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Zusammenfassung

Metaober &chen mit Strukturgréyen im Bereich optischer Wellenlangen erméglichen eine weit-
reichende Kontrolle Gber sich ausbreitendes Licht. Insbesondere resonante Metaober achen er-
lauben eine gezielte Beein ussung von Transmissionsspektren, lokaler Feldverstarkung sowie der
Licht-Materie-Wechselwirkung. Die Resonanzen beruhen hau g auf symmetriegeschitzten quasi-
gebundenen Kontinuumszustanden (BICs), die eine passive Kontrolle der Strahlungseigenschaften
durch strukturelle Asymmetrien innerhalb der Einheitszellen periodischer Strukturen ermdoglichen.
Diese Arbeit untersucht anhand zweier Methoden, wie optische Wechselwirkungen dynamische
Veranderungen in Metaober &chen auf Basis von quasi-BICs bewirken kdnnen, um dadurch stark
zeitabhangige nanophotonische Umgebungen zu erzeugen.

Der erste Ansatz fiihrt ein neuartiges Metaober &chendesign ein, das auf einer geometrisch asym-
metrischen, im Gleichgewichtszustand jedoch optisch symmetrischen Struktur basiert. Die Nutzung
einer spektral versetzten Mie-Mode mit asymmetrischer Verlustverteilung erlaubt eine selektive
Anregung durch Beleuchtung mittels ultrakurzer Laserpulse. Die daraus resultierende Anderung
des Brechungsindex hervorgerufen durch die Anregung von Elektronen in das Leitungsband
der siliziumbasierten Struktur modi ziert die Asymmetrie innerhalb jeder Einheitszelle. Auf
diese Weise lassen sich Strahlungsverluste im Resonator auf Pikosekunden-Zeitskalen steuern,
einschlieylich einer vollstandigen An- und Abkopplung des Zustands vom Strahlungskontinuum.

Der zweite Ansatz fuhrt ein strukturiertes Beleuchtungsschema ein, das auf der Interferenz zweier
Laserpulse basiert und die Translationssymmetrie einer diinnen Schicht aus amorphem Silizium
aufhebt. Das resultierende kurzzeitige Gitter aus sinusformig variierendem Brechungsindex weist
eine optische Mode auf Basis eines quasi-BIC auf, die durch die Rekombination der Ladungstrager
schnell abklingt. Dies ermoglicht die Erzeugung spektral abstimmbarer Resonanzen, wodurch eine
lokale Feldverstarkung mit zeitlicher Begrenzung im Subpikosekundenbereich erreicht wird. Es
wird weiterhin gezeigt, dass die durch den Resonator induzierten Veranderungen der Licht-Materie-
Wechselwirkungen die nichtlineare Frequenzkonversion in einem de nierten Wellenlangenbereich
gezielt verstarken. Dariber hinaus wirkt die schnelle Verschiebung der Resonanzwellenlange
analog zur Kreuzphasenmodulation, und modi ziert so die Frequenz der in der optischen Mode
gespeicherten Strahlung.

Die in dieser Arbeit vorgestellten Ergebnisse zeigen, dass nichtparametrische optische Nichtlinearita-
ten, die durch den Populationstransfer von Ladungstragern induziert werden, wirksame Mechanismen
zur dynamischen Kontrolle optischer Resonanzen in Metaober achen darstellen. Geeignete Struk-
turdesigns oder Beleuchtungsschemata ermdoglichen so eine Steuerung der Strahlungsverluste im
Subpikosekundenbereich. Dies etabliert Metaober dchen auf Basis von quasi-BICs als vielseitige
aktive photonische Plattformen fir optische Schaltkreise, Frequenzkonversion, Zeitkristalle, oder
anspruchsvolle Sensorsysteme.
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Abstract

Metasurfaces with structural features on the scale of optical wavelengths enable extensive control
over propagating light. Speci cally, resonant metasurfaces can tailor transmission spectra, enhance
local electromagnetic elds, and modify light matter interactions. The resonances are often based
on symmetry-protected quasi-bound states in the continuum (BICs), which allow passive control
of radiative properties through structural asymmetry within each unit cell of periodic structures.
Such asymmetry is usually xed in the geometric design, which limits post-fabrication tunability.
This thesis investigates how optical interactions can dynamically modify metasurfaces based on
guasi-BICs, creating strongly time-varying nanophotonic environments. In particular, two distinct
approaches to transient symmetry breaking are introduced, each enabling far-reaching control over
radiative losses and light matter interactions.

The rst approach presents a metasurface design based on a geometrically asymmetric, but optically
symmetric structure under equilibrium conditions. Leveraging a spectrally detuned Mie mode with
asymmetric loss distribution enables selective excitation via illumination with an ultrashort laser
pulse. The resulting transient refractive index change triggered by promoting electrons from the
valence to the conduction band in the silicon-based structure modi es the asymmetry within each
unit cell. This provides picosecond-scale control over the radiative loss rate in the cavity, including a
complete coupling to and decoupling from the radiation continuum.

