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Zusammenfassung

Das grundlegende Ziel der Nanophotonik ist die Kontrolle und rdaumliche Konzentra-
tion von Licht auf der Nanoskala. Seit kurzem sind dielektrische Materialsysteme in
Erscheinung getreten, da sie nicht durch Materialverluste eingeschrankt sind und die
Kontrolle der radiativen Lebensdauern von optischen Resonanzen ermoglichen. Dabei
sind photonisch gebundene Zustinde im Kontinuum (BICs, englisch: Bound states in
the continuum) entscheidend fiir die Kontrolle der radiativen Lebensdauern in dielek-
trischen Metaoberflichen (MO). Insbesondere symmetriegebrochene BICs zeichnen sich
durch die Korrelation zwischen der radiativen Lebensdauer dieser Resonanzen und der
geometrischen Storung der MO aus und ermoglichen dadurch die Einstellung der Licht-
Materie-Wechselwirkung. Bislang sind diese Zustande meist auf den infraroten Spek-
tralbereich beschrankt und erfordern groie rdumliche Ausdehnungen.

Diese Arbeit zielt darauf ab, die Grenzen von BIC-MO neu zu definieren, indem die
rdumliche Ausdehnung der BIC-Plattform erheblich reduziert wird, neue Spektral-
bereiche durch die Nutzung von Materialien mit niedrigem Brechungsindex als Res-
onatorkomponenten erforscht werden und neue Funktionalitidten wie chiral selektive
Antworten durch die Realisierung von MO mit individueller Hohenkontrolle der Res-
onatoren erreicht werden.

Im ersten Teil wird gezeigt, wie die geometrische Grundfliche der BIC-Plattform durch
ringférmige Anordnung der MO-Einheitszellen um eine Gréflenordnung verkleinert
wird. In Einklang damit wird gezeigt, wie die Giite der Resonatoren (Q-Faktor) erhoht
wird. Dadurch steigt die Licht-Materie-Wechselwirkung an, was zu einer héheren
biomolekularen Empfindlichkeit, sowie eine verbesserten Erzeugung der zweiten Har-
monischen (SHG) aus einer Molybdandiselenid-Monolage fiihrt.

Im zweiten Teil wird ein neuartiger Fabrikationsansatz gezeigt, der die Realisierung
einer dielektrischen MO mit voller Hohenkontrolle der einzelnen MO-Elemente ermo-
glicht. Dadurch wird die Hohe zu einem zusétzlich verfiigharen MO-Parameter und
wird genutzt, um Symmetriebrechungen auflerhalb der Ebene fiir BIC-MO einzufiihren.
Es wird anhand dessen gezeigt, wie zwei unkorrelierte Funktionalititen wie die Kop-
plung an zirkular polarisiertes Licht und die Resonanz-Giite unabhingig voneinander
innerhalb einer einzigen MO angepasst und implementiert werden konnen.

Im dritten Teil wird gezeigt, wie Strahlungsverluste in Materialien mit niedrigem
Brechungsindex durch Nutzung des BIC-Konzepts wirksam unterdriickt werden, was
Resonanzen mit hoher Giite im gesamten sichtbaren Spektralbereich ermdéglicht. Ins-
besondere wird der Einfluss von Resonatormaterialien mit niedrigem Brechungsindex
auf die BIC-Resonanzen numerisch untersucht und erklért, wie das BIC-Konzept die
Nutzung von Materialien mit niedrigem Brechungsindex im Allgemeinen ermoglicht.
Fiir die experimentelle Umsetzung wird hexagonales Bornitrid (hBN), das Riickgrat
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der zweidimensionalen Materialforschung, als Resonatormaterial verwendet. Durch die
Nutzung der groflen Bandliickenenergie von hBN kann die feine Einstellung der BIC-
verstarkten SHG im ultravioletten Spektralbereich demonstriert werden.

Die in dieser Arbeit vorgestellten Ergebnisse konnen somit den Bereich der 2D-Ma-
terialien mit der Nanophotonik durch den Vorschlag von hBN als Resonatormaterial
vereinen. Dariiber hinaus kann auch die Liicke zwischen verschiedenen Forschungsbere-
ichen von MO geschlossen werden, um hybride und multifunktionale MO herzustellen.



Abstract

The fundamental goal of nanophotonics is the control and spatial concentration of light
at the nanoscale. Recently, all-dielectric material systems have emerged since they are
not limited by material losses and allow for the control of the radiative resonance life-
times. Photonic bound states in the continuum (BICs) are instrumental for tailoring
the radiative lifetimes in all-dielectric metasurfaces. In particular, symmetry-broken
BICs stand out for the direct correlation between the radiative lifetimes of the reso-
nance and the geometrical metasurface perturbations, providing direct access for the
flexible tuning of light-matter interactions. So far, these peculiar states are mostly
limited to the infrared spectral range and crucially require large spatial footprints.
This thesis aims to redefine the boundaries of BIC metasurfaces by significantly re-
ducing the spatial footprint of the BIC platform, exploring new spectral regimes by
harnessing low refractive index materials as resonator components, and accessing new
functionalites, such as chirally selective responses, by realizing metasurfaces with indi-
vidual resonator height control.

In the first part, the physical concept of symmetry-broken BICs is theoretically intro-
duced along with the utilized methodology employed in this thesis. The concept is
leveraged to drastically shrink the geometrical footprint of the BIC platform by one
order of magnitude via arranging the metasurface unit cells in an annular fashion. In
line with that, it is shown how the resonance quality (Q) factors are increased, boosting
the light-matter interaction in terms of higher biomolecular sensitivity and enhanced
second harmonic generation (SHG) from a monolayer of molybdenum diselenide.

In the second part, a novel fabrication approach is shown that allows for the realiza-
tion of all-dielectric metasurfaces with full height control over individual metasurface
elements, rendering the height an additionally available metasurface parameter. This
degree of freedom is employed to introduce out-of-plane symmetry-breaking for BIC
metasurfaces and it is demonstrated how two unrelated metasurface functionalities,
such as the coupling to circularly polarized light and the resonance Q factor, can be
tailored independently within a single metasurface.

In the third part, the efficient suppression of radiative losses in low refractive index ma-
terials is shown by exploiting the BIC concept, enabling high-Q resonances throughout
the complete visible spectral range. In particular, the impact of low-index resonator
materials on the BIC resonances is numerically studied and it is explained how the
BIC concept enables the utilization of low-index materials in general. For the exper-
imental realization, hexagonal boron nitride (hBN), the backbone of two-dimensional
materials research, is utilized as resonator material. Using the large band-gap energy
of hBN, fine control over the BIC-enhanced SHG in the ultraviolet spectral range is
demonstrated.
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The results presented in this thesis could thus merge the field of 2D materials with
nanophotonics via the proposal of hBN as resonator material but also bridge the gap
between different metasurface research areas to realize hybrid and multi-functional
metasurfaces.



