure 2.12: Evolution of asymptotic bounds u,; of the mode continuum. (a)
Umir as function of the metallic thickness ey, (air layers thickness kept to 20nm) and (b), as
function of the air thickness e; (gold layers of 20nm thick).

a coupling strength V. To model this coupling, we used a strong coupling matrix formalism
and proposed a schematic diagram in Figure 2.10c, f. We found that the coupling strength
between adjacent layers is independent of the number of layers but is directly related to the
thicknesses and the indices of the layers, as found for Bragg mirrors. Increasing the number
of layers causes a multi-hybridization process and the plasmonic modes merge to construct
a continuum similar to the formation of energy bands in a solid. Our result is also valid for
the opposite case where the outside layers are made of insulators. The development of this
work has many potential applications in plasmonic for architecture design in optoelectronics.

More details of this section can be found in [65].
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Chapter 3

Experimental methods for Surface
Plasmons

We introduce optical techniques used in this Thesis for the investigation of localized surface
plasmons (LSPR) in single metallic nanoparticles and de-localized surface plasmons (SPPs)
at planar interfaces. The polarization-resolved scattering of the particles is determined by
dark-field imaging. We employ Fourier-plane filtering to achieve nearly background-free
images. For the planar interfaces, the wavevector-matching condition is necessarily satisfied
to launch propagating SPPs, in contrast to LSPR, where its plasmon resonances can be
excited by direct light illumination. We present here techniques for increasing the wavevector
component of excitation light by means of evanescent waves or scattering from a point source.
In terms of detection, the SPPs propagating on the interface are collected by leakage radiation
microscopy. The SPPs are characterized by inspecting both Fourier-plane images (k-space)
and real-space images. In combination, these experimental methods will be applied to study

LSPR of gold bipyramid nanoparticles and gold film in the following chapters.
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3.1 Investigation of the optical response of metallic

nanoparticles

The study of localized surface plasmon resonances is not only necessary for the fundamental
understanding of the properties of nanoparticles but also for practical applications such as
emission enhancement [66, 67] and sensing [68]. The scattering of metallic nanoparticles at
a single level can be investigated by means of methods based on near-field and far-field char-
acterizations. Near-field optical microscopy provides information about the optical response,
including the local field distribution and the spectrum of plasmon modes [69, 70]. One strat-
egy is to employ a local probe, e.g., fiber tip with an aperture (~ 100nm), for investigation
of the evanescent field of the particle. Because of the complex tip-particle interactions, the

near-field methods require a large effort to interpret the results obtained in the far-field and
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Figure 3.1: Observation of single gold nanoparticles by dark-field imaging.(a) Dark-
field image together with SEM images.(b) scattering spectra. Source: Kuwata et al.,2003
[71].

thus being limited in spectroscopy and sensing applications.

In dark-field microscopy, scattered light is selectively collected by filtering the incident
light away from the detector. Thus, the particles appear in dark-field images as bright spots,
induced by scattering, over a dark background. As apposed to near-field microscopy, single-
nanoparticle observation in dark-field imaging is only achieved for well-separated nanopar-
ticles. The nearly background-free measurement is usually achieved by using a condenser
to construct the illumination in an annular beam and scattered light is collected in a cone
of a smaller aperture [71, 72, 59]. Another approach is to locally probe the particles by
evanescent waves from a total internal reflection illumination of an interface and scattering
collection takes place in the free space of the smaller optical index medium [73]. Due to
this simple operation and relatively fast acquisition time, dark field spectroscopy has been
widely performed to study scattering of various nanoparticles of different geometry and in
different environment. Figure 3.1 shows an example of a dark-field image and corresponding
scattering spectra of individual gold nanoparticles [71]. Even under the diffraction limit, the

gold nanoparticles of various sizes and shapes enable to distinguish based on their spot color
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or spectrum resonance, defined by the resonance wavelength of the localized surface plasmon.
It is worth noting that dark-field spectroscopy or scattering-based techniques are not
suitable for very small nano-objects, e.g., few tens nanometers for silver and gold nanospheres,
surrounded by a background of scatters. This is due to the fact that the scattering cross-
section scales rapidly with the square of particle volume V2. Therefore, the scattering of the
particles is overwhelmed by the background scattering (low signal-to-noise ratio). On the
other hand, absorption is the dominant optical response in this small-size regime, and thus
absorption-based techniques are alternatives for sub-10nm nanoparticle detection [74, 75].
In our work, the gold bipyramid nanoparticles (AuBPs) has relatively small volume
(equivalent to a sphere of radius ~ 25 nm). However, the bipyramids are able to produce a
strong scattering cross-section under resonant excitation due to the large oscillation strength
of plasmons along the main axis of the particles (i.e., longitudinal localized surface plasmon
resonances). Therefore, we employ dark-field microscopy to measure the scattering spectrum

and analyze the polarization of the bipyramids.

3.2 Dark-field scattering polarimetry

3.2.1 Dark-field imaging by Fourier-plane filtering

In order to achieve nearly background-free images for dark-field imaging, our strategy is to
discriminate angularly the incident and scattered light by Fourier-plane filtering. Let us
first present the principle of the Fourier-plane manipulations. This technique is not only
employed to support the measurement of the scattering of localized surface plasmon of the
gold nanoparticle but also to characterize the propagating surface plasmon at the planar
interfaces.

What is Fourier-plane imaging?

Mathematically, Fourier transform is a function that allows transforming between two
reciprocal domains, e.g., the time-temporal frequency or space-spatial frequency domains,
by multiplying the input function by an exponential that is linear in phase and making
integration. In optics, the two-dimensional Fourier transform of light diffracted from an

object can be made by propagating the light at a very large distance or just simply using a
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Figure 3.2: Fourier transform of light by a lens.. Spherical wave produced from one
point source at position (x,y) on the object is transformed to plane waves, each moving in
a direction (0,,6,). Imaging the back focal plane (Fourier-plane) of the lens gives angular
distribution of diffracted light.

converging lens. The Fourier transform in the latter case is depicted in Figure 3.2.
The field distribution in the back focal plane (BFP) of the lens (E(k,, k,)) can be inter-
preted as a superposition of plane waves or Fourier transform of the diffracted field E(z,y)

from the object and is expressed as:

Bk by = ) = [ [ Bwg)e =t dudy (3.1)

We can see that the lens makes Fourier transform light waves from the real space (z,y)
to Fourier space defined by wavevectors (k,,k,) or angles (6,,0,) with 6, ~ —xz/f and
0, ~ —y/f (paraxial approximation). If a screen is placed at the BFP, we would image
the spatial frequency spectrum (or angular distribution) of diffracted light from the object,
the so-called radiation pattern. The Fourier-plane imaging is thus extensively used in nano-
optics to access the angular spectrum of propagating radiation. For example, this technique
has been used to probe the single fluorescence molecule orientation [76, 77] or measure the
directionality of plasmonic antennas [78].

In our work, we image the radiation pattern in the BFP of an inverted oil immersion high
numerical aperture objective (Nikon 60x, NA = 1.49). For a light-emitting object deposited
on the glass substrate, the objective can collect all radiation confined inside azimuth angle

Ormaz ~ 80°. Figure 3.3a depicts an arbitrary radiated beam is refracted at the surface of the
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Figure 3.3: Fourier-plane imaging by a high numerical aperture objective. (a)
Scheme of a radiation collected and projected on the BFP of the objective. (b) Emission
diagram of an aggregation of CdSe/CdS nanocrystals in the vicinity to the glass substrate is
recorded by an oil immersion objective.

objective and then projected onto the BFP. The spherical angular coordinates (6, ¢) of this
radiation can be obtained from the polar coordinates (nsiné, ¢) in the BFP, where n ~ 1.5
is the refractive index of glass.

The resulting intensity distribution on the Fourier-plane image is related to the radiation

pattern by:
Ip(ky, ky) = 1(6,6).1/ cos 0 (3.2)

where Ipp ~ |E(ky, k)| and ky/ko = nsinfcos ¢, k,/ko = nsin@siné. The refracting
surface of the objective is approximated as a reference sphere and the apodization factor
1/ cos@ is introduced in order to converse the energy along each radiation path [39].

As an example, we employ the oil immersion objective to measure the emission diagram
of an aggregation of CdSe/CdS nanocrystal deposited on a glass substrate (Figure 3.3b).
We refer to the radial coordinate nsin@ as the “in-plane wavevector” k)| = \/m of the
radiation normalized by kg. In the Fourier-plane image, the radius of the upper bound (red
circle) corresponds to the maximum collection of the objective (NA = 1.49). A bright circle
at kj/ko = 1 is associated with the critical angle of the total internal reflection (TIR) at the
glass/air interface: 6, = sin~'(1/n) = 41.8°. The intensity of the radiation pattern peaks at
the critical angle is interpreted as the evanescent components of the fluorescence. This field

can couple to the far-field radiation beyond the critical angle (6 > 6.) when the particle is
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placed near the glass substrate [39)].
Dark-field imaging by Fourier-plane filtering

Now let us return to our main work where we make ma-

nipulations in the Fourier plane to obtain scattering from excitation
AuBPs. For a small bipyramid particle size, the localized
surface plasmon resonance of AuBPs behaves like a linear
radiating dipole. Because of the presence of the interface,
the scattering is mostly redirected towards a denser in-  collection

dex medium at angles beyond the critical angle of TIR.

Fourier
Therefore, our strategy is to excite the particle in the air plane —> -
and collect its forward scattering in the glass. Figure 3.4 BS vlr
presents the main idea of the measurement: the particle is forward scattering

illuminated in a small aperture and collection takes place ) )
Figure 3.4: Dark-field imaging

in glass by a high numerical aperture objective. The col- by Fourier-plane filtering.

lection consists of both transmitted excitation and forward

scattering that mostly distributes at larger angles. The low spatial frequency of the excita-

tion is filtered out of detection by using a beam stop installed in the BFP (or Fourier plane)

of the objective. Finally, only scattering of the particle is effectively collected.

In the detection, only a fraction of the total scattered power Pi., = I;ne.05cq is collected

and can be parameterized as:

aO’ +
P2, = Iine. Y :
b= [ 2 (33

where [;,. is the incident intensity and o, is the scattering cross-section of the nanoparticle

that will be enhanced at LSPR wavelength. The power P2 depends on the collection angle of
aUscat

o0

pattern can be modified by the local environment. For example, in the case of AuBPs placed

the detector (D) and the radiation pattern of the scattering ( ). In which the scattering

near an air/glass interface, the scattering is transmitted or reflected by the interface, and

thus the scattered power in each medium depends on the Fresnel coefficients.
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3.2.2 Single metallic nanoparticle spectroscopy

Usually, the polarization-resolved fluorescence of single nanoemitters (e.g., dye molecules or
nanocrystals) is measured by counting all fluorescent power detected on an avalanche pho-
todiode. For metallic nanoparticles, scattering spectrum is necessarily recorded in order to
identify the optical mode for the polarization analysis. The experimental setup for single
particle measurements is depicted in Figure 3.5. In general, two excitation channels are
possible: from the top (transmission configuration) and/or from the back (reflection configu-
ration) of the collection objective, while there are three detection modes: dark-field imaging,
spectroscopy, and Fourier-plane imaging, respectively, all for single particles deposited on a
glass substrate.

For the dark-field imaging, we utilize the transmission configuration. The particles are
excited by the beam from a fiber-coupled white lamp focused by a 0.25-NA objective. Then,
both the scattered light and the direct illumination are collected in transmission by the
oil immersion objective (NA = 1.49). The matching refractive indices of the oil and the
glass substrate ensure the acquisition of the scattering in a homogeneous medium of index
n ~ 1.5. As mentioned previously, a beam stop needs to be installed in the Fourier plane of
the collection objective in order to block the transmitted excitation. However, it is difficult
to access the primary Fourier plane (F.P, Figure 3.5a) because it usually lies inside the
objective’s body. Therefore, a confocal system is employed to make an image of F.P at
position F'.P" (Figure 3.5a). The size of the beam stop is optimized at NA = 0.45 to cut off
the low spatial frequency of the direct transmission and retain only the scattered light. It is
supported by a thin and homogeneous glass coverslip (thickness ~ 130um) so that the phase
delay between spatial frequencies can be negligible. In addition, a diaphragm is integrated
into the beam stop in order to control the collection numerical aperture. The signal is then
recorded by an imaging spectrometer (Andor, Kimera 193i model),i.e., images are captured
at the zero order of the grating. Different lenses are performed to switch between the real
space (L,) and the Fourier space (Lp).

Manipulation of the beam stop in the Fourier plane

In order to achieve a nearly background-free image, the position of the beam stop in the

secondary Fourier plane F'.P" is adjusted in live-mode imaging. For this, both excitation
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Figure 3.5: Dark-field imaging and polarization analysis. (a) Schematic of the experi-
mental setup: F.P: primary Fourier plane of the objective, F'.P': image of the F.P, BS: beam
stop, A\/2: achromatic half-wave plate, P: fixed polarizer, L,: lens for real-space imaging, Lp:
lens for Fourier-plane imaging. (b) and (c) Fourier-plane images and associating real-space
images before and after, respectively, the beam stop is introduced to filter the excitation.
The bright disk in (b) is associated with the excitation beam.
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channels from the top and from the back of the oil objective are performed. The recorded
images are shown in Figure 3.5b and c. Angular distribution of the two excitation channels
can be observed in the Fourier-plane image (Figure 3.5b, left). The bright disk in the center
(radius kj/ko = 0.25) comes from the direct transmission of the white-lamp incidence, while
the rest is the light reflected by the glass substrate when the oil objective is illuminated from
the back. We can see a bright two-dimensional ring as the result of the TIR of light beams
exceeding the critical angle 0. = 41.8° (k) /kg = n.sinf. = 1) of the glass/air interface. In
this case, the full back focal plane of the objective is illuminated and thus, the radius of
Fourier-plane image is limited by kj|/ky = NA = 1.49. In the corresponding real-space image
of the bright field (Figure3.5b, right), we only see the direct image of the excitation beam
(induced by the core of the fiber) but not the AuBPs due to the overexposure. However, when
the beam stop is introduced in the center of the Fourier-plane image to block the excitation
(red-dotted circle, Figure 3.5¢, left), we can see that AuBPs appear in the real-space image
(Figure 3.5¢, right) as well-separated bright spots on the dark background. The particles are
then selected individually and sent to the spectrometer. The obtained spectra have a good

signal-to-noise ratio because evanescent components of scattering are effectively collected.

3.2.3 Scattering polarimetry

The polarization analysis is then performed by the combination of an achromatic half-wave
plate A/2 rotating with an angle «/2 and a fixed polarizer plate (see Figure 3.5a). The role
of the half-wave plate and the polarizer is equivalent to a single rotating polarizer of analysis
angle «, however, maintaining a polarization state to enter the spectrometer. Because the
polarization analysis will be employed to deduce the 3D orientation of AuBPs later, the
polarization devices are necessarily placed in the detection after the oil objective but not in
the excitation (polarization analysis of excitation only gives the information about the in-
plane angle [79, 80]). It is worth noting that the beam splitter is removed and the dielectric
mirrors are alternated by the silver mirrors (if used) to avoid depolarization. A calibration
test has been conducted and showed that the depolarization of the overall experimental
system is below 3°.

For polarization analysis, the scattering spectra are simultaneously recorded for each
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Figure 3.6: Polarization analysis of scattering. Scattering spectrum of a single particle
is recorded for each analysis angle o.The detected intensities at resonance (blue dots) are
plotted as a function of « following the Malus’s curve (red line).

rotating angle of the half-wave plate. For instance, Figure 3.6 (left) shows three scattering
spectra of a single AuBP respectively recorded for a = 0, a = 60°, and a = 90°. We can see
that all the spectra peak at wavelength A = 670nm associated with the longitudinal LSPR
of the AuBP. The intensity at resonance is maximum when the polarizer is in the direction
of the longitudinal axis of AuBP (£)|) and is minimum in the orthogonal direction (£, ). For
others, the detected intensities oscillate between the maximum and minimum values following

the curve of Malus’law (red line, Figure 3.6 right).