The second approach introduces structured illumination based on the interference of two laser
pulses to break the translational symmetry of an amorphous silicon thin Im. The resulting transient
grating, characterized by a sinusoidally modulated refractive index, supports an optical mode based
on a quasi-BIC that decays rapidly through carrier recombination. This scheme enables the creation
of arbitrary resonances, with tunable localized eld enhancement and sub-picosecond temporal
con nement. The modi ed light matter interaction in the transient cavity is further demonstrated to
enhance nonlinear frequency conversion in a selected wavelength region. In addition, rapid shifts of
the resonant wavelength are shown to act analogously to cross-phase modulation, modifying the
frequency of radiation stored within the optical mode.

Overall, the results presented in this thesis show that nonparametric optical nonlinearities arising
from nanoscale electronic population transfer provide an e ective mechanism for dynamically
controlling optical resonances in metasurfaces. Speci ¢ designs or illumination schemes enable
sub-picosecond control over radiative losses without permanent material modi cation. These ndings
establish metasurfaces based on quasi-BICs as versatile active photonic platforms for all-optical
control, frequency conversion, photonic time crystals, and advanced sensing applications.






Introduction: Macroscopic to
Nanoscopic Active Optical Control

Figure 1.1: Optical con nement on macroscopic and nanoscopic scales. a, Schematic depiction of a
macroscopic Fabry Pérot cavity, where light is resonantly con ned between mirrors. b, Metasurface based on
bound states in the continuum, where light is resonantly con ned in the optical eigenmode of a nanostructure.

Light matter interactions lay the foundation for countless processes on Earth from naturally
occurring photochemical reactions like ozone production, over processes in biological systems like
photosynthesis in plants or photoisomerization in retinas, to technological applications like photo-
voltaics or cameras. The e ort to understand and use these interactions has therefore accompanied
technological progress from its early stages. Historically, the rst systematically studied light matter
interactions were static parametric linear optical processes interactions in which light traverses a
material without altering its quantum state. While these processes enable a variety of passive optical
elements, ranging from lenses to prisms, regarding light as a transient wave limits dynamic optical
control to being driven by conventional external stimuli.

A possible external variable stimulus a ecting interacting light is electric elds. Field-induced
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Chapter 1. Introduction: Macroscopic to Nanoscopic Active Optical Control

birefringence in certain crystals [1] enables polarization modulation via a so-called Pockels cell on
sub-microsecond timescales. Liquid crystals exhibit an even stronger refractive-index response to
applied elds[2]. Combined with polarization lters, this forms the backbone of today's liquid-crystal
displays [3] with millisecond switching times, and is applied in spatial light modulators and pulse
compression systems.

Mechanical actuation provides another route to tunability. For example, active Fabry Pérot lters use

a thermally or piezoelectrically variable cavity size [4, 5], or micro-electromechanical system-based
mirrors [6] or switches [7] use tiny movable optical elements. Even rapid acoustic vibrations are
used in optical elements acousto-optical modulators and frequency shifters exploit sound-induced
density gratings to di ract and shift light [8], and time-varying acoustic waves allow dynamic
dispersion control [9]. The main limitation of the speed of such devices lies in their size, combined
with the nite speed of acoustic waves in the medium, resulting in response times in the micro-
to millisecond range. For applications requiring even faster modulation speeds, these constraints
inherent to acousto-optical and electro-optical modulation become a major obstacle, prompting the
exploration of purely optical-optical interactions.

Beyond the Linear Regime

Under many circumstances, optical interactions are in good approximation linear, meaning that the
response of a medium to several simultaneous stimuli equals the sum of the individual responses.
Any interaction that violates this principle can be considered nonlinear.

Nonlinearities can be broadly classi ed as nonparametric or parametric. In nonparametric processes,
the absorption of a photon modi es the material state and thereby its optical properties for subsequent
photons. In parametric processes, by contrast, light interacts through the induced transient polarization
of a medium, in uencing properties such as the refractive index or the frequency of co-propagating
light, without photons being absorbed. Early reports of optical nonlinearities mainly involved the
former in the form of photochemical reactions, rst formally investigated by Beccari, Grotthuss,
and others in the 8and 19" centuries [10]. Although parametric multi-photon interactions were
suggested [11] in the early $@entury, available optical intensities for the experimental investigation

of these processes, which are commonly seen as synonymous with nonlinear optics, were too low.
This fundamentally changed after Maiman's rst construction of a laser [12]. Soon after, many
novel nonlinear optical processes were experimentally investigated, starting from optical frequency
doubling by Franken et al. the following year [13]. In the same decade, the frequency conversion
processes of two-photon uorescence [14], third-harmonic generation [15], and optical parametric
oscillation [16] were observed, among others. Furthermore, pump-induced refractive index changes



were discovered [17], forming the basis for ultrafast optical modulation.