1. Introduction

Understanding the nature of light and controlling all its properties is a key question
in modern optics and technology. As such, light plays a paramount role for the trans-
mission of information and has found many applications for communication [I], 2 3],
enables nanoscale fabrication [4] and characterization [5], and provides information
about matter that interacts with it [6], [7]. Following this path, light is a unique tool
to non-invasively detect the presence of biologically relevant entities, such as bacteria
[8], viruses [9], or drug molecules [I0]. One major roadblock for the detection of such
nanometer-sized objects with light is the optical diffraction limit, which sets a lower
boundary for its spatial concentration to half the wavelength, commonly hundreds of
nanometers. Inevitably, most of the detection species of interest are more than one
order of magnitude smaller than the wavelength of light (see Fig. . Due to this
large size mismatch, the interaction of light with such nanometer-sized objects is small,
rendering their detection highly inefficient and limiting it to large amounts of specimen.

One way to effectively concentrate and confine light at a few nanometer length-scale is
the utilization of nanoparticles with sub-wavelength sizes. Generally, either metallic or
all-dielectric nanoparticles are employed although they rely only fundamentally differ-
ent physical mechanisms. For metal-based systems, the incident light excites collective
oscillations of the quasi-free conduction electrons, so called plasmons or plasmonic res-
onances [12]. On the contrary, for all-dielectric resonators, the incident light resonantly
drives nanoscopic displacement currents inside the particle [I13]. For both cases, the
incident far-field radiation is transduced into highly enhanced and localized near fields
which tremendously increase the interaction between light and nanoscale objects in the
vicinity of these resonators.

Although metallic systems exhibit better light confinement, they are, beneath the ra-
diative losses, hampered by the Ohmic losses of the quasi-free conduction electrons.
Metal-based resonators hence store the energy less efficiently and provide broader res-
onances, characterized by smaller quality (Q) factors

_ Resonance frequency (1.1)

" Resonance linewidth

All-dielectric materials provide purely photonic excitations and thus enable an opera-
tion without any material-intrinsic losses. Since these materials are solely limited by
radiative losses, they can exhibit larger Q factors, potentially leading to higher speci-
men sensitivities [I4]. As a result, all-dielectric material systems have attracted much
interest and hold great promise to outperform metal-based systems.
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Figure 1.1.: Size overview in the (sub-)nano- and micro-world. Size comparison
between the wavelength of visible light and nanometer-sized objects including viruses, DNA,
proteins, and atoms but also larger objects, such as bacteria or eucariotic cells. Adapted
under the terms of the CC-BY Creative Commons Attribution 4.0 International license http:
//creativecommons.org/licenses/by/4.0/ [L1].

In particular, bound states in the continuum (BICs) in all-dielectric materials are
appealing owing to their straightforward control over the radiative losses [15, [16], [17].
Since all-dielectric resonator systems only suffer from radiative losses, BICs provide a
unique toolkit to tailor the total Q factor of the resonance, enabling the realization of
high-Q resonances. Most often, these peculiar states are realized in so-called optical
metasurfaces, a spatial arrangement of resonators with sub-wavelength periodicities
and dimensions [I8] 19]. Mediated by this sub-wavelength arrangement, metasurfaces
can exhibit artificial functionalities, that are not present in nature, such as a negative
optical refraction [20]. Similarly, light can be perfectly trapped in an open resonator
system in the case of BIC metasurfaces [21].

Even though BICs can be implemented through different mechanisms including strong
mode coupling in sub-wavelength discs [22], 23], vertical dipolar modes in periodic arrays
[25], and accidental destructive mode interference [26, 24], symmetry-broken BICs have
garned special interest [I5, 27, 28]. In particular, symmetry-broken BICs are attractive
through the tailorable coupling of the photonic mode to the far field promoted by a
geometric perturbation of the unit cell geometry [I5]. While the unperturbed system
corresponds to a dark BIC state with infinite lifetimes, the geometric perturbation
unlocks the coupling to the far field, transforming the BIC into a quasi-BIC (qBIC), and
controls the Q factor of the mode. Although the platform has already shown promising
applications, i.e., enhanced biomolecular sensitivity [28,27], improved nonlinear effects
[29, 30, 31], and emission control [32, 33], fundamental questions related to the spatial
extent and multi-functional operation are still unanswered. This thesis aims to tackle
three fundamental physical limitations and questions of the concept.

Chapter 2 comprises the the theoretical foundations of symmetry-broken BICs af-
ter introducing Mie theory for spherical particles. The derivations and explanations
of the concept mainly focus on symmetry considerations for the introduction of the
fundamental defining properties. In particular, the geometrical symmetry breaking
mechanism will be analyzed and explained in detail.
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Chapter 3 introduces the general methodology of this thesis with an emphasis on
the complex fabrication schemes, including the well-established nanostructuring of tra-
ditional materials using electron beam lithography. Additionally, the extraction and
combination of atomically thin two-dimensional (2D) materials is explained, utiliz-
ing mechanical exfoliation and a dry-transfer technique. Apart from the metasurface
fabrication, the numerical simulation approach including the finite element method is
explained before the data analysis for the determination of the resonance Q factors
is introduced based on coupled mode theory. Finally, the optical setups, which are
employed to characterize the metasurface responses with linear and circular excita-
tion polarization, are explained along with the optical setup for the examination of
nonlinear optical effects.

Chapter 4 investigates the physical limitations of symmetry-broken BICs and over-
comes the stringent requirements on large spatial extents. Since symmetry-broken
BICs are extended states, they rely on large geometrical footprints in two-dimensional
metasurfaces. In fact, the Q factor of the qBIC even increases with the number of
resonator elements [26], 34] related to a better mode coupling and formation, hindering
miniaturization and on-chip integration. Within chapter 4, a superior approach for
realizing symmetry-broken BIC metasurfaces is proposed by arranging the metasurface
in a ring fashion. Aided by the semi-infinite arrangement, it is shown how this concept
boosts the resonance Q factor and provides highly enhanced light-matter interaction,
all within a footprint of 2 um?, down to 12 unit cells.

Chapter 5 demonstrates how to overcome the fabrication constraints of all-dielectric
metasurfaces to planar structures, rendering them intrinsically achiral. Nevertheless,
the efficient control and manipulation of the helicity of light is of utmost importance
in quantum computing [35] but also for chiral light generation [32] and displays [36].
This chapter demonstrates how, by exploiting the individual height of metasurface
elements, all-dielectric BIC metasurfaces become intrinsically chiral and introduces out-
of-plane symmetry breaking for BIC platforms. In this context, the height parameter
is leveraged to encode and control two independent metasurfaces responses, i.e., the
resonance Q factor and the coupling to circularly polarized light. Since metasurface
are so far mostly limited to single applications, accessing this degree of freedom sparks
hope for the realization of multi-functional and hybrid metasurfaces.