3.3 Exciting and imaging propagating surface plasmon

Excitation of propagating surface plasmon polaritons (SPPs)

In order to excite propagating surface plasmon, both energy and momentum conservation
are necessarily accomplished. However, for a given energy hw, the wavevector of SPPs kgp on
a dielectric/metal interface is always greater than the wavevector of light & in the dielectric.
This can be seen in the SPPs dispersion relation (see Chapter 1) where the SPP dispersion
curve lies under the light line (given by w = kc). Therefore, SPPs excitation by light
propagating in free space is not possible unless its in-plane wave vector is increased. There
are several ways to achieve the wavevector-matching, including both local SPPs excitation

by near-field optical microscopy [81] and macroscopic excitation using a prism or grating
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coupling [29, 28, 30], or using spontaneous emission of fluorophores [82, 83]. In this Thesis,
the propagating surface plasmon is excited by means of evanescent waves and scattering from

a point source.
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Figure 3.7: Generation of propagating SPPs. (a) SPPs of an air/gold interface is gener-
ated by evanescent field from glass/gold interface. The incident angle of the excitation beam
needs to be higher than critical angle of air/glass interface: 0sp > 6.. (b) SPPs excitation
by scattering from a small particle (a < Agp) on the gold surface

SPPs excitation by a Krestschmann configuration: An approach is to excite SPPs of a
planar dielectric/ metal interface by means of evanescent waves from another higher refractive
index medium that is brought into contact with the metal surface. This is usually known
as the Kretschmann configuration [28]. Figure 3.7a shows an example scheme: a thin gold
film is sandwiched between air and a glass substrate (n ~ 1.5). The wavevector of any
light beam propagating inside the glass is always greater than that in the air by a factor of
refractive index n (k = kg.n). Thus, the SPPs at the air/gold interface can be excited by light
beams from glass traveling under incident angles 65p, corresponding to in-plane wavevector
equal the real part of the SPPs wavevector: k/SP = kg.n.sinfgp. The incident angle Ogp
is necessarily greater than the critical angle §, = sin™' (1/n) of the TIR at the air/glass
interface. In addition, an effective SPPs excitation is only achieved for critical thicknesses
of the metal film (e.g., ~ 50nm for gold) from which the evanescent wave created at the
glass/metal interface can penetrate through the metal layer.

SPPs exciation by near field: The surface plasmon can also be generated by scattered
light from a point source whose characteristic dimensions are smaller than the wavelength
(a < N), e.g., surface defects, particles on the surface [82] or structured holes in the metal film

(32, 84]. The electromagnetic field can be localized in the near-field regime of the scattered
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3.3. Exciting and imaging propagating surface plasmon

sources where wavevectors extend beyond the light cone of the propagating wave. Therefore,
it is possible to excite the SPPs if the point source is near the interface (Figure 3.7b). Besides,
the directivity of the SPPs launching on the interface is defined by the radiation pattern of
the point source.
Imaging propagating SPPs by leakage radiation microscopy

The SPPs field propagating along the air/metal interface does not couple to free waves
in the air but can be leaked through the metal film and damped into radiation in the glass
substrate. This can be interpreted by inspecting the dispersion relations. Figure 3.8 plots
the dispersion relations of SPPs and light propagating in free spaces of air (kg = w/c) and
a substrate (k = n.w/c). We can see that the SPP dispersion curve of metal/air interface is
always located in the forbidden region of the air light line, and therefore SPPs do not radiate
to the free space in the air. However, the radiation loss of SPP into the substrate can appear
in a region of the dispersion curve that lies in between the light lines of air and substrate ,

the so-called “leakage radiation” (Figure 3.8).

air /  Region of substrate
Leakage radiation - —

7 " metal/air SPP

Frequency

Wave vector

Figure 3.8: Dispersion relation of SPPs at a metal/air interface. Region of leakage
radiation locates in between light lines of air and substrate. Source: S. Maier [7]

The leakage radiation of SPPs can be collected by using the prism (Kretschmann configu-
ration) or the oil-immersion objective (the index of oil is taken very close to that of the glass).
In this Thesis, we employ a high numerical aperture objective (NA = 1.49) to investigate
the leakage SPPs. There are several advantages of using the objective lens than the prism.

Besides allowing tightly focused beams and higher resolution to visualized SPP propagation,
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Figure 3.9: SPPs by leakage radiation microscopy. (a) Schematic of excitation and
collection of SPPs by the oil-immersion objective. (b) A measured Fourier plane where the
excited SPPs show their footprint as a dark circle of radius k5». (c) Dispersion of selected
direction on the Fourier-plane (white lines in (b)). (d) Intensity profile of a vertical line cut
on the 2D map of (b) at 700nm. In-plane wavevector k| = /kZ + k2

a single acquisition of the SPPs dispersion is possible to obtain in the BFP of the objective

that encodes information about the angular distribution of the radiation. On the contrary,

the measurement of the SPPs dispersion by the prism in the Kretschmann configuration must

be made repeatedly for each excitation angle. In the following, we will use the oil objective

to investigate the SPPs launched by the two described techniques using evanescent waves

and scattering.
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3.4. Launching SPPs by leakage radiation microscopy

3.4 Launching SPPs by leakage radiation microscopy

Figure 3.9 depicts the excitation and collection of SPPs propagating over an air/gold interface
by leakage radiation microscopy. The 45nm-gold is deposited on the glass substrate (thickness
~ 130pm) and is brought into contact with the oil immersion objective. The objective’s back
focal plane is completely filled by a white lamp illumination (reflection configuration). For
clarity, we only depict the excitation on one side of the objective (Figure 3.9a). For a
given wavelength, an associated wavevector fulfilled the wavevector matching condition (red
ray) will be responsible for SPPs excitation, whereas others will be reflected or transmitted
through the gold film. Therefore, the partial excitation light that excited SPPs will show up
as a minimum in the reflectivity (grey ray, Figure 3.9a). The oil objective with NA = 1.49
contains all desired angles to excite SPPs corresponding to the white lamp spectrum. All the
information related to the angular distribution is encoded inside the Fourier-plane image of
the objective in Figure 3.9b. The Fourier-plane image is filled by the reflection of the white
lamp on the gold/glass substrate. The dark circle ring is the result of the partial reflection of
light after exciting SPPs at the air/gold interface and has a radius proportional to the real
part of SPPs wavevector k::gp = kg.n.sinfgp.

Measuring the SPPs dispersion relation

Each point in the Fourier-plane image encodes information about radiation angles (6, ¢)
and wavelength A. In order to obtain the SPPs dispersion kgp(\), we make an image of
the Fourier plane onto a vertical entrance slit of the spectrometer and close the slit (width
~ 100um) to select one direction of the reflection (white lines Figure 3.9b). An obtained
spectra image is shown in Figure 3.9c. This is a two-dimensional map of reflected intensities
I(kj/ko,\). The SPP dispersion can be seen as a dark blue trace above the light line of the
air k| = ko that retrieves all the features of the typical SPP dispersion of a dielectric/metal
interface. In the near infrared wavelength region, the SPP propagation constant k::gP is
asymptotically approached the light line and bends away when the wavelengths decrease.
Besides, the width of the SPP dispersion (which is proportional to the imaginary part of the
SPP wavevector kgp) is broadened when the wavelength is getting smaller, especially where

the interband transitions take place (below 550nm).
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Identifying SPPs from the reflectivity

We now want to examine the properties SPPs by taking a closer look at the dispersion
relation. We select one wavelength on the SPPs dispersion map, A = 700nm for example,
and plot the reflected intensity as a function of the in-plane wavevector &/ ko in Figure 3.9d.
The SPPs is characterized by a dip in reflectivity. As mentioned earlier, this missing light can
be interpreted as a conversion to the SPPs which carry away the energy along the interface
so that it cannot reach the spectrometer. Therefore, the full width at half maximum I'gp of
the dip is contributed by all the losses of the SPPs excited at the air/ gold interface and can
be expressed as:

1—‘SP - 1—‘abs + FLK + 1—‘scazt (34)

where I, is Ohmic damping caused by the absorption of metal; I'y i is the leakage radiation
into glass substrate that depends on thickness of metallic film; and I'y.,; is damping caused by
the surface roughness of the metallic surface. If the surface roughness is neglected (I'seqr = 0),
the reflection coefficient in the region of the resonance can be approximated as a Lorentzian

function
4FLKFabs

f=1- ©
[ksp — (kgp + Aksp)? 4+ (Paps + T )?

(3.5)

The formula is obtained from [7] where the calculation is based on the Fresnel coefficients. In
which, k’(SO})D is the wavevector of SPPs propagating along the interface of two infinite media
air /metallic. This is not equal, but is shifted by Akgp from the wavevector kgp of SPPs of the
air /metal /glass system due to the finite thickness of metallic film and the leakage radiation
of SPPs into glass substrate. From the formula, it is apparent that a zero reflectivity can be
achieved for a critical metal film thickness that allows I'jx = I'yps. At this thickness, there
is also a perfect destructive interference between the reflected light and the leakage radiation
of SPPs [7, 39].

Usually, the complex value of kgp can be obtained by fitting the reflected curve with the
Lorentzian function. In our experimental situation, this is not straightforward because the
reflected curve of SPPs dose not really have a well-defined shape due to a low efficiency of
SPP excitation. This is because of the fact that only small proportion of the white-lamp

incidence is responsible for SPPs excitation when the full back focal plane of the objective is
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3.4. Launching SPPs by leakage radiation microscopy

illuminated. A more efficient way to excite SPPs can be achieved by using an off-axis laser
beam to locally excite SPPs around angles associated with kgp. The highly focused laser
beam also allows for an excitation in a diffraction-limited spot area and thus the propagation
length of SPPs can be measured directly in the real-space image. Moreover, the excitation
of a continuum of SPPs at different wavelengths is possible by using a white-light continuum
laser. The SPPs dispersion appears as a rainbow jet in the Fourier-plane image [85].

Measuring dielectric film thickness by SPP dispersion

As shown above, leakage radiation microscopy using white lamp for excitation is not ef-
ficient and accurate to determine characteristics of SPPs at given excited wavelength (e.g.,
decay length, wavevector). However, because the measurement allows to retrieve the disper-
sion of SPPs, it can be useful for tracing the change of optical index of the near environment:

a thin dielectric film deposited on gold film for example.

(a) 45nm gold (b) 4nmTiO,/ 45nm gold

1<gepp<erion ;
i Tt<by
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Figure 3.10: Dispersion relation of SPPs at different interfaces. (a) air (¢, = 1)/45nm
gold film and (b) air/4nm-TiOy (ep;02 = 2.4)/45nm gold film. e.s; is an effective index of
air and thin TiO,. White lines is the simulation of SPP dispersion where dotted lines is
simulated for ¢ = 3nm and ¢ = 5nm.

Figure 3.10 show SPP dispersion measured by leakage radiation microscope for two kind
of films: (a) bare gold film in air and (b) 4nm-TiO, deposited on gold film. We can see that
the dispersion curve of the latter is shifted to higher k) as compared to the bare gold film.
This happens at all the wavelength of experimental window; however, is more significant in

the lower wavelengths. Besides, the centre (or the dip where reflection is minimum) of the
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measured dispersion is well-followed the simulated curves (solid white lines). Changing the
TiOs film thickness by ¢ + 1 nm already shows the visible shift of the SPP dispersion (dotted
white lines). Therefore, this measurement allows us to determined nanometric-scale thickness

of thin films with Inm of precision. Here, the thin film induces the changing of the optical

index at interface, which leads to shift SPP dispersion following ksp = ko.\/(24em)/(Ea + &m).-
In the case of air/gold interface, ¢4 is equal to the refractive index of air e, = 1. When thin
TiO, film is deposited, now the the optical index of above surface can be considered as a
mixing of air and TiO,, which is called effective index e.f¢. Therefore, now it is similar a
single interface between a dielectric medium of 5 = €.¢; and gold. This is still true as long
as the TiOy thickness is sufficient smaller than the evanescent decay length of SPPs in the
air t < d4. The shift of SPP dispersion presented here is also the mechanism behind sensing

applications based on surface plamson.

3.5 Launching SPPs by scattering from a point source

The increase of the free-space wavevector to excite SPPs can be achieved by means of scat-
tering from a subwavelength point source such as defects or structured ridge on the metallic
surface. For example, we use non-absorbing silica bead nanoparticles to excite SPPs of the
air/gold interface. The beads have an average diameter of 150nm and refractive index ~ 1.5,
and are deposited separately on the 45nm-gold film. A simplified experimental scheme is
drawn in Figure3.11la where the bead is excited by a focused laser beam (A = 650nm) and
the leakage radiation is collected by the oil immersion objective. The beam stop is also
installed in the Fourier plane to block the transmitted laser beam.

When the bead is excited by the laser, any scattered light satisfies the wavevector-
matching condition is responsible for generation of SPPs. The SPPs are then leaked into
glass substrate and appears in the Fourier-plane image as a bright circle. Figure3.11b show
an example of a Fourier-plane image which is measured by the experimental scheme on the
left. Here, the radius of the red ring is proportional to kfgp = ko.n.sinfgp, which is just
above k| = ky. Because only partial scattering involves the SPPs excitation, the Fourier-

plane image can be interpreted as a superposition of the SPPs leakage radiation and the
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Figure 3.11: Launching SPPs by scattering from a nanobead. (a) Schematic of exper-
imental setup. The particle is excited by a 650nm-laser. LR is the leakage of SPPs. Black
disk is a beam stop, which is used to block the transmission of the laser (b) A measured
Fourier plane where the leakage SPPs show their footprint as a bright red circle of radius

/

kse.

background scattering. Here, we can see that the contribution of SPPs is dominant due to

its confinement characteristic, while the background scattering is negligible.
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Chapter 4

Measuring the 3D Orientation of
Single (Gold Bipyramid Nanoparticle

Similarly to the elongated nanoparticles, the field enhancement around the gold bipyramid
nanoparticles (AuBPs) also displays high anisotropy. A simulation shows that this enhance-
ment is strongest near end tips along the longitudinal axis of the AuBPs and is about 25
times greater than a sphere [5]. This is so-called longitudinal surface plasmon resonance
(LSPR) which is mostly sensitive to the local environment at the vicinity of the tips. Thus,
in the case of a AuBP on a high index or an absorbing substrate, e.g., a gold mirror, how
the particle lies on the surface plays an important role. Furthermore, the knowledge of the
nanoparticle orientation is required to maximize the desired properties for many applica-
tions. Among them, we can cite dipolar interactions and directional scattering. For instance,
color routing has been achieved by manipulating the scattering diagram of two interacting
metallic nanoparticles [86, 87]. Another wide range of examples may be found in controlling
the spontaneous emission of single emitters with nanoparticles by tailoring their local elec-
tromagnetic environment with applications in nanoantennas [88, 66|, light—emitting devices,
Raman spectroscopy, and biosensors. It is then crucial that the emitter and the metallic
nanoparticles are well aligned in order to maximize their coupling.

In this Chapter, the 3D orientation of a single AuBP is determined by plasmon-resonant
scattering polarimetry. The AuBPs are deposited on a glass substrate in order to avoid
any significant orientation-induced effects such as an LSPR shift or the appearance of new
modes. Here, we develop a technique to precisely control the collection angle by Fourier-plane
filtering of the scattering. The crucial role of the collection numerical aperture is also studied

and discussed thoroughly.
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4.1 Properties of (Gold Bipyramid nanoparticles

The synthesis procedure of the AuBPs used in this work has been described previously
(89, 90]. Briefly, the nanoparticles are produced by a colloidal seeded growth method. The
bipyramid anisotropic growth is controlled by ajusting the amount of gold salt and the nature
of the reductant, surfactant and structural agent. Eventually, this method produces water-
soluble AuBPs stabilized by a bilayer of cetyltrimethylammonium bromide (CTAB) that
prevents the particles from aggregation.