Today, these optical nonlinearities are used in many bulk optical devices: Parametric optical
nonlinearities are central for laser technologies, like frequency doubling for green lasers, optical
parametric ampli cation for tunable pulsed lasers, high-harmonic generation for highly energetic
attosecond pulses [18, 19], or Kerr lensing for passive mode locking [20] used in many ultrafast
lasers all of which have in common that they only appear under extreme conditions. Nonparametric
nonlinearities, on the other hand, are also applied in more conventional contexts due to their
higher magnitudes, such as in analog photography or photochromic glasses [21]. Furthermore,
they have proven to be a valuable tool for sensing photoexcitation dynamics through pump probe
spectroscopy as early as the 1940s [22]. This enables the time-resolved characterization of optically
induced changes in material properties and is therefore indispensable for material research and
nanofabrication.

Advances in Nanofabrication

Progress in top-down nanofabrication especially through photo- and electron-beam lithography
has since enabled the fabrication of structures on or below the scale of optical wavelengths. This
was accompanied by advances in thin- Im engineering, facilitating the transfer of the concept of
metamaterials, previously demonstrated in the microwave range in the early 2000s [23, 24], to
optical and near-infrared frequencies.

Optical metamaterials are arti cially engineered materials with properties not necessarily occurring
in nature [25]. Most commonly, this is achieved by arranging subwavelength scatterers and resonators
in a repetitive pattern to form a lattice with arti cial unit cells. The collective response of these unit
cells then leads to an arti cial response to light, governed not only by the optical properties of the
nanoscatterers' material, but also mainly by the shape and arrangement of the constituents.

This structural degree of freedom enables remarkable control over electromagnetic waves, allowing
arti cially steered light propagation [26, 27], control over the photonic density of states [28],
spectrally selective properties [29, 30], and many unique optical responses. For example, twisted
nanostructures exhibit strong chirally selective responses [31], far exceeding those of natural
materials. Hyperbolic metamaterials [28, 32, 33] further enable an extreme anisotropy, with metallic
and dielectric responses along orthogonal directions. Remarkably, even media with a negative index
of refraction are possible [26, 34], though currently being restricted to a very thin layer in the optical
range, as bulk nanofabrication remains challenging.
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Passive Electromagnetic Metasurfaces

This far-reaching control of light enables the miniaturization of metamaterials into (optical)
metasurfaces, which are metamaterials reduced to a single functional layer of sub-wavelength
thickness. For many applications, these compact platforms are su cient to induce substantial
modi cations on propagating optical radiation [35].

Their functionalities usually can be categorized into beam steering or shaping, polarization control,
absorptive control, and generation of optical resonances. Beam steering functionalities using
metasurfaces are multifaceted; they have been applied for frequency demultiplexing [36], wavefront
control [37], and even as planar lenses through leveraging suitable arrangements of nanoscale
scatterers [38]. Similarly, perfect absorbers were investigated [39], as well as structures acting
as waveplates [40], and chirally selective lters [41], attaining maximum optical chirality in sub-
wavelength thicknesses [42]. The thin design makes metasurfaces desirable in applications where
space or weight is limited, such as integrated optical designs or aerospace applications [43].

A particular interest of the community has turned towards resonant metasurfaces. These surfaces
exhibit an engineered resonance arising from the structure and arrangement of nanoparticles, acting
as a hanophotonic equivalent of a macroscopic cavity. Like any cavity, their resonances produce
spectrally selective transmission and localized eld enhancement. The latter increases light matter
interactions for many purposes, such as nonlinear e ects [44 48], strong to ultrastrong coupling and
hybrid light matter quasiparticles [46, 49 51], photochemical reactions [52, 53], optical molecular
ngerprinting and biosensing [54, 55], or photon emission through Purcell enhancement [56].

Various designs for optically resonant metasurfaces have been explored over the years. Early
structures involve individual resonators (with Mie, anapole, or plasmonic modes) positioned in an
array, with the surface response governed by their individual responses [57]. Associated Quality
factors &) are mostly limited by the usually broad response of the individual particle, and are
challenging to control arbitrarily.

Improved designs involve advanced mechanisms, like guided-mode resonances [58] or surface
lattice resonances [59], to achieve spectrally narrow responses. However, these designs still do not
enable convenient control ov&rfactors, as is desirable in balancing radiative and nonradiative
losses, e.g., to achieve strong coupling and to optimize near- eld enhancement. This has only been
achieved by explicitly leveraging inter-particle coupling and their geometric arrangement through
the introduction of optical metasurfaces based on symmetry-protected quasi-BICs [60, 61].