Chapter 6 addresses a fundamental nanophotonic problem, in particular, the lack of
lossless and high refractive index materials in the visible range [37, [38], hampering
the light-matter interaction and flat optics throughout this spectral regime. Due to
the invincible correlation between the band-gap energy and the refractive index of
a medium [39, 40], the utilization of low refractive index materials is unavoidable
for a lossless operation in the visible. However, resonances from low refractive index
materials are always associated with smaller Q factors and larger mode volumes [41].
Chapter 6 demonstrates how, through using symmetry-broken BIC metasurfaces, the
radiative losses in low refractive index materials can be efficiently suppressed. Following
this approach, it is shown how hexagonal boron nitride (hBN) can be leveraged for the
realization of high-Q resonances throughout the complete visible spectral range.
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Since hBN is the backbone of 2D materials research, it is the ideal material to provide
enhanced light-matter interaction in nanostructured van der Waals (vdW) metasurfaces
through the complete visible spectral regime.

Overall, this thesis provides a valuable toolkit for the implementation of the BIC con-
cept in new material platforms and the expansion to novel functionalities with high
potential for on-chip integration provided by the drastically reduced spatial footprint.
On the one hand, the demonstration of hBN-based BIC metasurfaces in the visible
is fundamental for quantum optics since hBN hosts room-temperature single photon
sources in this spectral regime [42, [43]. As a result, BIC resonances that couple to
these single photon emitters can improve the yield and indistinguishability of the sin-
gle photons and thus set a milestone towards fully integrated hBN quantum circuits.
Furthermore, initiated by the combination affinity of hBN with other 2D materials,
this approach opens up a unique avenue for the straightforward implementation of
vdW heterostructure meta-optics.

On the other hand, the demonstration of a height-driven BIC platform unlocks an
additional design degree of freedom for metasurfaces in general and has high potential
for the implementation of multi-functional and hybrid metasurfaces. In particular, this
concept could play a major role for the unification of local and non-local metasurfaces,
enabling wavefront control while providing high-Q resonances, for instance.

Finally, the drastically reduced spatial footprint through the annular arrangement of
metasurface building blocks eases the on-chip integration of the concepts above. The
low spatial footprint is especially appealing for multiplexed sensing applications, en-
abling the realization of sharp filters in compact footprints for flat optics or point-of-care
devices for early disease detection and treatment.



2. Fundamentals of photonic bound
states in the continuum

The following chapter presents the theoretical framework underpinning photonic bound
states in the continuum based on classical electromagnetic theory. As such, the deriva-
tions and explanations within this chapter follow the relevant textbooks and review
papers or are directly taken from Ref. [44, [45] and Refs. [16, [15].

For the full comprehension of bound states in the continuum (BICs) in all dielectric
media, it is first necessary to gain a deeper understanding of the underlying electric and
magnetic modes that exist within spherical resonators. The characteristic eigenmodes
constitute a series of electric and magnetic multipoles that individually contribute
to the spectral response of the particle. Indeed, these modes are not constrained
to spherical particles and play a vital role for the formation of BICs in all-dielectric
metasurfaces. Here, symmetry arguments and conservation laws are utilized to derive
an intuitive understanding of symmetry-broken quasi BICs and how they collapse to
Fano resonances. Finally, the geometrical symmetry-breaking of BIC metasurfaces is
explained along with prominent unit cells from the literature.

2.1. Mie theory

In order to understand the formation and existence of electromagnetic modes in all-
dielectric media, especially particles, it is insightful to explore Maxwell’s equations
and derive solutions for the constituent electric and magnetic fields. In 1908, Gustav
Mie derived exact analytical solutions for spherical particles with dimensions on the
order of the wavelength of the incident light. In particular, he found that a set of
eigenmodes with electric and magnetic character are excited by the incident fields
within these particles. Furthermore, he could show that the scattering and extinction
of the incident field by these particles is composed of contributions from the magnetic
and electric eigenmodes [46] inside these particles. For the first time, Gustav Mie
could unify the different regimes of light interaction with particles, namely Rayleigh
scattering for comparably small objects and geometric optics for large particles with
regard to the wavelength of the incident light. Based on these analytical derivations, the
full concept and existence of electric and magnetic modes in sub-wavelength particles
can be understood and described without the constraint to spherical particles. As a
matter of fact, these eigenmodes exist in non-spherical geometries as well, indicating
why it is worth to studying and understanding Mie scattering in detail.
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2.1.1. Maxwell's equations in all-dielectric media

Starting with Maxwell’s macroscopic and electrostatic equations in homogeneous me-
dia, the electric displacement field DE] can be derived, that is generated by an ensemble
of charges with charge density p. For all-dielectric particles, electrical charges are
absent (p = 0) and the equations thus read

V-D=p=0, (2.1a)

V-B=0, (2.1b)

with the magnetic field B. The electric displacement field D includes the macroscopic
electric polarization P within the sphere via

D =&E + P, (2.2a)

B = po(H+ M) = poH, (2.2b)

with pg and &g being constants. Here, B includes the magnetization M within the
material, which will be neglected in the discussion since the derivation is constrained
to non-magnetic media (M = 0). Furthermore, by considering isotropic and linear
media, the simplified constitutive equation for the electric polarization can be written
as

P =¢gyx.E, (2.3a)
leading to
D =¢g)E+P=¢gy(l+yx.)E = eocE, (2.3b)

where the electric permittivity is defined as € = 1+ y,. If dynamic fields are considered
in the absence of any sources (j = p = 0), Faraday’s and Ampere’s law can be written
as

0B

VXE =—— 2.4
% ot’ (2.42)
oD
VxH=—. 2.4b
X oy (2.4b)

By combining eq. and and using a mathematical trick [45], the wave equation
in a homogeneous and linear medium is obtained for magnetic and electric field as
1 0°E 1 0°H
VZE - ——— =0 VH - ——— =0 2.5
c? or? c? or? (25)
By considering time harmonic fields E(r,t) = E(r) - e with frequency w, the
Helmholtz equations for the magnetic and electric are written as

[VZ+ k%] E =0 [V?+k*| H =0, (2.6)

with the light wavenumber defined as k = % € and ¢ is the speed of light in vacuum.

Lectors are written in bold font.
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2.1.2. Electromagnetic eigenmodes in spherical particles

One of the simplest systems to study the existence of electromagnetic modes in sub-
wavelength particles is a sphere with a given radius R and refractive index n;. The
common situation is depicted in Fig. where a plane wave with electric Ey,. and
magnetic Hiy, field is incident on the sphere. The incident field will excite electric Eint
and magnetic Hjy fields that are associated with these modes. The excited modes
will radiate themselves causing the incident fields to be scattered Eg.at and Hgeat into
arbitrary directions. To characterize the spectral response of the sphere, the extinction
cross section is defined as

Text (W) = Tgcat (W) + Taps(w), (27)

composed of the scattering cross section oext (w) that captures the scattered power to
all solid angles of the incident fields and the absorption cross section o,ps(w) which is a
measure of the absorbed power within the particle. In order to find the electromagnetic
solutions, the Helmholtz equations in eq. need to be solved while the solutions need
to satisfy Maxwell’s equations and as well as and [2.4b] Since the given
Helmholtz equations are vectorial and thus difficult to solve, it is beneficial to introduce
a scalar field ¢ which generates a set of three orthogonal vector fields