The morphology of the bipyramids has been studied by a transmission electron microscope
(TEM) (Fig 4.1). The AuBPs with sizes deduced from the TEM images have an average
length L=70nm and width W= 25nm with rounded tips and edges (rounding radius r=
5nm). However, the real sizes might be different from these measured values by 5 - 10%
depending on the orientations of the AuBPs which is due to the fact that the TEM gives
2D projections of the particles. Moreover, the precise shape of the AuBPs is also observed
in 3D electron tomography, a technique that reconstructs the volume of particles from a
series of 2D projection TEM images recorded at different angles.The reconstruction from the
3D-electron-tomography images (Fig 4.1c¢) shows that the AuBPs are twisted at the middle

with 5 triangular facets on each pyramidal half.

90



CHAPTER 4: 3D ORIENTATION OF GOLD BIPYRAMID

2r

occurrences

—L 0 ——
0 10 20 30 40 40 50 60 70 &0
width W (nm) length L (nm

1

Figure 4.1: Morphology of the AuBPs.(a) TEM image of the AuBPs.(b) Distributions
of the length L and width W measured on the TEM images, r denotes for a rounding radius
of the tips green(c) 3D shape of a AuBP reconstructed from tomographic TEM.

(c)

The optical response of the AuBPs is studied by both ensemble measurement and at the
individual level. The UV-visible spectrum of the bipyramid suspensions (Fig4.2) shows two
distinct peaks: (i) a broad band around 500-600 nm associated with the transverse LSPR and
(ii) a more intense and narrow band at the near infra-red region (750-1050 nm) attributed to
longitudinal LSPR of the AuBPs. The bi-products (spheres or nanorods) might contribute
to these resonances, but only a small proportion (around 5% [89]). For different sample
preparations in Fig 4.2, the wavelength at which the longitudinal LSPR occurs can be tuned
by changing the size and aspect ratio of the AuBPs. However, controlling the aspect ratio is
more favorable because increasing the size of a particle leads to broadening of the resonance
that is mostly caused by multipolar excitations [89].

At a single particle level, the scattering spectrum of a AuBP on a glass substrate is stim-
ulated by COMSOL and measured by dark-field spectroscopy (Fig 4.3). In the calculation,
the particle is excited by an unpolarized plane wave in a normal incidence. We can see
that the simulated spectrum is dominated by an intense band centered at 740nm associated
with the longitudinal LSPR. The charge distribution of this mode (inset, Fig4.3a) shows the

strong localization around the tips of the bipyramid, which resembles an induced dipole. On
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Figure 4.2: Optical study on ensembles of biyramids: UV-visible spectra of different
suspensions of the AuBPs. Source: Navarro et al [90].

the contrary, the quadrupolar mode is also excited at around 580 nm, however, this mode
weakly scattered light because of its zero net dipole moment. Interestingly, a small resonance
that arises at 650 nm is the result of hybridization between the radiating dipolar and the
non-radiating quadrupolar modes. This interaction is mediated by the substrate and there-
fore, only appears when the AuBPs have a facet contact with the surface. In addition, the
hybridization is more significant if the particles are deposited on the higher optical substrate
(91, 92]. At the single particle level, the transverse LSPR yields virtually non-contribution
to the scattering cross-section due to its very weak dipolar moment and strongly damping
by the interband transitions (below 550 nm) [11, 9].

The dark-field spectroscopy ' is performed to retrieve alsmot the forward-scattering of
each individual AuBP and a scattering spectrum is shown in Fig 4.3b. We can see that only
the longitudinal LSPR shows up as a well-defined line while the other modes are vanished
due to the too weak signal-to-noise ratio. The spectrum follows very well the Lorentzian
fit (red curve) centered at 700nm with narrow full width at a half-maximum (FWHM) of
40nm. This value is equivalent to a resonator with quality factor ¢ ~ 20, suggesting that
the AuBPs can be used as plasmonic probes with a good () factor that is very beneficial for

sensing applications [5, 75].

lsee Chapter 3
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Figure 4.3: Optical studies of the AuBPs at a single level. (a) Numerical simulations
of scattering spectrum of a AuBP on the glass substrate excited by a unpolarized plane
wave. Inset: charge distribution associated with the main resonance (720nm).(b) Scattering
spectrum measured by the dark-field spectroscopy (black dots) and fitted with the Lorentzian
function.

4.2 Scattering polarimetry for orientation measurement

In general, the orientation of a single nanoparticle is obtained experimentally from their
radiation pattern or by polarization analysis. First, we briefly review the principles of the
conventional methods for the determination of orientation, with possible applications.

Methods of emission orientation determination

Fourier-plane imaging: the emission of the nano-object is directly encoded in the radia-
tion pattern that can be accessed by imaging the intensity distribution in the objective’s
back focal plane (Fourier plane). This method has been applied to measure the orien-
tation of various materials, including nanocrystals [93, 94], fluorescent molecules [77],
or gold nanoparticles [59, 92]. Besides orientation, the emission Fourier plane image is
able to discriminate the dipole dimensions of the emitter [76]. However, this method
usually requires very sensitive detectors and a large number of photons to obtain a

sufficient signal-to-noise ratio.

Defocused 1maging: by just a slight displacement of an objective out of its focal plane,
the defocused patterns on the recorded images can be used to retrieve the orientations
of the object [95, 96]. This method offers a very convenient implementation but its

precision is very sensitive to the alignment and aberrations of the experiment setup.
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Focused orientation and position imaging (FOPI): the core idea is to place the par-
ticles on an absorbing substrate, e.g. gold, to enhance the vertical dipolar component
of the object inducing a focused doughnut-shape image [97]. The 3D orientations are

extracted from this image without angular degeneracy.

Anisotropy measurement: determine the in-plane orientation by using a polarization
beam splitter to separate optical responses of nano-objects into two orthogonal polar-
ization directions to measure the optical anisotropy. This method is commonly used to
measure the orientation of dynamic nanoparticles in biological solutions [98]. Besides,

it also allows for determining the dipole dimension of nano-objects.

Emassion polarization analysis: emission polarization is analyzed by continuously ro-
tating a polarizer placed on the emission path. The 3D orientations are extracted from
the detected intensity as a function of rotating angles. This method allows for deter-
mining the orientation of the emitter in situations, e.g. in proximity to a gold film, for

which the radiation pattern-based techniques are not sufficiently sensitive [79, 76].

Theoretical framework of scattering polarization analysis
In our study, we determine the orientations of a single AuBP by polarization analysis of its
longitudinal LSPR scattering. While the scattered light is effectively collected by Fourier-
plane filtering in the dark-field imaging (see Chapter 3), the measurement and the analytical
model of the polarization analysis are suggested from the emission polarization analysis
(79, 99]. This technique has been successfully applied to determine the 3D orientation of a
permanent dipole inside semiconductor nanocrystals [76] or fluorescent molecules [100]. In
our work, we are also able to use this method to measure orientations of the induced dipole
associated with the longitudinal LSPR, which is equivalent to the orientation of the AuBPs.
In the following, we present a brief description of the theoretical modeling used in this study
to interpret the data and extract the 3D orientation of a AuBP. A more comprehensive
calculation of the different environments can be found in this Ph.D. thesis [80].

To illustrate the relation between the orientation of a dipole and its polarization, we
consider the simple case of a linear dipole radiating in a homogeneous medium. The 3D

orientation is defined by an in-plane angle ® and an out-of-plane angle © as shown in Fig4.4a.
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The emission of the dipole is collected by an objective and then analyzed by a polarizer that
continuously rotates with an analysis angle a. The radiation of the dipole in each direction
is characterized by its emission diagram, which spreads mostly in the transverse directions
to the dipole axis and there is no radiation at all in the direction of the dipole. We can see
in Fig4.4 that the collected emission by the objective is strongly polarized for the horizontal
dipole © = 90° (opposite for the vertical dipole © = 0).

(b) ® =90° (& is maximum) (c) ©=0 (5 is minimum)

rotating polarizer rotating polarizer

Figure 4.4: Schematic of a simulated situation of a dipole radiating in a homo-
geneous medium. (a) 3D orientation of the dipole is defines by angles (O, ®). Emission
diagram of a horizontal dipole (b) and a vertical dipole (c) is collected by a objective and
analyzed by a rotating polarizer (« is the analysis angle).

The model calculates the sum of the emission polarization along each propagation direc-
tion that have taken into account the apodization factor of the objective. Ultimately, the
in-plane dipole orientation ® can be extracted from the dependence of the polarized intensity

I as a function of the analysis angle a:

I(a) = Lnin + (Imaz — Tiin).cos*(® — a), (4.1)

This equation shows that the emission intensity is partially polarized, with a Malus com-
ponent in the square-cosine function. On the other hand, the out-of-plane orientation ©

defines the contrast between the maximum and minimum values of the detected intensities
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and therefore can be deduced from the measured degree of polarization (DOP) §:

I — L
5 _ ‘tmaz min 4.9
Imaz + -[mzn ( )

For example, vertical and horizontal dipoles induces strongest polarization and depolar-
ization, respectively, and thus, ¢ is maximum for © = 90°and is minimum for © = 0 (Fig
4.4).

It is important to note that I(«) and 0 are parameterized with the following values:

e The dipolar dimension of the nanoparticles, e.g. 1D dipole - a linear radiating dipole
(nanorod [101]), 2D dipole — an incoherent sum of two orthogonal 1D dipoles (dot-in-

plate [76]), or 3D dipole — an incoherent sum of three 1D dipoles (isotropic emitters).
e The collection numerical aperture of the objective.
e The environment close to the dipole, e.g. optical index or interface.

In the case of the AuBPs, the simulated situation is depicted in Fig 4.5. The emitter is
located in the air near a glass interface (refractive index n ~ 1.5) described as a semi-infinite
medium. Given the emitter’s length L = 70 nm (average size of the AuBPs deduced from the
TEM images), the scattering AuBP is modeled as a point-like dipole located at a distance
z = (70/2).cos© (nm) from the glass surface. The emission of the dipole is collected by an oil
immersion objective (NA = 1.49), a minor part of the collected light is cut off by a beam stop
(NAps = 0.45) placed at the Fourier-plane of the objective, and then analyzed by a polarizer
that is continuously rotated with an analysis angle a.

For this situation, the calculation has to take into account the transmission and redirection
of the emission at the air-glass interface. Besides, the sums of the emission inside a solid
angle of collection is limited by the beam stop (0,,, = asin(NAys/n)) and the objective

numerical aperture (0,,,, = asin(1.49/n)).
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Figure 4.5: Schematic of a simulated situation of associated with the AuBPs. The
bipyramid is modeled as a linear dipole at a vicinity to a glass substrate. Off-axis angle ¢
related to the collection angle. BS denotes for a beam stop.

4.3 Orientation of the AuBPs on the glass substrate

In this section, we apply the described scattering polarization analysis to measure the ori-
entations of the AuBPs. The sample is prepared by drop-casting the AuBPs solution on a
clean glass substrate without any specific surface treatment or controlling the orientation.
The concentration of the AuBPs has been adjusted to display well-separated nanoparticles
(around 1 AuBP per 50um?). The experimental configuration of the dark-field imaging and
polarization analysis has been depicted in the Chapter 3. In the following, the procedure to
measure the 3D orientations of an individual AuBP is presented first, then this measurement
of the out-of-plane angle is repeated for other AuBPs to obtain the orientation distribution.
Determination of the 3D orientation of a single AuBP
We plot on Fig 4.6a the dependence of the scattering intensity on the analysis angle a.
The measured intensity oscillates between I,,,,, and I,;, (red dots) with a square-cosine
dependence in good agreement with Eq 4.1. This fit (blue line) gives ® = 30° and ¢ = 0.72.
Alternatively, the values I,,,, and I,,;, can be obtained directly by looking for the max-
imum and minimum of the scattering spectrum. Such spectra of a single AuBP are shown
in Fig 4.6b. For this AuBP, we have a resonance at 670nm with a narrow FWHM of 40nm.
This resonance is attributed to the longitudinal LSRP mode. Using Eq 4.2, we calculate
that 6 = 0.7 for this particle, which is different by only 3% from ¢ extracted from the Malus

dependence in Fig 4.6a. Therefore, for our following measurements, ¢ will be simply deter-
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4.3. Orientation of the AuBPs on the glass substrate
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Figure 4.6: Polarimetric measurement of an isolated AuBP. (a) The intensity of the
scattering spectra as a function of the analysis angle a. The red dots are the experimental
measurements. The blue line corresponds to the fit with Eq 4.1. (b) Scattering spectra for two
orthogonal polarizations corresponding to maximum (7,,,,) and minimum (7,,;,) intensities.
(¢) Theoretical dependence of § on the dipole orientation ©. The dashed line represents the
experimental ¢ extracted from (b).

mined by taking I,,,., and I,,,;, on the scattering spectrum. Once 0 is known,© is determined
from the theoretical dependence §(©) [77, 80] as presented in Fig 4.6¢ that gives © = 75°.

Statistical orientation © of the AuBPs
In the above section, we gave a description about the procedure to measure 3D orientation for
one bipyramid by scattering polarization analysis. In the following, we present a statistical
measurement of the out-of-plane angle 6. This angle is the important parameter that might
lead to different interaction between the AuBPs and the substrate.

We perform the same measurement of § for a selection of 30 AuBPs. Fig 4.7a presents
the result as a distribution of § between 0.5 — 0.8. By using the theoretical curve of §(©)
reported previously, we deduce out-of-plane orientation © and report its histogram in Fig
4.7b. These values might be directly linked to the specific geometry of the AuBPs. We,

therefore, calculate a geometrical orientation

o _T_, AW =2r
contact — an

B 4.
2 L—2r (4.3)

which is associated with the cases from which a facet of the AuBPs touches the surface, with
the widths W, the lengths L, and the rounding radius r deduced from the TEM images, and
plot the distribution in Fig 4.7c. Both angular histograms display a peak at around 75°, but

the extension of the wings on either side of this peak is larger by 15° for the polarization
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Figure 4.7: Orientation distribution of the deposited AuBPs on the glass sub-
strate. (a) Histograms of measured ¢ and (b) deduced orientations O, for 30 AuBPs by the
polarization analysis. (c) [llustration of orientations when a AuBP is horizontal (© = 90°) or
touches the surface (O contact), and histogram of O .opiae is calculated from the TEM images.

analysis. Especially, many AuBPs are measured depositing parallel to the substrate (6 =
90°). This orientation might be induced by the stabilizer surrounding the AuBPs (CTAB, ~
2nm [89]) or the surface roughness of the glass (~ 3nm, measured by profilometer). However,
these side factors do not introduce any unpredictable orientations as we did not find any
particle with © < 60°. These angles are observed in the previous study [5, 102] on the AFM
image, but for the case of overlapping of two AuBPs. However, the dark-field scattering

spectrum allows us to identify whether the object is a single AuBP or an aggregation.

