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Abstract

High-index nanoparticles support electromagnetic multipoles that determine their re-
sponse to an incident wave. When different multipoles are excited, they can interfere,
giving rise to surprising phenomena. For example, from the antiphase oscillation of the
Cartesian toroidal and electric (or magnetic) dipole or the corresponding higher-order
multipoles arise the so-called anapole states, characterized by a substantial reduction in
the far-field scattering and a strong localization of energy inside the disk. One of the
simplest high-index structures supporting multipolar interference is the disk, which can
be easily built on a silica substrate using standard silicon nanofabrication tools. Most
studies of anapole states in high-index dielectric disks have addressed anapoles that can
be excited under normal illumination, but the in-plane incidence is necessary for building
silicon photonic integrated circuits (PICs) when light is completely bound to the chip
plane.

In this thesis, we investigate via numerical simulations annex experimental mea-
surements the appearance of multipolar interferences in silicon disks when we excited
in-plane through waveguides. First, we investigate the effects on isolated subwavelength-
sized disks and then extend our investigation to one-dimensional (1D) periodic chains.
Under the in-plane excitation of a silicon subwavelength-sized disk, we observe magnetic
and electric anapoles of various orders, changing the geometry of the system. Inter-
estingly, we observed a decoupling of the minimum in the far-field scattering and the
maximum of energy localization in the disk, which takes place at well-separated wave-
lengths for in-plane excitation of the anapole as compared to the usual normal incidence
case. On the other hand, through the excitation of the toroidal dipole, we demonstrate
the efficient transmission above the light cone in a periodic structure formed by silicon
subwavelength-sized disks. Finally, we predict the closure of the Bragg bandgap due
to the interaction between electric and magnetic dipoles in a periodic structure formed
by silicon nanobricks. Our results highlight significant differences between multipoles
interferences when the particles are illuminated from different directions and have di-
rect implications for the use of wavelength-size disks in high-index PICs for applications
ranging from biosensing and spectroscopy to nonlinear signal processing.
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Resumen

Las nanoparticulas de alto indice admiten multipolos electromagnéticos que determinan
su respuesta a una onda incidente. Cuando se excitan diferentes multipolos, estos pueden
interferir, dando lugar a fenémenos sorprendentes. Por ejemplo, a partir de la oscilacién
en antifase del dipolo toroidal y eléctrico (o magnético) cartesiano o de los correspondi-
entes multipolos de orden superior surgen los llamados estados anapolares, caracterizados
por una reduccién sustancial de la dispersiéon de campo lejano y una fuerte localizacién
de la energia dentro del disco. Una de las estructuras de alto indice més sencillas que
soportan la interferencia multipolar es el disco, que se puede construir facilmente sobre
un sustrato de silice utilizando herramientas estandar de nanofabricacion de silicio. La
mayoria de los estudios de estados de anapolos en discos dieléctricos de alto indice han
abordado anapolos que pueden excitarse bajo iluminacién normal, pero la incidencia en
el plano es necesaria para construir circuitos integrados foténicos de silicio cuando la luz
estd completamente unida al plano del chip.

En esta tesis investigamos mediante simulaciones numéricas anexas a medidas experi-
mentales la aparicion de interferencias multipolares en discos de silicio cuando excitamos
en el plano a través de guias de ondas. Primero, investigamos los efectos en discos aisla-
dos del tamano de una sublongitud de onda y luego ampliamos nuestra investigacion a
cadenas peridédicas unidimensionales. Bajo la excitacién en el plano de un disco de silicio
del tamano de una sublongitud de onda, observamos anapolos magnéticos y eléctricos de
varios érdenes, cambiando la geometria del sistema. Curiosamente, observamos un de-
sacoplamiento del minimo en la dispersién de campo lejano y el maximo de localizacién
de energia en el disco, que tienen lugar en longitudes de onda bien separadas para la
excitacion en el plano del anapolo en comparacién con el caso de incidencia normal
habitual. Por otro lado, a través de la excitacién del dipolo toroidal, demostramos la
transmisién eficiente por encima del cono de luz en una estructura periédica formada
por discos de silicio del tamano de una sublongitud de onda. Finalmente, predecimos
el cierre de la banda prohibida de Bragg debido a la interaccion entre dipolos eléctricos
y magnéticos en una estructura peridédica formada por nanobloques de silicio. Nuestros
resultados resaltan diferencias significativas entre las interferencias multipolares cuando
las particulas se iluminan desde diferentes direcciones y tienen implicaciones directas
para el uso de discos del tamaiio de la longitud de onda en circuitos integrados foténicos
de alto indice para aplicaciones que van desde la biodeteccién y la espectroscopia hasta
el procesamiento de senales no lineales.
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Resum

Les nanoparticules d’alt index admeten multipols electromagnetics que determinen la
seua resposta a una ona incident. Quan s’exciten diferents multipols, aquests poden
interferir, donant lloc a fenomens sorprenents. Per exemple, a partir de 'oscil-lacié en
antifase del dipol toroidal i electric (o magnetic) cartesia, o dels corresponents multi-
pols d’ordre superior, sorgeixen els anomenats estats anapolars, caracteritzats per una
reduccié substancial de la dispersié de camp llunya i una forta localitzacié de ’energia
dins del disc. Una de les estructures d’alt index més senzilles que suporten la inter-
ferencia multipolar és el disc, que es pot construir facilment sobre un substrat de silice
utilitzant eines estandard de nano fabricacié de silici. La majoria dels estudis d’estats
d‘anapols en discos dielectrics d’alt index han abordat anapols que poden excitar-se sota
il-luminacié normal, pero la incidencia en el pla és necessaria per a construir circuits inte-
grats fotonics de silici quan la llum esta completament unida al pla del xip. En aquesta
tesi investiguem mitjancant simulacions numeriques annexes a mesures experimentals
I’aparicié d’interferencies multipolars en discos de silici quan excitem en el pla a través
de guies d’ones. Primer, investiguem els efectes en discos aillats de la grandaria d’una
sublongitud d’ona i després ampliem la nostra investigacié a cadenes periodiques unidi-
mensionals. Sota I'excitacié en el pla d’un disc de silici de la grandaria d’una sublongitud
d’ona, observem anapols magnetics i electrics de diversos ordres, canviant la geometria
del sistema. Curiosament, observem un desacoblament del minim en la dispersié de camp
llunya i el maxim de localitzacié d’energia en el disc, que tenen lloc en longituds d’ona
ben separades per a ’excitacio en el pla del anapol en comparacié amb el cas d’incidencia
normal habitual. D’altra banda, a través de ’excitacié del dipol toroidal, vam demostrar
la transmissié eficient per damunt del con de llum en una estructura periodica formada
per discos de silici de la grandaria d’una sublongitud d’ona. Finalment, prediem el tan-
cament de la banda prohibida de Bragg a causa de la interaccié entre dipols electrics
i magnetics en una estructura periodica formada per nanobloques de silici. Els nostres
resultats ressalten diferéncies significatives entre les interferencies multipolars quan les
particules s’il-luminen des de diferents direccions i tenen implicacions directes per a 1'is
de discos de la grandaria de la longitud d’ona en circuits integrats fotonics d’alt index
per a aplicacions que van des de la biodeteccio i 'espectroscopia fins al processament de
senyals no lineals.
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Chapter 1

Introduction

Contents

1.1 Background and motivation . .. ... .............. 1

1.1.1  Technological platform: silicon photonics . . .. ... ... ..
1.1.2 High-index nanophotonics . . . . . .. .. ... ... ... ... 3

1.1.3  Suppressing far-field scattering: Anapole states . . . . . . . ..

1.1.4 Multipolar interference in periodic chains of high-index nanopar-
ticles . . . . L 10
1.1.5 Motivation of the thesis . . . . . . .. ... ... ... ..... 12
1.2 Structure of thethesis . ... ... ... ............. 13

1.1 Background and motivation

The purpose of the photonic structures investigated in this thesis is summarized in the
current chapter, which discusses the advantages of integrating wavelength-sized disk
resonators supporting multipolar resonances in silicon photonic circuits. It includes a
review of previous efforts in this area and discusses how this hybrid method can im-
prove existing photonic integrated circuits and enable new and game-changing photonic
applications.

1.1.1 Technological platform: silicon photonics

The technological platform that we use to build the proposed structures in this thesis is
silicon photonics. The concept of employing silicon as a material for light guiding, filter-
ing, and manipulation was initially investigated in the 1980s [I—3], but it was not until
the last two decades when the demand for high-speed and low-power photonics emerged,
that the field began to flourish as we know it today, becoming likely the dominant
technology of PICs [4]. The ability to mass-produce low-cost devices integrating pho-
tonic and electronic components using current semiconductor fabrication processes (such
as complementary metal-oxide-semiconductor (CMOS)) is the significant advantage of
silicon photonics over competing strategies (such as III-V semiconductor heterostruc-
tures) [5-9].

Two main reasons were behind the original discard of silicon as an appropriate ma-
terial for PICs: I) since silicon is an indirect bandgap material, we cannot build silicon

1



2 1.1. Background and motivation

lasers; and II) silicon is centrosymmetric, thus lacking an electro-optic effect that pre-
vents the realization of high-speed electro-optic modulators, which are essential in the
electronic-to-optics conversion process. Notably, both problems can be solved. III-V
lasers can be integrated on silicon PICs by means of bonding techniques [10, 11] and
high-speed modulators can be realized on silicon employing the so-called free-carrier
dispersion effect [12,13].

Due to the performance of individual photonic devices being frequently vulnerable
to variability in the geometrical features of the devices, silicon photonics faces the diffi-
culty of high sensitivity to fabrication-process variations [14]. For instance, the device’s
transmission might be significantly impacted by variations in dimension as minor as a
few angstroms. Unfortunately, the statistical distribution of atomic-scale material de-
posited or etched during wafer manufacturing makes it hard to attain the subnanometer
precision that is frequently required. The insertion and propagation losses in silicon
photonic systems continue to be a problem, particularly in systems where each photon
is a valuable resource, as in quantum optics applications [4].

Silicon photonics can address some of these obstacles using solid-state physics no-
tions, such as cooperative phenomena. Recent experiments have demonstrated that
careful system engineering can frequently trade off characteristics, including bandwidth,
robustness, size, and power dissipation. The parametric nonlinear processes in silicon-
compatible materials can also be used in silicon photonics, and they are made more
effective by group-velocity dispersion engineering and maximum light confinement for
index guiding structures [15]. The strong confinement of light in the waveguides, which
enables high intensities and dispersion engineering, has been proven to make these non-
linear processes in silicon nitride, for instance, effective. For example, multi-wavelength
comb-like light sources based on this nonlinear phenomena [16] and high-performance
photonic circuits that massively wavelength multiplex and de-multiplex systems with
scalable aggregate bandwidth that is relatively immune to optical losses are both made
possible by dispersion engineering. When low-bandwidth electronics are used, each op-
tical lane’s high-sensitivity light detection results in robustness to optical losses [4].

Silicon photonics seems to be also a very appropriate platform to allocate new fields
of research such as optomechanics [17] and quantum integrated photonics [18]. Even with
commercial devices on the market [19,20], silicon integrated circuits made on silicon-on-
insulator (SOI) (see Fig. 1.1) wafers are currently being used for label-free biosensors [21—
23] and high-speed data transmission [24,25], among other applications. The ability to
successfully translate basic laboratory research into commercial realities and the ongoing
advances of the scientific community continues to propel the field forwards [4,9].

Still, on the way towards extreme miniaturization of PICs, research in silicon pho-
tonics needs new ways to reduce the total size of the basic structures used to process
information, namely ring resonators, and Mach-Zehnder interferometers, which occupy
from tens to hundreds of ym?. This requires photonic elements able to strongly confine
the optical fields in very small regions (tentatively, the size of a wavelength or even
smaller), whilst presenting a resonant behavior that can be used to implement several
functionalities. Omne possibility would be to integrate metallic elements - supporting
plasmonic resonances - on silicon waveguides, an approach that could be interpreted as
hybrid photonic-plasmonic circuits [26]. However, metallic elements display large ab-
sorption losses and also radiate out-of-chip [27,28], which would result in reduced power
efficiency when building on-chip functionalities.

A possible way to solve this issue is by using subwavelength scale high-index res-
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Figure 1.1: Image of SOI chips fabricated in Nanophotonics Technology Center (NTC)
in Valencia.

onators [29,30]. Even though the size of such photonic elements is somewhat bigger than
the size of plasmonic nanostructures, high-index nanophotonics allows for enormously
reducing absorption losses (avoiding the use of metals) whilst still keeping wavelength
and even subwavelength size dimensions. Moreover, they can be tailored to suppress
out-of-plan scattering, thus enabling the whole optical field to be confined in the PIC.

1.1.2 High-index nanophotonics

The field of nanophotonics has grown rapidly in recent years due to new ideas in the
physics of metamaterials and metasurfaces as well as the quick advancement of nanoscale
fabrication technologies, which enable a variety of applications reliant on adaptable
and effective subwavelength light manipulations (e.g. [29, 31-42]). Similar to conven-
tional photonics operating at other spatial scales, fundamental research, and applica-
tions in nanophotonics heavily rely on resonant light-matter interactions; therefore, a
thorough analysis of the excitation and interference of electromagnetic multipoles is
typically essential and indispensable to know the optical response of high-index res-
onators [37, 38, 43-40].

Mie theory can be used to describe the electromagnetic response of high-index
nanoparticles [47]. This means that by obtaining the near-fields when illuminating a
high-index nanostructure, we have analytical solutions to model the far-field scattering.
For very small (in terms of the wavelength) nanoparticles, the electric and magnetic
dipoles dominate conventional multipole expansions, which are often used for dynamic
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charge-current distributions on length scales much smaller than the effective wavelength
of light [43,45,46,48]. However, higher order multipoles, including dynamic toroidal
multipoles, will emerge when the dynamic charge-current is dispersed over a region that
is comparable to or bigger than the effective wavelength of light, and they will help to
produce complex electromagnetic fields [43,45, 46,48, 19]. Notably, the interference of
different multipoles can lead to intriguing effects, being one of them the cancellation
of far-field scattering [50]. Such effects have been normally observed when illuminat-
ing a set of high-index scatterers using free-space propagating beams impinging under
(quasi-) normal incidence. Illuminating such scatterers laterally, as required to build
PICs, may enable to observe such multipolar interferences on-chip [46], thus enabling
the application of high-index nanophotonics in silicon PICs. This is the key objective of
this thesis.

1.1.3 Suppressing far-field scattering: Anapole states

As mentioned above, this thesis investigates the observation of multipolar interference
in a very simple high-index scatterer (a silicon disk) so that out-of-plane scattering
can be canceled and the large field confinement in the dielectric element can be used
to build ultra-compact on-chip photonic elements. For this reason, in this subsection
we explain in detail how the scattering can be suppressed via multipolar interference
resulting in the scatteringless electromagnetic states labeled anapoles. Moreover, we
will detail the different experiments reporting on the observation of anapoles states, as
well their application in several functionalities when using free-space (FS) propagating
light.

Light scattering by high-refractive-index dielectric nanoparticles can be explained
by the formation of a set of radiative displacement currents upon illumination with
an external source [29,51]. Mie theory allows us to obtain analytical formula to get
the far-field scattering from such currents. Interestingly, under certain conditions, a
given combination of displacement currents may not scatter light due to destructive
interference in the far field, resulting in the so-called anapole state [17,50,52-57] (see
Fig. 1.2).

Toroidal dipole

-

+ @ SN

Figure 1.2: Illustration of an anapole excitation. The toroidal dipole moment is asso-
ciated with the circulating magnetic field M accompanied by electric poloidal current
distribution. Since the symmetry of the radiation patterns of the electric P and toroidal
T dipole modes are similar, they can destructively interfere, leading to total scattering
cancellation in the far-field with non-zero near-field excitation. [50]
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Describing the electromagnetic response of the nanoparticle by a set of multipole
eigenstates (derived from the polarization currents), such an anapole condition results
from the antiphase oscillation of the Cartesian electric and toroidal dipole or corre-
sponding higher-order multipoles [17,50,52-58]. Notably, an anapole is not a natural
eigenmode of a certain electromagnetic structure so that, for example, it cannot lead
to lasing [57]. This is why we call it an anapole state but not an anapole resonance
or an anapole mode. In contrast, an anapole is a distinct state that results from the
interference between two eigenmodes of the nanoparticle, thus being reminiscent of the
first and second Kerker conditions [59] arising from the interference between electric and
magnetic dipolar Mie-type resonances, as well as the formation of accidental quasi-bound
states in the continuum via the strong coupling of a Mie-type and a Fabry-Pérot-type
resonance [60].

Unlike metamaterial-based cloaking structures [61], which are characterized by the
complete absence of local internal fields since the radiation cannot go through the
cloak [57,62], anapole states are usually accompanied by a strong concentration of elec-
tromagnetic energy inside the nanoparticle [47,63,64]. This remarkable feature has been
used to boost light-matter interaction and enhance nonlinear effects such as harmonic
generation [65-67] or Raman scattering [68] in different experiments. This is indeed one
of the main motivations of this thesis: since such nonlinear effects - which can be used
for all-optical signal processing [69] - can be observed using FS optical excitation, can
they also be observed under lateral illumination thus paving the way towards on-chip
nonlinear high-index nanophotonics?