L =Vy, (2.8a)
M=V x(ay), (2.8b)
N = % (VX M), (2.8¢)

termed the vector spherical harmonics. It can be easily shown that all of these vector
fields satisfy the vectorial wave equation if ¥ obeys the scalar wave equation

V2 + k%y = 0. (2.9)

Beneficially, by solving the wave equation for the scalar field ¢, the associated vector
fields L, M, and N, that constitute a basis for the construction of any arbitrary elec-
tric E and magnetic fields H, can be deduced. Moreover, as the scattering object is
spherical, it is convenient to utilize spherical coordinates that obey the symmetry of
the system. The scalar wave equation in spherical coordinates is then given by

10 (4,00 1 0 (. oy 1 %

7\ |t 0—|+=——7—=+kY=0. 2.10

r2or (r or ) 250 0 06 (Sm 90 ) r?sin 6 9¢>? Ty (2.10)
radial part r azimuthal part 6 polar part ¢

Apparently, the scalar wave equation can be separated in parts which solely depend on
one variable of the spherical coordinates allowing to make the separation ansatz

Y (r,6,¢) = R(r)- x(6) - Y(¢). (2.11)



8 2. Fundamentals of photonic bound states in the continuum
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Figure 2.1.: Illustration of the electromagnetic scattering problem. An incident wave
with Eij,. and Hi,. impinges on a small particle where it excites intrinsic electric Ejy and
magnetic Hi,y modes. Owing to the excitation of these modes, electric Egat and magnetic
Hg,; fields will be scattered in arbitrary directions.

Inserting the separation ansatz into the radial scalar wave equation yields an even part
Yemn and an odd part ¥, of the scalar function owing to the ambiguous polar solution

wemn = Cos(mgo) an(COS 9) Zn(kr) (212)

Yomn = SiIl(l’ﬂ()D) an(COS 9) Zn(kr), (213)

where P, are the well-known associated Legendre polynomials. Here, z,(kr) repre-
sents the ambiguity of solutions for the radial part, e.g., Bessel functions of first and
second kind or any linear combinations of them, such as the spherical Hankel functions.
The obtained solutions can be utilized to deduce the vector spherical harmonics as

Momn =V x (rwomn) Memn =Vx (“l’emn) (2'14)
V x Memn V X Momn
Nemn = T Namn = Ta (215)

where N is associated as electric while M is associated as magnetic vector spherical
harmonic. In order to deduce the scattered and absorbed field, all the fields involved
need to be expanded in the basis of the vector spherical harmonics. Owing to the
rotational symmetry of the sphere, the incident polarization can be chosen along the x
direction and using the orthogonality of the spherical vector harmonics, the expansion
of the incident field simplifies to

Einc = Z (Boln Moln(l) + Aeln Neln(l)) 5 (2'16)

n=1

where B,1, and A,j, are expansion coefficients and (1) indicates that the radial part
of the vector harmonics is composed of spherical Bessel functions of first order.
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The decomposition of the scattered field into spherical harmonics is equivalent to the
procedure of the incident field. Following this approach, the simplified expression of
the scattered field is given by

(o)

2n +1 /.
J Z (lan Neln(g) - by, Meln(g)) > (2'17)
=1

where a, and b, are the expansion coefficients. For the scattered fields, spherical
Hankel functions are employed to satisfy the boundary conditions of the problem for
large distances away from the sphere. At this point, additional boundary conditions
are employed, which state that all tangential components of the electric and magnetic
field need to be continuous at the interface between the sphere and the background

(Einc + Eint + Escat) Xer = 0= (Hinc + Hint + Hscat) X ey. (2-18)
Using this boundary condition, the Mie scattering coefficients are obtained as

_ 1 () (x) = Y (), (1)
" g ()€ (x) — E.(0)Y (iix)

(2.19a)

_ Yn(mx)g, (x) — i (), (1)
T g (mx)E(x) = méy (), (ix)

where x = kR is the size parameter, m = Z—Q is the ratio of the refractive indices of

(2.19D)

the two media and &,(kr) = kr - h,'V (kr) incorporates the spherical Hankel function
of first order. Here, prime denotes the derivative of the function with respect to its
argument. Although the coefficients look lengthy and complicated, they are extremely
powerful since they determine the scattering and extinction spectra of the spherical
particle. By remembering the definition of the extinction and scattering cross sections
with the Poynting vector Sinc = Einec X Hine,

Oext = / % (EIHC X Hscat + Escat X Hlnc ) df (2-203)

 [Sincl

/ % (Escat X Hscat ) df (2.20b)

o
scat — | Slnc |

the expanded fields are inserted in the above equations and integrated over a spherical
surface d f which yields the scattering and extinction cross section for spherical particles

2n
O-QXt = 2

(2n+1)R (an+by), (2.21a)
ko

Ms

I
—_

n

7T o
T = 17 >l@n+1) (Ian|2 + |bn|2) , (2.21b)
n=1
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Figure 2.2.: Contribution of the spherical eigenmodes to the scattering spectrum
(A) Electric and magnetic eigenmodes in a spherical particle up to the second harmonic. (B)
Normalized scattering cross section from Mie theory for a spherical particle. The contributions
of the normal modes are plotted as dashed lines. For the calculation, a refractive index contrast
m = 4 is assumed with a particle radius of R = 100 nm.

The result is intriguing since it shows that, for instance, the scattering cross section is
composed of contributions from every harmonic n. The scattering channels can be sep-
arated into an electric contribution associated with the coefficients a, and a magnetic
contribution associated with b,. In essence, the scattering cross section is composed
of the sum of the magnetic and electric scattering channel for all harmonics that are
excited within the sphere. Fig. illustrates the electromagnetic eigenmodes within
an all-dielectric spherical subwavelength particle. For simplicity, only electric and mag-
netic modes up to the second harmonic are considered. The respective contributions
from the electric and magnetic eigenmodes can be clearly attributed to the spectral
features by selectively considering the respective contribution. As an example, in Fig.
the scattering cross section ogcat is normalized to the particle’s geometrical cross
section ogeo

_ Oscat _ Oscat
scat — =
Tgeo  TTR?

(2.22)

and plotted for the interesting wavelength regime. Evidently, the scattering cross
section is larger than the geometrical cross section at the resonance (Q > 1), indicating
the ability of the resonant modes to spectrally allocate energy.
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2.1.3. Mie resonances and eigenmodes in non-spherical resonators

In contrast to the scattering problem at spherical particles, most of the scattering
problems involving different geometrical shapes cannot be solved analytically anymore.
For this purpose, numerical solutions of the scattering problem within these geometries
are obtained by utilizing finite difference time domain simulations. The structures are
excited by a plane wave and their scattering responses are captured and plotted as

depicted in 2.3

Apparently, the obtained numerical scattering spectrum of the spherical particle shows
excellent agreement with the analytically obtained result in Fig. [2.2B. Interestingly,
the electric and magnetic eigenmodes of the spherical particle do not only exist in
spheres but also in other shapes, such as cylinders and cuboids. Albeit the different
boundary conditions, they show very similar scattering spectra as depicted in Fig. 2.3
composed of the same eigenmode contributions with slight spectral shifts. Through
solving the scattering problem at spherical particles, the obtained eigenmodes can be
understood and generalized for a variety of geometries. Fur this purpose, they will serve
as constituent modes for the realization of bound states in the continuum, especially
in cuboid resonators, which will be discussed in the next section.