These metasurfaces use coupled resonators with antisymmetric optical modes that interfere destruc-
tively in the far eld, yielding a diverging&-factor and, in the symmetric case, complete decoupling



from the far eld. Parametrically breaking the symmetry introduces a perturbation into this state,
leading to nonzero radiative losses [62]. This allows to precisely tailor the linewidth of the resonance,
and with it the near- eld enhancement and cavity lifetime. As the collective resonant frequency can
also be controlled by scaling the resonators, metasurfaces based on quasi-BICs therefore provide
independent access to key resonance parameters. However, this control is usually static, meaning
that it is xed during nanofabrication.

Active Metasurfaces

Achieving post-fabrication tunability in resonant metasurfaces, and hence enabling them to function
as nanoscopically integrable counterparts of the active optical elements discussed above, has been
attempted with various approaches using di erent external stimuli. For example, electrical gating has
been explored in achieving tunability in di erent systems, ranging from hybrid graphene-[63 65]

or epsilon-near-zero mode-based devices [66], where the gate voltage controls the resonance,
to liquid-crystal based tuning, where the electric eld changes the phase of the liquid crystals
surrounding the structure [67]. Mechanical perturbation [68] can also include stretching of a exible
substrate [69], acousto-optic modulation [70], or involve piezoelectric tuning [71, 72], building

an intermediate between electrical and mechanical perturbation. Likewise, temperature-induced
changes of the composite materials can lead to modi ed refractive indices, tailoring the response
of the metasurface [73], often enhanced through a volatile [74 76] or non-volatile [77, 78]
phase transition. Finally, as metasurfaces are particularly sensitive to their surroundings, changes
in the refractive index of the environment have been demonstrated to induce active behaviors
[79]. In resonant metasurfaces like quasi-BICs, most of these tuning methods either change the
spectral position [67, 69, 72, 73, 77, 78] or intrinsic losses [66, 74 76] of the resonance, with few
experimental demonstrations of radiative loss tuning [79].

The smaller sizes of metasurfaces should generally facilitate faster switching times compared to their
macroscopic counterparts, especially for mechanical or acoustic modulations. However, limitations
of external driving electronics often restrict the timescales to comparable ranges.

Towards Optically Manipulated quasi-BIC Metasurfaces

While electronically driven pulses are usually limited to the nanosecond range, optical pulses shorter
than50 ashave been demonstrated [80, 81], with femtosecond pulses being routine laboratory
equipment: Optical excitation therefore holds the potential to trigger precisely timed changes

LIt should be noted that free-space electron pulses can readB@fsrange. However, as vacuum is dispersive for
electrons, which furthermore repel each other, these pulses are less stable in time than optical pulses. Additionally, they
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in metasurfaces, which are crucial for high-speed optical control and the realization of strongly
time-varying media. Rapid changes in these time-varying metasurfaces are further expected to give
rise to novel e ects, importantly a Doppler-like wavelength shift [83 85] and breaking time-reversal
symmetry [86] for the realization of optical isolators [83, 87]. Associated temporal phase delays
may enable compact dispersive control for pulse compression [88]. Periodic changes may further
enable the realization of time crystals, where a periodic modulation of a potential in time instead
of space as in a regular crystal triggers momentum bandgaps that amplify propagating waves [89].

The e ect of an optical pulse exciting a metasurface is generally given by a modi cation of the
refractive index and optical losses through various mechanisms, like the Kerr e ect, carrier excitation,
or phase changes. Consequently, current experimental demonstrations of optically tuned resonant
metasurfaces primarily focus on tuning intrinsic losses and the resonant frequency [73, 77, 90 94],
with tuning of radiative losses remaining elusive. Intrinsic loss tuning modulates the resonance
by introducing strong nonradiative loss channels, usually across the entire spectral range, which
reduces the overall transmission, an unwanted process for many of the above proposed applications.
Wavelength tuning is furthermore only achieved in a narrow (often sub-nanometer [90]) spectral
tuning range limited by the magnitude of optically induced refractive index changes, or is reliant on
slow thermal processes [73, 93] or phase changes [77].

Goals and Outline

This thesis aims to explore tunability in quasi-BIC metasurfaces via fast nonparametric nonlinear
optical processes. In particular, a central goal is to understand the physical processes in nanostructures
upon illumination with ultrashort pulses, and their e ects on collective resonant modes. These
ndings are further used to increase the versatility and tuning range of previous approaches, and
minimize parasitic nonradiative losses, in two main directions: First, the largely unexplored tuning

of radiative loss rates through optical interactions is demonstrated using two techniques, resulting in
a full on o switching of the resonance by coupling it to and decoupling it from the radiation far

eld. Second, optically induced resonance wavelength tuning is extended to wide spectral ranges by
decoupling it from the strength of refractive index modulation.

For this, Chapter 2 establishes the theoretical framework of resonant metasurfaces, with a focus on
quasi-BIC metasurfaces from their origins in quantum mechanics to their widespread experimental
observation in optical systems. A simpli ed model of their interaction with light using temporal
coupled mode theory is presented.

