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Abstract

J-aggregates, consisting of coupled molecular emitters in which the dipole transition mo-
ments are naturally aligned, are quantum systems capable of manifesting cooperative be-
havior leading to an intense burst of highly directional emission [17]. This phenomenon,
known as superradiance, has been predicted in theory but its emergence under experi-
mental conditions is hard to achieve. Previous attempts to stimulate superradiance have
been attempted by coupling quantum emitters to plasmonic structures [35], but their
intrinsically lossy nature in the visible range has not provided stable enough grounds to
induce such cooperative behaviour.

In this work, dielectric metasurfaces have been designed to resonantly enhance the emis-
sion of a J-aggregate thin film by Purcell effect [54] and impart tunable direction to the
emission. Compared to plasmonic systems, the dielectric nature of the nanoresonators
makes them a suitable resonant system to induce superradiance due to their intrinsically
low losses and high refractive index in the range of emission investigated. The role of
the metasurface in this work is to confine and enhance the electromagnetic field of the
incoming excitation so that the photonic bands of the metasurface can be populated by
the emitted photons from the J-aggregates. Once the photonic bands are populated, the
previously isotropic molecular exciton will be imparted with directional emission.

Evidence of coupling between the molecular aggregate thin film and the dielectric meta-
surface is shown through both numerical simulations and experimental angle-resolved
photoluminescence measurements. The possibility to further extend this work towards
highly directional polaritonic devices is discussed, along with the role that the resonant
dielectric metasurface could have in fostering superradiance.

Our results suggest that coupling J-aggregates with designer dielectric metasurfaces of-
fers a new way to control the radiative properties of exciton-polaritons in cooperative
molecular systems and could lead to the development of ultrabright and fast-switchable
light-emitting devices based on the phenomenon of superradiance.
Keywords: nanophotonics, metasurfaces, exciton-polaritons, J-aggregates, superradi-
ance





Abstract in lingua italiana

Gli aggregati molecolari di tipo J, composti da emettitori molecolari accoppiati i cui

momenti di transizione dei dipoli sono naturalmente allineati, sono stati teoricamente

dimostrati essere sistemi quantistici in grado di manifestare un comportamento cooper-

ativo che porta ad un'intensa emissione altamente direzionale [17]. Questo fenomeno è

noto come "superradiance" e, sebbene possibile in teoria, la sua emergenza in condizioni

sperimentali è di�cile da dimostrare.

In questo progetto, una serie di metasuper�ci dielettriche sono state progettate per incre-

mentare l'emissione di uno strato sottile di aggregati J mediante l'e�etto Purcell [54] e per

controllare la direzionalità di emissione. La natura dielettrica dei nanorisonatori li rende

un candidato ideale per questo ruolo a causa delle loro basse perdite ed alto indice di

rifrazione nello spettro del visibile. Il ruolo della metasuper�cie in questo lavoro è quello

di con�nare il campo elettromagnetico dell'eccitazione in modo che le bande fotoniche

della metasuper�cie possano essere popolate dai fotoni emessi dagli aggregati molecolari.

Una volta popolate le bande fotoniche, i fotoni che precedentemente non manifestavano

alcuna dipendenza dall'angolo di emissione assumono una più marcata direzionalità.

Prove dell'interazione tra lo strato sottile di aggregati molecolari e la metasuper�cie dielet-

trica sono presentate sia attraverso simulazioni numeriche che mediante misure di fotolu-

minescenza angolare. Viene inoltre discusso il possibile sviluppo di dispositivi polaritonici

altamente direzionali ed il ruolo che le metasuper�ci potrebbero avere nella promozione

della "superradiance".

I nostri risultati suggeriscono che l'interazione tra aggregati molecolari e metasuper-

�ci dielettriche sia un nuovo modo per controllare le proprietà radiative degli eccitoni-

polaritoni negli aggregati molecolari e potrebbe portare allo sviluppo di dispositivi ad

emissione intensa e rapida basati sul fenomeno della "superradiance".

Parole chiave: nanofotonica, meta super�ci, polaritoni, aggregati J, superradiance
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1| Introduction

The interaction between light and matter has been an area of interest due to its broad

range of applications, including biosensors, sub-di�raction limit imaging, quantum infor-

mation processing [71], ultralow-threshold lasing [40], ultrafast all-optical circuits, among

many others [21, 36, 38, 58]. With recent advancements in nanoscale fabrication tech-

niques, complex structures can now be designed to interact with light in a variety of ways.

Notable examples that will be explored in this work include the ampli�cation of emission

(or absorption) via Purcell e�ect, and the achievement of weak to strong coupling leading

to the formation of exciton-polariton quasi-particles.

One major challenge is the choice of materials for such devices. Metals have traditionally

been used to fabricate metasurfaces, and although the �eld of plasmonics allows the

formation of strong surface plasmon-polaritons [64, 66], they also su�er from considerable

Ohmic losses in the visible range. Additionally, even though the enhancement of emission

at room temperature has been shown to be feasible for a variety of emitters, achieving

strong coupling at room temperature is not as easy and working in the visible range poses

further challenges in the fabrication process due to the reduced size of the resonators. This

is the case for a variety of reasons, including the strict fabrication tolerances required to

obtain high quality factor resonant cavities, the naturally noisy environment at room

temperature, and the generally higher dissipative losses at lower wavelengths of most

materials.