Magnetic
} quadrupole

Electric dipole Magnetic'dipole

Normalized scattering cross section

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 2.3.: Electromagnetic eigenmodes in particles with different geometries.
Numerically obtained and normalized scattering cross sections of a subwavelength sphere (top
panel), cylinder (middle panel), and a cuboid (bottom panel) for the same geometrical cross
sections. The eigenmodes of the spherical resonator exist equivalently in non-spherical geome-
tries.
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2.2. Bound states in the continuum

Within this section, an introduction and overview of the various photonic realizations of
bound states in the continuum (BICs) is given with a focus on symmetry broken BICs
that are utilized in this thesis. In particular, it will be demonstrated how to confine
light perfectly in an open resonator and how to tailor the constituent Mie modes via
the perturbation of the unit cell geometry to break this confinement. Along with this,
it is explained how BIC resonances are fundamentally linked to Fano resonances. The
detailed derivations and explanations can be found in Refs. [16], [15].

2.2.1. Defining features and practical implementations

The confinement of light in optical resonators led to a variety of breakthroughs by
effectively increasing the interaction of light with matter in the vicinity of the resonator.
One prominent example is the realization of lasers [48], but connections to polariton
physics in cavity quantum electrodynamics can also be drawn [49].

Traditionally, light was confined or trapped in closed resonator systems, such as Fabry-
Perot cavities consisting of highly reflective mirrors opposing each other. The efficiency
of the light trapping is commonly characterized by the Q factor of the resonance, which
is just a comparison between the stored energy hv,es at the resonance frequency vyes
and the energy loss hAv with the resonance linewidth Av

_ th‘eS _ Vres

0= hAv ~— Av’

(2.23)

In the case of closed cavities, the light is trapped due to the reflections at the cavity
mirrors, preventing most of the light from leaking. On the contrary, open resonator
systems, such as resonances based on bound states in the continuum, have garned
widespread interest. These systems are intriguing because they confine light in an open
environment, for instance in a photonic crystal slab. In opposite to closed systems, the
confinement originates from a destructive interference or suppression of the constituent
modes within the slab, leading to a vanishing radiation into the far field with diverging
Q factors (Q — ).

The phenomenon was first predicted in atomic physics as an eigenvalue embedded in
the continuum of freely propagating modes [50]. In this context, the authors designed
an artificial potential well that leads to eigenvalues with energies above the potential
well, so called bound states in the continuum (see Fig. . In contrast to leaky
modes, the BIC is perfectly localized within the potential well and does not couple to
the continuum.

Similarly, in photonics, a bound state in the continuum (BIC) is a photonic dark state
which is localized at least in one dimension and is perfectly confined in time (Av = 0).
In analogy to the potential well, a photonic BIC cannot couple to freely propagating
far-field modes, explaining why the dark state can neither be excited from the far field
nor emit radiation into the far field. Since BICs are a general wave phenomenon, these
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Figure 2.4.: Bound state in the continuum in a potential well. A bound state in the
continuum can be realized through tailoring the potential of the well, leading to a bound state
within the continuum of freely propagating modes. Adapted with permission [I7], Copyright
2016, The authors, published by Springer Nature.

bound states have already been observed as acoustic waves [51} [52], as water waves in
ocean science [53], and in nanophotonics [54], 55, 24]. For photonic systems, there are
different approaches to realize bound states in the continuum as depicted in Fig. [2.5
which constitute the most relevant systems for this thesis.

Among the systems, three prominent physical mechanisms are differentiated here.
First, one of the most prominent approaches comprises symmetry-protected BICs
(Fig. [2.5]A) usually realized in all-dielectric metasurfaces [I5] or photonic crystals [56].
Owing to symmetry constraints, which will be discussed in more detail later, these
states cannot couple to incident or outgoing plane waves in the normal direction and
can thus not radiate energy into the far field.

Apart from the symmetry breaking approach, accidental BICs [57, (Fig. 2.5B)
exist in periodic structures where, through careful tailoring of the resonator geometry,
the emission of the excited modes within individual resonators interferes destructively
in the far-field and the radiative losses of the state thus goes to infinity for a certain
angle (eventually also the normal direction).

The third prominent approach comprises single particle BICs (Fig. [2.5C), which re-
lies on the coupling of electromagnetic modes within a sub-wavelength particle [22], 23].
Commonly, all-dielectric cylindrical resonators are employed for which a Mie mode in
the cylindrical plane couples to a Fabry-Perot mode along the cylinder axis [22]. One
of the hybridized modes will then exhibit infinite lifetimes initiated by the coupling of
the two modes, again, only for precisely configured cylinder geometries.

Owing to the fragility of the accidental BIC and the single particle BIC platform,
symmetry-protected BICs pose a major route for achieving highly flexible cavity designs
with on-demand tailoring of the resonator lifetimes. Initiated by the robustness of the
symmetry-broken BICs, they are chosen as resonator platform in this thesis and will
be discussed in more detail.
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Figure 2.5.: Overview of different BIC platforms. Relevant BIC platforms for this thesis
comprise symmetry-protected BICs (A), accidental BICs (B), and BICs through mode coupling
in single resonators (C). Apart from the accidental BIC, all BICs cannot emit radiation normal

to the sample plane.

2.2.2. Symmetry-protected BICs

The possibilities for designing a symmetry-protected photonic BIC state are vast [47].
A prominent approach to confine light in open resonator systems is by tailoring the
mode structure Ey , of a resonant mode within the metasurface unit cell, such that the
general coupling amplitude Dy, of the resonant mode to plane-waves vanishes [15]

k
2vSo

D.y(k) =— / Ecy(r')-|e(k,r’)-1] - iﬂ: dr’. (2.24)
N——

Mode symmetry Incidence angle

To reach this condition, two constraints regarding the mode symmetry and the inci-
dence angle need to be fulfilled. First, a periodic arrangement of resonators as de-
picted in Fig. is needed, which is at least periodic in one dimension. By virtue of
Noether’s theorem [58], the inherent translational invariance of the periodic arrange-
ment requires the in-plane momentum of the incident light to be conserved. In case
of normally incident light, the in-plane momentum is zero, commonly known as the
I"-point in reciprocal space. Consequently, normally incident light can only couple to
modes that exist at the I'-point within the periodic structure and vice versa.

Second, the resonant mode and the plane wave both necessarily need to belong to the

same symmetry class. The mode coupling amplitude D, between the normally incident

I ’ . . . . .
plane wave Eiye = exe %% polarized in x-direction and the resonant mode E, is then

given by

_ k P no_ ’ eikz’
D, (k) = 2\/S_O/dr [e(k,r") — 1] Ex(r')e'**, (2.25)

where the integration domain is the unit cell resonator volume with dielectric permit-

tivity e(k, r’).
An intuitive understanding how the mode coupling vanishes can be gained through re-

garding the underlying symmetries of the incident plane wave and the resonant mode.
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Figure 2.6.: Prominent examples of symmetry-broken BICs. (A) Illustration of a
periodic structure under illumination with an incident beam with wave vector k. Exemplary
Co,-symmetric modes in metasurfaces (B) or photonic crystals (C) cannot couple to plane
waves at the I'-point owing to the symmetry mismatch and are thus perfectly bound in the z
direction within the periodic structure. Graphs in (C) adapted with permission [I7], Copyright
2016, The authors, published by Springer Nature.