Chapter 3 subsequently reviews possible pathways of all-optical modulation in common materials.

usually require an optical femtosecond source to be generated in the rst place, leading to more complex setups. [82]
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To nd a suitable nonlinearity, di erent origins (parametric and nonparametric) are explained and
compared in terms of magnitude and modulation speed. Furthermore, various models available in
the literature are presented in order to approximate observed behaviors.

After an overview of the used materials and experimental methods, including ultrafast spectroscopy,
nanofabrication, and numerical methods (Chapter 4), two tuning approaches are developed and
experimentally veri ed:

Chapter 5 presents the rst of them, achieving far-reaching all-optical control over radiative losses
in a quasi-BIC metasurface through a spatially homogeneous excitation. The unit cell comprises two
geometrically distinct elements, which, however, feature the same electric dipole moment, enabling
a collective antisymmetric mode with destructive interference in the far eld. Spectrally distinct
modes, speci ¢ to the respective elements, enable selective optical excitation within the unit cell.
The induced modi cation of the refractive index by carrier excitation alters the balance of dipole
moments. This enables picosecond control over radiative losses in a silicon-based structure through
nonparametric refractive index changes.

Chapter 6 nally demonstrates optical control over both the resonant wavelength and radiative losses
by introducing an optically induced metasurface through spatially inhomogeneous excitation. Here,
the structure consists only of a thin, unpatterned silicon Im on which two laser pulses interfere.
The excited carrier distribution creates a temporal variation of the refractive index with sinusoidal
amplitude in space, resulting in a transient optical resonance. The energy of the excitation pulse
governs the resulting-factor by determining the amplitude of the refractive index modulation.

As the pitch of this interference pattern can be adjusted, this method achieves spectrally tunable
resonances over a wide wavelength range. Near- eld enhancement is probed via third-harmonic
generation, revealing traces of a Doppler-like wavelength shift of light interacting with the temporally
modulated cavity.

Collectively, these results establish pathways toward dynamically controllable open resonators with
tunable near- eld enhancement. Coupling these systems to di erent materials may facilitate critical
coupling for polariton formation, emission linewidth control for tunable lasing, or dynamic spectral
puri cation of single photon emitters. The associated rapidly changing optical properties of the
surface may further be studied in the context of all-optical dispersion control and frequency shifting
for co-propagating beams, as well as time-crystal metasurfaces.
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Optical Resonances in the
Nanoscale

An optical resonance is a phenomenon in which electromagnetic waves are con ned within a system,
leading to a localized enhancement of eld amplitudes under long-term illumination at the correct
frequency. They can arise macroscopically through a suitable arrangement of optical elements,
microscopically through localized optical modes in nanopatrticles, or even at the atomic level, where
the light interacts with a material-speci ¢ eigenfrequency.

Optical resonances have become an indispensable tool for optical technologies and spectroscopic
studies. They de ne lasing wavelengths and linewidths, increase nonlinear interaction strengths in
parametric oscillators, and boost spontaneous emission rates and spectral purity for weak emitters
via the Purcell e ect [95]. Even novel phenomena like polaritonics, where an excitation (like a
phonon, exciton, or surface plasmon) forms a hybrid quasiparticle with a photon, heavily rely on the
use of external resonances to achieve strong light matter interaction [96].

The sharpness of this resonance is quanti ed by the Quality f&t&y de nition, & is the energy

stored in the system divided by the dissipated energy per radian of oscillation. This dissipation
can occur through radiative loss channels, where the light leaves the cavity, or nonradiative means,
where light is dissipated within the cavity through absorption. Losses also a ect the linewidth of the
resonance: A Fourier transform of the exponentially decaying oscillations in the cavity yields an
intensity linewidth dependence da= % at low losses, with the resonance frequerigyand the
linewidth (full width at half maximum) of 5 . High-& cavities therefore lead to narrow resonances

and high amounts of stored energy in the system under low-loss conditions, causing enhanced elds
and, consequently, stronger light matter interaction. However, as losses may originate from di erent
channels, a more involved model is often required to describe the interaction of a cavity with light.
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2.1 Temporal Coupled Mode Theory

Figure 2.1: TCMT model for resonant optical systems. a, Depiction of two ports interacting with a
resonator. In- and outgoing waves are denoted by arrows. b, Calculated transmittance spectra for di erent
parameters. The resonance frequency is shifted for each curve to reduce overlap. The rst plQt shdes
increasing intrinsic losses, featuring increasingly shallow and broad resonances. The second depicts increasing
radiative losses, showing deeper (#¥%q Y W) and broader (foW,g i Wint) resonances. The last plot shows

the resonance for di erent o -resonant transmittances, ranging from 0 (black curve) to 1 (light blue curve).