The next logical step for the development of room-temperature polaritonic devices in

the visible range is to switch the focus to dielectric materials. Although this �eld has

been rapidly developing and has already achieved outstanding results in terms of high

Q-factor cavities [35, 42, 55], the implementation of these structures into more complex

polaritonic devices at room temperature and in the visible range has yet to be thoroughly

explored. At the same time, close attention must also be given to the excitonic side of

the device, so as to reduce exciton-related bottlenecks (e.g. coherence length, saturation,

photobleaching, etc..) in the performance of the complete device.

The speci�c materials that will be used throughout this manuscript are TiO2 as the
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dielectric metasurface and TDBC (cyanine dye J-aggregate) as the emissive counterpart.

Current state-of-the-art metasurfaces are capable of enhancing signals via the Purcell

e�ect and achieving strong coupling with a variety of emitters. However, there are still

several challenges that must be addressed to develop hybrid devices that operate at room

temperature and in the visible spectrum. These challenges include the need for better

emitters, less dissipative metasurfaces, and more precise nanofabrication techniques.

J-aggregates and photonic dielectric metasurfaces have already been extensively explored

in their respective �elds and have numerous standalone applications. However, integrating

these two �elds remains a challenge that has not yet been extensively explored. This

could be attributed to the experimental challenges associated with controlling the spatial

position and orientation of the quantum emitter within the metasurface [18].

A variety of simulations and experimental measurements will be presented throughout

this work, in order to prove that dielectric metasurfaces are ideal candidates to serve as

a fully controllable substrate to tune the radiative properties of molecular excitons.

This thesis aims to address the challenges of developing room temperature molecular ex-

citonic devices that can achieve both weak and strong coupling in the visible range. To

achieve this, appropriate materials will be selected, metasurface designs will be developed

while accounting for fabrication tolerances, and the optical properties of the emissive

material will be �ne-tuned through supramolecular chemistry. These steps will allow

the control of both sides of the exciton-polariton, resulting in easy-to-fabricate and ef-

�cient devices with tunable radiative properties. Additionally, J-aggregates have been

demonstrated to be intrinsically coherent emitters and possibly prime candidates to ex-

hibit superradiance [17], an experimentally elusive phenomenon in which the subunits

of a quantum system interact constructively leading to a strong, highly directional and

ultrafast pulse of light. With this in mind, our work provides insights and paves the way

towards utilizing dielectric metasurfaces to foster cooperative behaviour in J-aggregates.

This thesis aims to provide novel insights regarding the design and uses of dielectric meta-

surfaces/molecular aggregates hybrid devices through both simulated and experimental

results. The �ndings of this study will provide solid foundations for future research on fos-

tering superradiance in J-aggregates and experimental evidence of the possibility of tuning

the radiative properties of molecular excitons through the use of dielectric metasurfaces.
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2| Theoretical Background

2.1. Dielectric Metasurfaces

In recent years, studying light-matter interactions has been at the centre of attention for

many researchers due to the possibility of controlling light-con�nement on the nanoscale.

Recent advances in nanofabrication have made this into a reality, leading researchers to

both design and fabricate nanostructured materials that can control and enhance the

electromagnetic �eld distribution of light in a variety of ways.

The whole idea is based on the principle of light scattering with structures of size compa-

rable to the incoming wavelength, which according to Mie theory causes strong scattering

resonances both in metallic and dielectric structures. In its simplest form, Mie theory tells

us that the scattering phenomena associated to a material will depend on its permittivity

and a size parameter de�ned by the geometry of the object. Intuitively, the response of a

metallic material will di�er from that of a dielectric, the reason being that the dielectric

permittivity has opposite signs for the two [11].

Typically, the interaction between light and a metallic particle whose size is comparable

to that of the incoming radiation causes an electric response from the particle that can be

associated to a so-called localized surface plasmon resonance. While the interaction with

a dielectric particle can generally cause both an electric and magnetic response according

to the speci�c displacement currents generated in the material.

Plasmonic resonators have long been employed in the �eld of signal enhancement due

to their capability to e�ciently con�ne the electric �eld to small volumes and thus have

small mode volumes in correspondence of the plasmonic resonance. These systems have

been shown to reach Purcell factors of up to a thousand [8], but are still heavily limited

by the low radiation e�ciency bottleneck caused by their considerable Ohmic losses,

particularly in the visible range [18]. The problem with metallic resonators becomes

evident by analysing the formula for the Purcell factor [54]

FP =
3

4� 2

� 3

n3

Q
V

:
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Although the reduced mode volume (V) that can be obtained with metals has a positive

e�ect on the enhancement of emission, the Ohmic losses greatly diminish the Q-factor of

the cavity.

Based on this it should become evident why high refractive index dielectric materials have

generated so much interest in the last decade. Multiple studies that have shown how the

high real refractive index and low dissipative losses of these materials can lead to high

quality factor nanostructures that work for a variety of resonances [35, 42, 55].