As such, plane waves are odd under a 7 rotation around the normal (here z) axis and
thus do not possess Cy, symmetry since the polarization of the plane wave is inverted
under this symmetry operation. By assuming a constant permittivity throughout the
resonator volume (g(k,r’) = e(k)) and splitting the integral into a part in z-direction
and a part within the sample plane, the coupling amplitude can be written as

k
2vSy

Obviously, the coupling coefficient given by eq. will vanish for any Cs,-symmetric
mode since every contribution E,(ry) will cancel out with its Co,-symmetric analogon
E.(-r1) = —E.(r1). Owing to this symmetry mismatch, all modes that are Cy, sym-
metricﬂ will not couple to normally incident plane waves at the I'-point. Therefore, all
Cy; symmetric modes at the I'-point are BICs since they do not couple to any radiation
and are perfectly localized within the periodic structure in the normal direction.

D.(k) = - [e(k) - 1] / ek d7 /A E.(r')dA. (2.26)

2.2.3. Symmetry-breaking and coupling to the continuum

The strength of the symmetry-protected BIC concept originates from the controllable
coupling of the dark state to the radiation continuum, transforming the BIC into a
quasi-BIC (¢BIC) with finite Q factors. In principle, a BIC state can be coupled to
the continuum by breaking one of the constraints given in eq.

One approach is to deviate from the normal incidence illumination as demonstrated
in periodic metasurfaces [25] and photonic crystals [56]. In particular, symmetry-
protected BICs will start to couple to the continuum once an in-plane momentum of
the incident light is provided, meaning k| # 0 (Fig. [2.7/A). For this situation, the

2For the sake of simplicity, only Co, modes are considered but it should be noted that also modes of
higher symmetry, such as C4, can decouple from the continuum.
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Figure 2.7.: Symmetry-breaking induced by the incidence angle. (A) Off normal
incidence illumination opens new radiation channels with k) # 0 for the BIC to couple to and
turns the BIC into a leaky resonance as obvious from the dispersion relation in (B). Graph
adapted with permission [59]. Copyright 2018, American Physical Society.

incident far-field radiation starts to couple to the mode, transforming the BIC into a
gBIC. This symmetry-breaking is accompanied with a collapse of the dark state to a
Fano resonance, as explained in the last section. One example of the angle-induced
coupling to the continuum is depicted in Fig. 2.7B, the dispersion of a one dimensional
dielectric chain. Here, the dispersion of a one-dimensional dielectric chain shows a
strong dependence of the resonance linewidth and position on the in-plane wave vector
k) or incidence angle.

Furthermore, the coupling channel to the far field can be opened through breaking the
inherent Co, symmetry by a geometrical perturbation of the unit cell as depicted in
Fig. In this way, the coupling of the former dark mode to the continuum can be
described by the coupling amplitudes D, (for x-polarized light) and Dy, (for y—polarized
light) between the ¢BIC and the zero order diffraction channels (reflection/transmission
normal to the substrate plane) via [15]

T2 = D, + D, (2.27)

The Q factor or radiative loss rate y;aq is then directly correlated through eq.
with the multipolar elements that constitute the mode within the unit cell area Sy via

ko 1 ikg
Dy, = _\/m Px,y ¥ Zmy,x + ?sz,yz ) (2.28)
where higher order elements are neglected. Due to the symmetry of the mode normal
to the substrate, the magnetic dipolar m, , and electric quadrupolar contribution Q,;. .
vanish, along with D, = 0, yielding

r ko?
Trad _ 20 1) 12 (2.29)
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Figure 2.8.: Co; symmetry breaking mechanisms. Cs, symmetry breaking relying on the
tilting of resonators (A), removing resonator area or volume (B), and removing and adding
parts (C) within the unit cell.
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Considering only the presence of radiative losses, Qtot = Qrad = Wo/Vres, the radiative
Q factor can be obtained as

SO -2
o« — @ °, 2.30
Qrad 9 kO ( )
where a is a small geometric perturbation and proportional to the effective dipolar
moment p,, within the unit cell. The asymmetry is calculated relatively, e.g., as
removed volume AV, cross section area AS, or length AL of the resonator within the
unit cell with respect to the unpertubed dimension of the resonator

AV AS AL

YTV TS T

(2.31)
Most importantly, the dependence described by equation [2.30] is a hallmark feature
of symmetry-broken BIC resonances and confirms the intuitive picture of the inher-
ent correlation between the effective dipolar moment of the qBIC resonance and the
geometrical asymmetry @. In particular, the direct connection between the Q factor
of the BIC resonance and the geometrical asymmetry eases the experimental access
to manipulate the radiative decay rates, rendering the symmetry-broken BIC concept
powerful for tunable light-matter interaction.

An exemplary asymmetry sweep is depicted for an ellipse unit cell in Fig. [2.9A, where
the asymmetry is introduced by the tilt angle §. This tilt angle is continuously increased
from the BIC condition (6 = 0°). Apparently, the BIC is decoupled from the continuum
for preserved in-plane or Co, symmetry for zero tilt angle and starts to couple to the
continuum via increasing the tilt angle which manifests itself in an increased linewidth
as indicated by the uncertainty bars of the eigenmode in Fig. [2.9A. As expected,
the radiative losses and thus the width of the mode increases quadratically with the
increased asymmetry, i.e., the tilt angle here.

As a matter of fact, the quadratically inverse scaling law can be generalized to all
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Figure 2.9.: Geometrical symmetry breaking in BIC metasurfaces. (A) The eigen-
mode analysis for two ellipses with increased tilt angle 8 illustrates the dispersion and quadrat-
ically increasing linewidth for increased tilt angles. (B) The general trend for the radiative
Q factor for all depicted unit cells follows the predicted a~2 behaviour. Graphs adapted with
permission [I5]. Copyright 2018, American Physical Society.

geometrically symmetry-broken qBICs as depicted in Fig. [2.9B, where all the six
depicted geometries follow the @2 behaviour in the double logarithmic plot.

In general, qBIC metasurfaces can be implemented by utilizing a one-element or two-
element unit cell as depicted in Fig. 2.8 In essence, the mode structures are controlled
by the multipolar moments via the resonator shape and geometry as already introduced
in section [2.1.3| or via the relative alignment of elements or geometric perturbations.
The simplest option to break the Co, symmetry is to tilt two initially parallel aligned
elliptical or rectangular rods by a certain angle 0 as illustrated in Fig. [2.§ panel A.
Further Cy, symmetry breaking can be achieved by locally removing parts of the unit
cell as obious from Fig. [2.§ panel B. Finally, another approach is to remove resonator
volume at one place and add it add another place, exemplarily depicted for two different
symmetry-broken unit cells in Fig. 2.8 panel C.