4.4 Role of collection numerical aperture

The previous theoretical analysis [99] stated the important role of the collection numerical

aperture (NA) in the interpretation of experimental values of 0. Fig 4.8 demonstrates how
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4.4. Role of collection numerical aperture

the curve §(0) is significant varied when different NA objective is used. This is due to the
fact that the emission of a 1D dipole into a specific direction is always polarized and thus,
different collection NA results in different values of §. In this section, the relation between o
and collection NA is investigated experimentally, providing deep insights to the polarization
analysis: (i) another way to measure orientation with higher certainty, and (ii) the choice of

an optimal collection objective for the measurement.
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Figure 4.8: Theoretical calculation of §(0) for 1D dipole with different collection NA (ON:
overture numerique), calculated in a situation when the dipole is located in the air, near a
glass surface, and without presence of a beam stop. Source: PhD thesis of C. Lethiec [80]

The dependence of § on the collection NA
To change the collection NA, we set a diaphragm at the secondary Fourier-plane position
together with the beam stop (see Chapter 3)as shown in Fig (Chap 3). We, therefore, study §
as a function of NA for NA € [0.45;1.49]. Fig 4.9a presents the determination of ¢ for 5 values
of NA on the same AuBP. For each diaphragm radius (corresponding to a specific NA), we
measured 0 as previously explained (see Fig 4.6). Because, the decrease of the collection NA
means fewer emission is collected, we also measure the evolution of the scattering maximum
intensity I, with NA. The experimental results agree well with a theoretical fit (solid
lines). These calculations have taken into account the presence of the beam stop at NA
= 0.45. If we omit the presence of the beam stop and integrate over all collected angles
down to # = 0, only a slight difference is observed (dash line in Fig 4.9b) because most of
the scattering occurs above the critical reflection angle 6. = sin™'(1/n). This confirms that

the polarization analysis protocol is not fundamentally modified by working in the dark-field
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Figure 4.9: Evolution of the polarization measurement as a function of the ob-
jective numerical aperture.(a) ¢ and normalized maximum intensity /,,,,. Red dots are
experimental measurements on the same single AuBP. The lines show two cases of theoretical
calculations: NA € [0.45;1.49] with a 0.45-NA beam stop (solid lines) and NA € [0;1.49]
without any beam stop (dashed lines). The blue zone corresponds to radiation directions
above the critical angle. (b) Simulated scattering diagram and its projection on the Fourier
plane.

mode.

During the opening of the diaphragm, ¢ drops by 30%, especially near the critical region
defined by NA. = nsinf. = 1. This trend can be understood by correlating to the emission
diagram. For that purpose, we calculated the radiation pattern in the Fourier plane of a
dipole near a glass substrate and in the same experimental situation as for the AuBPs (Fig
4.9b). The center of the Fourier plane corresponds to a narrow solid angle of collection where
the direction of the polarization is only linked to the projection of the dipole in the plane of
the substrate resulting in 0 ~ 1. When collection NA increases, the radiated field is no longer
parallel to the dipole, and different radiation directions show different field polarization, so
that o, averaged over all collected angles, is lowered. This effect is stronger at large NA
because the scattered field is radiated mostly at high angles, as the evanescent waves of the
dipole near-field in air couple to the light propagating modes in glass [39] (blue zone, Fig
4.9a).

Validation of dipole model and extraction of © from the curve §(NA)
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4.4. Role of collection numerical aperture

As mentioned in the theoretical framework section, to extract © from §, many parameters
need to be included in the calculation. While the experimental configuration (collection NA,
optical index, substrate, etc) is easily defined, the dipolar nature of the nanoparticles is not
always straightforward to confirm. Besides, an ambiguous dipole dimension of nanoparticles
might lead to a significant uncertainty of obtained ©. In fact, the calculation showed that
for the specific experimental situation like our study, at a given value of §, depending on
1D or 2D dipolar particles, the corresponding values of © can be different by up to more
than 50°[79]. Some previous works need to combine polarization analysis with a supporting
measurement to address the nature of the radiation. For example, Fourier plane imaging
has been performed to confirm the 2D dipolar nature of the CdSe/CdS nanoplatelets for the
orientation determination [76].

It turns out that the fit of many measured § on the curve §(/NA) in the Fig 4.9a is a
good way to validate the dimension of dipole that should be included inside the calculation.
Furthermore, from this curve, © is also able to be extracted. The AuBP in Fig 4.9 for instance,
the fit of 1D dipole model follows very well the measured data and gives an out-of-plane
orientation ©; = 69° with +2° of precision ?. This value is nearly equal to the orientation
obtained from the curve §(0) (see Figure 4.6), however, holding a greater confidence. This
is due to the fact that the curve §(©) is calculated for a fixed collection NA = 1.49 which is
only one point on the curve §(NA). Besides, the minor different between © and Oy; here
is because of the AuBP behaves very similar to a 1D dipole, thus, the fits of the two curves
should give the same orientation. In conclusion, from the measurement of §(/NA), we are
more certain about the choice of dipolar nature of the particle for the simulation as well as
extraction of its associated orientation.

Which NA is optimal for the measurement of ©7
The strong dependence §( N A) raises a fundamental question about which objective numerical
aperture should be used for the polarimetric measurement. The best NA of an objective to
precisely determine a dipole orientation is a compromise between two factors: (i) a strong
d(0) dependence, and (ii) a good intensity collection efficiency. Let us discuss two extreme

cases of nearly parallel or vertical dipoles (as opposed to the substrate surface).

20 4i; denotes for orientations extracted from §(NA), to distinguish with © obtained from §(©)
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In the case of elongated nanoparticles that are nearly horizontally deposited (© > 70°)
such as bipyramids or nanorods, it can be seen clearly in Fig 4.8 that a very narrow NA
is not appropriate for the measurement because 9 is always unity for every orientations in
this region. On the contrary, a large collection NA is favorable results from a minor change
in orientation leading to a significant variation of . Furthermore, when a dipole is located
near a glass-air interface, the most perpetuated polarization and concentrated emission are
located around the critical angle, and thus, the collection objective with NA falls inside this
region might be the best choice for orientation measurement.

To strengthen our hypothesis, we extract © at ev-
+10

ery collection NA € [0.6;1.49] from the curve §(O) . o o0zt
for the same AuBP. The accuracy of © at an as- _12 ______ ]
sociated NA is evaluated based on its quantitative +15 ° [0p=76"26]
difference with the most precise value - Op; ex- 0 __._ _______ - oo J
tracted from the curve §(NA), defined by AO = S sl | | |

%(%) Figure 4.10 displays the obtained re- g +12"°""f_"!_".lﬁf%i_“°_]
sults of A© at different NA and the error of ©y; 10 L
is taken as a reference (grey bar). We clearly see +10 o . [0 =69°+2]
that A© = 0 at NA = 1-1.1 for all the presented Op= Pty
AuBPs with the exception of the last AuBP (O 9706 o3 :I: 1.2 14

= 85°). In addition, the errors increase when the
Figure 4.10: Relative different be-
AuBPs orient more parallel to the substrate surface. {ween © and O syas a function of NA

Actually, the polarization analysis is the least sen- measured for 4 AuBPs (red dots).
Grey bars display the errors of mea-

sitive to probe © in the range between 80-90° be- ¢red © fit

cause 0 is nearly constant for every collection NA

[79).

In the case of a nearly vertical dipole (© < 10°), a small NA objective allows a more
accurate determination of © than a large NA objective because the © increases very quickly
when the dipole slightly leaves the vertical position. However, the collection efficiency needs

to take into consideration to obtain an adequate signal-to-noise ratio.
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4.5 Conclusion

A dark-field scattering polarization analysis has been developed to measure the 3D orienta-
tion of AuBPs at the individual level. The out-of-plane component was precisely determined
by taking advantage of the angular collection at the wide numerical aperture. We experiment
tally demonstrated that the more scattered light is collected, the more degree of polarization
is decreased. In particular, the contribution of the evanescent wave is especially important
in the orientation measurements. It is worth noting that the out-of-plane orientation can
also be extracted from the evolution of the degree of polarization with the numerical aper-
ture. Compared to other polarimetric methods, where the dipole orientation is determined
from the degree of polarization only for one numerical aperture, our method combined with
theoretical analysis strengthens our confidence in the determined orientation. The experi-
mental technique that we have proposed here may be applied to more complex systems such
as nanoparticle assembly where our method can discriminate polarization behaviors with the
numerical aperture.

The investigation of the orientations of the AuBPs in this Chapter is very important to
interpret the optical responses of the nanopatch in the following chapters when the AuBPs
are deposited on more complex substrates. On the other hand, in further work, surface
treatment by silanization is expected to be done in order to improve the deposition of the

AuBPs. More details of this work presented in this chapter can be found in [72].
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Chapter 5

Opening-gap nanopatch antennas

We introduce a plasmonic nanopatch antenna consisting of a gold bipyramid nanoparticle
separated from a gold film by a sub-10nm TiOs gap. In a first step, we show (experimen-
tally confirmed with simulations) that placing a AuBP with contact facet on a high index
substrate reveals the hidden quadrupolar mode. In a second step, we demonstrate that the
hybrid structure supports a rich optical response that possesses distinctive characteristics of
each plasmonic individual: strong field localization inside the metal-insulator-metal gap and
radiative nature induced by localized surface plasmon resonance of the particle. This only
can be achieved when a crucial condition of the bipyramid’s orientation is satisfied: a tip
and a facet of the particle touch the surface, forming a nanogap with an opening mouth.
In addition, the structure also provides the degree of freedom in the design of geometrical
parameters that allow engineering the optical response. Here, we show how the modes are
constructed by adjusting the gap thickness. Our investigation establishes a basis for the

understanding of the coupling of the nanopatch to emitters.
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Recalling the main characteristics of the gap plasmon of planar MIM waveguides

When two insulator-metal interfaces are brought closer to each other, the SPPs on either

side of the dielectric medium hybridize and split into high and low-energy modes. When

insulator gap thickness reduces to below the diffraction limit ~ A/2, due to the matching of

the field symmetry, only the low-energy mode (symmetry) is excited [38]. We refer to this

mode as “gap plasmon”. The detailed theoretical descriptions of the planar MIM waveguide

can be found in Chapters 1 and 2. Here, we recall two main characteristics of the gap plasmon

that would be very beneficial for boosting light-matter interactions:

e large in-plane wavevector kj for tight confinement of light
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(a) MIM structure

i 50nm |

dipole‘ /\/\/\/\_Effp'asm" Ig

i 50nm |

(b) (c)
4
S 1071 total
3000
850 850
250 =
E 0 556 é T quenching
800
15 200 gap plasmon ] 102.! gap plasmon
s 2000 Q
£ 750 750 MIM g
(o)}
c 150 C 4
& 100 = 1500 S
[) ] 0
>
® 650 100 50 B 1000 wn 107
5 2
600 50 600 500 | ;
leakage waves
2 frsssansssansasansasansansnnss
550 0 10
550 T T T T T
7 i g 48§18 B 0 20 40 60 80 100 4 5 6 7 8 9 10
k”/ko kll/kO g(nm)

Figure 5.1: Dispersion realtion of gap plasmon and LDOS enhancement of an
planar MIM structure.(a) Geometry of the MIM device: Au/TiO5/Au. Here the dielectric
function of gold &4, is taken from [11], and of the gap eri00 = (2.4)%. A dipole is placed in
the middle of gap as a source to excite the optical modes. (b) Calculated dispersion relation
of gap plasmon mode of the MIM structure at ¢ = 4nm and compare to dispersion relation of
SPPs on a single interface (¢) LDOS enhancement (is proportion to the normalzied dissipated
power of the dipole) of total system, MIM and quenching and the leakage waves (in the air)
as a function of the gap thickness g.

e huge local density of state (LDOS), which overcome the quenching (i.e. lossy surface

waves that do not couple to the radiation but undergo heating of the metal).

For example, we calculate the dispersion relation of the gap plasmon and its LDOS
enhancement (i.e. Purcell factor) restricted to planar Au/TiO,/Au structure, as shown in
Figure 5.1. We use the same technique as described in Chapter 2, using a point dipole
buried in the middle of the gap to excite the optical modes. The dispersion is obtained by
calculating the spatial spectrum of the power dissipated by the dipole at each wavelength.
As can be seen in Figure 5.1b, the kj corresponding to the gap plasmon is approximately
1 order of magnitude higher than the free-space plane waves of photons or SPPs, provided
by a TiOs gap thickness of 4nm. This large in-plane wavevector is associated with a small

plasmon wavelength )\, = 2m/k on the order of 10nm, for the free-space wavelength of
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5.1. Introduction to opening-gap nanopatch antennas

excitation ranging from visible to near-infrared. On the other hand, the dispersion of the

MIM waveguide in the very thin gap limit ¢ < 10nm also can be approximated as [52, 103]:

Ed — €m

£

ky :ko\/€d+2§(1+ 1+ ) (5.1)

where = kof% and kg = 27” Here, €4 and ¢,,(w) are the dielectric functions of the dielec-
tric and metal, respectively. The equation 5.1 also indicates that the in-plane k) increases
significantly as the gap thickness is reduced.

In terms of LDOS, we can equalize the LDOS enhancement of the MIM waveguide as
compared to the vacuum to the normalized power dissipated by the dipole. Figure 5.1¢ dis-
plays the value of LDOS enhancement of the gap plasmon mode, the quenching, and the
total system as a function of gap thickness between 1-10nm. We can see that all the values of
LDOS rapidly enhanced ~ 10* as the gap thickness decreased. Especially, the LDOS of the
gap plasmon largely surpasses the quenching despite the sub-10nm proximity to the metal of
the dipole. The work of P. Lalanne et al [104] also found that for vanishing gap thickness,
both the gap plasmon mode and the quenching have identical g2 scaling; however, there is
also a significant decrease in the group velocity of the gap plasmon thus largely enhancing
its optical density. Interestingly, the quenching of the MIM planar system calculated here
can be valid for associated nanopatch antennas (see configuration below) of sizes larger than

a few nanometers [51, 105].

Gap plasmon antennas based on the MIM waveguide

Practically, to benefit from the full potential of the MIM waveguide, the gap thickness
has to be smaller than 10nm [22, 66, 106]. Besides, the gap plasmon has a very short
propagation length at this very thin gap thickness, which is around a few ten nanometers,
and thus can be completely lost before reaching the end facets of the MIM waveguide-based
devices. Therefore, the lateral dimension of these devices is essential close to the propagation
length of the gap plasmon. Recent advances in nanofabrication allow producing sub-nm-
scale plasmonic dimensions, from which gap plasmon devices can be classified into two main

configurations: (i) dimers consisting of two closely-space colloidal metallic nanoparticles [107,
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108, 109] or (ii) nanopatch antennas using nanoparticle-on-mirror (NPoM) geometry [22, 53,
105, 110, 111], where a metallic nanoparticle is placed on top of a flat metallic film (mirror),
which is predeposited with a thin dielectric spacer to prevent conductive contact.

The attractiveness of plasmonic nanopatch antennas
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Figure 5.2: Gap plasmon in a nanopatch antenna. Gap plasmon in a nanopatch antenna
assembles transverse stationary modes in a Fabry-Pérot cavity. The light confinement inside
the gap can be evaluated through the effective index and the group index of the modes

(ng = Nesr — )\a%e)ff ). The indices are simulated at A = 700nm.

e Fubrication: Roughly, the gap plasmon produced by a dimer or by coupling a particle
to its mirror image in the metallic film is equivalent [53, 112]. However, a particular
reproducible, controllable with nanometric precision, and scalable plasmon gap can
be constructed for nanopatch antennas by using nanolithography [113], atomic layer
deposition (ALD), or self-assembled monolayer molecules [114]. For instance, a gap size
below 2nm can be routinely achieved by monolayers of MoS,, which is identical across

large areas over 100cm? [54].
o A Fabry-Pérot liked cavity: Due to the limited lateral dimension and reflection at the
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5.1. Introduction to opening-gap nanopatch antennas

nanoparticle edges, the MIM gap plasmon modes can resonantly bounce back and forth
below the patch (defined by dielectric spacer embedded between the particle’s facet
and the metallic film) and can generate stationary gap plasmon waves, as illustrated
in Figure 5.2. In other words, a nanopatch antenna works as a resonator and is analog

to a Fabry-Pérot cavity [38, 51].

The nanopatch antennas take full profits from the planar MIM waveguide but further
boost its properties. At an optimal configuration, an LDOS enhancement is greater than 2
orders of magnitude as compared to the associated MIM planar waveguide can be achieved
by the nanopatch antenna [104], from which the quenching becomes negligible. This can
be achieved firstly because the mode volume is shrunk into a deep subwavelength scale
Vo~ (N 2n55) with nepr = Re(kyj)/ko is the effective refractive index of the gap plasmon
mode. The second reason is that there is an increase of the quality factor Q even at very
proximity to the metal surfaces where its absorption is considerable. Intuitively, the gap
plasmon mode is slowed down (i.e., its group velocity is reduced) due to the bouncing back
and forth between the patch’s edges, which is very similar to the light trapping for a long
time inside photonic crystal cavities [115]. It is worth mentioning that for an extremely thin
gap < 10nm, the Fabry-Pérot cavity model has been proven that it is still valid to describe
the resonance of gap plasmon mode; however, the quality factor provided by the nanopatch
antennas is limited by the value in the quasi-static limit Q, ~ 10? [51] (with Q4 o< wo/Im(e,,)
[116], the imaginary part implies that the loss is purely induced by the intrinsic loss of the

metals).