A prototypical structure to achieve radiationless anapole states is a high-index nan-
odisk [50,52,63], which can be easily fabricated on low-index substrates using standard
lithography techniques. This is the case, in particular, of SOI wafers, so silicon disks
supporting anapole states can be fabricated using standard silicon technology. The two
main signatures of the electric anapole condition in high-index disks are: (i) in the far
field, a strong suppression of scattering [50] and (ii) in the near field, the formation of
poloidal displacement currents with the electric field forming local vortices, with opposite
rotation sense in each half of the disk [63].

Anapoles have been the focus of several publications, highlighting their excitation
for various configurations and showcasing their wide range of applications. Notably, the
main feature that all of these reports share is that anapole states are excited from the
top (normal or quasi-normal incidence) using FS propagating beams. In what follows,
we summarize the main works that we have found in the literature.

In 2015, Miroshnichenko et al. [50] introduced the anapole state term as a composi-
tion of electric and toroidal dipole moments, resulting in destructive interference of the
radiation fields due to the similarity of their far-field scattering patterns (see Fig. 1.2).
The authors demonstrated for the first time the existence of an anapole state in op-
tics in a very simple structure: a silicon nanodisk. They discovered that the anapole
state, which can be experimentally activated and observed with a normally-incident
plane wave, is supported by a silicon nanodisk with a diameter ranging from 200 to
400 nm and a height of 50 nm situated on a quartz substrate. With three-dimensional
(3D) Electromagnetic Simulation Software - CST Microwave Studio (CST) calculations,
the authors observed a significant dip in the far-field scattering spectrum and an in-
crease in the near-field inside and around the disk, which showed the presence of the
electric and toroidal dipoles that together form the anapole state configuration. These
calculations are confirmed through current Cartesian and field spherical multipole de-
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compositions where the authors observed strong suppression of the total scattering due
to the far-field cancellation of electric and toroidal dipole radiations, which is precisely
the condition for anapole state excitation. To confirm these theoretical predictions, they
performed experiments where the far-field scattering spectra were measured using single
nanoparticle dark-field spectroscopy. The authors found that a scattering dip appeared
around 550 nm for disks with diameter > 200 nm, which was in good agreement with the
theoretically predicted anapole excitation. Finally, using a near-field scanning optical
microscope (NSOM) and a supercontinuum light source, the near-field distribution sur-
rounding the disks was mapped at various wavelengths to demonstrate that the spectral
dip in far-field scattering corresponded to the dark anapole state excitation.

In 2016, Ren Wang and Luca Dal Negro [52] through the engineering of non-radiative
anapole states using numerical simulations, suggested a novel, frequency- and angularly-
broadband method to achieve absorption rate enhancement in high-index dielectric
nanostructures. Using the multipolar decomposition method, the authors demonstrated
anapole-driven absorption enhancement in nano-disks and square nano-pixels composed
of silicon and germanium absorbing materials with wide and controllable wavelength
tunability. Additionally, they carefully examined how the nanostructure’s width D and
height H affect the spectra of absorption enhancement, and they determined that an
aspect ratio of H/D ~ 0.2 is ideal for the stimulation of anapole states with the best
possible absorption enhancement. For a silicon nano-disk with D = 350 nm and H =
60 nm, the authors showed that the resonant anapole state is excited at 710 nm by
a linearly polarized plane wave. They also investigated the effects of incidence angle
and incident wave polarization, and they discovered that anapole states are polarization
sensitive and that, when disturbed by the emergence of additional electromagnetic mul-
tipoles, their spectral purity significantly degrades beyond 20° incidence, particularly for
the p-polarization. The authors looked at the impact of coating, and they demonstrated
that even when coating both sides of the nanostructures with a low-index dielectric layer,
anapole-induced absorption amplification is still possible. Finally, they designed dimers
as a specific example of nanostructured arrays with enhanced absorption bandwidth.

Wei et al. [53] presented a method for radiationless excitation of a high-index isotropic
dielectric nanosphere’s anapole state by illumination with tightly focused radially po-
larized beams. The authors showed that the anapole state could be triggered by a
single-focused beam, however electric quadruple radiation was still a negligible contri-
bution to the total scattering power. They found that a 47 configuration, where the two
counter-propagated radially polarized had the same amplitude but a different phase,
could excite an ideal radiationless anapole, which demonstrated a situation in which the
reciprocity condition was not broken, but a non-radiating mode could still be excited by
external illumination. This was the first time in which a configuration that allowed the
excitation of the anapole state in an isotropic spherical Mie particle was proposed.

Grinblat et al. [66] observed experimentally enhanced third harmonic generation
(THG) by exciting a germanium nanodisk at the anapole state. The electric field energy
within a thin germanium nanodisk was maximized due to high confinement within the
dielectric, which was evident from the disk’s pronounced valley in its scattering cross-
section at the anapole state. To understand the nature of the anapole state, the authors
analyzed how the third harmonic signal varied with disk size and pump wavelength.
They demonstrated that at an excitation wavelength of 1650 nm, each germanium nan-
odisk produced a highly effective third-order susceptibility, corresponding to an associ-
ated third harmonic conversion efficiency of 0.0001%, which is four orders of magnitude
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improvement over the case of an unstructured germanium reference film.

In 2017, Luk’yanchuk et al. [54] studied the light scattering from a single spherical
particle with high-index of refraction and distinguished between two types of anapole
states: electric and magnetic, with significant differences between them. First, greater
size parameters were required for the excitation of the magnetic toroidal mode, which
often resulted in bigger contributions from the other excited modes. Second, the energy
flow between these two types of anapoles differed significantly. The magnetic anapole
concentrated the energy outside the particle, something like plasmonic particles, whereas
the electric anapole concentrated energy inside the particle. Finally, the authors showed
that hybrid anapole states could emerge when both forms of anapole states were ac-
tivated simultaneously. However, the partial contributions from higher-order modes,
which resulted in the production of non-trivial field configurations with vortices and
singularities both within and outside the particle, hindered this phenomenon from oc-
curring for spherical particles. The authors showed that for a sphere with refractive index
n = 25, the second zeros of dipole scattering were discovered for the electric dipole (ED)
at size parameter ¢ = 0.309 and the magnetic dipole (MD) at ¢ = 0.353. This paper
highlighted the fact that anapole states can take place beyond the interference between
the electric dipole and the toroidal dipole (first electric anapole): higher-order anapoles,
therefore, will be present in high-index nanoparticles.

Luk’yanchuk et al. [62] also found that related to the excitation of an anapole state
with an associated spectral Fano line shape, there were conditions for which the scatter-
ing of a small spherical dielectric particle was strictly below the value that follows from
the Rayleigh limit. The authors determined that the small size parameter ¢ << 1, a big
refractive index, typically n > 5, and weak dissipation were the only requirements for
such ultra-small scattering.

Grinblat et al. [65] presented that third harmonic generation (THG) nonlinear pro-
cesses could be significantly improved, in particular, when the dielectric nanoantenna
supported the nonradiating anapole state, which is characterized by a minimum in the
extinction cross-section and maximum electric energy within the material. The authors
demonstrated that a higher-order anapole state provided the maximum THG efficiency
on the nanoscale at optical frequencies in a 200 nm thick germanium nanodisk. They
identified the formation of a higher-order anapole state with a valley in the extinction
cross-section - which was substantially narrower than that of the fundamental anapole -
by doubling the diameter of a disk that supported the fundamental anapole state. At a
third-harmonic wavelength of 550 nm, the authors saw a greatly enhanced electric field
confinement effect within the dielectric disk, resulting in THG conversion efficiencies as
high as 0.001%. Additionally, they saw the anapole near-field intensity distributions by
mapping the THG emission throughout the nanodisk.

Gongora et al. [70] proposed a nanoscale laser based on a tightly confined anapole
state. The authors showed via numerical simulations how to design nanolasers based on
InGaAs nanodisks as on-chip sources with distinctive optical features using the anapole
state’s non-radiative nature. They showed the creation of ultrafast (of 100 fs) pulses
via spontaneous mode locking of multiple anapoles, as well as a spontaneously polarized
nanolaser that can couple light into waveguide channels with four orders of magnitude
more intensity than conventional nanolasers.

Mazzone et al. [71] investigated the interaction and coupling of a group of anapole
states in silicon nanoparticles. The authors showed anapole state transfer across an en-
semble of nanoparticles by combining simulation and analytical results. They selectively
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excited the first anapole state in one nanochain and characterized the propagation of en-
ergy along the chain. The authors showed that nanochain might support guided modes
that propagate without radiative losses at distances of several pm, even across deforma-
tions and bends, thanks to the effective near-field coupling between nearby nanoparticles.

Zenin et al. [72] studied experimentally the anapole states of silicon disks excited
by a plane wave in FS and on top of a glass substrate. The authors demonstrated
three methods to indicate the presence of anapole states in the disks: (1) a reduction
in the total scattering cross-section, (2) a local maximum in the total accumulated
electromagnetic energy inside the particles, and (3) a reduction of the normal near-field
electric component. The authors demonstrated that all three identification methods
yielded comparable outcomes, with standard errors under 5%. They finally showed that
narrower resonances and stronger energy concentration are relevant features of higher-
order anapole states.

In 2018, Li et al. [56] discussed how the magnetic toroidal dipole and the magnetic
dipole interact to produce the lowest order of magnetic anapoles. The authors showed
how to remove higher-order components from curvilinear coordinate systems using a
simple but general method. By expanding the Bessel or spherical Bessel functions, they
could separate the toroidal multipole components of multipole expansions in polar co-
ordinates (two and three dimensions). Their approach showed that higher-order current
configurations with the same radiation properties as the pure electric dipoles exist in
addition to the electric toroidal multipole. The authors found that the perfect cancel-
lation of all higher-order current configurations was necessary for the anapole condition
(this is, complete suppression of far-field scattering).

Yang et al. [63] demonstrated a strong field enhancement with anapole assistance in
individual all-dielectric nanostructures. Using numerical simulation, the authors shown
that under normal incident plane wave illumination strong electric fields with multires-
onant intensity increases reaching 10® times can be generated within individual all-
dielectric nanostructures, such as a slotted silicon nanodisk. By creating a specialized
slot region at anapole state-generated electric field maxima, boundary conditions were
used to promote electric field enhancement without degrading the far-field characteristics
of anapoles. An extensive analysis of the system’s fundamental and higher-order optical
responses was performed using a multipole decomposition technique. The authors also
reported how geometric parameters and mode interactions affect spectral evolution and
intensity enhancement in the anapole state.

Timofeeva et al. [67] presented a novel method for fabricating disk nanoantennas
from ITI-V nanowires, a new design idea based on free-standing disks, and an end-to-end
approach for studying nanostructures supporting non-radiating topologies in the optical
range. Using those disk nanoantennas, the authors experimentally demonstrated the
suppression of far-field radiation and the strongly correlated substantial amplification of
the second-harmonic generation. The technology presented involved cutting nanowires
with a focused ion beam milling tool, enabling the construction of disk-based designs
on any substrate. The approach that the authors offered is broad and can be used for
many nanowire and nanomaterial types, which may also include silicon.

Baranov et al. [68] demonstrated that the anapole condition of silicon nanodisks
strongly enhances another nonlinear process: Raman scattering. The authors showed
a peculiar situation where a reverse correlation was observed; they quantified a multi-
fold enhancement of Raman emission combined with suppressed elastic scattering. The
system that enabled this peculiar effect was conformed of silicon nanodisks excited in
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the so-called anapole state, for which the optical fields in the core of the silicon par-
ticles were enhanced, amplifying light-matter interaction and Raman scattering at the
Stokes-shifted emission wavelength while the electric and toroidal dipoles interfered de-
structively in the far-field, preventing elastic scattering.

Lamprianidis and Miroshnichenko [73] explored numerous experimental settings for
obtaining the so-called magnetic anapole states. The total suppression of magnetic dipole
scattering was connected to such modes. The authors used a unique configuration of
structured-light excitation to be able to achieve anapole states experimentally. It turns
out that, under certain conditions, only spherical harmonics of the magnetic type were
presented in the focal region of azimuthally polarized beams. The coupling between
the particle and higher-order harmonics depended on the particle size in relation to
the incident wavelength. Due to symmetry principles, the authors exposed that it was
possible to cancel out all harmonics of even order by using two counter-propagating out-
of-phase beams. This created the perfect environment for the excitation of a magnetic
anapole state in a silicon nanosphere, especially when combined with a phase mask
applied to the beams that are intended to reduce the interfering octupolar content.
They also covered practical configurations for the experimental detection of magnetic
anapole states, based on silicon nanodisks and nanopillars. By using a singular value
decomposition of their T-matrices, the authors described the physical mechanism of their
excitation in the hosting nanoparticles using the T-matrix formalism.

Xu et al. [74] proposed a mirror-enhanced anapole system to considerably improve
the efficiency of the THG process. The authors demonstrated that using an anapole
resonator on a mirror system (Au film), one can obtain (i) high near-field enhancement
based on an overlap between the resonantly excited Cartesian electric and toroidal dipole
moments, a property that is not possible with regular anapole resonators, and (ii) free-
charge oscillations within the interface that act as an additional nonlinear source below
the interface and further increase the total achieved nonlinear emission. As a result,
compared to a typical anapole resonator on an insulator substrate, the authors’ arrange-
ment increased the third harmonic emission by two orders of magnitude. They presented
an outstanding overall third harmonic conversion efficiency of 0.01%.

In 2019, Baryshnikova et al. [17] provided a concise summary of the theoretical and
experimental findings on the physics of optical anapoles with an emphasis on the most
recent developments in its application to subwavelength dielectric structures and meta-
optics. The authors began by studying anapoles concepts in metaoptics and tackled
papers showing experimental observations. Finally, they summarized the applications
of anapoles as enhanced nonlinear effects, nanolasers in subwavelength photonics, and
anapole-driven metamaterials, among others.

Monticone et al. [57] studied the similarities and differences between two classes of
radiationless scattering states, anapoles and embedded eigenstates, concentrating mainly
on the problem of exciting these field distributions in an open cavity and the implications
of reciprocity. The authors showed that the embedded eigenstate fields are orthogonal
to the polarization fields induced at their frequency, which means they cannot link to
external stimulation in a linear reciprocal system. They demonstrated that the anapole
is an induced radiationless field distribution that corresponds to a zero of the dipolar
scattering coefficient rather than an eigenmode of the scattering system. Because of this,
the anapole state only exhibits nonradiative properties when a monochromatic incident
field is outside of it. However, when the excitation is turned off, the anapole state begins
to disintegrate into radiation.
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Gurvitz et al. [58] addressed theoretically high-order toroidal moments as well as their
related higher-order anapole states, greatly extending the Cartesian multipole analysis
to the magnetic 16-pole and electric 32-pole. The authors demonstrated the ability
to build high-order anapole states up to electrical octupole anapole. They showed how
anapoles, which can be both magnetic and electric, can localize either magnetic or electric
energy inside a particle. Finally, the authors developed conditions for the simultaneous
realization of two anapoles of different types to excite a "hybrid” anapole state.

Tian et al. [75] showed that by structuring the phase-change alloy GeaSboTes (GST),
anapole states can be actively controlled. Through a meticulous multipole investigation,
the authors looked into the fundamental optical response of individual GST nanostruc-
tures. They discovered that the GST material’s high index and striking optical contrast
enable its nanostructures to support a distinctive series of Mie resonances with active
tunability. They proved the spectrum shifting between the scattering bright and dark
states that correspond to the ED and anapole states, respectively. The authors demon-
strated that the ED-to-anapole shifting in a GST nanodisk might be accomplished by
only introducing a phase change AC = 50% at any given wavelength between 3.9 pm
and 4.6 pm and with an arbitrary crystallinity of the GST disk.

A careful investigation of the multimodal shifting among all of these states also
revealed the existence of higher-order anapole states.

In 2020, Kapitanova et al. [76] theoretically predicted and empirically proved that
magnetic anapole states—also known as magnetic-type non-radiating sources—can oc-
cur in a dielectric cylindrical particle and are characterized by suppressed MD radiation.
The authors demonstrated and explained the physical basis of the anapole state through
the multipole expansion analysis. They assumed a TE-polarized plane wave-excited in-
finitely long water cylinder with a radius of 18 mm. Around the frequency of 1.55 GHz,
they detected the formation of the magnetic anapole state due to the destructive in-
terference between the MD and the magnetic toroid led to significant suppression of
the contribution of the spherical MD in the scattering cross-section. The finite-size
prototype’s experimental study validated its distinctive three-hump magnetic field dis-
tribution inside the particle, which corresponds to the magnetic anapole state, and its
primarily dipole-like emission in the far-field zone. They conducted experimental re-
search in the microwave frequency range that allowed them to directly examine the
distinctive field profile inside the dielectric particle and measure the far-field (scattered
field) characteristics. The idea holds throughout frequency ranges, from the visible range
for nanoparticles to the microwave region for objects millimeters in size.

1.1.4 Multipolar interference in periodic chains of high-index nanopar-
ticles

So far, we have only considered the existence of multipolar moments -as well as their
interference causing anapoles - in single nanoparticles. Even when characterized forming
arrays, as in [50], the response of the system is dominated by the response of a single
nanoparticle, and coupling between adjacent nanoparticles is thus disregarded. How-
ever, the excitation of different electromagnetic multipolar moments may also lead to
interesting effects when periodic chains are formed.