It is very common in literature to refer to such structures as resonators or nanoantennas

[51] due to their ability to shape the electric and magnetic �elds of an incoming radiation,

as well as to increase its intensity in space in a controllable manner.

The type of response and its strength strongly depend on the refractive index of the

material and, up to a certain extent, of the surrounding volume. It is also heavily a�ected

by the speci�c geometry of the object, modifying the geometrical features of the resonator

will inevitably alter the relative spectral position of the resonances involved as well as its

optical character [44, 61].

The concepts discussed until now are valid for single particle studies, while their extension

to periodic arrays of resonators requires more attention. The periodic repetition in space of

a planar pattern of resonators within subwavelength thicknesses is known as a metasurface

[73]. In these structures the optical response of the bulk pattern will di�er from that of

the single resonator, hence the design criteria between the two will di�er even though

all that has been mentioned above regarding size and permittivity still holds true. The

base concept of light interacting with a scatterer also remains present in metasurfaces,

but the presence of multiple resonators that interact with the same incoming radiation

allows for more freedom in the design process and a variety of possible applications.

When working with metasurfaces, the spacing between single nanoantennas, the relative

orientation between both other resonators and the incoming radiation will all in�uence

the optical response of the material.

The design �exibility of metasurfaces allows researchers to accomplish impressive feats

such as wavefront shaping [67, 68], nearly perfect absorption, re�ection or transmission,

induced polarization [29] and chirality [59], high quality factor cavities [19], along with

many more applications [21, 36, 38, 58].

It should also be noted that working with a large number of resonators, designing for

a speci�c resonance wavelength becomes a sensitive task due to the potential impact of

fabrication tolerances and error propagation. Fabrication defects can a�ect not only a
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single resonator but can also propagate throughout the pattern, leading to errors that

shift the resonance wavelength and reduce its strength. Despite recent advances in fabri-

cation techniques that have reduced the presence of such artifacts, the complexity of the

fabrication process inevitably increases when moving to visible wavelengths due to the

reduced size of the resonators.

While it is possible to design a metasurface to be less sensitive to fabrication tolerances,

achieving high quality factor cavities in the visible spectrum remains a relatively new

and challenging �eld. The sensitivity to fabrication tolerances is a signi�cant obstacle to

overcome, especially when working with visible light, as the requirements for precision

increase. Further advances in fabrication techniques are necessary to achieve more robust

and reliable metasurfaces in the visible spectrum [5].

2.2. Molecular Excitons

J-aggregates are a class of molecular aggregates constituted by highly ordered molec-

ular assemblies of dyes or other chromophores, in which the units are arranged in a

one-dimensional chain-like structure that allows the strong electronic coupling between

its subunits. This can result in unique optical properties such as enhanced absorption,

emission, and circular dichroism [33, 37].

The J-band peak red-shifted from the one associated to its monomeric form emerges

from the excitonic coupling between the units in the aggregate (Figure 2.1), resulting

in a delocalized excitonic state of great intensity. What separates these structures from

other emissive materials is that the J-band that arises from aggregation is drastically

red-shifted (up to roughly 100 nm), highly symmetric and with narrow linewidths (10-15

nm). Additionally, the Stoke shift between absorption and emission is quite small due to

their rigid structure, making them interesting candidates as both absorbing and emissive

materials when coupled to structures that are generally designed to a�ect only one of the

two phenomena.
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Figure 2.1: Schematic representation of the spectral changes following the formation of

H- and J- aggregates in cyanine dyes [37].

As already mentioned, the ordered self-assembled structure of J-aggregates allows for the

formation of delocalized excitonic states spanning over multiple subunits. Within the

framework of molecular excitons developed by Davydov [16], the strong electronic inter-

actions between the monomeric units are translated into a coherent oscillation shared

between multiple units of the aggregate. Under these conditions, the radiative decay of

emissive states is enhanced leading to an increase in the rate of emission of the aggregates.

Surprisingly, the same phenomenon can be further enhanced under more restrictive condi-

tions such as low temperatures and low local disorder [50], allowing cooperative behaviour

between the units and thus a collective response of the aggregate when excited. Classically

this can be seen as a collection of dipoles oscillating in phase forming a large collective

dipole with amplitude given by the constructive interference between the interacting unit

dipoles [22].

This culminates into a decay rate that is proportional to the number of coupled monomers

[24] and a strong dependence on pumping power for their photoluminescence intensity.

This phenomenon is an extension of the concept of �superradiance� introduced by R. H.

Dicke in 1953 for which J-aggregates appear to be perfect candidates due to their highly

ordered molecular structure [17].
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J-aggregates can be formed by a wide range of dyes and chromophores, including cyanine

dyes, porphyrins, phthalocyanines, and others. The formation of J-aggregates is in�uenced

by a number of factors, including the chromophore structure, the solvent polarity, and

the aggregation conditions. In general, J-aggregates are favored in non-polar solvents

and at high chromophore concentrations, where the intermolecular interactions between

chromophores are strong enough to overcome any repulsive forces, but the aggregation

pathway is strongly dependent on the speci�c aggregate and the environmental conditions

mentioned above, as is usually found for many other self-assembled structures.