Opening gap nanopatch antennas

Despite holding many advantages as presented above, the conversion of gap plasmon
modes in the nanopatch antennas into desired output channels such as free-space radiation
or SPPs is relatively inefficient. This is because of the large mismatch between in-plane k| of
the plasmon gap mode and kj in free space, the resonant hotspots in the gap typically emit
into high angles for thin gap thickness, which is nearly inaccessible by using the conventional
phase-matching devices such as gratings or prism couplers. This loss is usually referred

to as “coupling loss”. Recent works [51, 117] have shown that engineering the facets of
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Figure 5.3: Classification of gap plasmon antennas based on its facet reflectivity
Left: Tapered-nanogap antennas with low facet reflectivity R ~ 0. Right: nanocube-patch
antennas with large facet reflectivity. Source: R. Faggiani et.al., [104].

the nanoparticles could mitigate reflectivity at the end of the nanopatch and thus reduce
the coupling loss. For example, two configurations are presented in Figure5.3. A tapered
antenna implements no reflectivity at the “mouth” of its curve edges yielding significantly
large photon-radiation conversion above 70%, which is ~ 4 times higher than its counterpart,
e.g. the state-of-art nanocube antennas, with a large facet reflectivity. In turn, the tapered
antenna offers a smaller LDOS of gap plasmon mode (around 1 order of magnitude at the
same gap thickness). Therefore, a nanopatch antenna design that provides a better balance
between the large gap mode density and high photon-radiation efficiency is necessary.

In this context, we propose a new structure of gap plasmonic antenna with delicate
engineering of facets, which is expected to offer a better balance between the large gap mode
density and high photon-radiation efficiency. The antenna consists of a colloidal synthesized
gold bipyramid nanoparticle (AuBP) placed over a gold film, separated by a well-controlled
nanoscale dielectric gap (Figure 5.4). The interesting feature of this antenna design comes
from the geometry of the AuBPs when they lie on the metallic surface, each plays a role as a
nanopatch antenna with an “opening-mouth”. The cavity volume is determined by the space
between the bipyramid and the underlying gold film. This volume consists of two parts: (i)
the dielectric spacer with a fixed thickness embedded between a triangular facet of AuBP
and the gold surface (flat gap) and (ii) the mixing of air/dielectric gap resulting from the
inclination of the bipyramid (“opening-mouth”).

To intuitively understand the different behavior of each component gap induced by their
geometry, we calculate the effective refractive index n.;y = Re(k|)/ko of the MIM mode inside

each gap. While a full simulation that takes into account the geometry of the nanoparticle’s
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Figure 5.4: Opening-gap nanopatch antenna of gold bipyramid. Left: Geometry
of the patch antenna with gap is made from TiO,. Right: effective index of gap plasmon
associating to the flat gap (g is fixed at 4nm) and opening-mouth gap (¢ = 4 — 20nm).

facets is needed to find the exact value of n.ss, an approximation to the planar MIM structure
of infinite width is possible for the extremely small gaps used here. Indeed, for a small gap
situation g/A — 0, the effective index n. sy can be given from equation 5.1 with an assumption

that & >> ¢,,, ¢4
25d

en(gh0) (5.2

Neff = —

For vanishing gap thickness, the n.s; becomes independent of the width. This can be
thought of as the mode confinement caused by reducing the gap thickness between two
metallic surfaces is considerably stronger than those induced by dielectric walls at the end
facets. For any given value of the lateral width w, we can have w >> \/(2n.ss) as the gap
thickness is reduced.

Here, we deduce the n.ss of the gap plasmon mode of the bipyramid nanopatch antenna
from the in-plane k|, which is computed from an equivalent planar MIM structure. Figure
5.4b shows the evolution of the calculated n.;; with the lateral position x. The n.zs is
sufficiently large and constant inside the flat gap region. However, along the opening-mount
gap, nesy is gradually reduced as the gap thickness increases, thus paving the way for the light
escape to the free space. In other words, while the flat gap offers a platform for effectively

supporting the MIM plasmon modes, the opening-mouth gap can play a role in efficiently
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converting these modes into outgoing SPPs/photons.

5.2 Characterization methods

Experimental methods: In our experiments, the substrate is prepared by evaporating
a 45nm gold film with a Snm Cr adhesion layer onto a clean glass coverslip via electron-
beam evaporation. A sub-10 nm dielectric spacer layer of TiOs is grown on the Au film via
atomic layer deposition. The thickness of the TiO4 spacer is well-controlled by the number of
deposition cycles. Finally, a diluted solution of 30nm-width and 80nm-length gold bipyramids
is dropped onto the TiO, surface. The concentration of the colloids in the solution and the
time that the surface is exposed to the colloidal solution are controlled to ensure a low
bipyramid surface coverage for single-nanoparticle measurements. It is worth noting that the
AuBPs have been subtly synthesized with not sharp, but curved end edges (by controlling
the growing time of the seeds [89, 90]) to mitigate the reflectivity and avoid the point effect
of charge accumulation.

The optical index of gold film and TiO, spacer is measured by a spectroscopic ellipsometer.
Below 10nm thickness, the TiO. film has refractive index np;o, = 2.4. Above this, the
deposited film’s optical index might vary due to the changing in the crystal structure of
TiO,. The thicknesses of each layer are determined optically from SPPs dispersion shifting
via leakage radiation microscopy (see Chapter 3). Atomic force microscopy is also performed
to measure the thickness and gives the same results as the optical measurement.

To identify the optical modes of the system, we characterize the scattering of white lamps
from individual AuBPs on the substrate via dark-field spectroscopy. Figure 5.5 depicts a
schematic of the experiment and the structure of the nano patch antenna with a bipyramid
situated on a gold film. The experimental setup of dark-field microscopy was described in
detail in Chapter 3. Briefly, an unpolarized white light beam is focused onto the sample
using a 40X objective with NA = 0.25 so that the sample is uniformly illuminated from small
angles of incidence #; = 0 — 15°. Forward scattering is then collected in transmission by an
oil immersion objective (NA = 1.49) while the excitation beam is omitted from the detection

by a beam stop (NAgg = 0.5) installed at the back focal plane of the oil objective. With
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(a) (b) bare substrate (c) substrate deposited AuBPs

excitation (NA = 0.25)

dust/surface defects

AuBP

4nm Ti0, (n=2.4)

gold (45nm)

collection in glass (NA = 1.49)

Figure 5.5: Nanoatch antenna scattering. (a) Experimental scheme. (b-c) Dark-field
images of one excitation spot on the surface of TiOs/gold film before (b) and after (c)
depositing AuBPs.

this configuration, the collection angles take place between 6. = 20 — 80°.

In a dark-field image, any object that scatters light appears as bright spots on a dark
background. Because of the limit of diffraction, it is not straightforward to distinguish the
AuBPs from other objects that might be present on the substrate such as dust or holes (ob-
served in the AFM images). This is easier for AuBPs deposited on a glass substrate where a
single particle can be well identified based on its distinctive longitudinal LSPR on the scat-
tering spectrum. In the situation of AuBPs on the TiOs/gold film, the interaction between
the particle and the substrate can induce unpredictable scattering resonances (see later). To
locate AuBPs on the dark-field images, we correlate images of the substrate before and after
depositing AuBPs. Figure 5.5b shows a dark-field image of the bare TiOy/gold substrate
with some dust/holes appearing as extremely bright spots due to its big sizes. Subsequently,
an image at the same excitation area but after dropping the diluted solution of AuBPs. By
correlating the two images, we can identify the scattering from AuBPs that are marked as
gold circles in Figure 5.5¢. The dilution can be done in ethanol that rapidly evaporates (~15
minutes, room temperature), and thus allows a fast acquisition time of two correlated images

without changing the excitation spot’s position on the sample stage.

Method of calculation: COMSOL simulation has been performed to calculate the

optical cross-section spectra, associated charge distributions, and near-field distribution of the

114



CHAPTER 5: OPENING-GAP NANOPATCH ANTENNAS

a) b)

air

: TiO,
(ep=4nm, n=2,4)
Gold film (45 nm)

. Glass (n=1,5)
Integration sphere

Figure 5.6: Configurations of the COMSOL simulation for calculating scattering
cross-section. The AuBP is deposited on (a) 4nm-TiOy/glass substrate and (b) 4nm-
TiO,/45nm-gold/glass substrate. The excitation of a plane wave in the normal direction and
polarized along the long axis of the AuBP takes place in air. The integration sphere defines
the surface for calculating the scattered power in the near-field.

nanopatch. The geometrical dimensions and features of the bipyramids (i.e., the truncated
tips and a pentagonal base) are given by the TEM measurement (see Chapter 3). Two
configurations are simulated: the AuBP is either placed on a TiOs film (Figure 5.6a) or a TiOs
film over a gold film (Figure 5.6b), both supported by the glass substrate. Here, the dielectric
function of gold &,,(w) is taken from the Johnson and Christy’s table [11]; and for the spacer,
we use a refractive index nr;02 = 2.4, which is obtained from the ellipsometry measurement.
The background fields in each media are those resulting from the excitation by an incoming
plane wave normal to the substrates, in the absence of the AuBP. The incoming electric field
is linearly polarized along the long axis of the particle. The scattered power (or scattering
cross-section) is calculated in the near field by integrating the corresponding Poynting vector
over a sphere enclosing the AuBP (see Figure 5.6), which accounts for contributions in air
and glass semi-infinite media as well as in the supporting films. The COMSOL simulations

in this Thesis are done by Michel Pellarin.
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5.3 Gold bipyramids on a high refractive index sub-

strate

The nanopatch substrate consists of multilayers that are both absorbing (gold) and dielectric
(TiO4 and glass) materials. Since the TiO, spacer has a high refractive index of 2.4, it
might have certain impacts on the optical response of the deposited AuBP. To support the
interpretation of scattering from AuBPs on nanopatch structure later, we first perform the

dark-field scattering measurement of AuBP on a 4nm-TiO,/glass substrate.

(a) (b)
AA =~ 50nm
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Figure 5.7: Scattering of AuBPs on 4nm-Ti0O,/glass substrate. Left: Two selected

spectra represent two kinds of spectra measured. Right: Resonance wavelength and spectral
width of many particles

We observed two kinds of scattering spectra as shown in Figure 5.7. The first one exhibits
single-mode resonance at around )\ﬁ) = 680 nm, which is associated with the longitudinal
LSPR of AuBPs. In the second, the longitudinal mode is red-shifted by ~ 30 nm (A”) and
interestingly, a small additional mode arises in the shorter wavelength at )\? = 640 nm.
We emphasize that these spectral features are reproducibly observed across many AuBPs.
We present their resonance wavelengths and associated spectra widths in Figure 5.7b. The
single-mode particles (black dots), all show a narrow FWHM ~ 50 nm that is nearly equal
to that of AuBPs on the bulk glass substrate, suggesting the presence of the very thin TiO2
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layer merely leads to an additional mode broadening. In terms of the center position of

resonance, a dispersion of A\ &~ 50nm is observed for different single-mode AuBPs.

Orientation effects on the optical response: Qualitative description

As we will show in the simulation below, the appearance of two sets of scattering modes is
induced by the orientation of the AuBPs on the substrates. Due to the elongated morphology,
the plasmon resonance of AuBPs is mostly sensitive to the local properties of the external
medium near its “hot-spot” tips, where the field is strongest enhanced (around 2 orders of
magnitudes [68, 5]). Therefore, for a given distance of the particle from the surface, the
interaction strength of AuBPs and underneath substrate is expected to strongly depend
on the tip-substrate separation, which is governed by the orientation of the AuBPs. Our
previous measurement indicated that the inclination of AuBPs on the flat substrate ranges
between 0 — 30° (see Chapter 3) corresponding to the tip-substrate distances of 0 — 15nm.
Therefore, there are situations in which the AuBPs incline with a tip touching the substrate,
the particle-substrate interaction is significant yielding to the red-shifted of the longitudinal
plasmon resonance and the birth of a new optical mode. In contrast, there are bipyramids
that lie flat along the surface so that the presence of the substrate weakly impacts their
scattering.

Simulation observation

To examine the orientation effects on the optical responses of the particles, we calculate
the scattering cross-section spectra in two situations: (i) AuBP lies horizontally to the sub-
strate and (ii) tilting AuBP by 20° to lie one tip against the surface and the other raised in the
air (see Figure 5.8). The simulation of surface charge distribution has been also performed
to understand the origin of the modes.

As expected, the two orientations induce different optical responses as observed in the
experiment. The horizontal bipyramid exhibits single resonance with center wavelength and
the spectra width is almost identical to AuBPs deposited on the glass substrate without the
presence of the TiO film (Figure 5.8 above). The inset of simulated charge distribution also
confirms its longitudinal dipolar nature. Since the tips are separated far from the substrate,

the localized charges around the tip mostly feel the homogeneous medium of air resulting in
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Figure 5.8: Calculation of scattering cross-section of the AuBPs on 4nm-
TiO2/glass substrate. Two orientations of the AuBPs are simulated: horizontal to the
substrate or tilted with a tip touching the surface.

negligible modification of the longitudinal plasmon mode in the far-field scattering. On the
other hand, when one tip of the inclined AuBP touches the surface, it strongly senses the
inhomogeneous of the local optical index induced by the underneath layered substrate. As
the result, the dipolar longitudinal plasmon is propelled to the higher wavelengths (AP) and
gives rise to the new mode at the lower wavelength ()\?) The separation of these two modes
is around 100nm, which is nearly equal to the value observed in the experiment.

We note that this double-resonance response does not occur for intermediate orientations
of AuBPs (i.e. tip is separated from the surface), suggesting the effect of lateral surface
contact. Tilting AuBPs by a maximum inclined angle not only minimizes the tip-substrate
distance but also allows a facet of the particle contacting to the surface and thus results in
stronger interaction. On the other hand, the intermediate orientations are responsible for
the dispersion of scattering resonance as observed in Figure 5.7b. However, the resonance
wavelength is only dispersed in the range of the spectra width (AN < 2FWHM). This

means that as long as the tips are separated from the surface, the orientation only plays a
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minor role in the optical response of the AuBPs, its effect cannot compete with broadening
induced by the intrinsic losses of the metallic particle.

The mode )\ZQ has an even symmetry in the charge distribution, which resembles a longi-
tudinal quadrupole. One possible explanation for the birth of this mode )\ZQ is the result of
its coupling to the dipolar mode. The work of P. Nordanler et al [92] about the nanocubes
showed that the “dark quadrupolar mode” can reveal itself in the scattering spectra through
coupling to the “bright dipolar mode”. This interaction is mediated when a facet of the
nanocube contacts the substrate. This interaction is especially pronounced for a large dielec-
tric constant substrate and a small particle-substrate separation. In the case of bipyramid,
because of the more complicated geometry, further calculation and study are needed to fully
understand. Nevertheless, all the features are in good agreement between the experiment
and simulation.

Estimation of the penetration depth of the field around the AuBP’s tip.

Above we have seen the important role of the orientation effect on the interaction of the
AuBPs and the substrate. Now at an optimal tilting configuration that completely omits the
spacing between the tip and the surface, we want to estimate the thicknesses of the TiOq
spacer at which the “hot spot” of AuBPs still "feels” the glass substrate underneath it. This
can be done by tracing the resonance shift of the dipolar longitudinal mode when the TiO,
thickness increases gradually. Roughly, the change of TiO, film thickness induces the change
of the effective index of the layered substrate (ngjss < nesr < nrioz), and thus yields the
shift of the localized plasmon resonance.