Indeed, it was shown via numerical simulations in [71] that chains of high-index disk
supporting anapole states may guide light efficiently as a result of the cancellation of
far-field scattering. Notice that such guiding takes place for modes over the light cone,
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thus coexisting the continuum of radiation, so they should be inherently lossy. In [77],
guidance through chains of high-index disk was analyzed, but the authors found that the
guidance at wavelength around the anapole state is not very efficient. However, when
each dielectric disk was divided into two halves by inserting an air slot (see Fig. 1.3),
highly efficient guidance - even through sharp bends - was observed in simulations as
well as in experiments around 10 pym wavelengths [77].

Incident light
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Y split disk chain

bérfect disk chain

Figure 1.3: Sketch of periodic chains of disk (slotted and regular) excited from the top
by a plane wave, as proposed in [77]. Reprinted with permission from [77]. Copyright
2023 American Chemical Society.

In summary, Huang et al. [77] demonstrated theoretically and experimentally that
anapole-based chains made of subwavelength silicon disks with air gaps (G) (Fig. 1.3)
are highly efficient at compactly transferring electromagnetic energy over long distances.
The authors discovered that an air-gap structure could increase the energy confinement
within the isolated disks, which boosts the chain’s effectiveness even more. Specifically,
the authors found that the split disk with G = 0.5R is the best candidate for electro-
magnetic fields confinement, and the anapole state appears around 10.2 pm for a disk
with radius R= 3.83 pm when excited by a plane wave. By achieving a 90° bending
loss of 0.32 dB at the optical communication wavelength, the authors showed that the
chain is low loss and scalable at infrared wavelengths. As suggested in Ref. [77], efficient
guide light should be most valuable when building the chains on SOI and performing
the guidance in the technologically-relevant telecom wavelength regime.

Since interference between multipolar moments play a role in the light guidance
along periodic chains of dielectric scatterers above the light line, where guided modes
are inherently lossy, it makes sense to see if there will be also some interesting effect
arising from multipolar interference below the light line, when inherently lossess guided
modes can appear. In this case we are going to low frequencies (to operate below the
light cone), so the modes involved in this interaction will be mainly the electric dipole
and the magnetic dipole.
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The periodic modulation (period a) of the index of refraction of a dielectric medium
gives rise to photonic band gaps (PBGs) where electromagnetic propagation along the
direction of periodicity is forbidden [78]. If we consider a periodic medium formed by
periodic layers of indices n1 and no, a so-called 1D photonic crystal, the lowest-frequency
PBG opens due to the splitting of the so-called dielectric and air bands at the Bragg
wavelength, defined as A = 2na, where n =~ % Interestingly, the width of the PBG
is directly proportional to the index contrast, as An ~ ™="2. This essentially means
that the PBG arises even for minute values of An, as in the case of fiber Bragg gratings
used as wavelength filters in telecom networks [79], and can become very large when
high-index materials—such as silicon—are used. Indeed, the existence of full, three-
dimensional (3D) PBGs in 3D photonic crystals can be explained as the overlapping of
wide 1D-PBGs in every possible spatial direction, i.e., for every possible wave vector
Ek [80,81].

The first PBG is remarkably important in integrated guided optics since it is usually
the only one placed below the light cone [82,83]; therefore, it can give rise to localized
modes with large Q factor when defect-like cavities are created. In the integrated optics
arena, the confinement of light waves below the light line is achieved due to total internal
reflection in the two dimensions perpendicular to the propagation direction, in which the
system is periodic.

Recently, it has been shown theoretically [84] that the first (or Bragg) PBG can
vanish in a 1D periodic thin film, though only for TM modes (with the electric field
perpendicular to the film) and not for TE modes (with the electric field parallel to the
film). This result is explained from the different boundary conditions to be satisfied by
the electric and magnetic fields when propagating along the periodic film. However, this
study was two-dimensional (2D) and did not include lateral confinement of the waves.
From a practical perspective, it would be interesting to see whether the closure of the
PBG is also maintained when transversal confinement via total internal reflection (TIR)
is introduced, as in 1D photonic crystal slabs [85] built in high-index films. Moreover, if
the chain is formed by high-index scatterers, it makes sense to analyze if the multipolar
features of such scatterers have any influence on the closure of the PBG.

1.1.5 Motivation of the thesis

To the best of our knowledge, all previous experiments reporting on the observation of
anapole states have made use of FS light impinging on the disks in a direction perpen-
dicular to the substrate (out-of-plane incidence as show Fig. 1.4), with the disk either
flat on the substrate [50,72] or vertically standing [67].

However, it would be interesting to look at the properties of such states when ex-
cited by light propagating in-plane, as is the case in PICs, which are extensively used in
multiple applications, including optical processing and communications, sensing or spec-
troscopy [86]. In this sense, the realization of anapole states may add novel functionalities
to the existing utilization scenarios of high-index disks in PICs [87,88]. In particular,
anapole states could play a key role in nonlinear light processing in PICs, for instance,
by reducing the footprint and power consumption of all-optical switching [69] and other
nonlinear processing elements [389] while the undesired out-of-plane scattering could be
completely suppressed. In comparison with other subwavelength-sized resonators, such
as photonic crystal cavities, anapoles display a much broader bandwidth, which would
enable a faster response as well as supporting processes such as four-wave mixing [90],
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Figure 1.4: Hlustration of the anapole state excitation in a silicon disk upon normal
z-polarized plane-wave illumination and spectra of far-field scattering, near-field |E,|
and electric energy where it is possible to observe different order of electric anapole
states [72]. Reprinted with permission from [72]. Copyright 2023 American Chemical
Society.

which could be employed in nonlinear signal processing.

Therefore, a main motivation of this thesis is to investigate numerically and exper-
imentally if anapole states (of different orders) can be excited on-chip (this is, laterally
instead of from the top) and still conserve their inherent properties: reduced scattering
(particularly in the out-of-plane direction) and extreme field localization in the disk.
To anticipate that this is possible, Fig. 1.5 shows the top scattering and disk intensity
spectrum of a silicon disk when it is excited in-plane by a waveguide with modes similar
to TE (Fig. 1.5a) and TM (Fig. 1.5b). Different orders of electric and magnetic anapole
states are observed. In Chapters 2 and 3 we conduct detailed experiments to know more
about such anapole states, and we show that they can be excited using a waveguide
termination placed in close proximity to the disk.

It was also our motivation to see if slotted chains of silicon disks could guide light
at telecom wavelength, as highlighted in [77]. As detailed in Chapter 4, we show that
such guidance is possible but, interestingly, it can not be explained from the excitation
of the first electric anapole but from the interference between the toroidal dipole and
the magnetic quadrupole of the disk.

Finally, we addressed the closure of the PBG in 1D chains of nanobricks (here we used
nanobricks instead of disks as dielectric scatterers, but our results could be also applied
to disks) and we obtained that the interplay between the electric and the magnetic
dipoles contributed to the disappearance of the PBG.

1.2 Structure of the thesis

The contents of the dissertation are distributed along the following chapters:

e In chapter 1 it is summarized the purpose of this thesis, which discusses the ad-
vantages of integrating silicon photonics and disk resonators. It includes a review
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Figure 1.5: Anapole states of silicon disks upon lateral illumination. Top scat-
tering and disk intensity spectrum with different orders of a electric and b magnetic
anapole. Near-field patterns of the different anapole-orders are shown in the right panel.
The disk dimensions are radius » = 500 nm and thickness ¢ = 350 nm.

of previous efforts in this area and discusses how this hybrid method can improve

existing photonic integrated circuits and enable new and game-changing photonic
applications.

e In chapter 2, it is demonstrated that the first electric anapole state of an isolated
silicon subwavelength-sized disk can be efficiently excited using an in-plane sili-
con waveguide as an illumination source. This fact significantly differs from the
usual method of excitation of anapole states by FS plane-wave-like light, where

the transverse component is dominant, making this study crucial for adequately
designing the structures.

e In chapter 3, it is demonstrated that the second electric and magnetic anapole state
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of an isolated silicon subwavelength-sized disk can also be efficiently excited using
an in-plane silicon waveguide as an illumination source. These results highlight
important differences between anapole states when the particles are illuminated
from different directions and have direct implications to the use of wavelength-
size disks in high-index PICs for applications ranging from biosensing to nonlinear
signal processing.

In chapter 4, it is demonstrated light guiding though straight and bent chains of
silicon subwavelength-sized disks using an in-plane silicon waveguide as an illumi-
nation source. Our results highlight the potential of interference between different
multiple moments using very simple and compact elements as wavelength-sized
disc resonators to build complex functionalities in integrated photonics.

In chapter 5, it is demonstrated that the interplay between the electric and mag-
netic dipole resonances of a single nanobrick can lead to the closure of the Bragg
PBG for guided modes when forming a 1D photonic crystal. Our finding may
have important consequences for the fields of photonic crystals and all-dielectric
metamaterials.

Figure 1.6 shows a summary table of the main findings of each chapter along together
with the dimensions of the employed high-index scatterers.

Chapter Multipole Mode Result Dimensions of Wavelength
interaction the structures
Electric and First-order Disk
. . TE
2 toroidal dipoles electric anapole r: 350 nm t: 220 nm 1530 nm
Electric quadrupoole Second-order Disk
. . TE
and toroidal dipole electric anapole r 550 nm £ 350 nm 1510 nm
3
Magnetic and First-order Disk
: ; ™
toroidal dipoles magnetic anapole r: 450 nm  t: 350 nm 1480 nm
Excitation of . .
) : Efficient transmission Chain of disks
toroidal dipol d TE
4 mgg;;ic l}puc;zrirr])ole above the light cone r: 410 nm G: 0.5*r t: 350 nm 1500 nm
Electric and Chain of nanobricks
5 magnetic dipoles TE | Closure of bandgap W, 260 nm wy: 450 mn w,: 220 nm 1400 nm

Figure 1.6: Summary table of the contents of each chapter.

The advanced investigation carried out during this Thesis required multiple numeri-
cal, fabrication, and characterization tools. Therefore, I did my research in collaboration
with a group of researchers who performed numerical multipolar decompositions (Dr.
Angela I. Barreda), near-field measurements (Dr. Thomas Bauer, Dr. Elena Pinilla-
Cienfuegos), calculation of the Q) factor in a periodic chain (Dr. Alessandro Pitanti),
and sample fabrication (Dr. Amadeu Griol). The author has fully performed the FDTD
and CST simulations, the preparation of the samples and the experimental set-up, and
the experimental measurements of far-field scattering and transmission, and has collab-
orated in the sample fabrication process.
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Chapter 2

Observation of the first-order
anapole state in silicon disks
driven by integrated waveguides
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2.1 Introduction

As discussed in Chapter 1, high-index nanoparticles support radiationless states called
anapoles, where dipolar and toroidal moments interfere to inhibit scattering to the far
field. In order to exploit the properties arising from these interference conditions in
photonic integrated circuits, the particles must be driven in-plane via integrated waveg-
uides. Although many previous works have addressed the existence of anapole states
in high-index spheres, the most simple photonic nanostructure that can support such
state in planar photonic integrated circuits is the disk. In contrast to the case of large
- in terms of wavelengths - disks, supporting whispering gallery modes in which light
propagates around the disk, the response of subwavelength- and wavelength-scale disk to
incident radiation will be dominated by Mie resonances. As a result, interference from
such Mie resonances can lead to the mentioned anapole states.

In this chapter, we addressed via numerical simulation and experiments the excita-
tion of the first electric anapole state in silicon disks when excited on-chip at telecom
wavelengths. To this end, we have used silicon waveguides to excite the disk whilst top
scattering has been collected to observe the presence of such states. As shown below,
we have found that the anapole condition — identified by a strong reduction of the top
(or out-of-plane) scattering — does not overlap with the near-field energy maximum in

17



2.2. Scattering and multipolar response of silicon disks under normal and in-plane
18 illumination

contrast to the case of normal illumination, an observation attributed to retardation
effects. We experimentally verified via far-field and near-field measurements the two
distinct spectral regions corresponding to scattering minimum and energy maximum in
individual disks illuminated in-plane from closely placed waveguide terminations.

To start with, we analyzed both numerically and experimentally the in-plane realiza-
tion of an anapole state in individual silicon disks driven by the fundamental transverse
electric (TE) mode of a silicon waveguide, so that the incident light travels normal to
the disk axis. To study the near-field patterns, as well as the far-field scattering under
both out-of-plane and in-plane illumination, we used numerical simulations. In collabo-
ration with Dr. Angela Barreda we calculated the multipolar moments for both cases.
These simulation results showed a wavelength blue-shift of the electric anapole condition
(identified as the wavelength for which the ED and toroidal moments cancel each other
in the far field) for in-plane incidence in comparison to the usual normal incidence case.
We attribute this phenomenon to retardation effects due to the wavelength-scale size
of the disk along the illumination direction. More importantly, this additionally results
in a decoupling of the minimum in the far-field scattering and the maximum of energy
localization in the disk, which take place at well separated wavelengths for in-plane
excitation.

To corroborate this observation, we conducted far-field experiments of fabricated
samples (see detailed in Appendix C) recording out-of-plane scattering of different in-
dividual disks (excited by waveguides) and observe a strong reduction of the scattering
in the wavelength region where the anapole condition is predicted to occur. Moreover,
in collaboration with the research group led by Kobus Kuipers at DELFT University
of Technology, we report, on NSOM experiments that illustrate the typical dual-vortex
near-field pattern attributed to anapole states as well as a strong energy concentration
at wavelengths red-shifted to the anapole condition, in agreement with the numerical
simulations. Our results highlight important differences between anapole states when
the particles are illuminated from different directions and have direct implications to the
use of wavelength-size disks in high-index PICs for applications ranging from biosensing
to nonlinear signal processing.

2.2 Scattering and multipolar response of silicon disks un-
der normal and in-plane illumination

We start our study by calculating the scattering of light by a single silicon disk sur-
rounded by air. We fix the disk thickness to ¢ = 220 nm, which is the usual silicon
thickness in commercial silicon-on-insulator wafers, while the radius r can be varied to
tune the particular contribution of each multipolar moment at a certain wavelength [52].
Indeed, by properly choosing the dimensions of the disk, the destructive interference
between the in-plane ED and the toroidal moments can be tuned to a specific spectral
region (in our case: the experimentally accessible region of A\ = 1260 - 1630 nm for
far-field measurements). We consider two directions of incidence of the incoming wave:
it can be either parallel (out-of-plane excitation) or perpendicular (in-plane excitation)
to the disk axis, as shown in Fig. 2.1a,d respectively. For the latter, we consider that
the electric (magnetic) field of the excitation wave is perpendicular (parallel) to the disk
axis. The contributions to the scattering cross-section of the main multipole moments
(Cartesian electric p, magnetic m, quadrupolar electric Qe and quadrupolar magnetic
Qmag, together with their respective toroidal moments (T') for the case of the dipolar
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electric, dipolar magnetic and quadrupolar electric modes), are shown in Fig. 2.1b,e for
out-of-plane excitation and in-plane excitation, respectively.
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Figure 2.1: Optical response of a thin silicon disk in air. The direction of incidence of
the incoming plane wave can be either parallel (a-c) or perpendicular (d-f) to the disk
axis. The spectral contribution of the main Cartesian multipolar terms (electric dipole
(p), magnetic dipole (m), electric quadrupole (Qge), magnetic quadrupole (Qpaq) and
their respective toroidal moments for the electric dipole, magnetic dipole and electric
quadrupole modes, represented by T to the scattering cross-section is shown in b and
e for each case. The total scattering cross-section is represented in black. The spectra
representing the energy inside the disk and on the disk surface, as well as the electric-field
intensity at the disk center for each configuration are depicted in ¢ and f, respectively.
The disk dimensions are r = 350 nm and ¢ = 220 nm.

It can be seen that the anapole condition — this is, |p| = |—1kT|, where k is the wave
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number — is satisfied for both configurations. However, it occurs at significantly different
wavelengths (1555 nm for out-of-plane incidence, and 1444 nm for in-plane incidence),
which — at first glance — is a surprising fact when we consider that the dimensions of
the disk are the same and the incident electric field is normal to the disk axis in both
cases. Another remarkable difference arises when looking at the energy stored in the disk,
which is directly related to the intensity of the electric field. While for normal incidence,
the energy and electric-field intensity maxima are observed close to the anapole condition
(Fig. 2.1c), in agreement with previous works [50,52,65-68], for in-plane incidence these
magnitudes are red-shifted to wavelengths around 1600 nm, as depicted on Fig. 2.1f.
This means that the absence of scattering is no longer linked to a maximization of
the energy stored (or electric-field intensity) in the disk, as it happens under normal
incidence (this is, in experiments with FS excitation and collection). Regarding the
quadrupolar terms, although this scattering is in general smaller than the one coming
from the dipolar terms, it becomes predominant around the anapole region, preventing
a complete cancellation of the disk scattering. However, in our experimental realization,
we measure the scattered far field along the disk axis and in this direction — which we
call top scattering — the contribution from the quadrupolar terms should be negligible,
thus allowing us to determine the anapole condition, as shown below.