The optical properties of J-aggregates make them an attractive emissive material for a

wide range of applications, including sensing, imaging, and optoelectronics. J-aggregates

have been used as �uorescent probes for biomolecules and cells, as well as for the detec-

tion of environmental pollutants. They have also been incorporated into organic solar

cells and light-emitting diodes, where their unique optical properties can improve device

performance.

Currently, researchers are actively exploring ways to control the formation and morphol-

ogy of J-aggregates [25] in order to be able to exploit their astounding unique optical

properties in more complex systems in tandem with other materials [7, 12, 48, 48, 52, 72].

2.2.1. Introduction to Superradiance

R.H. Dicke introduced the phenomenon of superradiance, which is based on the idea that

molecules interacting within a shared radiation �eld cannot be considered as independent

oscillators, and their radiative behavior will be in�uenced by their degree of coherence

[17].

Initially developed for gas molecules, Dicke's results have been extended to any system

with a magnetic or electric dipole transition that has the capability of radiating. The

peculiarity of this phenomenon is that the dipole moment of the ensemble of radiating

objects is given by the sum of the expectation values of each dipole moment. Additionally,

such systems will radiate coherently in the direction of excitation since all the other

components will interact to cause transitions to states of lower cooperation number.

The sequence of photons emitted by these systems is known to possess angular correlation.

It has been demonstrated that the probability that all subsequent photons emitted by the

system after being excited in a generic direction (k) is twice the probability averaged over

all other directions as shown byI (ks) = I 0(ks)
Ps ( 1

2 + m0 � s+1)
Ps� 1 (n� s+1) . This is to say that in the

presence of an oscillating collective dipole the angular distribution of a generic photon

is dependent on the direction of the previously emitted photon and its probability scales
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with the number of photons previously emitted in the same direction.

The �rst de�nitive experimental evidence of superradiant emission has been demonstrated

by Hettich et al. [27] in a system made up of two terylene molecules embedded in a p-

terphenyl crystal at a distance of 12 nm. The two molecules showed distinct one-photon

resonances at low pumping powers, while a third peak roughly located at the middle

frequency of the two one-photon resonances appeared by increasing the pumping power

(Figure 2.2). This phenomenon has been associated to the simultaneous excitation of the

two molecules through a two-photon process, the �rst evidence of nonlinear cooperative

behavior between two molecules. The same study also observed the arisal of photon

antibunching for both one-photon emission and photon bunching for the cooperative two-

photon resonance, con�rming the entanglement between the two molecular eigenstates

and thus their cooperativity.

Figure 2.2: Fluorescence spectra of two coupled terrylene molecules as a function of

pumping power, showing the arisal of a pump �uence dependent peak associated with the

emergence of cooperative emission [27].

Following Dicke's paper, in the past few decades researches have con�rmed the validity

of Dicke's model and have further developed more advanced theoretical frameworks [13,

20, 23, 46].

As brie�y mentioned above, the requirements to achieve superradiance experimentally

are quite restrictive since local disorder, inhomogeneous broadening, and temperature-



2| Theoretical Background 9

related phenomena have been shown to disrupt the conditions for cooperativity both in

theory and in practice [50] by causing dephasing between the many oscillating dipoles

and thus a reduction of coherence within the system. Regardless of it being a challenging

phenomenon to observe, claims of superradiant behaviour have been reported in literature

during the past few years. The concept of cooperativity between oscillating dipoles has

been extended to a variety of materials such as H-Aggregates [47] and other organic

systems [63], quantum dots [30, 32, 56], and perovskites thin �lms [9].

From a purely theoretical standpoint, a superradiant system will show the following three

phenomena simultaneously: an increase in the decay rate of emission, a burst in the cavity

mode population, and a non-linear (often a power law with exponent between 1 and 2)

dependence of the maximum of photoluminescence from the number of coupled emitters

[46].

Experimentally the two �ngerprint signals that identify super�uorescence are non-linearity

of emission in pump �uence measurements, and photon bunching, both typical of strongly

coupled systems of quantum emitters. It is also very common to perform time-resolved

measurements to highlight the enhanced decay rate of superradiant emissive states which

has been shown by many theoretical models to be a direct consequence of cooperativity,

although it cannot always be univocally attributed to coupled emitters when dealing with

more complex systems such as plasmonic or dielectric metasurfaces or cavities that are

known to a�ect the radiative behaviour of emitters by Purcell e�ect. Hence the latter

should be paired with some of the other above mentioned techniques to be univocally

attributed to super�uorescence.

Overall, achieving superradiance experimentally and being able to foster its arisal at room

temperature is a �eld of great interest due to the possibility to exploit it to create ultrafast,

highly selective and directional emitters for applications in a variety of �elds such as bio-

imaging, multi-photon high-brightness quantum light sources, as well as in �elds on the

rise such as optical and quantum computing.
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3| Metasurface Design

3.1. Numerical Simulation Methods

3.1.1. Finite-Di�erence Methods

Lumerical Finite-Di�erence Time-Domain

Finite-di�erence time-domain or FDTD for short is a numerical analysis method developed

by Kane S. Yee to compute electrodynamics in the time-domain. More speci�cally, FDTD

approximates the solutions for the time-dependent Maxwell's equations by de�ning space

as a discretized grid and then solving the local partial di�erential equations at each instant

of time. This procedure works because the electric �eld in every point in space is computed

at a time instant that precedes the computation of the magnetic �eld, thus respecting the

dependence on the former from the latter, as stated by Maxwell's equations (3.1)[62].