Figure 5.9 shows the calculation of the scattering spectra of an AuBP inclined on the TiOs
film/ glass substrate, considering the TiOs thickness as an adjustable parameter ¢ = 0—20nm.
The resonance wavelength of the associated dipolar mode is also reported in the Figure 5.9 as
a function of £. There is no surprise that the plasmon mode is red-shifted when the TiO film
thickness increases, by more than 100nm. At ¢ = 0 (i.e., without TiOs film), the plasmon
resonance is identical to that of AuBP on the bulk glass substrate. When the TiO, film
thickness increases, AP is rapidly red-shifted for small thicknesses; then becomes saturated
and asymptote to the resonance of the AuBP on the bulk TiO2 substrate when ¢ > 10nm.

Especially, this evolution follows very well a fitted exponential function
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Figure 5.9: Calculation of scattering cross-section spectra of AuBPs on TiO2/glass
substrate with varying TiO, film thickness. The longitudinal dipolar plasmon reso-
nance AP is plotted as a function of the TiO, film thickness ¢ (black dots) and fitted with an
exponential function (red line).
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where AXP = Apiop — AP and ANy = Arioz — Aglass, Withn Apjoo = 770nm and Agqss
= 690nm are the longitudinal dipolar plasmon resonance wavelength of the AuBP on the
bulk TiOy and glass substrate, respectively. The exponential decay of the resonance shift
here resembles the "universal” scaling behavior of the interparticle plasmon coupling, which
can be explained by the dipole-dipole coupling model [118]. In this work, the authors show
that the exponential decay can be approximated nearly the scaling of the near field of the
plasmon particle or the coupling strength as D2, with D is the interparticle distance.

We assign 7 to the critical thickness of TiO, film (i.e., decay length) that for ¢ < 7, the
localized plasmon field of AuBPs can significantly penetrate the glass substrate and feel its
impact. Here, the fit gives 7 = 5nm, which means that if we want the AuBP to interact

effectively with the underneath substrate, the thickness of TiO5 should be smaller than 5nm.
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Therefore, in the following measurement of AuBPs on the gold film configuration, we choose

TiO, spacer thickness below 5nm.
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5.4 Gold bipyramids on the gold film

5.4.1 Scattering spectra

Experimental results. Figure 5.10 presents the scattering spectra of AuBPs deposited
on the 4nm-TiOy/45nm-gold/ glass substrate. From the dark-field measurements, we also

recorded two categories of spectra: single mode and multimode.
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Figure 5.10: Scattering spectra of the AuBPs on gold film measured by the dark-
field microscope. The measured spectra are classified in two kinds: single-peak spectra
and multiple-peak spectra corresponding to the orientations of the AuBP (insets).

For single-mode spectra, the resonance wavelength is not far from the associated position
of horizontal AuBPs placed on the TiO, film/ glass substrate at ~ 680nm. Based on the
previous discussion, we correlate these single-mode spectra to longitudinal dipolar plasmon
resonance of the AuBPs oriented without tip-touching the surface (inset), in which the lo-
calized plasmon is weakly affected by the underneath substrate. However, the absorption of
the gold film induces a large dispersion of the resonance wavelength from 600nm to 700nm

accompanied by a broadening of ~ 100nm, which is 2 times larger than the spectra width of
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AuBPs on the bare glass substrate. Besides, in some scattering spectra, there is a shoulder
arising at the blue side of the main dipolar resonance.

For the multimode spectra, many modes are excited that expand the spectrum from the
visible to the near-infrared regime. The center wavelength positions of the three main peaks
in Figure 5.10 (below) take place at approximately 530nm, 700nm, and 1000nm, respectively.
In which, the two first peaks share a dip at around 600nm. We note that visible resonance
was measured by the 1st grating of the spectrometer (Andor, Kimera 193i model), whereas
the 1000nm-resonance was recorded by the 2nd grating in order to obtain better detection

efficiency.

Simulation results. We simulated the scattering spectra of AuBPs on 4nm-TiO5/45nm-
gold/ glass substrate by the COMSOL calculation, particularly focused on the two orientation

configurations: horizontal (Figure 5.11) and maximum incline (Figure 5.12).

500 600 700 800 900 1000
wavelength (nm)

Figure 5.11: Calculation of scattering cross-section spetrum and associated charge
distribution of the AuBP lying parallel to the gold film

As expected, the optical response of the flat AuBP (Figure 5.11) is nearly unaffected by the
presence of the absorbing substrate of gold: only dipolar longitudinal plasmon resonance is
exhibited with negligible spectral shift and broadening, as compared to the previous situation
without gold film. In contrast, tilting the AuBPs yields a distinctive optical response with a

rich structure of modes. We can see a series of peaks that appear in the simulated scattering
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Figure 5.12: Calculation of scattering cross-section spectrum and associated charge
distributions of the inclined bipyramid on gold film. The particle is rotated to display
the charge distribution in the bottom facet that contact with the gold film. The charge
distribution of the weak resonance )\; is also displayed in saturation. The longitudinal and
the transverse axis of the AuBP are denoted as [ and ¢

spectrum in Figure 5.12, labeled as A\, = 530nm, A" = 670nm, \; = 720nm, and NP =
930nm. In which, the [ resonances dominate the scattering spectrum while the ¢ resonance
only exhibits a weak contribution. Besides, the two resonances )\;r and ), share a dip at
around 700nm. In the following, we strict our discussion on the configuration of the AuBP
tilted on the surface.

Identification of the modes from the charge distributions

To support the understanding of the nature of the modes, we first simulate the charge
distribution of the modes, as presented in Figure 5.12 (below). Here, there is symmetry
breaking in the charge distributions induced by the substrate. As we can see in all the
presented modes that the charges on the AuBP are mostly modified in the region that contacts
the substrate (flat gap) while elsewhere it remains nearly unchanged (opening mouth). We

classifies the modes into two categorises: ¢ and [ modes, since their charges mainly variate in
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the transverse or longitudinal axis of the system, respectively.

e The t mode: The weak and resonance below 600nm is a broad distribution of hy-
bridized modes. Here, we only display the charge distribution of the center position
at \; = 530nm. In fact, the nearby wavelengths (still inside this resonance) are varied
in the charge distribution, which is not shown here for clarity. The mode decompo-
sition of this low-wavelength resonance can be found in [119], where the authors also
show this broad resonance as a spectral overlapping of many higher-order quasi-normal
modes. Although the charge configuration is complex due to the interaction with the
substrate, it can be considered close to the transverse mode of the system as observed
in the saturated image (Figure 5.12 below). Because of the very weak far-field optical
response, in the following, we only focus on the three dominant radiative modes of the

longitudinal [ category.

e The Il modes: The mode AP shows its longitudinal dipolar character of the AuBP as the
opposite charges are distributed on the two sides of the particle. On the other hand,
for the modes A" and ), , it is not straightforward to fully interpret the nature of these
modes owning their complicated charge configuration. However, we still point out some
main features that can be observed here. For example, both displays an intense charge
distribution with many nodes on the facet of the AuBP that contact to the underlying
gold film. Besides, unlike the mode A\ which has a nodal line at the middle of the
facet, the modes \;" and )\, have maximum charge accumulation in the middle and two

edges of the bottom facet.

Correlation of the experiment and simulation spectra

Qualitatively, the simulation covers all the resonance that appears in the measured spec-
tra, except for the resonance at A" = 670nm which we believe is spectrally overlapped by
resonance \;. However, we insist that the scattered power, as it is calculated here, accounts
for contributions in air and glass semi-infinite media as well as in the supporting films (which
is defined by the integration sphere in Figure 5.6). It cannot be directly compared to the
power scattered at very large distances (far field) in the collection angle defined by the im-

mersion oil objective used in experiments (glass/oil media). Actually, the simulated power
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in Figure 5.12 (integrated in the near-field) is close to the sum of the powers scattered at
large distances in the air and in the glass media (over a solid angle of 27 sr). However, the
corresponding spectra would be shown to be different, not in the location but rather in the
intensity of resonances.

Moreover, the scattered light collected experimentally depends on: (i) the far-field scat-
tering diagram in the forward direction and (ii) the numerical aperture of the collection
objective. Corresponding far-field spectra can be determined but they were not calculated
during this thesis. As a consequence, it must be bear in mind that a comparison between
experiment and near-field calculations will be relevant only in discussing the positions of the

plasmon resonances that are independent of such considerations.

5.4.2 Physical formation of the modes

In order to further understand the nature and the formation of the plasmon modes of the
AuBP nanopatch, we investigate the spectral evolution of the modes with the dielectric gap
thickness. Figure 5.13 shows the calculation of scattering cross-section spectra, considering
the gap thickness as a varying parameter. The gap thicknesses are set smaller than 7 = 6nm,
i.e., the thickness of TiO, film at which, the bipyramid still interacts effectively with the
underlying film (as shown in Figure 5.9). When the g decreases, the mode AP is seen to rapidly
redshift. This shift is mostly induced by the mirror effect, i.e., the interaction between the
longitudinal dipolar mode of the AuBP and its charge image in the underlying gold mirror,
which resembles a dimer configuration [112, 120, 107].

The most remarkable aspect of the dispersion curves in Figure 5.13 is that the two modes
A and A, display the distinctive feature of the mode hybridization with an anti-crossing
evolution. The green and red lines are plotted to guideline the interaction between funda-
mental modes, which we denote as )\lQ and \Y. At g = 7 = 6nm, only mode )\f’? displays a
strong scattering resonance at around 680nm. We assign the mode )\ZQ to the longitudinal
quadrupolar mode of the AuBP which is similar to the one that has been observed in the case
of the AuBP placed on the TiO, film/ glass substrate (see Figure 5.8). On the other hand,
the mode A\ just weakly appears as a shoulder of the )\lQ on the blue side at the beginning.

When the gap thickness is reduced, the resonance of A% becomes prominent, which correlates
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Figure 5.13: Spectral evolution of the modes with tha gap thickness. Scattering
spectra of the AuBP on gold film calculated for different gap thickness g. The evolution of
the [ resonances is guided by the black line. The interaction between the two fundamental
mode )\ZQ and A\{ is also illustrated in red and green lines.

with the characteristic of the MIM gap plasmon mode. Variation of the gap thickness allows
these two fundamental modes to approach spectrally, they interact and open a wavelength
gap, forming the hybrid modes. As shown in Figure 5.13, the strongest interaction can be
observed at around g = 3-4 nm. This is consistent with the results of the charge distribution
of the hybrid A" and )\; modes found previously at g = 4nm, where we can see at the facet
that forms the MIM waveguide with the gold film, they share the same symmetry and the
charges oscillate in the opposite phase (see Figure 5.12).

To further understand the symmetry rules that are responsible for the mode hybridization,
we simulate the near-field distribution of the [ modes. Figure 5.14 displays the simulation
of the normalized total electric-field distribution |E|*/|Ep|? (in the yz plane normal to the

substrate) and its scattering field components along the z-axis Re(E,) and y-axis Re(E,),
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Figure 5.14: Calculation of near-field distribution of the AuBP on the gold film.
Normalized total field distribution |E|?/|Ey|* and the component field Re(E.(y,z)) and
Re(E,(y,z)) in the Oyz plane. The red and black rings highlights the field distribution
in the middle of the gap.

focusing on the three main resonances )\f, A, and AP. Generally, we see that these modes
exhibit strong field localization at the tip-ends and within the flat gap; the maximum near-
field intensity enhancement is found around |E|*/|Ep|*> = 30. On the other hand, the field
enhancement in the space of the opening-mouth gap is negligible as compared to that in
the flat gap due to the less confinement. In addition, it appears in all three modes that
the resonant electric fields in the flat gap are mostly polarized along the transverse direction
to the metal’s surface. As can be seen in the simulation in Figure 5.14, the transverse field
component Re(FE,) is the predominant field in the gap, while the longitudinal field component
Re(E,) is negligible. This confirms the MIM gap plasmon characteristic of the modes of the
system [38, 121].

The field distribution of the whole system is complex, but if we paid attention only to
the gap region at this stage, we once again can see the hybrid modes A" and A, possess
similar near-field distributions that are concentric at the center of the flat gap (red rings).

As opposed, the mode )\lD , which does not show the anti-crossing feature with the other
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mode, is maximized at both ends and null in the middle (black rings).

Although the modes A\ and \; are at the mixed state, here we can still see the signatures
of their origins. The formation of the field distribution inside the gap of the mode A/ can
be interpreted as the finite MIM gap plasmon liked Fabry-Pérot resonance induced by the
interaction between the flat metal surface at the bottom facet of the AuBP and the gold film.
Due to the finite dimension of the MIM waveguide defined by the lateral facet of the AuBP,
the transverse gap plasmon is bounced back and forth inside the gap due to the reflection
at the gap terminal and displays stationary nodes [38, 111, 88, 121]. As shown in the field
distribution of this mode, the electric field is localized in the core and largest at both ends,
which resembles the character of the standing wave. On the other hand, the field inside the
gap of the mode )\, is formed by the interaction of the particle with its mirror image in the
gold film, similar to the situation in a plasmonic nanoparticle dimer [103, 112, 107]. As shown
by the charge distribution (Figure 5.12), the mode A, originates from the quadrupole, which
is also concordant with Figure 5.13. Indeed, in this Figure we see that at g=4nm, the modes
modes are not completely hybridized so that the quadrupolar mode )\ZQ is still dominant in

the mode A; .

5.5 The complexity of the AuBP nanopatch antenna

In the previous discussion, we presented the most remarkable features of the AuBP nanopatch.
However, due to the geometry of the bipyramid, the structure is in fact really complicated in
terms of the plasmonic effects that contribute to the formation of the modes and subsequent

difficulties in the interpretation of the results.

A complex plasmon structure

Here, we see the structure in three aspects, respectively are:

e An elongated plasmonic nanoparticle that strongly supports the localized plasmon res-
onance along its longitudinal axis rather than the transverse one. In addition, the tip
effect of the AuBP is also significant resulting in the strong field localization in the

near-field around the tip ends.
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o A MIM waveguide with finite lateral dimension: Tilting AuBP introduces a facet of
the particle in contact with the surface. The dielectric space embedded between the
particle’s facet and the underlying gold film (i.e., a nanopatch) can now be seen as a
MIM waveguide with a finite lateral dimension, which resembles a Fabry-Pérot cavity.
As the result, the stationary wave of the transverse gap plasmon can be observed within

the gap region.

o A dimer induced by the mirror effect: When the metallic nanoparticle is brought close
to the gold film, the charge distribution on the particle induces image charges in the
underlying conducting layer. This configuration can be thought of as a nanoparticle
interacting with its mirror image that is equivalent to plasmonic nanoparticle dimers.
As the result, the dipolar mode can be repelled to higher wavelengths and gives birth

to new resonances of the higher-order modes in the lower region.

Because many effects involve the formation of the mode, it is not straightforward to iden-
tify the nature of the mode clearly. Usually, the nanopatch of more symmetric nanoparticles
such as spheres and cubes [122, 110, 103, 53], where the modes of the structure can be clearly
classified into two families: antenna mode and gap plasmon cavity mode, based on their most
significant features, either strongly radiate or tightly confined field. However, in the case of
the AuBP, both the gap plasmon, and especially the tip effect exhibit in all the modes, which
are not predominantly by the other.

In terms of the hybridization of the modes A\, and ), , it is also perturbed by the effects
mediated by the gold film. Roughly, for a perfect coupling system at the strongest inter-
action, the splitting of the hybrid modes possesses a mirror symmetry in terms of phase,
spectral position, and intensity [123]. In addition, the spectral separation of the modes in
the anti-crossing branches should be in the opposite direction, which is red-shifted for bond-
ing mode and blue-shifted for anti-bonding one [123, 124]. However, the anti-crossing of the
hybrid modes, as observed in Figure 5.13, presents an imbalance of intensities of the two res-
onances at the strongest hybridization g = 3-4nm. Moreover, the spectral evolutions of their
fundamental modes are both pulled towards the red as the gap thickness decreases (green

and red lines in Figure 5.13). Here, the very weak shift of the mode )\lQ is caused by the
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cancelation of the red shift due to the mirror effect and the blue shift induced by the mode
hybridization.