Every resonant photonic system microscopic or macroscopic can be modeled through its
interaction with the environment under continuous wave illumination. Temporal coupled mode
theory (TCMT) provides a compact common framework, in which this interaction is described
through abstract in- and outgoing ports with respective coupling coe cients. Initially used in the
1950s in problems like microwave ampli cation [97], it was adapted and developed to explain the
behavior of optical devices, with contributions by Haus, Louisell, and others [98, 99]. Its modern
form for optical resonators was popularized by Fan et al. [100], and has been applied to various
contexts ranging from coupled resonant systems and multimode cavities [101] to optically bistable
cavities [102] and resonance-enhanced harmonic generation [103].

The simplest case of an optical resonance, as observed for resonant metasurfaces made out of a
transparent material, is illustrated in Fig. 2.1a. It consists of a resonator described by its amplitude

0 and stored energ)j?, that interacts with the environment through two ports: Port 1, where an
incoming wave  illuminates the cavity and an outgoing walBe leaves the system, and Port 2,

where only an outgoing wav® is presentBis de ned such thajBf is the power ux through the
respective channél.

As a damped harmonic oscillator at the resonance angular frequerenyd damping rat&V its

For a generalized case with an arbitrary number of ports, see ref. [100].
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time-dependent amplitude O can be described with the di erential equation

!
301Co B C°
=1l o WeO, A A,
ac 0O > 172 g aco

(2.1)

where”; and”; are the coupling constants between the resonator and the respective incoming waves
in this case, only Port 1 features an incoming wave B3dC° = 0 The damping/\consists of
intrinsic dampingWh:, as well as radiative losses of the cawlyg, leading to radiation leaving the
system through ports 1 and 2. The factan front of Wis a convention here chosen such tiés
equal to the resonance linewidth in frequency spacé&, so5*Wwith the resonance frequency
_ |
B = 5.
The outgoing waves combine direct scattering and emission from the resonator:
! ! !
1C0 1C0 3
BT BCY e (2.2)
& 1C0 &, 1C0 32
with the scattering matrix and coupling constan®; and3,. In a regular symmetric system, both
in- and outcoupling constants are equal= ", = 3; = 32 " [104]. The scattering matrix is a
unitary, symmetric matrix, that can be written as
!
. iC
= exptiq® . 2.3
pig® (23)
whereAandCare (real) re ection and transmission coe cients wit , C? = 1, andq is an arbitrary
real phase.
In the absence of an incoming wave and at zero intrinsic damping, the amplitude envelope evolves
. . . . . . i01C e . . L
asj01Coj = j010°] exp! WdCPresulting in a power l0s381%57 = 2 W (5¢j01CE As this is not
internally dissipated, it must leave the system through the two ports. Ther@fpre, W,q. Further
invoking time-reversed excitation constrains the complex phase of  to [104]

N =iexp i% pfrié)m (2.4)

Solving Eq. 2.1 for an incoming plane wave of frequehcgsB_1C° = B 10° exptilC°leads for

11
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the steady state to an evolution of 01C° commonly seen in driven harmonic oscillators:

iexp i3 IOA,iC,p Wiad
0Cce = - 1co 2.5
it W B, (2.5)

5

The transmission coe cieng is then the ratio between the incoming wave in Port 1 and the outgoing

wave in Port 2: A iCo
g= 5 . expliq® iG Ved A,

. 2.6
B 215 %°, Wrad, Wint =9

which combines Eq. 2.5 and 2.2. The total transmittance of the systejyj 2 for various parameters
is illustrated in Fig. 2.1b, showing a main transmittance feature arogind 5

Figure 2.2: Coupling regimes of an externally illuminated optical resonator with intrinsic losses. The

middle panel shows the calculated eld enhancement under resonant illumination as a function of the cavity's
radiative loss rate. In the undercoupled regime (transmittance curves on the left), the incident wave couples
poorly into the resonant system, leading to low transmittance modulation and eld enhancement. In the
overcoupled regime (transmittance curves on the right), incident radiation couples well into the system, but is
quickly lost due to high radiative losses, leading to lower eld enhancement and broader transmittance curves.

Two practical consequences follow from this formalism. First, the resonance linewidth is de ned by
the sumW,q , Wint, but radiative and intrinsic loss channels sculpt the lineshape di erently. This
enables obtaining key resonance properties by tting experimental transmittance spectra with the
eqguation derived above.

Second, the o -resonant transmission coe cie@transforms the resonance feature between peaks,
dips and asymmetric pro les. This enables the application of this formalism to a wide range of
problems: For a Fabry Pérot-like cavity, where the transmission coe cient is close to zero, it leads

to a Lorentzian peak in the transmittance spectrum. On the other hand, a system like a microring
resonator, which is initially transparent, experiences a transmittance dip. Finally, many nanophotonic
resonant systems can be best described by an intermediate form, in which a characteristic Fano
lineshape emerges. [104]

12
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Eq. 2.5 further provides insight into the localized eld enhancementof the incoming wave. At
the resonant frequency, this enhancement is

p
/ —Wa_d (2.7
Wht 5 Wiad
which is maximized for the critically coupled case wh¥yg = W,;. For undercoupled systems
(Wag Y Wht), increasing radiative loss rates lead to a greater near- eld enhancement, as more light
couples into the cavity. In overcoupled systemé&d i Wint), rapid decay rates limit achievable eld
enhancements despite e cient in-coupling (see Fig. 2.2). This trade-o between coupling and loss

is central to resonant device design.