Apart from the Cy, symmetry breaking mechanisms demonstrated above, a variety of
options to break the Cy, symmetry exist. These involve the shift of single elements in
more complex unit cells [47] or the introduction of a symmetry-breaking coupler [60].

2.2.4. Connection between BIC and Fano resonance

A common feature of all gBIC resonances is the coupling of the formerly dark state to
the radiation continuum. Initiated by this coupling of the narrow-band BIC with the
broad radiation continuum, the qBIC manifests itself with a Fano lineshape. Originally,
Fano resonances arised in the context of atomic physics where Ugo Fano described the
asymmetric lineshapes in the auto-ionization process of helium atoms [61]. Analogously,
the concept can be applied to any wave phenomenon to describe the interference or
coupling of a broad and a narrow band photonic mode, in this case the radiation
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Figure 2.10.: Collapse to a Fano resonance. Different regimes of the interference between
the BIC state and the radiation continuum for the uncoupled discrete state in (A) and the
continuum in (B) along with different interference scenarios for different asymmetry parameters
q in case of an interference.

continuum and the qBIC mode [62]. In general, the Fano profile is often written as

(q +€)?

o(e) =

with the resonance asymmetry parameter g, and the reduced energy € = El: /go composed

of the resonance energy Ej of the Fano resonance and the corresponding linewidth I'.
This approach captures different regimes of the interaction between the continuum and
the discrete state as illustrated in Fig. [2.10}

If the gBIC does not couple to the continuum and only the discrete state is driven, the
asymmetric Fano lineshape will transform into a symmetric Lorentz shape while the
asymmetry parameter g will diverge (¢ — o) as shown in Fig. 2.10A.

Similarly, if the incident light does not couple to the qBIC due to a large energetic sep-
aration between the qBIC and the radiation continuum, the lineshape of the resonance
is a quasi-Lorentz with zero asymmetry parameter (¢ = 0) as obvious from Fig. [2.10B.
For all coupled cases with similar resonance energies, the Fano resonance will be asym-
metric depending on the magnitude and the sign of the asymmetry parameter g, as
shown in Fig. [2.10







3. Methodology

This chapter describes the general methodology utilized in this thesis. The first part of
this chapter focuses on the numerical simulation method followed by the explanation
of the fabrication process, including the extraction of 2D materials and the transfer
on top of the metasurfaces. After that, the third part describes the three optical
characterization techniques, which were employed in this thesis, and the last part gives
a short introduction to the data analysis and fitting routines for the evaluation of the
data.

3.1. General process flow

The major work packages are summarized in Fig. [3.1] In general, each project pre-
sented in this thesis was carried out according to that process flow, where each step is
optimized before moving on to the next.

Usually, a research idea is proposed in scientific meetings or discussions and within
that step, the simplest nanophotonic system is determined for its realization. Once
the system is set, numerical simulations are performed to characterize the optical re-
sponse of the target system. The obtained results are used to optimize the design or,
eventually, propose a new design with better optical performance.

After the optimization of the numerical simulations, the design is implemented through
the nanostructuring of metallic or dielectric compounds. The sample preparation is
based on top down fabrication method in a clean room environment. Commonly, the
nanostructuring requires fine tuning of the fabrication parameters for each geometry.
Moreover, for every material, the etching recipes need to be established and chemical
intolerances of the resonator material towards all involved chemicals need to be ex-
cluded. In order to target specific resonance positions and for a deeper understanding
of the photonic modes, a sweep of the geometrical resonator sizes is performed.

The fabricated structures are then characterized by optical transmission spectrosco-
py in the visible spectral range or by exciting the SHG through an intense pulsed
laser. Depending on the design of the structures, a commercial white light confocal
microscopy setup is available for linear excitation polarization along with a custom-
built transmission microscope equipped with circularly polarized excitation light for
the characterization of chiral structures.

The obtained data are then analyzed with a dedicated fitting routine based on a cou-
pled mode theory model to fit the lineshape of the resonance and to extract the Q fac-
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Figure 3.1.: General methodology for research projects in this thesis. All project steps
involved for the realization of a research project from the idea to the final data presentation.

tor. Based on the results obtained from the optical measurements and the subsequent
data analysis, a feedback for the numerical simulations, the nanofabrication parameter
range, or the optical measurements is given to provide a deeper characterization of the
nanophotonic design.

Once the simulations and fabrication are optimized and the optical spectroscopy pro-
vides satisfying results, the acquired data are analyzed and prepared for the presenta-
tion in a scientific journal.

3.2. Numerical simulations

One approach to describe the spectral response of nanophotonic systems is to solve the
wave equation under the constraints of the respective boundary conditions imposed by
the resonator geometry. Although the equation is analytically solvable, the solution is
already complex for a single sphere as introduced in chapter 2 It is thus instrumental
and unavoidable to employ numerical methods for solving more complex problems. By
considering time-harmonic fields, the wave equation for the electric field is solved more
efficiently in the frequency domain and is given as [45]

VXu 'VXE -w’s-E =iwl, (3.1)

including the current density J, which acts as a source for the electric field. For
simplicity, the frequency and spatial dependencies were dropped but still hold.
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One prominent numerical ansatz to solve this equation is the finite element method
(FEM) which divides the nanophotonic structures up in smaller volume elements, so-
called finite elements. In a nutshell, the nanophotonic structural domain Q is defined
with appropriate boundary conditions and divided into sub domains €;. For this
method, the electric field E;, within the subspace is expanded into basis functions ¢;
and given by

N

E;,= Z ei i, (3.2)

i=1
where N is the dimension of the subspace and e; are expansion coefficients.

In principle, two approaches are considered, such as the variational ansatz [63], but
the focus here is on the weak formulation of the problem [64]. For this approach,
the equations only need to be satisfied for the defined basis functions instead of any
arbitrary function, that obeys Maxwell’s equations. The common ansatz is to multiply
the wave equation with a vectorial test function ¢ and integrate the product. After
a partial integration, the integral is given by [64]

/ VX ¢u 'VXE - w’¢pcE =iw | ¢J. (3.3)
R3 R3
For simplicity, a compact notation is introduced

a(¢,E) = / VX ¢u'VXE - w’pcE, (3.4a)
R3

f(¢) =iw /RJ ¢J. (3.4b)
The simplified form is written as

a(¢.E) = f(¢). (3.5)

After decomposing the domain into the sub domains, the goal is to obtain solutions of
the electric field E; on these sub domains such that

a(@n.Ep) = (). (3.6)
Inserting the expansion in eq. into eq. yields

N

> alen@))ei=f(g)). (3.7)

i=1
The form of eq. is a matrix equation of the form

Ae=f. (3.8)
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Finite element Unit cell

Port 2

Figure 3.2.: Schematic setup for numerical simulations in this thesis. The complete
simulation region is sub-divided into small tetrahedrons. Ports above and below the metasur-
faces are used to insert electromagnetic waves and to retrieve the metasurface response normal
to the surface. In the plane, periodic boundary conditions are assumed with infinite number
of unit cells.