Geometry imposes the selection rule on the excitation

Because of the elongated shape and the tilting AuBP with one facet contacting with the
surface, the illumination is necessary to be in the normal direction, as we have done above,
in order to optimize the power introduced to the structure. This makes it difficult to inter-
pret the formation of the gap mode. Usually, the gap plasmon mode of the more symmetric
nanoparticle-on-mirror configuration (e.g., spheres or cubes) can be directly excited by the
plane wave in the high-angle illumination that induces more electric field components po-
larized perpendicular to the metal surface [110, 125]. On the other hand, in the case of the
AuBP nanopatch, the excitation of the gap plasmon mode is not directly from the plane
wave illumination but rather from multiple processes. First involves the longitudinal local-
ized plasmon of the AuBP is excited by the plane wave and then localized the field around its
lower tip will be responsible for excitation of the gap mode. This can be seen in the near-field
distribution in Figure 5.14, the near field around the lower tip that touches the surface is

more distributed inside the gap as the nodes in the gap increase.

5.6 Conclusion

In conclusion, we have studied the optical response of the AuBP on the high-index substrate
and on the gold film. We first highlighted the important role of the orientation of the
particle on the surface in terms of increasing the interaction strength of the particle and
the substrate. Bringing an inclined AuBP in proximity to the gold film yields a rich optical
response, where the modes have hybrid behavior of the localized surface plasmon of elongated
particle, in an isolated structure and a liked-dimer, and gap plasmon in the finite MIM
waveguide. Each possesses distinctive features such as strong dipolar and multipolar far-field
radiation or strong field confinement. In addition, these resonances are tunable by varying
the geometrical parameter of the system, which makes the structure can be very beneficial for

sensing, photochemistry, and optoelectronics. However, there are still remaining questions,
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for instance: a mechanism of the high index dielectric substrate induced the higher order
mode of the AuBP, a rigorous calculation of the reflectivity at the patch terminals, from
this the role of the opening-mouth gap in terms of enhancing radiation conversion can be

evaluated quantitatively.
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Chapter 6

Optically launching of Surface
Plasmon Polaritons by Bipyramid
Nanopatch Antennas

Surface plasmon polaritons (SPPs) offer great potential for various present-day photonic
applications, thanks to their ability to concentrate light in space and time. SPPs can be
excited optically by a diffraction-limited beam [85, 34] or electrically using inelastic tunneling
as a light source [126, 127, 128]. By any means of generating SPPs, the nanopatch antennas
based on a metal-insulator-metal (MIM) structure have been shown their comprehensive
capability to mediate SPP emission efficiently. Due to the ability to squeeze and tailor the
light at the nanoscale, the nanopatch antennas provide degrees of freedom in the design of the
structure that would allow us to properly engineer the properties of SPP emission, including
the emission spectrum, polarization, and emission efficiency [78].

In this Chapter, we employ the light scattering from the bipyramid nanopatch antennas
to excite SPPs propagating along a dielectric/gold interface. We firstly demonstrate the SPP
emission launched by the antenna in the visible regime, which is possibly extended to the
near-infrared wavelengths thanks to the rich optical-mode structure of the antennas. We
also report the angular emission pattern of SPPs induced by the scattered light. Finally, we
measure the SPP emission efficiency of the antenna and compare it with SiO2 nanobeads.

The physical mechanisms involved in generating SPPs also will be discussed.
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6.1 SPP emission spectrum

To fully profit from the rich optical response of bipyramid nanopatch antennas, we only pay
attention to tip-touching-surface AuBPs (inclined AuBPs) deposited on 4nm-TiOs/45nm-
Au/glass substrate. We use the white lamp focused by 0.25-NA objective to excite the
antenna in the air and measure the forward scattering on the glass side by the 1.49-NA
objective in the dark-field configuration (see Chapter 3). Roughly, the collection consists of
both the leakage in the substrate through the thin gold film of excited SPPs and the residual
scattering, which does not excite SPPs. To accurately identify the SPP emission spectrum,
it is necessary to disperse the scattered light spectrally and spatially. We first measure the
scattering spectrum of an antenna, as shown in Figure 6.1a. As clarified in the previous
chapter, the inclined AuBPs can produce a multiple-resonance spectrum ranging from 500 —
1200nm. Because of the higher noise for A > 1000nm arising from the low detection efficiency
of the spectrometer, here we concentrate on the resonances in the visible regime.

For the spatial distribution, we record a Fourier-plane image corresponding to the visible

spectrum of the single antenna, as shown in Figure 6.1b. The leakage of SPPs appears in
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Figure 6.1: SPP emiison spectrum. (a) Dark-field scattering spectrum of inclined AuBP
on 4nm-TiOy/45nm-Au/glass substrate (inset). Here, only the visible regime is displayed.
(b) Fourier-plane image of scattering in (a). (c) Dispersion relation of selected direction on
the Fourier-plane (white lines in (b)).Dotted line is the calculated dispersion relation. In-

plane wavector:k = \/kZ + k

the Fourier-plane as a bright ring of radius just above kj = ko(where kg = 2m/)g is the
light wavevector in vacuum). The SPP ring is composed of surface plasmon propagating at
different wavelengths associated with the scattered light of the antenna. To see the part of
the scattering coupling to SPPs, we measure the dispersion relation between the in-plane
wavevector (k) and the wavelengths by making an image of one selected direction in the
Fourier-plane (white bars) on the vertical entrance slit of the spectrometer. Figure 6.1c
displays the collected image, from which the SPP emission appears as a bright trace above
the light line of the vacuum (k) = ko). The SPP dispersion closely follows the dispersion curve

(dotted line) calculated for SPPs propagating on the similar multilayer substrate, except for
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the regime below 600nm. Qualitatively, two main factors drive SPP emission here: resonant
scattering of the antenna and the intrinsic loss owing to the absorption of gold. Below A =
600nm, the influence of the interband transition of gold is dominant, resulting in the negligible
appearance of the SPP emission. As far from this regime, the scattering resonance weakly
suffers from this loss and generates SPPs as the bright trace on the dispersion image. Besides,
the most intense region in the SPP dispersion is at around A = 700nm, which is associated
with the second resonance on the scattering spectrum, suggesting the SPP emission by this

mode is driven mainly by the scattering resonance.

6.2 Spatial and angular emission of SPPs

We now present the spatial and angular emission of the surface plasmon excited by the
scattered light from the antenna, using a SuperK supercontinuum laser for excitation. The
supercontinuum laser can provide a beam-quality laser with a white-lamp spectra range of
400-980nm. Technically, the super-wide continuous spectrum is produced by sending intense
light pulses through a nonlinear medium. A slit is used to select the wavelength, making
a laser beam with the smallest spectra width of 10nm. For example, Figure 6.2 shows a
real-space image in the dark field and its corresponding Fourier-plane images of an antenna
excited by a 650nm+ 5nm laser beam.

In the real-space image, we see an intensity maximum at the center enclosed by concentric
interference rings propagating away from the antenna. These rings are interpreted as the
interference of leakage radiation of SPPs propagating in opposite directions. In addition,
there are other rings with longer periodicity resulting from the diffraction-limited image of
residual scattering collected by the finite numerical aperture of the objective [129]. To access
the SPPs propagation, we plot the intensity along with a cross-section through the center of
the real-space image as a function of the distance to the antenna on the x-axis, as shown in
Figure 6.2b. Note that we used a linear polarizer oriented along the x-axis (white arrow) to
select surface plasmon propagation in this direction. An exponential decay profile is observed
with a propagation length estimated to be 1.5 £ 0.03um, which is shorter by ~ 3um than
what we predicted theoretically for the SPPs launching on the similar thin TiOy film over
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Figure 6.2: Spatial and angular emission of SPPs. (a) Real-space image of the antenna
measured by the dark-field imaging. (b) Cross-section profile along the x-axis of polarized
real-space image (inset). The black dots are the experimental data, the red line is exponential
decay fit. (c) Fourier-plane images of (a), from left to right: unpolarize, linear polarize along
y-axis, linear polarizer along x-axis. BS: Beam Stop. (d) Intensity of SPPs extracted from
the image (c) (no polarize) as a function of the angle ¢. The measured data is fitted to
dipolar model(i.e., considering the AuBP as a dipole placed near the substrate.)
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the gold film. We attribute this difference to the film’s surface roughness, which is highly
dependent on the deposition procedure [130]. In our experiment, the surface roughness is
~ 30% of the TiO, film thickness deposited by the ALD.

The angular radiation pattern of the leakage SPPs can be observed in the Fourier-plane
image with the overwhelming excitation omitted by the beam stop (BS). As shown in Fig-
ure 6.2¢, SPPs emerge as a circular pattern with a bright and narrow ring whose radius
corresponds to the wavevector of 1.07ky, a signature of SPPs propagating along an air/4nm-
TiOy/gold interface.

To analyze the spatial polarization distribution of the scattering, we place a linear polar-
izer along the x-axis and y-axis behind the objective’s back focal plane. Figure 6.2¢ shows
the Fourier-plane images for two orientations of the polarizer. We can see that the field along
the polarizer orientation is transmitted, whereas the field along the orthogonal direction is
filtered out. In other words, the photons in the ring are almost polarized radially with re-
spect to the origin formed by the position of the antenna (p polarization), which shows the
characteristic of the leakage radiation of SPPs.

In terms of the directionality, we can see a non-uniform intensity distribution in the
circular ring of the Fourier-plane image. In Figure 6.2d we plot the maximum intensities
of the SPPs I5% (extracted from the bright ring in Figure 6.2c) as a function of the polar
coordinate ¢ corresponding to the direction of SPP’s propagation. The AuBP is modelled as a
linear dipole, which is place near the substrate with its 3D orientations (0, ®) as a adjustable
parameter. We see that the measured 255 (p) follows very well the cosine square function
of the dipolar simulation. The best fit is given at an out-of-plane orientation © =~ 70°,
corresponding to the AuBP is tiltled by around 20° on the surface (the dipolar axis is along
the longitudinal axis of the AuBP). Interestingly, this orientation is in a good agreement with
the values estimated from the geometrical dimensions of the AuBP ~ 75 + 5° (see Figure
4.7c), suggesting that the directivity of launching SPPs is mostly controlled by the dipolar
character of the AuBP. Besides, we also observe that the SPPs mainly propagate in the
direction along the longitudinal axis of the bipyramid (i.e., IZ%%%(¢) peaks at ® ~ 0;180°).
Thanks to the SuperK supercontinuum laser, we also can measure the angular emission of

SPPs of other resonance; however, it is complicated to go into detail of interpretation.

138



CHAPTER 6: OPTICALLY LAUNCHING SURFACE PLASMON POLARITONS

6.3 SPP emission efficiency

An important figure of merit of a source for launching surface plasmon is the SPP emission
efficiency, which depends on both the system that is used to excite SPPs (e.g., prism, grating,
local scatters) and the collection efficiency of the experiment. In the case of the bipyramid
nanopatch antenna, the structure plays a role in harvesting the power from the light source
and delivering it to the surface plasmon. This involves multiple processes that will be dis-
cussed later. Here, we first present how we measure the SPP emission efficiency using leakage
radiation microscopy.

Briefly, the excited SPPs and the transmission of the excitation can be extracted spa-
tially in the Fourier-plane image of the leakage radiation microscope. This method has
been employed in previous studies to characterize the SPP coupling efficiency of the local
sub-wavelength scatterers. For instance, A. Baudrion et.al., [32] have used a single hold of
variable size ~ 100-500nm milled in a gold film to generate SPPs. The SPP emission effi-
ciency is defined as a ratio of the total leakage power of the SPPs and the incident power
of the laser, taking into account only the part that arrive on the hole area. However, some
ambiguities, e.g., the transmission of the SPPs through the gold film or the total power that
the hole received from the excitation beam, have remained. Similar work has been studied
by T. Ebbesen et.al., [31], in which the SPPs are generated by a sub-wavelength slit. The
work was more rigorous in the quantification of the leakage SPPs on the Fourier plane by
introducing the leakage transmission factor for the SPPs. In our work, we combine the ad-
vantages of both presented work to measure SPP emission efficiency of the AuBP nanopatch
antenna.

Following the previous works [32, 131, 84], we also define the antenna efficiency to generate

SPPs as the ratio of the excited SPP power Pgpp to the incident power Py :

P
spp (6.1)

Eapp —
SPP Po

Here, Fy = Pb@am,fbe% is the partial power of the laser beam Py, taking into account
only the part thet impinges onto the surface over the geometrical cross-section area of the

bipyramid (see Figure 6.3). Here, the size of laser beam Apeqy, is measured directly in the
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image for each wavelength (e.g. A = 650nm, diameter ~ 3.3um) that is also approximately
to the Airy function with diameter of d ~ 1.22-;. The Agp = L/2.W/2 is the geometrical
cross-section area of the AuBP, with L. = 70nm and W = 25 nm are average sizes of AuBPs

obtained for TEM measurement (see Chapter 4).
(a) leakage radiation of SPPs (b) direct transmission of the laser

Pbeam
Pbeam

: '
1

b

PLK PT

Figure 6.3: Measuring the SPP emission efficiency by leakage radiation microscope.
Schematic illustration of a focused laser beam excite the nanopatch to generate the SPPs.
The red circle beam represents the beam spot (Apeam ~ A?), App is the geometrical area of
the AuBP. The experiment allows to measure (a) the leakage power of the SPPs Pgpp and
(b) the transmited power of laser Pr.

Powers measured from leakage radiation experiments

Since the gold slab has a finite thickness, the surface plasmon propagating away from
the antenna in the air is a leaky wave that radiates energy into the higher-index side of
the glass substrate. Suppose we neglect the scattering loss into the air due to the surface
roughness. In that case, the total excited SPP power Pgpp can be deduced from the leakage
surface plasmon Pk (i.e., the quantity that we can measure) taking into account the leakage

transmission factor 7.k [31, 35] and is given by:

P
Pspp = —% (6.2)
TLK

The leakage transmission of the surface plasmon through a finite gold layer is calcu-

lated as T x = e 2k:=ldav with dy, = 45nm as the thickness of the gold slab and k, =
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Anm) | 4, T kspp/Ko | Dkap/ko| Tor e
600 9.38+1.391 | 14% 1.1 0.10 6.5% 100
650 -12.90+1.04i | 9.7% 1.072 0.03 5.5% 120
700 16.54+1.00i | 7.0% 1.056 0.02 4.9% 140
750 -20.36+1.171 | 5.3% 1.044 0.02 4.5% 160

Table 6.1: Parameters need for calculation of SPP coupling efficiency. Val-
ues of transmission are calculated the multilayer substrate of air (g4,=1)/4nm-TiO
(erio2=2.4)/45nm-Au (€ 4,)/glass (€4a5s=1.5).

\/ k2., — €au(27/A0)? is the wavevector of the SPPs in the normal direction to the surface.
The SPP wavevector kg, for each wavelength is deduced from the angular distribution of
SPP emission in the Fourier-plane image (see below). The dielectric function €4, of gold is
taken from the data obtained by Johnson and Christy [11].

Similarly, the incident power Py is measured from the transmitted power P of the laser
through the substrate, illuminating at the position without the presence of antenna as Py =
%.Afﬁ. Here, T is the direct transmission of the laser at the normal incident through the
multilayer substrate (see Figure 6.3b), which is calculated from the matrix transfer formalism
[48].

Finally, we can display the SPP coupling efficiency of the antenna as a function of the

parameters that we can measured from the experiment as

PLK T Abeam
Pr 1ux Agpp

Espp = (6.3)

In which, the leakage and transmitted powers P i and Pr are extracted from Fourier-plane
images, while the other parameters are measured at four different wavelengths and displayed
in Table 6.1.