We explain this discrepancy between energy maximum and scattering minimum by
considering that the disk has a non-negligible size (the diameter is roughly half of the
involved wavelength at the anapole condition) in the propagation direction for in-plane
incidence. Therefore, retardation effects are not negligible anymore and should play a
role by largely modifying the response of the disk with respect to the normal incidence
case [91,92]. For normal incidence (and a thin disk), we excite the in-plane eigenmodes
of the disk without phase retardation between different lateral points of the disk, while
for in-plane incidence the retardation of the excitation field between different lateral
points in the disk means the quasi-static approximation does not hold anymore. Sim-
ilar to effects shown in plasmonic particles [93,94] the resonance frequencies will thus
shift, leading to a wavelength shift of the anapole condition. We calculated the anapole
and maximum-energy wavelengths for different disk radii, keeping the thickness equal
to 220 nm. As shown in Fig. 2.2a,b, the anapole and maximum-energy wavelengths
almost coincide for normal excitation, except for some specific radii such as around
r = 275 nm, due to the contribution of other multipolar moments to the energy storage
inside the disk, as shown in multipolar simulations not shown here for the sake of simplic-
ity. However, for in-plane incidence, both conditions (anapole and energy maximum) are
decoupled. Moreover, the wavelength spacing between them grows proportional to the
disk dimensions, which supports our argument on the retardation effects. Furthermore,
we likewise observed this effect when calculating both wavelengths for disks having the
same radius but different thicknesses (Fig. 2.2c). Indeed, in this case, the decoupling
of the two conditions is also evident under normal incidence for sufficiently thick disks.
Indeed, this supports our explanation: the decoupling is not caused by the direction of
incidence and the shape of the disk in that direction, but merely by the thickness of the
nanoparticle along the propagation direction.

Besides these observations, some differences can additionally be seen in the near-field
patterns depicted in Fig. 2.2d,e. For normal incidence (Fig. 2.2d), the typical pattern
with three maxima and two nodes of the electric field (forming the expected vortices of
the electric field) is observed. In the case of the anapole state under in-plane incidence
(Fig. 2.2e), these features also appear, but the electric-field is not as well confined in
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Figure 2.2: Spectral evolution of the anapole condition at normal and in-plane inci-
dence. a Anapole-condition and maximum-energy wavelengths for normal and in-plane
incidence as a function of the disk radius r. The wavelength at which a minimum of the
out-of-plane scattering is observed under waveguide illumination is also shown. b Wave-
length difference between the energy maximum and the anapole for the cases represented
in a. ¢ Anapole-condition and maximum-energy wavelengths for normal and in-plane
incidence as a function of the disk thickness ¢ for a fixed silicon disk radius =350 nm.
Calculated electric-field amplitude patterns in a disk of r = 350 nm at the relevant
wavelengths for both d normal and e in-plane incidence. The black arrows indicate the
polarization direction of the incident electric field. The calculations have been performed
by dr. Angela Barreda using COMSOL Multiphysics [95].

the disk. Instead, we observe four external field maxima surrounding the disk at the
azimuthal positions 7/4, 37/4, 57/4, and 7n/4. When considering the field pattern
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at the maximum-energy wavelength, we observe that the electric field concentration
inside the disk increases considerably. The two electric-field vortices are still present,
but there is a strong asymmetry between them, with the first one being partly obscured
by the incident field while the second one is dominating the field distribution. Still,
the signature of the toroidal excitation is present in the energy maximum, as can be
expected due to the broadband character of this resonance.

2.3 In-plane excitation of an isolated silicon disk: numer-
ical simulations

To achieve in-plane (or on-chip) excitation of the silicon disk, we consider a rectangular
cross-section silicon waveguide of width w ended abruptly by a flat termination and
spaced by a gap ¢ from the disk boundary (Fig. 2.3).

Top scattering
E,)
(Ex)

TM mode
E, H, TE mode

Hy, g,

j ,
Silicon waveguide

Silica substrate

Figure 2.3: Sketch of the in-plane excitation of a silicon disk (radius 7, thickness t) from
a waveguide (width w) end propagating either the TE or the transverse magnetic (TM)
mode. The main electric field components for each mode are depicted. The waveguide
end and the disk are spaced by a gap g. The excited electric (magnetic) state scatters
light mostly polarized along the y (z) direction. This structure can be fabricated in
SOI wafers using mainstream silicon nanofabrication tools. The silica substrate, which
ensures physical stability of the PICs, will red-shift the overall response of the system
as part of the field penetrates a region with a refractive index slightly larger than 1.

Here, the silicon waveguide and the disk are placed on a silica substrate, which breaks
the vertical symmetry and whose main effect will be to red-shift the overall response
of the disk. A similar configuration was used in previous works to excite individual
plasmonic nanostructures via integrated waveguides [27, 28]. Notice also that a similar
waveguide-disk configuration was proposed to extract light generated internally in the
disk via near-field coupling [70], while here we choose a gap g = 600 nm where no
significant near-field interaction between waveguide and disk remains. By coupling light
to the TE like mode of the waveguide (the main component of the electric field is in-
plane) from the left side, light exiting from the waveguide end will excite the disk mainly
via an in-plane electric field E, and an out-of-plane magnetic field H,. Note that the
tight field confinement of the waveguide will also result in the existence of longitudinal
components of the fields (E,, H,) [27,31,96] that also contribute to the disk excitation
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because of the proximity of the waveguide termination and the disk boundary (g< \).
In principle, the contribution of such terms should be much smaller than the transversal
ones, but the overall picture will be slightly different from the plane-wave case considered
in the previous calculations.

We performed numerical simulations with RSoft Bandsolve [97] (Finite-difference
time-domain FDTD) and CST Microwave Studio [98] to verify that the anapole state
can be also excited from the waveguide end. First, we removed the substrate to mimic
closely the case with FS excitation addressed above. The near-field patterns shown in the
field maps in Fig. 2.4, which shows the electric field lines under waveguide illumination
for three relevant wavelengths when the silica substrate is removed, look quite similar to
the ones presented in Fig. 2.2e for F'S lateral illumination. For instance, they evidence
the formation of three main lobes of the electric field, which confirms the capability of
our approach to excite the anapole state.

B PRt gy St
¥ [P panatey

Figure 2.4: Simulations of the electric field lines (represented by arrows) of a » = 350 nm
disk illuminated from a waveguide (in-plane driving) at three representative wavelengths:
a anapole state for in-plane illumination, b anapole state for normal illumination and
c energy maximum under in-plane illumination. Simulations performed with CST Mi-
crowave Studio.

We also performed numerical simulations (Fig. 2.5) with RSoft Bandsolve (FDTD)
and CST Microwave Studio to demonstrate that the spectral response of the disk when
illuminated from a nearby waveguide termination shows similar features as in the case
of F'S illumination addressed above.
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Figure 2.5: a 3D-FDTD simulations of the normalized out-of-plane scattering and b the
electric-field intensity |FE,|? at the disk center for disk’s radius r varying between 300
and 400 nm (325, 350, and 375 nm in color and the rest in 10 nm steps in gray as
visual guide). ¢ CST simulations of the normalized out-of-plane scattering and d the
electric-field intensity |Ey|2 at the disk center for disk’s radius r varying between 325
and 375 nm. Normalization is performed by comparison with the same case without the
silicon disk. e Same case as d but normalized with respect to the field in the center of
an isolated waveguide.
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Figure 2.5 shows (a,b) 3D-FDTD and (c,d) CST simulations of the normalized out-
of-plane scattering and electric-field intensity spectra under waveguide illumination as
a function of the disk radius. The results do not come out exactly the same due to the
boundary conditions used in each simulation tool. But, as expected, increasing the disk
radius red shifts both the anapole and maximum energy wavelengths, which confirms
that both the anapole condition and the energy maximum can be carefully tuned over the
whole telecom wavelengths window. Additionally, these results show that the scattering
minimum and the energy maximum take place at different wavelengths regardless of the
radius of the disk.

In the previous results, the calculated values have been normalized with respect to
the same scenario without disk to account for the effect of the waveguide: in the case
of scattering, since the field has been monitored at a distance of 2 ym from the disk
top surface, we remove the effect of the evanescent field of the TE mode; in the case
of the electric-field intensity in the disk center, we eliminate the effect caused by the
field diverging at the waveguide output. Note that here the scattering is monitored only
along the vertical axis (6 = 0°), that is, we are calculating the out-of-plane scattering.
This is a good approximation to pinpoint the anapole condition since only the ED and
the toroidal moment will contribute to the scattering along that direction.

In the fabricated samples, both the waveguide and the disk need to rest on a silica
substrate. We therefore considered the effect of the silica substrate on the features shown
by the silicon disk when illuminated. As shown in Fig. 2.6, the presence of the substrate
red shifts the anapole condition (scattering minimum in the far field), as can be expected
since the refractive index of the whole system increases. However, the maximum energy
wavelength remains virtually the same, which can be understood by considering that the
field is strongly confined inside the disk and does not feel the presence of the substrate.
Thus, this near-field property remains unchanged when introducing a substrate with
moderate refractive-index contrast to the disk.

We also calculated the energy above the disk (Fig. 2.1f for FS illumination and
Fig. 2.6 for waveguide illumination), which shows that the energy maximum at that
plane coincides with the energy maximum inside the disk. This is an important point
to be considered for the application of anapole states in nanophotonic sensors, as well
as for the near-field measurements detailed below, where the energy is measured on the
top surface of the disk.

Finally, we analyzed the near-fields in the disk in the presence of substrate via CST
Microwave Studio simulations. As in the case of the structure completely surrounded by
air, we considered the wavelength at which the more relevant features are observed. No-
ticeably, the near-field patterns are also quite similar when the substrate is added in the
simulations (see Fig. 2.7). Indeed, the near-field patterns at the red-shifted wavelengths
look almost identical for the energy maximum wavelength, while some discrepancies
arise at the anapole condition wavelength. This can be explained by the presence of
the substrate that breaks the system’s mirror symmetry in the vertical direction. The
substrate effect is more pronounced at the anapole condition, since the fields are not as
strongly localized in the disk and are more perturbed due to the change of the refractive
index below the disk. This essentially means that our driving scheme imitates the case
of a disk illuminated laterally with a light beam propagating through FS.
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Figure 2.6: Numerically calculated energy inside the disk (r = 350 nm), at 50 nm
spacing on top of the disk and at 2 pm distance from the disk with and without silica
substrate. The latter metric is considered to be a good approximation of the scattered
field. Hlumination is in-plane from the waveguide end excited by the TE-like mode.

2.4 Far-field scattering measurements of the on-chip sili-
con disk

To confirm these numerical predictions, samples containing sets of waveguide-disk cir-
cuits were fabricated on a SOI chip using standard fabrication tools (details are described
in Appendix B) as Fig. 2.8 shows. Each individual circuit (see Fig. 2.8) includes a 3 mm
long input waveguide, whose initial width (3 pm) is chosen to maximize the coupling
efficiency to an external lensed fiber in an end-fire coupling approach, and which is adi-
abatically narrowed down to w = 400 nm ending abruptly, and a silicon disk. We also
fabricated structures without disk to normalize the top scattering response.

The microscope objective of the measurement system allowed us to record the field
intensity scattered from the circuit in normal direction, separating the radiated emission
from the regions highlighted with red squares (see Fig. 2.9 for the second group of the
fabricated samples). Notice that the use of an objective with finite numerical aperture
will result in collecting light propagating inside a cone with half-opening angle of Af = 5°
around the z-axis (6 = 0°), thus producing a residual background coming from multipolar
terms different to the electric and toroidal dipoles.

Figure 2.10 shows the measured normalized out-of-plane scattering for three different
disks having nominal radii of 325, 350, and 375 nm. When analyzing the measured
scattering response, we observe that it presents some discrepancies with that obtained
in simulation (Fig. 2.5). In particular, we appreciate a shift in the vertical axis so that in
one of the samples (radius 350 nm) the normalized scattering minimum does not reach
values below 1. We attribute this to the fact that the structures with and without disk
are completely independent, so the coupling losses are different for each one and when
normalizing we were not sure that the vertical axis (scattering response) was correct.
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b

Figure 2.8: Scanning electron microscope (SEM) pictures of some fabricated circuits.
a,c Structures with and without output waveguide respectively. b,d Details of structures
with and without disk.

Due to this reason, two new samples were fabricated. Each individual circuit includes
now a 3 mm long input waveguide, with initial width w = 3 pm which is adiabatically
narrowed down to w= 420 nm. Then a 3-dB Y-splitter is inserted to split the input
signal into two paths ended in an abruptly terminated waveguide, with a silicon disk
patterned in only one of the paths. Figure 2.11 shows SEM images of a fabricated
circuit, highlighting in detail the waveguide end acting as an excitation port as well as
the disk. This configuration allows to have the same coupling losses for the structures
with disk and without disk, thus enabling a correct normalization, removing the vertical
shift noted above in Fig. 2.10.

Figure 2.12 shows the measured normalized out-of-plane scattering for three different
disks having nominal radii of 325, 350, and 375 nm. Notice that the far-field scattering
is not spatially tailored, in contrast to other integrated approaches such as the one
demonstrated in [99]. The scattering responses, are qualitatively similar to the ones
obtained in simulation (Fig. 2.5). In particular, there is a region with reduced scattering
coincident with the predicted anapole condition. The scattering is, indeed, smaller
than for the case of the terminated waveguide without disk (in other words, normalized
scattering < 1, going even below 0.5 at some wavelengths, in agreement with numerical
simulations), which means that not only the scattering is well suppressed, but also that
the excitation of the ED and toroidal moments corrects the divergence of the beam
exiting the waveguide termination and contribute to reduce the overall scattering out of
the chip. Note that, as mentioned above, the excitation field is not a plane wave. This
fact, together with the presence of the substrate makes that the normalized scattering
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Figure 2.9: Image recorded with the infrared camera in the far-field measurements show-
ing the spot corresponding to the Y-splitter, the waveguide termination with disk and
the waveguide termination without disk.
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Figure 2.10: Experimental results of the out-of-plane scattering normalized to the value
for a bare waveguide termination, recorded for disks with different radii (nominal values
shown in the figure).

becomes lower than unity around the anapole condition, in contrast to the plane-wave
illumination case when the residual normalized scattering would be equal to one.

The differences in the position of the scattering minimum for the two samples is
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Figure 2.11: SEM picture of one of the fabricated circuits, showing the input waveguide
(with an external lensed fiber sketched), a Y-splitter, and two waveguides, both ended in
an abrupt termination, and one of them having a disk (nominal disk radius r = 350 nm)
close to the termination. Inset: Close view the disk and the waveguide termination.
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Figure 2.12: Experimental results of the out-of-plane scattering normalized to the value
for a bare waveguide termination, recorded for disks with different radii (nominal values
shown in the figure) in two different samples.

caused by the different radii in the fabricated samples. Indeed, the radius of the fabri-
cated disks was about 5% smaller than the nominal values due to overetching (see details
in Appendix B). However, a significant deviation to the scattering response shown in
Fig. 2.5 is observed for the disk having a nominal radius r = 325 nm in Sample 1.
Despite the estimated disk axes being only slightly different to the ones in Sample 2
(see Appendix B), we observe a significant red-shift of the scattering minimum. This
scattering curve is also slightly top-displaced in comparison with the other responses.
While we did not detect any large debris via SEM inspection, both observations together
hint at potential minor fabrication irregularities or lithographic resist residue close to
this specific disk being responsible for the higher scattering and spectral shift. Still, the
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possibility to tune the anapole state by changing the radius is clearly demonstrated from
these measurements.

2.5 Near-field measurements

In addition to the observed far-field scattering minimum, we experimentally verify the
predicted dual-vortex structure of the anapole state as well as the numerically found
decoupling of the minimum scattering condition and maximum-energy enhancement
(Figs. 2.13 and 2.14) in the silicon disk by performing phase- and polarization-resolved
near-field microscopy [100] on one of the samples (Sample 2) used in the far-field mea-
surements (see Fig. 2.12).

b |aE + BH|||

Si disk on SiO,
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Figure 2.13: Phase- and polarization-resolved near-field measurements. a Sketch of the
experimental set-up, utilizing an aperture-based near-field probe (see inset). b Near-
field map of the normalized in-plane field amplitude as well as time-instantaneous field
orientation (represented by white arrows) collected 30 nm above a silicon disk of nominal
radius 375 nm (highlighted by the white dashed outline) at the wavelength of maximum
near-field energy. c |«) field map, consisting of a coherent sum of E, and H,, with
the detected phase distribution shown as inset. d |]) field map, consisting of a coherent
sum of I, and —Hx as well as its phase distribution. The white arrows indicate the
collected in-plane polarization direction. Both maps are normalized to the maximum
field amplitude in b. Credit: Dr. Thomas Bauer, Delft University of Technology (The
Netherlands).

We utilize an aperture-based near-field probe consisting of an aluminum-coated ta-
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pered optical fiber (see inset in Fig. 2.13a) with an opening of 175 nm, and raster-scan
the probe over the disk of nominal radius » = 375 nm from Sample 2 of Fig. 2.12 (actual
radius measured via SEM: r = 355 nm), 30 nm above its top surface (see Fig. 2.13a, as
well as Appendix D for additional details). With such a near-field probe collecting both,
in-plane electric and magnetic field components [101], we extract near-field amplitude
maps of the excited mode structure in the silicon disk (see Fig. 2.13b for a wavelength
of A = 1526 nm). The response of the near-field probe to the electric and magnetic
field components is here given by the coupling coefficients a and f, respectively (see
Appendix D and ref. [101]). Being able to not only detect the amplitude but also local
phase and in-plane polarization information of the near-field (Fig. 2.13c,d) furthermore
allows us to visualize the time-instantaneous field distribution, shown as white arrows
in Fig. 2.13b for one given snapshot in the field’s optical cycle.