8
>>>>>>><

>>>>>>>:

r � D = �;

r � E +
@B
@t

= 0;

r � B = 0;

r � H �
@D
@t

= J :

(3.1)

The same process is repeated at every time step for the magnetic �eld at every point

of space. This allows the user to model both the electric and magnetic properties of a

material with great accuracy.

To better understand Yee's algorithm, the concept of Yee cell (Figure 3.1a) and leapfrog

approach must be introduced.

The former is a physical construct associated to a three-dimensional unit cell in which

each electric �eld vector occupies a point in space that is shifted from the origin and that

is then surrounded by four magnetic �eld vectors. This con�guration allows the algorithm

to relate the E and H �eld in space for every single point in volume, which is equivalent to
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(a) (b)

Figure 3.1: a) Electric and magnetic �eld vector components for a cubic unit cell in the

Yee lattice [62]. b) Schematic representation of the leapfrog phenomenon introduced by

Yee in his algorithm [62].

de�ning both the pointwise di�erential and the macroscopic integral forms of Maxwell's

time-dependent equations.

The latter is a way of computing the electric and magnetic �elds in time to account for

the mutual dependence of the two quantities. This is achieved by computing and storing

all the components of the electric �eld in space (for each Yee cell) at a certain point in

time and then computing the magnetic �eld using the electric �eld computed at the step

before. The next electric �eld components are then computed based on the magnetic �eld

data just computed (Figure 3.1b) and so on until convergence to a solution.

To correctly evaluate the propagation of waves in space and time within a limited amount

of data, FDTD requires the user to de�ne a simulation domain. This implies that the sim-

ulation must be truncated at the end of the space domain, hence these physical constraints

must be correctly de�ned to avoid unphysical re�ections at the boundaries.

To do so the user must de�ne a series of grid truncation conditions also known as absorbing

boundary conditions. Yee's algorithm does not allow for their direct de�nition since every

�eld data at a certain time step must be computed for both sides of a point in space,

which is not possible with a distinct simulation boundary.

The solution implemented by Lumerical - FDTD comprises of de�ning a perfectly matched
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layer or PML as the boundary region to limit the re�ected waves to very small numerical

values.

Throughout this work, FDTD Lumerical was used to compute the normal-incidence

transmission spectra, the corresponding electric �eld distribution, a variety of parame-

ter sweeps, along with the quality factor and mode volume of the di�erent resonances

investigated.

Simulation Environment

All FDTD - Lumerical simulations discussed in this work comprise a 1 mm thick quartz

substrate, covered by a 200 nm TiO2 patterned thin �lm which is itself surrounded by a

TDBC J-aggregate of varying thicknesses.

It is worth noting that during the simulation stage, the position of the TDBC:PVA �lm

with respect to the TiO2 metasurface has undergone three iterations to account for a

realistic result after its deposition. The three iterations considered are shown in Figure

3.2.

Figure 3.2: Schematic representation of the possible positions the TDBC thin �lm might

assume after spincoating. a) TDBC �lm between the TiO2 pillars. b) TDBC �lm per-

fectly on top of the metasurface. c) TDBC �lm completely �lling the free volume of the

metasurface.

It must be noted that the spincoating solution is water-based, hence its evaporation

will not be fast enough for the �lm to fully form at the top of the TiO 2 metasurface,

consequently at the start of spincoating the solution will quickly collapse between the

dielectric structures, and it will dry at the bottom of the pillars.

Simulations show that all three con�gurations lead to similar results for all quantities

inspected, with the main discrepancy found in the localization of the mode volume after

coupling. Thus, only the results from the one that can be considered as more realistic

will be shown in this work.
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The real and complex refractive indexes of TiO2 and TDBC used for the computations

are shown in the �gures below. The refractive index of the aggregate can vary between

(a) TDBC:PVA (b) TiO 2

Figure 3.3: a) Real (blue) and imaginary (orange) refractive index of the TDBC:PVA

thin �lm. b) Refractive index of the TiO 2 thin �lm.

di�erent batches due to its dependence on the morphology of the aggregate and quality

of the PVA matrix, which can be controlled with changes in temperature, concentration,

growth time, and chemical environment. Hence, to make the design process more general

the data used for the J-aggregate has been chosen to be the same for all simulations. This

choice was made so that the di�erence in performance is not associated to the quality of

the emissive material but only to the di�erent resonances of each con�guration (at least

during the design and simulation phase).

Each simulation employed a plane wave source radiating from the bottom of the device

with normal incidence and x-polarization. The simulation boundaries along this direction

are set as perfectly matched layers to minimize unphysical re�ections, while the boundaries

along the x and y directions are set as periodic boundaries to extend the unit cell to an

in�nite array to simulate a metasurface.

The transmittance of the design will be measured for each simulation by placing a fre-

quency domain power monitor above the metasurface perpendicular to the x-y plane in

which the unit cell lays, far enough from both the simulation domains and the metasurface

itself so as to avoid unphysical re�ections with the boundaries and near-�eld phenomena

respectively.