2.2 Optical Bound States in the Continuum

For macroscopic systems, an arrangement of bulk elements, like mirrors for Fabry Pérot cavities
or waveguides for ring resonators, can be used to construct optically resonant systems. On the
nanoscale, however, optical resonances can be determined by the shape and size of the particle
itself. For single spherical particles, the interaction with an incoming electromagnetic wave has been
solved exactly in what is today known as Mie theory [105]. It nds that spheres can support various
optical modes, in which the particle acts as a nanoscale antenna. For metallic particles, this is usually
dominated by a broad electric dipole mode, commonly referred to as localized surface plasmon
resonance [106]. Dielectric particles, on the other hand, also feature a stronger magnetic dipole
mode and, when losses are low, can sustain higher-order modes (e.g., quadrupole) [107]. While the
resonant wavelength just as for a regular antenna can be changed by modifying the size of the
particle, &-factors are usually low, particularly for dipole excitations, due to high radiative losses.

To suppress radiative losses, arrangements of individual scatterers on a surface can be used,
where inter-particle coupling leads to modi ed optical modes. Of particular interest in so-called
metasurfaces are optical modes based on quasi-bound states in the continuum (quasi-BICs) [62].
Metasurfaces based on quasi-BICs feature sharp resonances that can be completely decoupled from
far- eld radiation through interference between individual resonators. Their origin, however, lies in

a theoretical concept in quantum mechanics discussed by von Neumann and Wigner in 1929 [108].

2.2.1 Quantum Mechanical Origins

In quantum mechanics, the Schrodinger equation governing the behavior of a wavefuaGiton
inside a potentiat 1G°leads after separating the time dependence to an energy eigenvalue

13
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problem
2

\

o< 2k1G°  +1G%k = k (2.8)

where is the energy of the particle. This di erential equation has discrete solutions Yor

limgiy +1G9 allowing a discrete set of energies and corresponding wavefunctions. These solutions
are stationary as the time dependence in the wavefunction could be separated, rendering them

so-called bound states; the wavefunction is now con ned to the potential.

In general potentials, no discrete solutions exist fprlim g1 +1G® the wavefunction is not
bound to the potential at this energy and will propagate or evolve over time. Therefore, this regime
is often called the energy continuum. However, Wigner and von Neumann showed that one can
construct a potential for which discrete solutions remain possible [108]. From Eq. 2.8, it follows that
the potential

\2 2k
©2< ko
in spherical coordinates trivially yields the energy eigenvaluaven if+*A°approaches zero for
A ! 1. They could then show that this is satis ed by e.g. the potenfial

+1A0 = (2.9)

\20 64:2 Zsinf1:A° 48:2sinf*1:A° 8: 2 2:A sini2:A° sini2:A%
HIAC =T 7, _ >
< 2 2:A sini2:Ao° 2 2 2:A sinl2:A°

« i ' ' -

(2.10)
that approaches zero for A ! 1 with the normalizable wavefunction
sint:A°

KIA® = (2.11)

‘Al 2 12:A sinl2:A00 20

with an arbitrary constant and the energy eigenvalue \22—<2 This is shown in Fig. 2.3 for an
electron with an energy of 10eV and = 10.

Note the leading sint2:A°A dependence of +1A° for large radii [L09], meaning that the de Broglie
wavelength of a free-space electron with an energ$GoéV would be approximately twice the
oscillation period of this potential. Its working principle might therefore be seen analogous
to a distributed Bragg re ector, where partially re ected waves from repeating layers interfere
constructively. Being encapsulated in this type of re ector leads to a localized state with in nite

2This deviates from von Neumann's representation, as it had a minor analytical error [109] and used a di erent unit
system.
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2.2. Optical Bound States in the Continuum

Figure 2.3: Potential for an electron that leads to a BIC at = 10eV . Overlaid is its corresponding
wavefunction in arbitrary units.

lifetime 3

This was, however, at the time considered unphysical, as these special potentials could not be found
in nature it was therefore initially viewed as a mathematical curiosity. However, Friedrich and
Wintgen showed in 1985 [111, 112] that two resonances in an atom (corresponding to energy levels
above the ionization threshold, and therefore not bound states) could interfere if their energies cross;
the resulting anticrossing could see a vanishing linewidth of one of the resonances, corresponding to
a bound state with in nite lifetime. This crossing was supposed to be achieved through an external
magnetic eld. However, the rst successful demonstration in the same year merely varied the
principal quantum number of the excited electron [113]. Note that this crossing was not perfect,
which therefore only led to a heavily enhanced lifetime and narrowed linewidth, but not to a complete
binding of the state. This approximate BIC later became known as quasi-BIC.