The extracted full near-field information confirms the predicted dual vortex in the
polarization structure of the mode inside the silicon disk at wavelengths around the
anapole condition, while also highlighting the distinct difference to the symmetric field
distribution of the anapole state under normal incidence.
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Figure 2.14: Wavelength-dependent near-field energy. a Near-field map of the in-plane
field amplitude collected 30 nm above a silicon disk of nominal radius 375 nm (highlighted
by the white dashed outline) in wavelength-steps of 40 nm around the point of maximum
near-field energy (highlighted by a gray dashed box). The maps are normalized to
the maximum field amplitude for the map of maximum near-field energy. b Spectral
evolution of the near-field energy normalized to the emission of the feed waveguide.
The gray line shows a Gaussian fit to the experimental data points. Inset: influence of
the near-field probe on the spectral position of the energy maximum, highlighting the
blue-shift when reducing the distance z between disk and probe [102], [103]. Credit:
Dr. Thomas Bauer, Delft University of Technology (The Netherlands).

Sweeping the excitation wavelength between 1480 nm and 1640 nm in steps of 1 nm
and scanning the resulting field distribution, we extract the near-field energy above
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the disk’s top surface by integrating for each wavelength over the area of the disk and
normalizing to the mode energy emitted from the feed waveguide. For the disk with
nominal radius of r = 375 nm, we see that the near-field maps over the full probed
wavelength range (Fig. 2.14) exhibit the dual-vortex structure expected from the toroidal
dipole moment, with the two vortex centers best visible at the wavelength of maximum
energy at A = 1526 nm, highlighted by a dashed gray line in the figure. The minor
asymmetries observed in the collected field structures are an effect of the imperfect
waveguide terminations, leading to a small tilt of the excitation wavefront, as confirmed
by numerical simulations.

The energy ratio on top of the disk, normalized to its maximum value, is shown
in Fig. 2.14b. The gray line corresponds here to a Gaussian fit to the experimental
points shown in blue. The strong blue-shift of the maximum position with respect to
the expected field maximum at A &~ 1600 nm for the investigated disk is here caused by
the coupling between the near-field probe and the silicon disk [102], [103]. This light-
matter interaction is confirmed by collecting the near-field energy in the center of the
disk at different heights above the disk surface, resulting in a successive blue-shift of the
maximum-energy wavelength and collected energy enhancement as the probe is brought
closer to the disk (see inset in Fig. 2.14b).

With everything seen in this chapter, it has been demonstrated that the first electric
anapole state of an isolated silicon disk can be efficiently excited using an in-plane silicon
waveguide as illumination source. This statement is supported by extensive numerical
simulations (including multipole decomposition performed by Dr. Angela Barreda) and
experimental measurements in the far- and near-field regimes (these last measurements
were done in the Delft University of Technology). In principle, our approach could
also be valid to observe other anapoles resulting from the interference of higher-order
multipolar moments in disks with higher aspect ratios (radius vs. wavelengths). The
next step, which will be studied in the next chapter, is to achieve the observation of
higher order anapole states using the same configuration.
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3.1 Introduction

As already mentioned, anapole states naturally arise in high-index nanoparticles as a re-
sult of the interference between certain multipolar moments and are mainly characterized
by a strong suppression of far-field scattering. In the previous chapter, the first-order
electric anapole, resulting from the interference between the electric and toroidal dipoles,
was characterized under in-plane illumination via an integrated waveguide as required
in on-chip photonics.

In this chapter, we go a step further and analyze both numerically and experimentally
the in-plane (on-chip) realization of the second-order electric and the magnetic anapole
states in an individual silicon disk built in a PIC. The second-order electric anapole can
be observed following the same procedure as in [104] - this is, using the TE waveguide
mode to excite the transverse ED - but making the disk bigger in order to ensure that
the targeted states take place at the wavelengths available in our laboratory. To this end,
we increase the silicon thickness from the standard 220 nm thickness up to 350 nm, as
well as, the disk radius, to place the anapole at the telecom wavelengths window where
our laboratory instrumentation operates.

To observe signatures of magnetic anapoles, we have to address excitation of the
magnetic field in the disk along the transversal direction, since an ideal vertical mag-
netic (which could be eventually excited using the TE waveguide mode) dipole does not
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radiate out-of-plane. This can be achieved by using the TM mode of the driving silicon
waveguide. As shown below, we observe strong dips - whose central wavelengths depend
on the disk radius - in the far-field scattering spectra for the relevant polarization, which
we consider a signature of the excitation of the targeted second-order electric and mag-
netic anapoles [76]. We also observe important differences between normal and in-plan
excitation, remarkably for the second-order electric anapole, which we discuss in the
text. Our results confirm the potential of this integrated approach to excite complex
multipolar states in isolated high-index disks, opening new avenues to use anapole states
in PICs.

3.2 Description of the system

Figure 2.3 displays a sketch of the structure used to observe the higher-order anapole
states: an z-axis-oriented silicon waveguide with rectangular cross-section can propagate
either its fundamental TE or TM mode characterized by its main field components Fy
and H, or E, and Hy, respectively. The waveguide is abruptly terminated, and the out-
put fields illuminating the disk (separated from the waveguide by a gap g) are essentially
the same as in the waveguide [27]. Notice that guided modes are characterized by a main
transverse component, but they also carry longitudinal field components [96] that are
disregarded in this work for the sake of simplicity. Thus, the field exiting the waveg-
uide can excite either the ED or the MD along the y-axis depending on the propagating
waveguide mode (TE or TM, respectively). Ideally, an y-axis oriented electric (or mag-
netic) dipole will radiate in a doughnut-shape pattern so that the electric (or magnetic)
far-field in the out-of-plane direction will be polarized along y (or z) [64]. Therefore, in
analogy to the case of the electric anapole [104], detecting a reduction of the far-field
scattering when measuring either the £ or the Fy component could be interpreted as a
signature of a second-order electric or a magnetic anapole state, respectively. Notably,
the use of the TM mode also allows to excite the fundamental z-axis electric dipole but,
in contrast to [76], this component will not radiate in the vertical direction, which makes
easier to detect the magnetic anapole.

3.3 Numerical simulations

To analyze numerically the in-plane realization of the second-order electric and the
magnetic anapole states in an individual silicon disk we performed simulations with
COMSOL Multiphysics, RSoft Bandsolve and CST Microwave Studio.

3.3.1 Second-order electric anapole

We start our study by calculating the scattering properties of a single silicon disk sur-
rounded by air. The effect of the substrate in the experiments will mainly consist on a
red-shift of the whole optical response [104], as discussed in Chapter 2. We fix the disk
thickness to ¢ = 350 nm, which is thicker than the 220 nm value typical in SOI photonics
but still available in commercial wafers. We choose a radius » = 550 nm and perform
numerical simulations of the disk response upon normal and lateral illumination with
the electric field along the z direction. This is, we follow the same strategy as in the
case of the first electric anapole. Therefore, the lateral illumination mimics the scheme
in Fig. 2.3 for the TE waveguide mode. The contributions to the scattering cross-section
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of the main multipole moments (Cartesian electric p, magnetic m, quadrupolar electric
Qele and quadrupolar magnetic Qmag, together with their respective toroidal moments
(T) are shown in Figs. 3.1a and b for normal and lateral illumination, respectively. It
can be seen (Fig. 3.1a) that the second electric anapole condition - this is, P+Tp = 0 - is
satisfied at a wavelength of 1475 nm under normal incidence. However, this condition is
not met for lateral incidence (Fig. 3.1b). So, if for the first electric anapole, we identified
a major difference between in-plane and normal incidence (the decoupling of the scat-
tering minimum and energy maximum in the disk [104]), for the second electric anapole,
the difference is even more noticeable, and there is neither a scattering minimum nor a
dip in P+ Tp at the expected (from normal incidence simulations) anapole wavelength.
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Figure 3.1: Spectral contribution under a normal and b lateral illumination of the dipolar
electric (p) in red and magnetic (m) in blue, and quadrupolar electric (Qele) in purple
and magnetic (Qmag) in cyan moments, together with their respective toroidal moments,
represented by T, to the scattering cross-section. Also, the individual contributions of
the electric dipole (green), and its respective toroidal moment (yellow) to the scattering
are represented. The disk dimensions are ¢t = 350 nm and r = 550 nm.

As in the case of the first electric anapole, this behavior can be also attributed to
retardation effects: the disk diameter is comparable to the wavelength, which may result
in remarkably different scattering properties depending on the illumination direction.
However, in on-chip photonics, the key requirement is to ensure minimum out-of-plane
scattering (so that light remains in the PIC) whilst in-plane scattering can occur and
even used to build - for instance - chains of disks for energy transport [71,77]. To verify if
the scattering is reduced in the normal direction (parallel to the disk axis), we performed
FDTD simulations and calculated the scattered E, field along different directions. As
shown in Fig. 3.2a there is a dip in the scattering response in the wavelength region
where the electric anapole is predicted under normal excitation. This result also keeps
when the disk is illuminated from the waveguide propagating the TE mode. As shown in
Fig. 3.2b, the normalized top scattering (calculated as the ratio between the scattering
with and without disk to remove the waveguide termination effect [104]) also displays a
strong reduction in the expected wavelength region.

Notice also that the electric field inside the disk also displays a maximum at a wave-
length slightly red-shifted compared to the scattering. This means that the decoupling
of the minimum scattering condition and the maximum-energy enhancement (we assume
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that the maximum energy takes place when the electric field in the disk center is max-
imized, as we observed in Chapter 2) also takes place for the second electric anapole.
In this case, we represent the field maximum normalized with respect to the field in
the center of an isolated waveguide. Remarkably, the enhancement is lower than in the
case of the waveguide (normalized enhancement < 1). This means that the anapole
state is not efficiently excited by the input waveguide, and strategies for a more efficient
excitation need to be pursued if one wants to use this state in nonlinear applications.
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Figure 3.2: a Scattering (£, component) of the disk illuminated in F'S by a plane wave
with the electric field parallel to the disk axis in the forward, backward and out-of-
plane (top) directions. The top scattering shows a minimum around the wavelength for
which the second electric anapole is predicted for normal illumination. b Normalized
top scattering of the disk (blue curve) when illuminated by the light exiting from a
waveguide propagating the TE mode. The yellow curve shows the |Ey|2 component at
the disk center normalized with respect to the field in the center of an isolated waveguide.
The disk dimensions are t = 350 nm and r = 550 nm.

Figures 3.3a and b show the electric near-field at A = 1510 nm (the wavelength
showing the top scattering minimum in Fig. 3.2a) on the symmetry plane of the disk
under left-side lateral illumination either from FS or from a waveguide. We observe
field patterns similar to those occurring under normal illumination [63] in the sense of
having five field maxima separated by four nodes (forming four vortices of the electric
field, as shown by the arrows depicted in Fig. 3.3b). The asymmetry in the near-field is
due to the symmetry-breaking illumination conditions [104]. But the obtained patterns
confirm our hypothesis that we can excite the second-order electric anapole using lateral
illumination coming a waveguide.

We also performed numerical simulations with CST when the disk is illuminated by
the light exiting from a waveguide propagating the TE mode. Figure 3.4 shows a the
normalized top E, scattering and b |E,|? component at the disk center (normalized
with respect to the field at the center of the waveguide) as a function of the disk radius.
The results are consistent with those obtained in Figs. 3.1 and 3.2 and show us that
increasing the disk radius red shifts both wavelengths, which confirms that the anapole
condition can be carefully tuned over the whole telecom wavelengths window.
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Figure 3.3: (a) Near-field pattern of the norm of the electric field at the anapole state
wavelength, normalized to its maximum value, at (A = 1510 nm); (b) Electric field lines

at A = 1510 nm under waveguide illumination. The disk dimensions are ¢ = 350 nm and
r = 550 nm.
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Figure 3.4: a Normalized top Ej, scattering of the disk and b normalized | E},|> component
at the disk center for disks radius r varying between 525 nm and 575 nm.

Figure 3.5 shows the components of the electric field at the center of the disk when
illuminate from a waveguide for disks of radii 525 nm, 550 nm and 575 nm at the anapole
state wavelengths 1460 nm, 1500 nm and 1560 nm, respectively. In |Ej,| component
(transversal electric field), we can see the formation of five main lobes, which confirms
the ability of our approach to excite the anapole state.
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Figure 3.5: |E,|, |Ey| and |E;| at the center of the disk for disks of radii 525 nm (top
row), 550 nm (middle row) and 575 nm (bottom row) at the anapole state wavelengths
1460 nm, 1500 nm and 1560 nm, respectively.
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3.3.2 Magnetic anapole

Similar results can be obtained for the magnetic anapole, though now we consider
r = 400 nm and, in the illumination, the incident field has the main component of
the magnetic field pointing along the y-axis, which can be achieved by using the TM
of the driving waveguide. It can be seen that the magnetic anapole condition - this is,
M + Ty = 0 - is satisfied at a wavelength of 1480 nm for both normal (Fig. 3.6a) and
lateral (Fig. 3.6b) illumination. Indeed, in comparison to the case of the electric anapole,
we can see a quite broad region with reduced scattering under lateral illumination.

We performed FDTD simulations and calculated the scattered E, field for both FS
(Fig. 3.7a) and waveguide (Fig. 3.7b) illumination. In both situations, there is a dip in
the top scattering response in the wavelength region where the magnetic anapole takes
place. This confirms that a reduction of the out-of-plane scattering for the z-polarized
far-field can be considered a signature of the existence of a magnetic anapole.

Figures 3.8a and b depict the magnetic field on the disk plane at the magnetic anapole
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Figure 3.6: Spectral contribution under (a) normal and (b) lateral illumination of the
dipolar electric (p) in red and magnetic (m) in blue, and quadrupolar electric (Qele) in
purple and magnetic (Qmag) in cyan moments, together with their respective toroidal
moments, represented by 7', to the scattering cross-section. Also, the individual contri-
butions of the magnetic dipole (green), and its respective toroidal moment (yellow) to
the scattering are represented. The disk dimensions are ¢ = 350 nm and r = 450 nm.
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Figure 3.7: a Top scattering (E, component) of the disk illuminated in FS by a plane
wave with the electric field parallel to the disk axis. b Normalized top scattering of the
disk (blue curve) when illuminated by the light exiting from a waveguide propagating the
TM mode. The yellow curve shows the |Hy|? field component at the disk center normal-
ized concerning the waveguide. The disk dimensions are t = 350nm and r = 450 nm.

wavelength (A = 1480 nm) under FS and waveguide lateral illumination, respectively.
The in-plane magnetic field in the disk shows three maxima, two nodes and two vortices
of the in-plane magnetic field, as expected for a magnetic anapole [54]. Notice the
resemblance between the in-plane magnetic field for the first magnetic anapole and the
in-plane magnetic field for the first electric anapole addressed in Chapter 2.

We also performed numerical simulations with CST Microwave Studio when the
disk is illuminated by the light exiting from a waveguide propagating the TM mode.
Figure 3.9 shows a the normalized top E, scattering and b |H,|? component at the disk
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Figure 3.8: a Near-field pattern of the norm of the magnetic field at the anapole state
wavelength (A = 1480 nm), normalized to its maximum value; (f) Magnetic field lines
at A = 1480 nm under waveguide illumination. The disk dimensions are ¢ = 350 nm and
r = 450 nm.

center (normalized with respect to the field at the center of the waveguide) as a function
of the disk radius. These results are in good qualitative agreements with the FDTD
results shown above.
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Figure 3.9: a Normalized top E; scattering of the disk and b normalized | H,|* component
at the disk center for disks radius r varying between 350 nm and 425 nm.

The slight variation that the results present in terms of magnetic anapole wavelength
with respect to those presented in Fig. 3.7 is due to the use of different simulation
methods, since in the FDTD simulations the field is measured at a point, while with
CST it is measured on a port that has a certain area. Even so, the results are consistent
in that there is a region with reduced out-of-plane scattering, which is considered a
signature of the existence of a magnetic anapole. As in the case of the electric anpole,
an increase in the disk radius red shifts both wavelengths, which confirms that the
anapole condition can be carefully tuned over the whole telecom wavelengths window.



Chapter 3. Observation of higher-order anapole states in silicon disks driven by
integrated waveguides 43

Figure 3.10 shows the components of the magnetic field at the center of the disk
when illuminate from a waveguide for disks of radii 350 nm, 375 nm and 400 nm at
the anapole state wavelengths 1310 nm, 1370 nm and 1430 nm, respectively. In |H,|
component, we can see the formation of three main lobes, which confirms the ability of
our approach to excite the magnetic anapole state using the TM mode of the driving
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Figure 3.10: |H,|, |Hy| and |H.| at the center of the disk for disks of radii 350 nm (top
row), 375 nm (middle row) and 400 nm (bottom row) at the anapole state wavelengths
1310 nm, 1370 nm and 1430 nm, respectively.

3.4 Far-field scattering measurements of the on-chip sili-
con disk

To confirm our numerical predictions, we fabricated different samples containing sets of
waveguide-disk circuits on a SOI wafer and using standard fabrication tools. Figure 3.11a
shows a SEM image of one of the fabricated circuits, containing an input waveguide, a
Y-junction to split up the incoming guiding signals into two paths and two waveguide
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terminations, with only one of them having an adjacent disk (see details in Fig. 3.11b).
As explained in Chapter 2, this circuit allows us to measure simultaneously the top far-
field scattering with and without disk for normalization purposes using the experimental
set-up described in Appendix C. The circuit-setup pair also allows us to inject either the
TE or the TM mode into the input waveguide. In addition, using a polarizer, we can
filter the polarization of the scattered field to select either the E, or the E, component
that allows to identify the scattering produced by the transverse electric or magnetic
dipoles.

a

Figure 3.11: a SEM image of one of the fabricated circuits, showing the input waveguide,
a Y-splitter, and two waveguides, both ended in an abrupt termination, and one of them
having a disk. b SEM image showing in detail the disk and the waveguide termination.
Nominal disk radius r = 550 nm, thickness ¢ = 350 nm, waveguide width w = 450 nm
and gap g = 500 nm.