Another frequency domain power monitor will be placed in the x-y plane at a height that

crosses the resonators and the molecular aggregate thin �lm so that the near-�eld optical
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response of the metasurface can be studied.

The mesh size utilized varies from a minimum mesh cell of 2.5 to 10 nm depending

on the speci�c geometrical features of the con�guration in question. The smaller mesh

cells were employed for more complex geometries with sharper features or smaller gaps

between structures to avoid unphysical mathematical artifacts during the computation of

the electric and magnetic �elds.

Of similar importance is also the wavelength resolution of the simulation, which must

always be taken into account in order to resolve the various resonances present in the

wavelength range span by the source. This is especially relevant when dealing with high Q-

factors, and thus narrow linewidths, resonances such as the quasi-BIC that will be shown

in the next few chapters. To account for this, the mesh accuracy parameter implemented

in FDTD � Lumerical has been varied between values of 2 to 4 according to the Q-factor

of the optical resonance.

COMSOL Multiphysics

Comsol Multiphysics works by using a �nite element method (FEM) to discretize the

geometry of a physical system into small interconnected elements. Each element is de-

scribed by a set of governing equations that describe the behavior of the system based on

the physics being modeled.

It allows the user to de�ne the geometry of the system, specify the material properties

of the di�erent components, and set up the governing equations for the various physical

phenomena being simulated. It then uses numerical methods to solve the equations and

simulate the behavior of the system.

All simulations performed in Comsol Multiphysics employed the Maxwell's equations in

a medium characterized by an electric and magnetic permittivity as the governing set of

equations in the simulation volume.

The great advantage of Comsol is that it provides multiple tools to �ne tune the mesh,

allowing the user to increase the precision of the mesh in places where some geometrical

features might be particularly critical. In this work, a combination of tetrahedral and

triangular mesh elements was employed.

The setup of the unit cell boundaries and the transmittance monitors is analogous to

what has been described in the previous chapter.
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3.2. Optical Resonances

Under the right conditions, when light interacts with matter, a wide variety of optical

resonances can occur. The type of resonance is usually de�ned according to the electric

and magnetic �eld distribution in space at the resonant wavelength. The same material

can undergo resonant behaviour in a variety of ways.

This work will mainly investigate Mie resonances in a dielectric material, also known as

morphology dependent resonances, which arise due to photons scattering on objects of

size comparable or within a few orders of the incident wavelength inducing displacement

currents in the resonators. Under these conditions, the EM �eld of the incoming photons

is redistributed and when the geometry is tuned properly it can lead to high enhancements

of the local EM �eld [61]. Additional simulation-based work will be presented for quasi-

bound state in the continuum (Q-BIC) resonances.

The speci�c pattern of the EM �eld distribution induced by the excitation can be classi�ed

in a variety of resonances. Some common examples include the electric (ED) and magnetic

dipole (MD) [74], higher order multipoles, quasi-BICs and the anapole resonances, which

can all be identi�ed by their characteristic �eld distributions. This thesis will analyse the

ED, MD, lattice, and quasi-BICs resonances [35, 42] associated to four distinct geometrical

con�gurations.

Every resonance will behave di�erently when coupled to another material that does not

share the same response at the same wavelength. This stems from the fact that the

second material will have a di�erent reaction to the incoming radiation and thus will not

display the same displacement currents, resulting in a di�erent electric �eld distribution.

The hybrid electric �eld distribution of the system will be a�ected by the geometry and

permittivity of both materials, hence the characteristic �eld distribution of the resonance

of the dielectric will no longer be as well de�ned after coupling. It is of the utmost

importance to analyse the �eld distribution of the coupled system since in order to observe

Purcell enhancement, the concentration of the electric �eld within the emissive material

must be signi�cant, hence it is not su�cient for the isolated dielectric structure to show

a suitable �eld distribution.

This can be quanti�ed by calculating the modal volume and comparing its value between

all con�gurations. This comparison is still not enough to �nd the more suitable con-

�guration, in fact it is also important to evaluate the quality factor of the cavity. The

best con�guration will comprise a su�ciently dense �eld distribution within the emissive

material, a low value of mode volume, and a high quality factor. Attention must also be
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given towards the feasibility of fabricating these structures with su�cient precision, since

all of these observables are a�ected by geometry.

3.3. Design Process

The principles behind the design process employed in this work were to provide a variety

of metasurfaces working at distinct optical resonances and di�erent quality factors so that

di�erent coupling regimes between the metasurface and the molecular aggregates could

be investigated.

Since the dimensions of the resonators are comparable to the wavelength of the incoming

excitation, the optical resonances of the metasurfaces will be strongly dependent on the

size and geometrical features of the resonators. Consequently, �nding the right set of ge-

ometrical parameters associated to each distinct resonance requires precise investigation

of how each parameter a�ects the optical behaviour. This concept will be studied by per-

forming parameter sweeps, large batches of simulations where one geometrical parameter

will be varied within a range while all other parameters will be kept constant.

3.3.1. Critical Geometrical Feautures

As already mentioned, working in the visible range with structures of sizes comparable to

the excitation wavelength implies a strong correlation between size and optical response.