Further advances in semiconductor technologies led to the invention of quantum wells, which nally
allowed a more intricate potential engineering. A speci c periodic arrangement of these wells
analogous to the potential derived above was then demonstrated to host an electronic quasi-BIC in
1992 [114].

2.2.2 Transfer to Photonic Systems

Unlike electrons, photons are not a ected by most fundamental forces outside of gravity. A
construction of an arbitrary potential binding photons therefore initially seems unintuitive. However,

3Note that the question on whether a localized defect state in an (electronic) Bragg mirror should be called a BIC is
disputed in literature [110].
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the analogy of the previously constructed potential to a Bragg mirror, as well as the BIC's relation to
interfering resonances, directly motivates a generalization of BICs to a broader wave phenomenon
in which interfering resonances hinder radiative decay pathways. Consequently, BICs have been
observed in a variety of systems that host waves, including acoustic [115, 116], liquid [117], and
electromagnetic ones.

BICs for electromagnetic waves were rst demonstrated in the microwave range [118] and later
transferred to optical and near-infrared frequencies around 2010 [119, 120]. An important step
in this realization was the introduction of symmetry-protected BICs. These allow a periodic at
arrangement of optical nanoresonators in the form of a metasurface, where, if the structure is perfectly
symmetric, a mode of in nite lifetime exists. In this mode, typically neighboring electric dipole
moments interfere destructively in the far eld, leading to vanishing radiative losses. Parametrically
breaking the symmetry then allows precise control over the far- eld coupling of the resonance and
radiative losses, and the realization of quasi-BICs with arbitrary radiative &-factors [62].

The individual constituents may be based on plasmonic [121, 122] or dielectric [123] nanoresonators.
An exemplary design of such a surface is shown in Fig. 2.4, where each (in nitely repeated) unit cell
contains two dielectric rods with a length di erence. For ; = 0 , the transmittance curve only
shows a broad mode associated with a magnetic dipole; a similar mode would exist in an individual
dielectric rod without the lattice. Adjacent rods therefore have equal internal electric elds, with
interparticle coupling mainly shifting the resonance.

Redshifted from this resonance, a further eigenmode exists, where individual rods show electric-
dipole-like behavior; however, with adjacent rods oscillatt®0° out of phase. Due to the
subwavelength spacing of these particles and the in nite repetition of this structure, emitted elds
interfere destructively in the far eld, reducing radiative losses to zero. Geometrically perturbing
one of the rods (in this case by changing its lengtlightly changes its radiative characteristics,
causing an imperfect destructive interference in the far eld, and consequently a mode observable in
the transmittance spectruin.

In experimental demonstrations, a full realization of this collective delocalized mode is not entirely
possible, as it requires an in nite, perfectly periodic structure. However, nite systems featuring
high-& quasi-BICs in the optical range have been realized on few-micrometer footprints [125], with
material-intrinsic or scattering losses commonly limiting &-factors more than the nite array size.

Various geometric perturbations have then been demonstrated to e ectively break the symmetry of

4In the symmetric case, one can argue that in fact the unit cell is only half the size compared to the asymmetric case,
containing only one element each. Due to this e ect, this structure is also often considered a Brillouin-zone folding BIC,
which reaches its non-radiative mode by a sudden change in the periodicity [124].
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Figure 2.4: Simulation of an exemplary BIC metasurface consisting of dielectric rods (refractive index
= = 3«5 embedded in glass with dimensiot80 nm 110nm 130nm (G H I). a, Structure of repeating
unit cells @10 nmin width and length) with the rods arranged symmetrically (equidistant and equal sizes).
The corresponding transmittance spectrum below only shows one broad Mie resonance. b, Metasurface
with broken symmetry: Every other rod has a length perturbatierl5 nm, leading to a second sharper
resonance in the transmittance spectrum. ¢, Near elds of the two optical modes: The broad mode has
magnetic-dipole-like eld distributions, with adjacent rods oscillating in phase. The narrow BIC mode (on
the left side invisible in the transmittance spectrum) has an electric-dipole-like behavior in individual rods;
however, with adjacent rods oscillatid@0° out of phase, causing destructive interference in the far eld. The
elds are shown in the center cut through the dielectric resonators, with color-coded eld strengths, while
arrows depict the eld directions in the respective plane.

nite metasurfaces, ranging from size perturbations shown here, to shifting [126, 127] or tilting [54]
of individual elements within each unit cell. This asymmetry is parameterized by an asymmetry
parametetJ, which can be the tilting angle, displacement, or, in this case, the length perturbation
: . Commonly, (radiative}-factors scale with a well-choséhvia &aq/ 1°U 2; a dependence

also observed in non-geometric perturbations, like local permittivity variations in a structurally
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