First, we characterized the second electric anapole by using the TE mode of the
input waveguide. Figure 3.12a shows the measured normalized out-of-plane scattering
for three different disks having nominal radii of 525, 550 and 575 nm. We observe that
there is a wavelength region with reduced scattering (reaching even 0.5 for » = 550 nm)
which confirm the results of the numerical simulations presented in Figs. 3.2 and 3.4.
Notice that the overall response is slightly red-shifted as a result of the presence of the
silica substrate. The top scattering is, indeed, smaller than for the case of the terminated
waveguide without disk (in other words, normalized scattering < 1 in agreement with
numerical simulations), which means that not only the scattering is well suppressed,
but also that the excitation of the electric and toroidal dipoles corrects the divergence
of the beam exiting the waveguide termination and contribute to reduce the overall
scattering out of the chip. This was also observed in the case of the first-order electric
anapole [104] and also occurs in the case of the magnetic anapole shown below. As
expected, the wavelengths at which the scattering minimum is measured increase in
proportion to the disk radius [52]. Although the second electric anapole is supposed to
provide a narrower response than the first one [63], we observed similar bandwidth in
the scattering response for both the first [104] and second anapoles.

Finally, we characterized the magnetic anapole by using the TM mode of the input
waveguide, being the results depicted in Fig. 3.12b. Again, we observe well defined
minima (reaching normalized scattering values below even 0.5) of the top scattering
at wavelengths that depend on the disk radius. Again, the minima are red-shifted in
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comparison to the numerical simulations, which we attribute to the silica substrate, as
already addressed in Chapter 2.
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Figure 3.12: Experimental results of the out-of-plane scattering normalized to the value
for a bare waveguide termination (no disk), recorded for disks with different radii (shown
in the panels) under illumination with the TE/TM waveguide modes, detecting the
E,/E, components of the far-field.

In this chapter, we have shown that the use of integrated waveguides for on-chip exci-
tation of wavelength-sized silicon disks enables the observation of higher-order anapoles
under in-plane illumination. To achieve this goal, first we increase the dimensions of the
disk so that the target anapoles could be excited in the wavelength region that is acces-
sible experimentally. This mainly required to work with thicker silicon layers (350 nm
instead of the usual 220 nm thickness). Then, we used either the TE or the TM mode
of the input waveguide to excite either the second-order electric anapole or the mag-
netic anapole. Notice that we only consider states with in-plane moments since these
are the ones that can radiate in the vertical direction (out-of-plane) and, therefore, its
suppression can be detected via far-field scattering measurements.

In contrast to the results of Chapter 2, here near-field experiments were not per-
formed. But the reduction in scattering observed in far-field experiments is consistent
with our simulation results. In particular, near-field simulations showed the formation
of several vortices in the local electric and magnetic fields, in agreement with the results
in the literature.

Noteworthy, we observed that for the case of the second-order electric anapole, mul-
tipolar decomposition does not predict a suppression of scattering for lateral incidence
(which is otherwise predicted for normal incidence). Still, we show that there is a re-
duction of the top scattering at the predicted wavelengths, which can be used in PICs
to build complex circuitry without out-of-plane scattering.
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4.1 Introduction

Previous chapters have focused on the observation of anapoles states in single disks il-
luminated transversely by a photonic waveguide. The radiationless properties of such
states may also play a role when forming periodic chains of disks: in principle, minimiz-
ing the out-of-plane scattering should contribute to the efficient guiding of light along
such chains even for modes placed above the light line (and therefore inherently lossy).
It has been suggested and experimentally observed that chains of slotted disks can effi-
ciently guide light around 10 pm wavelengths using modes over the light line around the
anapole state, exploiting its reduced out-of-plane scattering [77]. However, as suggested
in Ref. [77], this feature should be most valuable when building the chains on SOI and
performing the guidance in the technologically-relevant telecom wavelength regime.

In this chapter, we analyze numerically and experimentally the guidance of light along
straight and bent chains of regular and slotted silicon disks in the 1.5 pm wavelength
region. In agreement with Ref. [77], we find that the introduction of an air gap in the
silicon disks improves the coupling and enhances the transmission efficiency. However,
our results suggest that the guidance is not related to the existence of the electric anapole
state but to the excitation of a toroidal dipole that couples adjacent disks together with a
magnetic quadrupole that contributes to reducing the out-of-plane scattering. Numerical
simulations of the periodic chain of slotted disks confirm the existence of a high-Q
leaky resonance over the light cone. Experiments are in good agreement with numerical
simulations and demonstrate the importance of interference between Mie modes to build
on-chip photonic based on wavelength-scale disks.
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4.2 Numerical simulations

We start by considering the structure sketched in Fig. 4.1. It consists of a chain of evenly-
spaced (period a) silicon disks with thickness ¢ and radius . The disks may eventually
have an air gap of size G splitting them into two identical halves. We consider that
rectangular cross-section waveguides (width w) are used as input and output ports: the
left-hand side waveguide is used to illuminate the disk chain using the TE guided mode,
whilst the right-hand side waveguide is used to collect the transmitted light.
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_

Figure 4.1: Sketch of the structure under study: an array of silicon disks (in the plot,
there are N = 4 disks) with radius r and thickness ¢ with period a is placed between
two silicon waveguides (width w) that act as input and output ports.

In Chapter 2 we verified that a single disk with » = 350 nm and ¢ = 220 nm supports
an electric anapole at wavelengths around 1.5 pm under lateral illumination. Therefore,
we have chosen this radius to perform numerical simulations of the transmission exhibited
by a disk chain. The obtained results for 6, 10, and 14 disks and a = 920 nm - this
means that the spacing between neighbor disks is 220 nm - are depicted in Fig. 4.2a.
The transmission curves are normalized with respect to the response of a single straight
waveguide. Interestingly, no appreciable transmission is observed in the region where the
anapole takes place. Instead, we observe high transmission at wavelengths over 2 pm,
which is attributed to truly-guided modes (or bound states [105]) below the light line
(such modes can potentially appear at wavelengths > 2a [32]) as well as in a region
around 1.35 pm, which we can be ascribed to higher-order Mie resonances [104, 106].

We also performed calculations for different values of the period a in a chain formed
for six disks to check its influence over the transmission behavior. The results, depicted
in Fig. 4.2b, show that the transmission grows in the 1.5 pm wavelength region when
the period a is reduced to values of 850 nm and below. Noticeably, the non-negligible
transmission peaks for a values of 750 and 800 nm can be ascribed to the fact that
those peaks occur in wavelength regions placed below the light line. Still, even for a
separation between disks as small as 50 nm, the transmission in the anapole region is
negligible. This means that the existence of the first electric anapole state does not
provide a means for efficient energy transmission along disks chains. Therefore, the
absence of out-of-plane scattering is not sufficient to ensure light guidance through the
chain.

This observation is consistent with the results reported in Ref. [77], where it is shown
that transmission along a chain of perfect disks is largely attenuated around the electric
anapole wavelength, even when the disks are very close to each other. However, Ref. [77]
proposed that the insertion of an air gap in the disk could contribute to reduced losses
and achieve highly efficient transmission. Following this idea, we performed simulations
of chains of slotted disks having air gaps of G = 0.5 and G = 0.97, choosing the
disk radius (r = 410 nm and r = 530 nm, respectively) and the inter-disk spacing
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Figure 4.2: Transmission spectra normalized with respect to the response of a single
waveguide (w = 800 nm) of a chains of 6, 10, and 14 disks with » = 350 nm, ¢ = 220 nm
and ¢ = 920 nm and b chains of 6 disks with » = 350 nm and different values of the
period a.

(d = 220 nm) to allocate a transmission band close to the 1.5 pm wavelength region.
The results, depicted in Fig. 4.3a, show that the insertion of the air-gap gives rise to a
frequency region with relatively large transmission, specially in the case of G = 0.57. We
also computed the transmission at maxima along straight chains of different amounts of
disks in the three cases shown in Fig. 4.3a. The results, depicted in Fig. 4.3b, show that
the G = 0.57 configuration performs better in terms of insertion (~ 3.4 dB) as well as
propagation (= 0.75 dB/um) losses, in agreement with the results in Ref. [77].
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Figure 4.3: a Transmission across six disks for different values of the radius r and
the air gap G (see legend), when a spacing between disks d = 220 nm is considered.
b Normalized transmission as a function of the number of disks for different values
of G (see legend) at the wavelength of maximum transmission. The slope gives the
propagation loss, and the values for L = 0 gives the insertion loss.

In order to establish a link between the transmission bands and the existence of
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anapole states in a single disk, we calculated the multipole decomposition under lateral
illumination (Fig. 4.4) for the three different cases considered in Fig. 4.3a.
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Figure 4.4: Multipole response of isolated silicon disks. Scattering spectra of a
silicon disk with a = 350 nm and G = 0, b r = 410 nm and G = 0.5r and ¢ r = 530 nm
and G = 0.9r. Spectral contribution under lateral illumination of the dipolar electric
(P), dipolar magnetic (M), quadrupolar electric (Qee) moments, and their respective
toroidal moments, represented by T, to the scattering cross-section. Also, the individual
contributions of the quadrupolar magnetic (Qmag) and the electric dipole (P), together
with its respective toroidal moment (Tp) to the scattering, are shown.

Figure 4.4 shows the contributions to the scattering cross-section of the main mul-
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tipole moments for a r = 350 nm and G = 0 (the case considered in Chapter 2),
b r =410 nm and G = 0.57 and ¢ r = 530 nm and G = 0.97. It can be seen that the
wavelength regions of maximum transmission in Fig. 4.3a also corresponds to region of
large scattering (Figs. 4.4b and c), but not to the electric anapole condition that takes
place at much smaller wavelengths. In particular, it seems that the maximum transmis-
sion along the disk chain is linked to the existence of two higher-order multipoles in an
isolated disk.

To confirm this assumption, we obtained the wavelength of occurrence of the different
relevant states (the electric anapole, the toroidal dipole, and the magnetic quadrupole)
for a single disk together with the maximum transmission wavelength along a disk chain
as a function of G. As shown in Fig. 4.5, the transmission maximum perfectly overlaps
with the toroidal dipole and the magnetic quadrupole whilst the electric anapole is
always shifted to shorter wavelengths. Noteworthy, also in Ref. [77] there are a toroidal
dipole and a magnetic quadrupole mode at the frequencies of maximum transmission.
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Figure 4.5: Calculated wavelengths of maximum chain transmission (7'x), electric
anapole (P + Tp = 0), toroidal dipole (Tp) and magnetic quadrupole (Qmag) as a
function of the disk slot size G. The disk radius is r = 410 nm.

To verify the previous assumption, we performed simulations of continuous-wave
signals propagating through the chains at the wavelength of maximum transmission
for the case r = 410 nm, and G = 0.5r. The results, depicted in Fig. 4.6, show the
existence of a closed-loop for the magnetic field on the z-z plane around the slotted
disk. This is consistent with the excitation of the toroidal dipole [45], in agreement with
the multipolar decomposition. In addition, the simultaneous excitation of the magnetic
quadrupole results in a reduction of the magnetic field strength in the regions over and
below the disk (see the arrows in Fig. 4.6¢). This should contribute to reducing the
scattering along the disk axis (out-of-plane scattering), as previously shown [107, 108]
and depicted in the sketch presented in Fig. 4.7.
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Figure 4.6: Magnetic near-fields along the slotted disk chain at maximum
transmission (A = 1443 nm). a Snapshot of H, on the z-y plane. b Snapshot of H,
on the z-z plane. ¢ Magnetic field H lines represented by arrows on the z-z plane. The
disk dimensions are r = 410 nm, and G = 0.57.

Toroidal dipole Magnetic quadrupole Observed state

Figure 4.7: Sketch of the superposition of the magnetic field loops for the toroidal dipole
and the magnetic quadrupole, resulting in the observed states.

We also performed simulations of continuous-wave signals propagating through the
chains at the wavelength of maximum transmission for the cases r = 530 nm, G = 0.9r
(Fig. 4.8) and r = 350 nm, G = 0 (Fig. 4.9). The results shown in Fig. 4.8 are consistent
with those depicted in Fig. 4.6 where we can see the existence of a closed-loop for
the magnetic field on the z-z plane around the slotted disk. However, no appreciable
transmission is observed in Fig. 4.9 at the wavelength where the anapole takes place.

In Ref. [108], it was shown that the excitation of toroidal dipoles in coupled high-
index disks could eventually lead to the existence of bound states in the continuum
(BICs) when forming 2D lattices. Therefore, in accordance to the results above, it
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Figure 4.8: Magnetic near-fields along the slotted disk chain at maximum
transmission (A = 1450 nm). a Snapshot of H, on the z-y plane. b Snapshot of H,
on the z-z plane. ¢ Magnetic field H lines represented by arrows on the z-z plane. The
disk dimensions are r = 530 nm, and G = 0.9r.

0

0

Figure 4.9: Magnetic near-fields along the disk chain at maximum transmission
(A = 1159 nm). a Snapshot of H, on the z-y plane. b Snapshot of H, on the z-z plane.
c Magnetic field H lines represented by arrows on the z-z plane. The disk dimensions
are r = 350 nm, and G = 0.
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makes sense to consider if the slotted-disk chains can also support toroidal BICs and
this could be the reason explaining the large transmission over the light line. To analyze
the existence of BICs, we calculated the optical Q) factor of a periodic chain of slotted
disks. Figure 4.10 reports the results of numerical simulations of an infinite chain of disks
with G = 0.5r. To ease the visualization of the relevant modes, the size of scatter points
has been chosen as directly proportional to the mode energy confinement factor within
the silicon region. The band structure along the chain direction shows few regions with
flat dispersion (Fig. 4.10a), which corresponds to local maxima in the density of states
(Fig. 4.10b). These regions could correspond to peaks in the transmission, especially
when combined with high Q-factors, which are reported in Fig. 4.10c. The green flat
region around A = 1.43 pm, highlighted with a black arrow in panel Fig. 4.10a, it is likely
the main responsible for the strong transmission peak shown in Fig. 4.3a, whose range
between 1.32 and 1.46 pm is compatible with our simulations. Interestingly, a strong
increase in Q-factor can be observed for the red-colored band around A = 1.54 pm. This
could hint towards the existence of a symmetry-protected BIC which could be difficult
to detect in transmission experiment due to its existence for non-propagating waves at
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Figure 4.10: Band structure of infinite chain of slotted disks. a Band structure,
b Density of States (DOS) and ¢ Q-factors for an infinite chain of slotted disks with
G = 0.5r. Marker size is proportional to the confinement factor of the electric field
within the disk. Different modes are color coded to aid the comparison between panel
a and c. Credit: Dr. Alessandro Pitanti, Istituto di Nanoscienze and Scuola Normale
Superiore (Italy).
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4.3 Experimental measurements

To confirm our numerical predictions, we used standard fabrication tools (see Appendix
B) to fabricate different samples containing sets of straight and curved disks chains with
waveguides as input and output ports, following the configuration sketched in Fig. 4.1.
Figure 4.11 shows SEM images of several fabricated circuits with different G values and
including both straight and curved (curvature radius R) chains, highlighting in detail
the waveguide ends acting as input and output ports as well as the disk chains. The
waveguides were adiabatically widened up to 3 pm to reduce coupling losses from the
input lensed fiber as well as to the output detection system [27] (see Appendix B).

a b

Figure 4.11: False-color SEM micrographs of several fabricated samples. Fab-
ricated samples for six disks forming a straight and b bent chains. Rectangular cross-
section waveguides are employed as input and output ports. Circuits with G = 0 (top
panels), G = 0.5r (middle panels), and G = 0.9 (bottom panels) were fabricated us-
ing standard silicon nanofabrication processes. The curvature radii R are 2060 nm for
G =0, 3390 nm for G = 0.5r and 4020 nm for G = 0.9r.
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We also performed numerical simulations including the silica substrate (Figs. 4.12a,b
and 4.13a-d) to compare the results of the experimental measurements. Figure 4.12b
shows the measured normalized transmission for two straight chains with nominal disk
radii of 400 and 425 nm with air gap G = 0.5r (Fig. 4.11a, middle panel), separated by
a 220 nm gap. Coupling losses were about 15 dB per facet and additional losses are due
to some imperfections induced by problems in the etching of the disks (see SEM images
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Figure 4.12: Experimental light transmission along straight chains of disks.
a,b Numerical and c experimental transmission along a straight chain of six disks with
different radii r (nominal values shown in the panels) and air gap G = 0.57. To reproduce
the experimental conditions, we have considered that the silicon disk lie on a silica
substrate in the simulations. Normalization in the experimental panels is performed in
comparison to the input power (1 mW).
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in Fig. 4.11). Even though the noise level in our measurement system was about
-44 dBm, we clearly observe a maximum transmission region in good agreement with
the results obtained in the simulations depicted in Fig. 4.12a,b for the two radii under
consideration. Notice that the transmission region is red-shifted in comparison to the
results of Fig. 4.4, which we ascribed to the disk chain resting on a silica substrate.
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Figure 4.13: Experimental light transmission along bent chains of disks. a-
d Numerical and e,f experimental transmission along curved chains of six disks with
different radii 7 and air gaps G (shown in the panels). To reproduce the experimental
conditions, we have considered that the silicon disk lies on a silica substrate in the
simulations. Normalization in the experimental panels is performed in comparison to
the input power (1 mW).
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We also performed experimental measurements on the bent chains with different
air gaps in the disks as the ones shown in Fig. 4.11. The air gap of each disk was
properly rotated to follow the curvature of the chain and keep perpendicular to the
curve. No further engineering on the position of the disks was performed to improve the
optical transmission. We included chains with disks having r ~ 200 nm and G = 0 for
comparison purposes. Figures 4.13e and f show the measured normalized transmission
for bent chains with three different air gaps: G = 0, G = 0.5r, and G = 0.9r, each for
two different nominal radii disks (shown in the panels). Again, we observe a wavelength
region with the maximum transmission, which confirms the results of the numerical
simulations presented in Figs. 4.13a-d as well as the experimental results on sharp bends
reported in [77]. Indeed, our results also confirm that the disk chains with G = 0.5r show
the best performance. Notably, these results show that the toroidal-aided guidance along
chains of subwavelength dielectric scatterers is also an interesting mechanism enabling
low-loss guidance over sharp bends.