This becomes particularly relevant when the design has to be fabricated, since fabrication

tolerances will greatly impact the performance of the metasurface.

It should now become clear how the design process must inevitably account for the con-

straints imposed by fabrications, hence certain critical geometrical features should be

avoided during the design phase. Such constraints include, but are not limited to, too

small or sharp geometrical features, tight gaps between areas that will be exposed sequen-

tially during EBL, high aspect ratios with an emphasis on large thicknesses that might

complicate etching.

Although features such as tight gaps between resonators can lead to higher quality fac-

tors since they can allow better coupling and thus better electromagnetic �eld localization

within the metasurface, the priority throughout this work was given to ease of fabricabil-

ity. Hence, the patterns designs were kept geometrically simple, and the aforementioned

critical features were avoided.
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3.3.2. Mie Resonances

Recent research has focused on developing new types of metasurfaces that incorporate

Mie resonances to achieve speci�c functionalities. For example, Mie resonances can be

used to achieve selective absorption or transmission of light at certain wavelengths or

polarization states, which can be useful for solar energy harvesting or display technolo-

gies. Mie resonances can also be used to enhance light-matter interactions in biological

or chemical sensing applications, where small changes in refractive index or molecular

properties can be detected through changes in the resonance properties. The properties

of Mie resonances depend on several factors, including the shape, size, and refractive in-

dex of the subwavelength structures. For example, spherical nanoparticles with diameters

comparable to the wavelength of incident light can exhibit Mie resonances that are char-

acterized by sharp spectral features and high scattering cross sections. Other shapes, such

as cylinders and disks, can also exhibit Mie resonances, but their properties may di�er

depending on the aspect ratio and orientation of the structures [39, 43].

In this work, the types of Mie resonances were identi�ed by measuring the transmission of

each unit cell as a function of geometrical parameters, followed by an analysis of the elec-

tric �eld distribution in the near-�eld. The latter is a broadly accepted practice employed

to univocally identify the character of the resonance, since the displacement currents gen-

erated in the near-�eld of the dielectric resonators can be univocally associated to electric

(ED) or magnetic dipole (MD) type responses [31, 39]. Mixed dipoles and multipole res-

onances can also be found in dielectric resonators, but they were not investigated in this

thesis.

Three types of structures will be discussed in the following paragraphs:

ˆ The bare metasurface : patterned TiO2 on a glass substrate.

ˆ The passive structure : the bare metasurface surrounded by the molecular aggre-

gate thin �lm with a constant refractive index (n) corresponding to the value ofn

at high wavelengths.

ˆ The active structure : the bare metasurface surrounded by the molecular aggre-

gate thin �lm as an absorbing material with its refractive index depending on the

wavelength.

The bare metasurface will be used to identify the resonance and �ne tune the geometrical

parameters. The passive structure will instead be important to estimate how introduc-

ing another high-index material in�uences the resonance and in particular the near-�eld

electromagnetic �eld distribution (or mode volume). The active structure is analysed to
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estimate the extent of coupling between the photonic resonators and the excitonic active

material, eventually exposing the presence of polaritons under the right conditions.

The unit cell of the Mie resonances is shown in the left panel of Figure 3.5.

Parameter sweeps

Knowing that the magnetic dipole resonance can be generated when the wavelength of

light within the dielectric resonator is comparable to the particle's diameterD = �=n the

preliminary dimensions of the resonators can be roughly estimated. Fine tuning of the

size and spacing of the resonators within the unit cell will then be required to achieve

stronger light-matter interactions and resonances with a stronger electric or magnetic

dipole character.

The resonance can be initially identi�ed by a pronounced dip in transmittance, associated

to a strong interaction between light and matter, meaning that the electromagnetic �eld of

the incoming radiation has been localized within the patterned dielectric and redistributed

throughout space according to the speci�c geometry and the surrounding refractive index.

The approach adopted was to perform batch simulations in which the radius of the res-

onator would be varied systematically from 100 nm to 200 nm in steps of 10 nm, while

keeping all other geometrical features constant. To keep the period between the unit cells

constant the size of the unit cell must be expressed as a function of the radius. Accounting

for fabrication tolerances and constraints, the gap between the resonators has been set to

100 nm in the x direction and 75 nm in the y direction, meaning that the size of the unit

cell can be written as

X = 100 + 2 � Radius

and

Y = 75 + 2 � Radius

with all quantities expressed in nanometers. The thickness of the TiO2 layer was kept �xed

at 200 nm throughout all simulations to allow batch fabrication of multiple geometries

per run.
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(a) (b)

Figure 3.4: a) Normal-incidence transmission spectra of cylinders of multiple radii in the

form of a 2D colormap. b) Magnetic dipole (MD) and electric dipole (ED) resonances

forming bands as a function of the radii of the cylindrical resonators.

Figure 3.4a represents the normal-incidence radius-sweep plot, two bands can be distin-

guished by a dip in transmittance that shifts with the radius. The higher wavelength band

can be attributed to the magnetic dipole resonance, while the lower wavelength band can

be identi�ed as the electric dipole resonance. An increase in volume of the resonators,

shown in this �gure by higher radii (R > 150 nm), allows the multipole resonances to

arise at lower wavelengths.
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Magnetic Dipole Mie Resonance

The magnetic dipole resonance was found for a radius of 130 nm, a thickness of 200 nm,

and a unit cell size of 360 nm along the x direction and 335 nm along the y direction. The

quality factor of this resonance in its passive mode has been estimated to beQ � 150.