The parameters needed for calculation of SPP coupling efficiency at four different wave-
lengths are displayed in Table 6.1.

Measuring P, and P

To remove the artifact of the attenuation due to the optical elements, both transmitted
powers are measured by integrating all the corresponding signals from the images recorded at

the same laser input power related to the surface area of the particle (Py). When the antenna
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Figure 6.4: Measuring SPP emission efficiency.(a) Schematic of the measurement. Py:
in-put power of laser over the geometrical cross-section area of bipyramid. Pg,,: power
excited SPPs. Pr: transmitted power of Py through substrate in the absence of the antenna.
Prk: leakage power of SPPs. (b) Fourier-plane image of laser’s transmission (1). (¢) Fourier-
plane image of antenna’s scattering (2). White ring is the region of the beam stop. Red rings
enclosed the region of SPPs. (d) Intensity profile of a line cut on the scattering pattern (white
line) as a function of k,/ko. Black line is the experimental curve, red line is the Lorentzian

fit.
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is excited, the leakage SPPs can be extracted from the dark-field scattering pattern in the
Fourier-plane image (see (1) in Figure 6.4a). On the other hand, the laser’s transmission is
also measured on the Fourier plane. Still, the excitation is in the absence of the bipyramids,
taking only the transmission due to the multilayer substrate (see (2) in Figure 6.4a. In
Figure 6.4b, the laser transmission is observed as a disk with a radius ~ 0.25 k, associated
with the numerical aperture of the excitation objective. The power P; can be determined
by integrating all the signals from this Fourier-plane image.

Figure 6.4c shows the scattering pattern of the antenna in the Fourier-plane image, which
can be interpreted as a superposition of the leakage SPPs on the scattered light background
of the antenna (i.e., residual scattering that does not excite SPPs). To quantify the leakage
SPPs, we integrate the Fourier plane between (ks,, — Akyy,) and (kg + Akgy,), which is
enclosed by red rings in Figure 6.4c. The SPP wavevector k,, and the width Ak, are given
from the Lorentzian fit of an intensity profile of a radial cross-cut along the k,-axis as shown in
Figure 6.4d. The contribution of surface plasmon is defined approximately by an area under
the Lorentzian curve, whereas the area that does not fit within the Lorentzian function is
attributed to the residual scattering. Here, the leakage SPPs account for around 60% of the
total detected emission (all the signals in Figure 6.4c) and 10% of the transmission of the
laser (Ps,/Pr = 10%). Taking into account the transmission factors (T and 77x) at A =
650nm, we obtain an SPP coupling efficiency Fspp = 20. We repeat the measurement of the
SPP coupling efficiency at three other wavelengths (600nm, 700nm, and 750nm) displayed in
Figure 6.5(focusing on the second resonance at around 700nm).

In Figure 6.5, we correlate the measured SPP emission efficiency to the scattering spec-
trum, focusing on the second resonance at around 700nm. We see that the efficiency is also
resonantly enhanced following the plasmon resonance of the considered mode. The efficiency
at center resonance wavelength (700nm) is larger by ~ 4 times as compared to those at
off-resonances. However, the measured values of Egpp here all far more exceeds unity, im-
plying that more light than is incident upon the geometrical cross-section of the bipyramid

is converted into SPPs. This will be discussed in more detail in the following section.
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Figure 6.5: The SPP emission efficiency of the AuBP nanopatch measured. The
efficiency is measured at four wavelengths and correlated to the scattering spectrum.

6.4 Role of nanopatch antenna in SPP emission

An optical antenna, as the name implied its analogy to the microwave and radio wave anten-
nas, is an optical element that converts localized energy into propagating radiation, and vice
versa. Discussing the SPP generation, the nanopatch antenna plays both roles as a receiver
(i.e., a resonator that harvests the light from the free space and confines in its body) and a
transducer (i.e., a strong scatterer) [1]. Based on this concept, we define the SPP emission

efficiency of the nanopatch antenna as

Pspp

P() = newl‘nﬁSPP (64)

Espp =

which is composed of the extinction efficiency (7e.:), which defines the total power of the
excitation that is delivered by the antenna, and the SPP conversion efficiency (Sspp)that
determines the proportion of the receiving power indeed excites SPPs. Figure 6.6 illustrates
these two steps and details will be discussed in the following.

Total power delivered by the antenna

As the total power that the antenna carried away from the excitation light is either
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Figure 6.6: The SPP generation by the AuBP nanopatch antenna. The total power
that antenna received from the excitation is defined by the extinction efficiency 7., which
is later converted into SPPs, given by the conversion efficiency SBspp.

scattered or absorbed and dissipated, we attribute the “lost” power to the extinction cross-
section. We thus define the extinction efficiency as the fraction of the power that is received

in the cases of with (Pyq) and without antenna (Py):

o Ptotal _ Oext
Fo App

(6.5)

where o.,; is the extinction cross-section of the antenna and Agp is the geometrical
cross-section area of the bipyramid. We have known that at the resonance condition of
the plasmonic structure, the o, is resonantly enhanced, and thus the total power that the
antenna receives Py can be far more exceed the power incident the AuBP area Fy. This
explains why the measured SPP emission efficiency in Figure 6.5 can be larger than 1. The
over-unity efficiency was also predicted for SPPs launching by scattering from a rectangular
metallic hole etched in a metal substrate [131]. The author showed that an SPPs generation
efficiency of 5 can be achieved at an optimal hole depth.

To support the above statements, we seek a comparison to SPPs launched by a dielectric
nanobead of SiOy (diameter ~ 120nm, €g,02 = 2.25). In a homogeneous medium, the elastic
scattering is fully responsible for the optical response of the “lossless” SiO2 bead to the visible
illumination [55]. For the particle near the gold film, it is affected by the field components
reflected from the surface resulting in an additional absorption cross-section in the extinction

cross-section. When the nanobead is illuminated, its near- field scattering can excite SPPs

145



6.4. Role of nanopatch antenna in SPP emission

(a) (b)
1.0x10* 40
AuBP nanopatch —o— AuBP nanopatch
) —e— SiO, nanobead
= Si0, bead 1 30.
l Ww WA~
® .

5.0x10°%4

SPP emission efficiency
N N
o o

extinction cross-section (nm?)

\\\

0.0 —————
500 600 700 800 900 1000 1100 1200 600 650 700 750
wavelength (nm)

wavelength (nm)

Figure 6.7: Enhancing SPP emission efficiency due to extinction efficiency. (a)
Extinction cross-sections are calculated for a SiO, nanobead on 45nm-gold/glass substrate
as compared to the AuBP nanopatch. (b) Associated SPP emission efficiency is measured at
the same experimental conditions.

on the gold film.

Figure 6.7 shows the calculation of the extinction cross-section of the SiOy bead deposited
on 45nm-gold film/glass substrate in response to the plane wave excitation. The presence of
the gold film near the bead yields to the rising of the extinction cross-section below 600nm,
which is mainly contributed by the absorption cross-section (not shown here for clarity).
We can see that at the resonance wavelengths above 600nm, the extinction cross-section
of the nanopatch is significantly larger than that of the SiO, bead by around 1 order of
magnitude. This means that at the resonance, the total power delivered by the nanopatch
is ~ 10 times larger than the power harvested by the nanobead (Figure 6.7a). Taking into
account the geometrical cross-sectional areas, we can deduce the fraction of the extinction

Si02

efficiency of the two structures is nZ% /nS«

~ 60, indicating the important role of plasmon
modes supported by the antenna in the SPP emission in term of harvesting light and also
SPP generation.

Subsequently, we measure the SPP emission efficiency of the bead, as shown in Figure
b, keeping the same experimental conditions as for the nanopatch. We can see that all the
measured efficiency of the patch is larger than those measured for the bead, which is the most

significant at the resonance A\ = 700nm: E5L,/ES%? ~ 7. As mentioned above, to arrive at
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the final value of the SPP emission efficiency, both extinction efficiency 7.,; and conversion
efficiency Sspp are necessarily quantified. Unfortunately, it still requires further work for us
to determine the conversion efficiency of the system (details below). However, by connecting
both figures we can see the important contribution of the nanopatch antenna as a resonator

in converting light into SPP emission.

Conversion of the total power delivered by the antenna into SPPs
The next step is to ensure that a significant part of the total power received by the

antenna indeed excites SPPs, which can be defined by the SPP conversion efficiency as

(6.6)

Roughly, this conversion efficiency closely depends on the nature of the optical modes that
are excited, including the modal local density of state (LDOS) and the modal absorption.
The total power Py of the nanopatch can be funneled into the optical modes (e.g., )\51’2’@
or dissipated in the losses of the metal, Chapter 5). Therefore, the mode of large LDOS
has more advantages in receiving the total power. As shown at the beginning of Chapter 5,
the gap plasmon mode can provide a significant LDOS tight field confinement inside MIM
nanogap, which largely overcomes the quenching even for very thin gap thickness when the
structure is excited by an emitter (see Figure 5.1). However, the strong confinement of
the gap plasmon comes with the price of low modal conversion to the free-space radiation
owning its large modal absorption. The resonant hotspots in the gap are typically reflected
back inside the gap or emitted into high angles because of their large in-plane kj.

It is worth insisting that this modal absorption is different from the losses of the metal
mentioned above, which are higher-order modes outside the spectra ranges of interest or
heating the metal. If the structure is excited by an emitter, the modal absorption can be
thought of as a nonradiative channel, while the losses are the quenching of the emitter.
However, unlike quenching which is intrinsically determined by the proximity to the metal,
the absorption depends on the nanoantenna design [122; 110, 105]. For example, a low

absorption is favored by the antenna with curve edges (e.g., sphere or tie-bow) that implement
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small reflectivity at the facet edges [104, 1]. Another strategy is to optimize the geometrical
parameters of the nanopatch antenna in order to couple the tightly confined gap plasmon
mode to the antenna mode of strong radiating [105, 132]. The resulting hybrid modes will
possess both the large LDOS and the high modal SPP conversion efficiency.

In the case of the AuBP nanopatch antenna, the structure can be a promising class of
nanogap antenna with the facet edge’s reflectivity gradually decreasing in the opening mouth.
From this, an efficient SPP emission can be achieved through balancing between the large
LDOS and the low modal absorption. However, in order to address the SPP conversion
efficiency Bspp of the nanopatch and also of the modes, further works, using for example a
rigorous modal formalism [110, 119], are required to separate the contribution of each mode.
In turn, it is useful to show a simple and intuitive picture, as presented here, to understand
the role of the nanopatch antenna in the SPP emission process. Although without accessing
to the conversion efficiency Sspp of the nanopatch, based on the resonant evolution of the
SPP emission efficiency Egspp (Figure 6.5), which strictly follows the scattering resonance,

we can anticipate that the Sspp might be independent of the wavelengths in this resonance.

6.5 Conclusion

In summary, we have shown that the SPP emission in the AuBP nanopatch antenna can
be generated in a wide range of spectra with achievable directionality. Here, the nanopatch
antenna plays both roles as a receiver that harvests the light in the far field into its plasmonic
modes, and a scatter that can excite SPPs. We have demonstrated that the SPP emission
efficiency can be resonantly enhanced by the nanopatch by around 1 order of magnitude
as compared to the dielectric local scatters. This enhancement is contributed by both ex-
tinction efficiency 7.,; and the conversion efficiency Bspp. Here, the extinction efficiency is
estimated through the calculation of the extinction cross-section. However, the SPP conver-
sion efficiency [Sspp of the total system and the specific mode still remains unknown. In the
perspective, an emitter or a dipole can be placed inside the structure as a probe to extract

Bspp efficiency.
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Conclusion and Perspectives

In this Thesis, we have investigated analytically the dipole coupling in the weak regime to
different planar plasmonic structures, from a single interface, and a three-layer device to
multilayer structures. By using dipole as a probe, figures of merit of the plasmonic structure
have been identified, including spatial distribution and profile of the modes, propagation
length of the delocalized surface plasmon, and coupling efficiency to the modes. This pro-
vided part of the necessary groundwork for understanding the plasmonic properties in more
complicated structures. In addition, the configuration studied here may be interesting for
multimode integrated devices such as single photons on a chip, quantum entanglement, or
optical communications.

The main task of this Thesis was to investigate the optical properties of the gold bipyramid
nanopatch antennas in a nanoparticle-on-mirror configuration. We have demonstrated that
the orientation of the AuBPs on the substrate plays a crucial role in yielding the interactions
of the particle and the underneath gold film. Only when the AuBP is tilted with one facet
contacting the surface, the nanopatch can be formed, from which a rich optical mode structure
is produced. We identified experimentally and theoretically the set of plasmonic modes
supported by the structure, which possesses both radiating characteristics and strong field
confinement. Especially, we have shown there is a hybridization between the modes that
share similar symmetry of the charges (and field) distribution inside the finite MIM gap.
We assign this as the interaction between the quadrupolar mode and the gap plasmon liked
Fabry-Pérot cavity mode. Moreover, the complexity of the structure induced by the geometry
of the AuBP, as compared to the other nanopatch antennas of more symmetric geometry, has
been discussed thoroughly. In the last chapter, we have employed the nanopatch as a source

for launching surface plasmon on the gold film surrounding the structure, which has proven
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6.5. Conclusion

to control the properties of SPPs emission, including the emission spectrum, polarization,
and emission efficiency. The understanding of the properties of such a complex structure
that has been explored in this Thesis set the important groundwork for coupling the AuBP
nanopatch antenna to the other systems (i.e., emitters or other metallic nanoparticles) in
further work.

Perspectives

Stabilization of the AuBP by silanization

In this Thesis, the substrate’s surface is cleaned basically by a nitrogen pump and the
AuBPs are deposited randomly on the surface without surface treatment or control. In the
following work, we want to improve the quality of the surface of the substrate and make
the particles more stable on the substrate. This can be done by silanization -a technique for
immobilizing nanoparticles on a substrate, which has been used previously to graft the AuBPs
on the glass substrate [68]. In addition to attaching the objects to the surface, the silanes
also stabilize the morphology of anisotropic gold nanoparticles. Fortunately, the silanization
process tends to make the AuBPs oriented in a good direction (i.e., one facet of the particle
contacts the underlying surface). An overview of the silanization protocol can be seen in

Figure C1.
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Figure C1: Schematic illustrates the silanization protocol to graft bipyramid on the substrate.
Source [5]
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Correlation between the orientation and the spectral shift

As shown in Chapters 3 and 4, the orientation of the AuBP on the substrate, especially
high index substrate, can induce the spectral shift of the longitudinal dipolar localized surface
plasmon resonances. In further work, we want to make a correlation between these two
parameters and compare the results to the orientations measured by the polarization analysis.
This can be particularly useful for biosensing applications.

Coupling to emitters

Owning the hybrid plasmon properties, both radiative nature and tightly field confine-
ment, coupling to emitters is the most potential application of the nanopatch antennas. In
our work, we expect to couple the AuBP nanopatch to fluorescent molecules or quantum
dots. As we can see in the near field distribution of the plasmon modes, we have many posi-
tions to place a single emitter in close proximity to the structure, where the choice depends
on the properties that we want to enhance. For example, a large spontaneous decay rate
enhancement can be achieved when the emitter is buried in the gap or placed near the lower
tip. In addition, the directionality and the emission spectra of the emitters are also possibly
controlled by coupling to the plasmonic modes of the structure.

Energy transfer over the surface

300
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Figure C2: Interference of SPPs generated by two AuBPs deposited in the proximity on the
4nm-TIO,/gold film.

Another exciting perspective is to employ the ability of SPP generation of the AuBP

151



6.5. Conclusion

nanopatch to induce the interaction between the particles on the surface. Figure C2 shows
an image of the interference of SPPs produced by two bipyramid particles on the nanopatch
substrate. Here, although the two bipyramid nanoparticle are separated at a micrometer

distance, they still can “talk” to each other thanks to the coherent and long propagation of

the SPPs.
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