In this chapter, we have analyzed the guidance of light along periodic chains of
silicon disks in the technologically-relevant telecom wavelength regime, thus extending
the results of previous chapters to systems containing multiple disks. We have found
that chains of perfect disks do not transport energy at wavelengths corresponding to the
electric anapole state, but when the disk is split into two halves by an air gap of width
G, energy transportation along chains can be relatively large, even building bent chains.



Chapter 5

Observation of photonic bandgap
closure in 1D periodic chains of
high-index nanobricks driven by

integrated waveguides

Contents
5.1 Introduction . . . ... .. ...ttt 59
5.2 Numerical simulations . .. ... ... .............. 60
5.3 Experimental measurements . . . . .. ... 0000000 64

5.1 Introduction

In the previous chapter, we have shown how certain multipolar moments (the electric
toroidal dipole and the magnetic quadrupole) can contribute to efficient light guiding
along periodic chains of slotted silicon disks at frequencies placed over the light line where
propagation is essentially lossy since any mode can couple to the radiation continuum.
In this case, the propagation features are not mainly determined by the periodicity but
by the multipolar response of the isolated scatterers forming the chain. It makes sense
therefore to see if the multipolar response of the scatterer can also play a role for guided
modes placed below the light line, so they propagate inherently without losses.

As discussed in Chapter 1, the first PBG is remarkably important in integrated
guided optics since it is usually the only one placed below the light cone; therefore, it
can give rise to localized modes with large Q factors when defect-like cavities are created.
TIR in the 2D perpendicular to the propagation direction, where the system is periodic,
allows light waves to be contained below the light line in the field of integrated optics.

Theoretical studies have demonstrated that the first (or Bragg) PBG can disappear
in a periodic thin film in 1D for TM modes (with the electric field perpendicular to the
film). However, this study was 2D and did not include lateral confinement of the waves.

Here, we study a 1D photonic crystal with full transversal confinement formed by a
set of silicon nanobricks and show that the Bragg PBG for TE-like modes can vanish
under proper conditions. We choose this system because it allows for easy analysis of the

99
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unit cell and can be easily fabricated using standard silicon micro- and nanofabrication
tools, as shown in recent experiments [109-111]. Notably, interchanging the thickness
and the width of the nanobricks should also lead to the closure of the PBG for TM-like
modes, in contrast to the case addressed in [84]. To explain the closure, and since we
cannot describe the system analytically, we adopt a strategy different to [84] and consider
the electric and magnetic Mie resonances of the isolated nanobricks. Our results suggest
that the interplay between both Mie resonances and the Bragg resonance leads to PBG
closure, resulting in a metamaterial-like behavior of the periodic structure.

5.2 Numerical simulations

We consider a periodic structure made of high-index (n = 3.5) nanobricks with the
dimensions of w,, wy, and w, surrounded by air (see Fig. 5.1). The structure is periodic
along the x axis (period a), whilst confinement of guided waves in the y and z direction
is ensured by TIR.
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Figure 5.1: Sketch of the 1D periodic systems under study: a chain of high-index dielec-
tric nanobricks.

Figure 5.2a shows the photonic bands—calculated using the plane wave expansion
method—of the TE-like (or z-even parity) modes for w, = 220 nm, w, = 450 nm, and
a = 455 nm for three different values of w,. Notice that, due to the addition of the
confinement along the y direction, we cannot classify the guided modes into TE or TM
since the three components of the electric and magnetic fields are now present [96].
Nonetheless, the modes are usually termed either TE-like (the main component of the
transverse field is £,) or TM-like (the main component of the transverse field is E,) in
integrated optics due to their resemblance to the 2D picture. When w, = 200 nm (green
curves), a wide TE PBG opens between the dielectric and the air bands, as expected for
high-contrast periodic systems [78]. The same happens for w, = 320 nm (blue curves),
though the PBG is redshifted because of the larger amount of dielectric material in the
unit cell.

When analyzing the intermediate case (w; = 260 nm, purple curves) we observe that
the PBG vanishes. This means that the PBG width is neither directly nor inversely
proportional to the parameter w,. To know more about this relation, we calculate the
frequencies of the dielectric and air bands at the boundary of the first Brillouin zone.
Notice that these frequencies establish the boundaries of the Bragg bandgap. The results,
depicted in Fig. 5.2b, clearly show a crossing of the bands—or band flip [84]—delimiting
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the Bragg PBG at w, ~ 258 nm. This means that, counterintuitively, the PBG vanishes
even though we have a high-index contrast system. In general, an increase in w, results
not only in a red-shift of the bands, but also in a modification of the width of the Bragg
PBG that eventually closes. To establish the effect of the period on PBG closure, we
performed calculations for other values of a. We observed that the PBG was effectively
closed at w, = 248 nm for a = 430 nm and at w, = 267 nm for a = 480 nm, meaning
that the effect was also observed for other periods of the lattice.

a b

0.42

0.42

N
>
RS

Il
N
o
S
>
3

Normalized frequency f’
o o
8 =

o
w
®
o
w
@

o

w

=
o
w
X

Air band

Normalized frequency f’
5

o

w

N
o
w
]

Dielectric band

o

w
o
w

/wa/i

0.4 0.42 0.44 0.46 0.48 0.5 200 250 300 350 400
Normalized wave vector kK’ W, (nm)

-
a
o

Figure 5.2: a Photonic bands for z-even parity (TE-like) modes for different values of
w,. b Frequencies of the dielectric and air bands as a function of w,. Vertical arrows
show the PBG for each value of w, (for w, = 260 nm a higher-order PBG is shown). The
numerical simulations were performed for a 1D periodic chain of nanobricks with index
n = 3.5 and dimensions w, = 220 nm, w, = 450 nm and a = 455 nm. The normalized
frequency f’ is given in units of wa/2me, w being the angular frequency and ¢ the speed
of light in vacuum. The normalized wave vector £’ is given in units of 27k /a.

In comparison to the results in [84], we may argue that we now have TIR confinement
in the lateral direction, which resembles the TE case found there. Indeed, by interchang-
ing w, and w, in our periodic system (or rotating the structure 90° around the z axis),
we should find that the PBG closes for TM-like (or z-odd parity) modes, meaning that
the first PBG can be closed irrespective of the type of mode.

We also tested the vanishing behavior of the PBG using fully 3D FDTD simulations.
The normalized intensity (square of the electric field at the center of the waveguide)
after transmission along a chain of 10 nanobricks using rectangular waveguides of width
wy and thickness w, for different values of w, is shown in Fig. 5.3. Normalization is
performed with respect to the response of a single waveguide. Notice that intensities over
1 (0 dB) are because the electric field is monitored locally, so resonant effects (such as
Fabry—Perot fringes close to the PBG regions) can lead to large local intensities, though
the normalized transmitted power is always lower than 1. In agreement with Fig. 5.2a,
whilst broad dips appear for w; = 200 nm and w, = 320 nm at the expected frequency
bands, there is not any observable dip for w, = 260 nm (the fall in transmission above
f! corresponds to higher-order PBGs, as shown in Fig. 5.2a).

To obtain further insights into the closure of the Bragg PBG, we obtained the main
components of the transverse electric field at & = 0.5 for the dielectric and air bands
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Figure 5.3: FDTD-calculated normalized intensity after transmission along a chain of 10
nanobricks using waveguides as input and output ports for w, = 200, 260 and 320 nm.
The results are normalized with respect to the transmission along a perfect rectangular
waveguide. The trend is as follows: the PBG (highlighted by the horizontal lines with
arrows) shifts to lower frequencies when w, increases and disappears at w, ~ 260 nm.

at different values of w,. The results are illustrated in Fig. 5.4. For w, = 200 nm, the
dielectric band is characterized by a xz-even parity transverse electric field (Ey) closely
resembling an electric dipole pointing along y. The air band shows an opposite behavior
in terms of parity, and the electric field patterns correspond to those of a magnetic
dipole oriented along z (the magnetic field pattern is not shown here for the sake of
simplicity). For w, = 320 nm, the situation completely reverses; now, the dielectric
(air) band has a magnetic (electric) dipole character. Therefore, it is the transition from
electric to magnetic Mie resonances of the isolated nanobricks that explains the closure
of the Bragg PBG. Indeed, the bandgap is closed because, for certain dimensions of
the system, the Mie electric and magnetic resonances of the isolated nanobrick become
degenerate at a frequency within a Bragg PBG.

To support this explanation, we calculated the frequencies of the ED and MD re-
sponses of isolated nanobricks as a function of w,, following the approach in [104]. The
results, depicted in Fig. 5.5, show that for small values of w, the frequency of the ED
is smaller than that of the MD, and this feature is inherited by the dielectric and air
bands when the periodic system is formed. When w,, increases, the frequency of the MD
decreases faster than that of the ED, resulting in the crossing of the Mie resonances,
which are related to the band flipping and PBG closure in the periodic system. Indeed,
even though we have only studied the effects of the w, variation for simplicity, we can
state that, for a given target frequency, there will be a triplet of (w, wy, w.) values for
which the ED and MD resonances are degenerate. Therefore, it will be always possible to
design a 1D periodic system with a closed bandgap at a certain wavelength. Moreover, if
the degeneracy is achieved for a nanobrick with w, = wy, the Bragg PBG will be closed
for both TE and TM modes simultaneously as a result of the symmetry of the system.

Notice that the crossing of the ED and MD of the isolated nanobricks takes place
for a w, value smaller than that obtained for the PBG closure. However, this can be
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Figure 5.4: E, field maps at the boundary of the first Brillouin zone for the dielectric
(left column) and air (right column) bands at different values of w,. For w, = 260 nm
(middle panels) the frequency difference between the two bands is negligible, meaning
that they are close to the degeneracy point [112].
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Figure 5.5: Calculation of the electric and magnetic dipole frequencies of an isolated
nanobrick as a function of w, obtained from a multipole decomposition. The orange
and yellow curves show the frequencies of the maximum F, and H, at the nanobrick
center when the nanobrick is embedded in a waveguide gap (illumination and collection
using the TE-like mode of the waveguide ports). Inset: scheme of the illumination of
the silicon nanobrick for each result.

explained because the isolated nanobrick is surrounded by a vacuum; when forming the
chain part of the field, the electromagnetic field penetrates the neighboring nanobricks,
resulting in a perturbation of the modes. To account for the additional presence of
dielectric material, we calculated the frequencies of the ED and MD corresponding to
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the maximum of the electric field and the magnetic field at the center of the nanobrick,
respectively; this occurred when a single nanobrick was embedded in a waveguide gap
of a length equal to a (see Fig. 5.5). The results, also shown in Fig. 5.5, indicate that,
now, the flip frequency is red-shifted and the crossing point shifts to larger values of w,.

5.3 Experimental measurements

To confirm our numerical predictions, different samples containing sets of nanobricks
chains with waveguides as input and output ports were fabricated using standard fabri-
cation tools (see Appendix B) following the configuration sketched in Fig. 5.1. Figure 5.6
shows SEM images of some fabricated circuits with different w, values, highlighting in
detail the waveguide ends acting as input and output ports, as well as the nanobricks
chains. The waveguides were adiabatically widened up to 3 pm to reduce coupling
losses from the input lensed fiber as well as to the output detection system [27] (see
Appendix C).

IREOREEERD

Figure 5.6: False-color SEM micrographs of two fabricated circuits. Fabricated
chain for ten nanobricks with a w, = 260 nm, w, = 450 nm, w, = 220 nm, a = 480 nm
and b w, = 260 nm, w, = 400 nm, w, = 220 nm, a = 550 nm. Rectangular cross-section
waveguides are employed as input and output ports.

We also performed numerical simulations including the silica substrate (Fig. 5.7a) to
compare the results of the experimental measurements. Figure 5.7 shows the a numerical
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and b experimental transmission for ten chains with nominal w, varying between 240
and 330 nm, w, = 350 nm, w, = 220 nm and a = 380 nm. In Fig. 5.7a we clearly observe
the closure of the bandgap as w, increases, but we could not see it in the experimental
measurements. Due to fabrication problems (in particular, in the etching of the silicon
layer), we could not reproduce exactly the designed devices, and this seems the main
reason that prevented us to observe the PBG closure. Improving the etching should lead
to better samples that enable the experimental observation of the predicted effect.
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Figure 5.7: Light transmission along chains of nanobricks. a Numerical and
b experimental transmission along chains of ten nanobricks with different w, (nominal
values shown in the panels), w, = 350 nm, w, = 220 nm and a = 380 nm. To reproduce
the experimental conditions, we have considered that the silicon nanobrick lies on a silica
substrate in the simulations.

Our results highlight the importance of the properties of the isolated unit cell when
forming 1D lattices of high-index dielectric materials [29]. Noticeably, when the Mie
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resonances of the unit cell dominate over the periodic response, the structure could,
in principle, be considered as an all-dielectric metamaterial [113]. However, looking at
the classification proposed in [114], the PBG closure takes place just when the Bragg
wavelength equals the ED and MD wavelengths, meaning that we are just at the frontier
separating the photonic crystal and metamaterial phases. Indeed, in the 2D periodic
systems arranged in a square lattice studied in [114], which require very large indices
to reach the metamaterial phase, the use of a hexagonal lattice [115] would allow one
to obtain a “metamaterial” behavior in 2D silicon photonic crystals. Our results show
that such metamaterial behavior naturally arises in a realistic 1D photonic crystal made
of silicon nanobricks at bands placed below the light cone, which would ensure lossless
performance. This behavior is manifested by the fact that the overlapping of the electric
and magnetic dipolar Mie resonances closes the Bragg PBG, which is the fundamental
feature of a photonic crystal.



Chapter 6

Conclusions and future work

Throughout this chapter, we summarize the results obtained in the thesis, which was
aimed at the numerical and experimental investigation of the excitation of different elec-
tromagnetic multipoles in small silicon disks at telecom wavelengths and under lateral
illumination. Our conclusions are drawn based on the initial objectives, and the lines of
future work are sketched.

In chapter 2 we addressed the first-order electric anapole in silicon disks when driven
laterally by integrated waveguides. This anapole arises from the interference between
the ED and the toroidal dipole. These were our main findings:

e We demonstrated that the excitation of a radiationless anapole state in a silicon
disk exhibits remarkable differences when excited on chip, i.e., from the side, in
comparison with the commonly used normal incidence approach.

e Interestingly, the anapole condition and the maximum field energy inside the disk
occur at well-separated wavelengths. We attributed this phenomenon to the large
size (of the order of the wavelength) of the disk in the excitation direction, so
retardation effects play a role in the multipolar decomposition. Besides numerical
simulations, far- and near-field experiments confirmed this observation.

e Measurement of far-field out-of-plane scattering confirmed the existence of a wave-
length region with suppressed scattering around the predicted anapole wavelength.
Indeed, at such wavelengths, the recorded scattering is smaller than when there is
no disk in the system. As expected from the simulations, the minimum scattering
wavelength can be tuned by changing the disk radius.

e Near-field measurements confirmed that the maximum concentration of energy
inside the disk was red-shifted in comparison to the anapole condition. Still, it
was observed the local electric-field vortices have a different sense of rotation at
each side of the disk, as expected from toroidal excitations widely reported in the
literature. Notably, the two vortices changed from being symmetric (in amplitude)
at the anapole condition to highly asymmetric at the maximum-energy region.

In chapter 3 we went a bit further and by making the disks bigger we showed that

the use of integrated waveguides for on-chip excitation of wavelength-sized silicon disks
enabled the observation of higher-order anapoles under in-plane illumination.

67



68

e In particular, for the second-order electric and the first magnetic anapole, a strong
reduction in the top scattering of a single disk illuminated laterally from a nearby
waveguide was predicted from numerical simulations and confirmed in experimental
measurements.

e Completing the results in Ref. [104], some differences between normal and in-plane
excitation were observed. Remarkably, for the second-order electric anapole the
condition P + Tp = 0 was not satisfied under in-plane illumination, which we also
attribute to retardation effects in the disk. Still, these results showed that the
out-of-plane scattering is severely reduced, which is an important feature in the
practical use of anapole states in on-chip integrated photonics.

e The use of the TM-like mode enabled the observation of the magnetic anapole.
Notably, in this case, the scattering was recorded for the longitudinal component of
the guided electric field, which is the radiative component when the vertical dipolar
moment is excited. Moreover, further engineering of the disk could eventually lead
to hybrid anapoles, where the far-field scattering arising from the spherical electric
and magnetic dipoles is simultaneously cancelled [54].