As shown in 3.5 the magnetic dipole Mie resonance can be univocally identi�ed by the

characteristic electric �eld distribution along a plane parallel to the direction of excitation

that crosses the resonator.

Figure 3.5: a) Top view of the unit cell. b,c) Electric �eld distribution for the magnetic

dipole (MD) Mie resonance. The latter univocally identi�es the optical resonance.

Electric Dipole Mie Resonance

The electric dipole resonance was found for a radius of 155 nm, a thickness of 200 nm,

and a unit cell size of 410 nm along the x direction and 385 nm along the y direction. The

quality factor of this optical mode in its passive form has been calculated to beQ � 79.

As for the magnetic dipole Mie resonance, the electric dipole response can be identi�ed

by its characteristic electric �eld distribution (3.6).

Figure 3.6: a) Top view of the unit cell. b,c) Electric �eld distribution for the electric

dipole (ED) Mie resonance. The latter univocally identi�es the optical resonance.
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As brie�y mentioned before, after �nding the optical resonance for the bare metasur-

face it's important to investigate how the passive and active structure introduced in the

previous paragraphs behave.

The presence of an additional layer in close proximity with the metasurface with a refrac-

tive index higher than the background (air) will inevitably alter the optical response of the

metasurface. Understanding how the response changes with thickness allows us to predict

the robustness of the resonance under di�erent sets of conditions that cannot always be

precisely controlled during thin-�lm deposition because the way the TDBC layer will lay

on the metasurface depends on a variety of parameters such as the surface tension of all

materials in contact, the viscosity of the spincoating solution, and the �lling ratio of the

resonators.

As shown in the left panel of Figure 3.7, varying the thickness of the passive molecular

aggregate between 30 nm and 300 nm considerably shifts the resonance wavelength.

Figure 3.7: 2D colormap representing the MD and ED bands formed by sweeping the

thickness of the TDBC molecular aggregate thin �lm in its passive form (left). 2D col-

ormap representing the MD and ED bands formed by sweeping the radii of the dielectric

resonators with the TDBC molecular thin �lm in its active form (right).

The presence of the passive �lm does not pose an issue since the electric �eld distribution

of the resonance will not be a�ected, hence both resonances will retain their magnetic
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and electric dipoles character (Figures 3.5 and 3.6). Both resonances can thus be deemed

robust under the presence of the molecular aggregate thin �lm.

Additionally, readers might note that the linewidths of the resonances are both reduced

meaning that their quality factor increases, this should not be surprising since the presence

of a higher refractive index close to the metasurface will increase the localization of the

incoming radiation and slow its decay in time.

The same simulation setup was used to investigate the optical response of the two reso-

nances when the molecular aggregate thin �lm behaves as an active dissipative material,

hence with both real and imaginary permittivity expressed as a function of wavelength.

The radius-sweep for this con�guration can also be found in the right panel of Figure 3.7,

there the two Mie bands can be seen to be perturbed by the presence of the absorbing

TDBC thin �lm.

(a) (b)

Figure 3.8: a)Exciton-polariton bands arising due to the coupling between the ED-based

metasurface (R = 155 nm) and the absorbing molecular aggregate thin �lm. b) Exciton-

polariton bands arising due to the coupling between the ED-based metasurface and the

absorbing molecular aggregate thin �lm as a function of the thickness of the active dissi-

pative molecular aggreate �lm.

Both bands split into two distinct peaks each for the radii associated to the on-resonance

con�gurations (MD and ED). These additional peaks not found in the original bare struc-

ture can be attributed to the formation of exciton-polaritons in the weak coupling regime.

In this system, the o�-resonance behaviour of the structure is highlighted by using the
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radii as a detuning parameter forming the exciton-polariton bands (3.8a) with a splitting

of roughly Esplitting � 230meV for the ED mode.

The robustness of the resonance was once again tested by sweeping the thickness of the

aggregate thin �lm while in its dissipative form. As can be seen in Figure 3.8b, the optical

response of the device is greatly a�ected by the presence of �lms of di�erent thicknesses.

The exciton-polariton bands mentioned in the previous paragraphs can still be found for

all thicknesses. Although for thicknesses higher than 70 nm the lower polariton band

is overshadowed by the MD resonance, the polaritons will still be present for all other

instances as can be con�rmed by analysing the electric �eld distribution at the wavelength

of interest.

The designs associated to the R=120 nm and R=130 nm resonators were also simulated

to test the robustness of the, respectively, MD and ED optical resonances. Figures 3.9

and 3.10 show that the response of the material shifts in wavelength but still retains its

respective optical character. Both designs seem to be able to couple strongly enough with

the surrounding active molecular aggregate thin �lm to form both upper (UP) and lower

(LP) polaritons, although the UP band is almost completely overshadowed by the higher

order resonances present at lower wavelengths.

Further and clearer evidence of the arisal of polaritons in these structures will be given

in the next chapter.
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