The results described in chapters 2 and 3 highlight the utility of this approach (on-
chip excitation) for driving complex photonic states in wavelength-scale photonic el-
ements. Indeed, by mixing TE and TM modes in the waveguide and changing the
position between the waveguide termination and the disk, it could become possible to
excite other complex states based on mode interference [60, 116] for on-chip photon-
ics. Moreover, these findings may have important consequences when trying to employ
anapole states for sensing or nonlinear applications in on-chip nanophotonics [117], ei-
ther implemented in silicon or other high-index materials.

In chapter 4 we went from isolated disks to 1D groups and analyzed numerically and
experimentally the guidance of light along periodic chains of silicon disks in the telecom
wavelength regime. The main results were:

e We found that chains of perfect disks do not transport energy at wavelengths
corresponding to the electric anapole state described in chapter 2. This observation
is indeed consistent with the fact that the disk does not efficiently scatter radiation
at the anapole wavelength and, therefore, cannot excite the next adjacent disk.

e When the disk was split into two halves by an air gap of width G, energy trans-
portation along chains was relatively large, even when building bent chains. Re-
markably, this happened at frequencies placed over the light line when coupling to
radiative modes was enabled.

e Multipolar decomposition, as well as near-field patterns obtained by simulations,
led us to suggest that it is the toroidal dipole responsible for the guidance, whereas
the excitation of the magnetic quadrupole contributes to the reduction of out-of-
plane scattering [107,108].

e (Calculations of the Q) factor of an infinite chain showed that the large transmission
could also be interpreted as a leaky resonance in the continuum, but there are no
evident signatures of a BIC. Indeed, it could be envisaged that further engineering
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of the disk could lead to the emergence of accidental BICs in 1D periodic systems.
Such states should be experimentally observable as high-Q resonances under lateral
waveguide excitation without recurring to complex methods for vertical excitation
[118]. Experimental measurements on samples fabricated using standard silicon
nanofabrication tools confirmed the simulation results and paved the route toward
new applications of scatteringless states in chains of dielectric scatterers.

As a future line of research, it would be highly interesting to design and measure
longer chains to study the losses in detail and show if lossless media fabrication is pos-
sible. Also, to minimize the losses due to curvature, it would be interesting to optimize
the curvature of the chains.

In chapter 5 we addressed the light guidance along a periodic chain of dielectric
scatterers but now at frequencies below the light line. We showed that the interplay
between the electric and magnetic dipole resonances of a single nanobrick can lead to
the closure of the Bragg PBG for guided modes when forming a 1D photonic crystal.

e This result is somewhat counterintuitive since, in principle, one may expect that
any 1D periodic lattice should induce a forbidden band for waves propagating in
the direction of the periodicity. Even though a very simple structure has been
analyzed, the performance should be the same if the unit cell supports electric
and magnetic resonances so that a band flip might arise under certain conditions.
Importantly, the same effect should be observed in chain of silicon disks, as the
one addressed in the previous chapters of this thesis.

e Noticeably, the PBG only vanishes for a perfect photonic crystal, so any tiny
perturbation can open the PBG. This could be used to build active or tunable
devices where the properties of a single nanobrick can be actively modified using
electrical, optical, or even mechanical means.

It would be interesting to achieve the manufacture of perfect chains to experimen-
tally demonstrate the results shown here due to this finding could lead to advances in
the design of subwavelength integrated photonic devices [119] for application in signal
processing, communication systems, or bio- and chemo-sensing. Notably, the resulting
devices could be easily manufactured using mainstream silicon photonic technology.

A future line that applies to all of our previous results would be the use of high-index
disks illuminated laterally to observe non-linear effects such as harmonic conversion or
four-wave mixing, which has been reported to be highly efficient when exciting the disks
from the top using FS light beams. The on-chip excitation could lead to all-optical
processing at telecom wavelengths in ultra-compact footprints using relatively low input
powers.
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A Numerical Simulations

In this Appendix, we briefly described the different numerical tools employed in the
realization of this thesis.

Some numerical simulations presented in this thesis have been performed using the
commercial 3-D full-wave solver CST Microwave Studio, which implements a finite in-
tegration technique (FIT). The FIT approach involves resolving Maxwell’s equations in
integral form, in contrast to most numerical methods that solve them in a differential
form. It is important to discretize the calculation domain of the considered problem in
order to numerically solve these equations. Therefore, to divide the issue into cells, a
suitable mesh is required. A hexahedral mesh with 10 cells per wavelength has been
applied to the architectures presented in this thesis. To model the silicon structures,
a refractive index n = 3.45 has been considered. Open boundary conditions (perfectly
matched layer) have been selected for external facets. In some cases, the system has
been considered to be surrounded by air, and in others that it rests on a SiO9 substrate.
Field monitors have been used to observe the fields through and around the disk.

Some numerical results presented in this thesis were obtained via three-dimensional
finite difference time domain (3D-FDTD) simulations (RSoft tool by Synopsys) as for
example in Figs. 2.5a,b, 2.6 as well as the scattering under waveguide illumination
in Fig. 2.2a,c. The software included material modes for silicon and silicon dioxide
(substrate) that were employed in the simulations. The spectra in Fig. 2.5a,b were
obtained as the Fourier transform of the electric field monitored either at a 2 pm distance
from the disk center or at the disk center with and without disk to get the normalized
response after exciting the TE mode of the waveguide with a pulsed signal centered at
1550 nm. Perfectly matched layers were applied at the boundaries of the simulation
domain. The height to monitor the scattering, whilst not being truly far field, was
chosen to avoid very time-consuming computations. In Fig. 2.6, the energy in the silicon
disk, in a cylinder (thickness 50 nm, radius equal to the silicon disk) placed 50 nm on
top of the disk surface, and in a cylinder (thickness 50 nm, radius equal to the silicon
disk) placed 2 pm on top of the disk surface were monitored for different wavelengths of
the input TE mode.

Electromagnetic multipole calculations, spectra representing the energy inside the
disk and on the disk surface, and the electric and magnetic field intensity at the disk
center shown in this thesis were performed by Dr. Angela I. Barreda by means of a
finite-element method implemented in the commercial software COMSOL Multiphysics.
In particular, we used the Radio Frequency Module that allows us to formulate and solve
the differential form of Maxwell’s equations (in the frequency domain) together with
boundary conditions. The disks are placed at the center of a spherical homogeneous
region filled with air, whose radius is A/2. A perfectly matched layer domain, with
thickness A/4, is positioned outside of the embedding medium domain and acts as an
absorber for the scattered field. The mesh is chosen sufficiently fine as to allow numerical
convergence of the results. In particular, the element size of the mesh of the embedding
medium is smaller than A/5 and that of the particles is smaller than \/[3R(n)], being
n the silicon refractive index. The different multipolar contributions were obtained by
integrating the displacement current induced inside the nanoparticle. The energy inside
the disk corresponds to the volume average of the energy density time average at the disk
volume. The energy on the disk surface was attained by means of the surface average of
the energy density time average at the top surface of the disk.
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B Fabrication

The samples of the designs under study in this thesis have been fabricated in the clean-
room of the Nanophotonics Technology Center at Universitat Politecnica de Valencia.
Electron-beam lithography has been done by Dr. Amadeu Griol.

The fabrication process can be described as follows. Standard silicon-on-insulator
samples with top silicon layer thicknesses of 220 nm (Chapters 2, 4, 5) and 330 nm
(Chapter 3) and a buried oxide layer thickness of 2 pm were used to build silicon struc-
tures. An electron-beam direct-writing procedure was used to define patterns on a coated
100 nm hydrogen silsesquioxane (HSQ) negative resist layer. Utilizing an acceleration
voltage of 30 keV and an aperture size of 30 pm, the electron-beam exposure, carried
out with a Raith150 tool, was tuned to achieve the required dimensions. The resist
patterns were then printed onto the samples using an improved inductively coupled
plasma-reactive ion etching (ICP-RIE) method utilizing fluoride gases (CF4 and C4F8)
after the HSQ film had been developed with tetramethylammonium hydroxide.

a c d e
Spin coating Exposure + Reactive ion Remove HSQ
Developing etching
[ Silicon [ Buried oxide layer [T HSQ resist layer

Figure B1: Scheme of different steps of the fabrication process. a Standard silicon-on-
insulator samples with top silicon layer thicknesses of 220 nm / 330 nm and a buried
oxide layer thickness of 2 pm. b Negative HSQ resist spin-coating. c¢ Exposure and
developing. d Reactive ion etching. e Remove HSQ film.

For the development of this thesis, many samples were fabricated that, being mea-
sured in the laboratory and not yielding the expected results, were redesigned and later
fabricated until the measured results were similar to those obtained from simulations.
Below are details of the final samples measured to obtain the results shown in chapters
2, 3, and 4.

B.1 Samples of Chapter 2

Below are details of two fabricated samples, each one having three circuits with disks of
nominal radius 325, 350, and 375 nm for studying the first electric anapole. The samples
were characterized by SEM and the actual dimensions of the disk measured, with sample
1 used for far-field measurements in Fig. 2.10, and sample 2 for far-field measurements
in Fig. 2.12 and near-field measurements in Figs. 2.13 and 2.14.
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Sample 1 Sample 2

Nominal disk radius r | 325 nm | 350 nm | 375 nm | 325 nm | 350 nm | 375 nm
SEM estimated z-axis | 305 nm | 320 nm | 350 nm | 297 nm | 327 nm | 355 nm
SEM estimated y-axis | 310 nm | 323 nm | 359 nm | 305 nm | 332 nm | 358 nm

Table B.1.1: Dimensions of samples measured in Chapter 2.

T't=220 nm

Figure B.1.1: False-color SEM micrograph of one fabricated circuit. Disk radius 350 nm.

B.2 Samples of Chapter 3

Details of two fabricated samples are described below, one having three circuits with
disks of nominal radius 525, 550, and 575 nm for studying the second electric anapole
and the other having four circuits with disks of nominal radius 350, 375, 400, and 425 nm
for studying the magnetic anapole.

Sample 1 Sample 2
Nominal disk radius r | 525 nm \ 550 nm \ 575 nm | 350 nm \ 375 nm \ 400 nm \ 425 nm

Table B.2.1: Dimensions of samples measured in Chapter 3.

=500 nm~""
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[ t=350 nm

Figure B.2.1: False-color SEM micrograph of one of the fabricated circuit for the study
of the second electric anapole. Disk radius 550 nm
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Tt=2350 nm

Figure B.2.2: False-color SEM micrograph of one of the fabricated circuit for the study
of the magnetic anapole. Disk radius 425 nm.

B.3 Samples of Chapter 4

Samples containing sets of straight and bent chains with three different air gaps: G = 0,
G = 0.5r, and G = 0.9r, each for two different nominal radii disks (shown in the table
below) were fabricated to study the guidance of light through chains of disks.

Straight chains Bent chains
G = 0.57 G=0 G = 0.57 G =09r

400 nm | 425 nm | 185 nm | 215 nm | 400 nm | 425 nm | 500 nm | 525 nm

Estimated disk
radius r

Table B.3.1: Dimensions of samples measured in Chapter 4

L =6240 nm

ON ARV pn o

I
w=450nm =220 hm

a=1040 nm

Figure B.3.1: False-color SEM micrograph of some of the fabricated chains (straight
(left) and bent (right)) with air gap G = 0.5r.
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C Experimental set-up

In this section, we describe the optical set-up (Fig. C1) used to obtain the experimental
results presented in this work. The configuration corresponding to the horizontal path
has allowed us to perform the transmission measurements and the vertical path the
scattering measurements.

Xenics XS
Camera

Tunable Laser
SANTEC Microscope
TSL-210F

Polarization
Analizer §

Figure C1: Scheme of the optical set-up used in the experimental measurements. Inset:
Close view of the lensed fiber coupled to a waveguide.

First, a tunable laser SANTEC TSL-210F covering the range between 1260 nm and
1630 nm is used as a light source. A fiber polarizer was used to ensure that only a
TE/TM-like mode was excited in the input waveguide, which was carried out via a
lensed fiber. The lensed fiber and the sample were placed in positioning platforms which
allow for aligning the input fiber with each waveguide included in the sample. Scattered
light was captured with a stereoscope optical microscope (model 420-1105-10, National
Optical & Scientific Instruments Inc. with effective numerical aperture NA ~ 0.1 and
high resolution, achromatic, color corrected lenses suitable for IR measurements) and
detected in a Xenics XS infrared camera (model XS-1.7-320), which is equipped with
a standard InGaAs detector that has a quantum efficiency between 85-100% between
1250 nm and 1650 nm (100% between 1450 nm and 1650 nm). A polarizing filter was
added to the vertical path to select the right polarization in each case: E, (perpendicular
to the excitation direction) for the TE mode and E, (parallel to the excitation direction)
for the TM mode. An averaging of seven intensity measurements per wavelength was
carried out to reduce the ripple in the measured scattering and then a smoothing of
the data was performed by “polyfit” and “polival” Matlab functions, as previously done
in [28].

In Fig. C2 we can see a photo of the setup used to perform the experimental mea-
surements. The main elements of the system have been highlighted.
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Polarization
Analizer

sz R
Xenics XS 3 Sample

Camera

Pélarization
Analizer

Polarization
Controller

Figure C2: Photo of the set-up, highlighting the main elements of the measurement
system. Inset: Details of the polarization filter used for scattering measurements and
the lensed fiber, sample and objective coupled.

C.1 System alignment process

However, to perform the measurements, we must first check that the system is correctly
aligned. In the alignment process, we will have two different scenarios:

1. Fiber-objective alignment

First, we bring the lensed fiber and the objective close together (Fig. C.1.1) and
move in the coordinates z, y, z looking for the light spot (Fig. C.1.3-1) as the
output signal, in order to maximize the transmission. Here, we characterize the
losses of the system to correctly address the normalization of the transmission
measurements that we will perform once the system is aligned. In Fig. C.1.3 we
can see a sketch of the alignment process. The left panel shows the main elements
involved, and on the right side, we can see the output signal captured by the
objective.

2. Fiber-sample-objective alignment

We place the sample in the middle in order to inject (and collect) the laser signal in
(and from) the sample to perform the transmission and scattering measurements.
The procedure is as follows: First, we separate the lensed fiber from the objective
and, in the middle, we put our sample. Then, we place the fiber and the objective
higher than the sample (Fig. C.1.3-2), which allows us to obtain the light diffraction
patterns as the output signal, as can be seen in the right part of the figure. Next,
we move the objective towards the sample in the z direction (Fig. C.1.3-3) until
half of our output signal is made up of the diffraction patterns. At this point, we
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Obje
.
Figure C.1.1: Photo of the lensed fiber and objective coupled.

adjust the position of the objective in the z direction in order to obtain well-defined
patterns. Subsequently, we displace the fiber in the z axis (Fig. C.1.3-4) and, when
the patterns disappear, we adjust the objective in the y direction until we observe
the spot of light as can be seen on the right part of the Fig. C.1.3-4. Finally, it only
remains to make fine adjustments to both the fiber and the objective to achieve the
maximum signal at the output of our system, monitoring the transmitted power.
The result of the system alignment process is sketched in Fig. C.1.2, where it can
be seen that the fiber has been aligned with the sample and the objective.

Figure C.1.2: Photo of the lensed fiber and objective coupled.
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Figure C.1.3: Schematic illustration of system alignment process.

D Near-field optical measurements

Near-field measurements reported in Chapter 2 were performed at the Delft University

of Technology (The Netherlands) by Dr. Thomas Bauer and Dr. Elena Pinilla in a

home-build phase- and polarization-resolving near-field optical microscope. [100] The
excitation light from a SANTEC TSL-710 laser was split into a signal and reference
branch for interferometric phase detection, with the signal light being end-fire-coupled
into the feed waveguide by a microscope objective. F'S polarization control ensures that
only the TE mode of the feed waveguide is excited. The aperture-based near-field probe
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consists of a tapered single-mode optical fibre coated with 150 nm aluminium and an
apex opening of 175nm. The probe-to-sample distance is controlled via either shear-
force feedback for scans on the surface of the sample, or optical height feedback via a
SmarAct picoscale interferometer. The light collected through the fibre-based probe is
combined with the reference beam in an optical fibre network, with the reference light
frequency-shifted by 40 kHz to allow for heterodyne detection of the amplitude and phase
of the collected signal. Polarization resolution is achieved by splitting the combined
light beam into two orthogonal polarization components and separately detecting the
amplitude and phase of the x- and y-component of the collected light field.

Due to the near-field probe exhibiting an electric and magnetic response, the retrieved
near-field signal is a combination of both, in-plane electric and magnetic near fields. The
complex tensors a and S quantifying the system response to in-plane field components are
to first order given by diagonal (a)) and off-diagonal (/3) position-independent matrices
combining the similar local field components F, and H, to one detection channel as
well as I, and H to the orthogonal detection channel. For the chosen probe type, the
coupling coefficients in these matrices are virtually identical, with oy, = oy = ZoBy =
ZoByx, where Zy is the impedance of F'S. [101]
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