This linear set of equations can be solved by a computer to obtain the expansion coeffi-
cients e;. Using these coefficients, the corresponding electric fields can be reconstructed
within the weak formulation.

In practice, the FEM solves the electromagnetic problems often more efficiently since it
operates in the frequency domain and the meshing, i.e., the division of the structures in
the sub-domains, is adaptive. In fact, the size of the finite elements can be adapted to
relevant regions, such as sharp corners and interfaces and does not rely on rectangular
grids in contrast to FDTIE or RCWAE] approaches. Since these implementations rely
on rectangular grids, they often suffer from poor spatial resolution or, equivalently, from
longer simulation times for the same spatial resolution. Additionally, simulations in
the time domain come at the cost of long decay times of the fields and thus simulations
times, especially for the simulation of high-Q resonances.

In order to model the reflectance and transmittance of qBIC metasurfaces with the
FEM method, infinite periodic boundary conditions are assumed in the sample plane.
Port boundary conditions (introduced in detail in section are used to inject
TE- and TM- polarized planes waves and to record the transmittance and reflectance
response. The corresponding simulation setup is depicted in Fig. [3.2l The material
properties of silicon are included by using in-house measured white light ellipsometry
data (see Fig. , while an experimental model based on Sellmaier’s equations is
used for hBN apart from assuming dielectrics in general as loss- and dispersionless.
The lateral dimensions are adjusted to the determined sizes of the scanning electron
micrographs and the height profile is checked and adjusted via atomic force microscopy
(AFM) images. These experimental data serve as feedback for adjusting the numerical
simulations to the exact experimental conditions.

!Finite difference time domain
2Rigorous coupled-wave analysis
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Figure 3.3.: Silicon ellipsometry data. Real and imaginary part of the refractive index,
obtained from ellipsometry measurements for an amorphous silicon film. The inset shows the
lossless region of the amorphous silicon, starting from 700 nm.

3.3. Nanostructure fabrication

Within this section, the process flow for the fabrication of all-dielectric metasurfaces is
explained. The palette of nanostructured materials includes the traditional semicon-
ductor silicon but also 2D materials like hexagonal boron nitride (hBN) or transition
metal dichalcogenides (TMDCs). Although the fabrication process is composed of a
variety of different steps, it can be reduced to four main steps as highlighted in Fig.
where each fabrication step needs to be optimized for every material. First, the clean-
ing and preparation of the substrate is performed, followed by the deposition of the
resonator material. Third, electron beam lithography is employed to define the pattern
of the nanophotonic structures within an electron beam resist. The subsequent metal
evaporation and liftoff step transfer this pattern into a metal hard mask. Finally, the
last step includes the reactive ion etching of the resonator material and the chemical
wet etching of the metal hard mask to obtain the pure all-dielectric structures.

3.3.1. Substrate cleaning and preparation

Prior to the fabrication process, the silicon dioxide (SiOg) substrate is cleaned in a
beaker of acetone which is placed inside an ultrasonic bath at 55 °C for five minutes to
remove dirt particles and is rinsed in isopropanol (IPA) afterwards to prevent drying
residues from the acetone. Subsequent oxygen plasma cleaning for 5 minutes removes
any organic contamination on the sample and promotes the adhesion to the substrate
surface. Hence, oxygen plasma treatment of the surface is employed before the me-
chanical exfoliation of 2D materials which leads to a better yield and larger flakes.
Additionally, oxygen plasma etching increases the surface energy and promotes the
wetting of the substrate surface, resulting in increased film quality and flatness.
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Figure 3.4.: Fabrication overview. Schematic illustration of the important fabrication
steps for all-dielectric nanostructures used in this thesis.

3.3.2. Material deposition

Within this thesis, different types of materials are deposited, such as all-dielectric ma-
terials as resonator components but also metals which serve as etching hard masks. In
particular, two fundamentally different deposition techniques are employed, one relying
on vapour deposition methods for the fabrication of amorphous silicon films and etch-
ing hard masks and the other technique is based on mechanical exfoliation to extract
monocrystalline bulk flakes of 2D materials.

Deposition of traditional materials

Electron beam evaporation (UHV E-beam, Bestec) is utilized for the deposition of
etching hard masks, such as gold, titanium, chromium, and silicon dioxide as schemat-
ically introduced in Fig. [3.5]A. The substrate is placed into a ultra-high vacuum (UHV)
process chamber with the topside upside down. By passing a current through a fila-
ment, an electron beam with high kinetic energy (up to 8 keV) is generated via an
accelerator which is deflected and guided onto the target material via a magnetic field.
The electrons impinging on the target locally heat the source which leads to a melting
or even a sublimation of the material in the UHV. Afterwards, the extracted atoms will
rise up and attach to the substrate. Most importantly, due to the localized heating,
this technique generates an almost collimated point-like beam of ejected source atoms
which is highly anisotropic. In fact, this anisotropy is beneficial for a smoother liftoff
process later. One critical parameter is the control of the deposition rate, which should
be kept below 1.0 A /s, to guarantee good optical film qualities, especially when using
SiO9 and chromium as hard mask materials.

Apart from the deposition of metals, plasma enhanced chemical vapor deposition
(PECVD, PlasmaPro 100, Oxford Instruments) is used for the deposition of amor-
phous silicon as illustrated in Fig. [3.5B. In this case, the sample is transferred into a
UHV chamber which is flooded with the reactant gas silane (SiH4) under a constant
flow of 500 sccm to obtain a chamber pressure of 1000 mTorr where the gas ignites into
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Figure 3.5.: Material deposition techniques in this thesis. (A) Schematic illustration of
electron beam evaporation showing the extraction of electrons from the filament. The electrons
are accelerated and deflected onto the source by a magnetic field. The local heating initiated by
the incident electrons leads to an evaporation or sublimation of the material that deposits on
the substrate. (B) Principle of PECVD where a reaction gas is ignited between two electrodes
leading to a reaction on the substrate where a solid layer of silicon forms on top of it.

a plasma between the substrate and the RF electrode (indicated with the RF sign in
Fig. 3.5B) using 10W RF power. Initiated by the plasma, a chemical reaction takes
place on the surface of the substrate where one of the products is silicon. The reaction
product condenses at the surface of the silicon dioxide substrate to form an amorphous
silicon layer. Advantageously, the ignition of the plasma reduces the growth tempera-
ture of the silicon on the substrate to 250 °C.

Mechanical exfoliation

In contrast to the physical vapor deposition techniques introduced above, mechanical
exfoliation provides monocrystalline material quality since the exfoliation crystals are
provided as high-quality monocrystalline samples. In the case of hBN, the samples
were grown from collaborators in Japan, utilizing high pressure (4.5 GPa) and high
temperature (1500 °C) to obtain single crystal hBN flakes from a barium boron nitride
solution [67]. By utilizing mechanical exfoliation, single sheets of hBN up to bulk layer
thicknesses can be extracted from a target crystal onto a prepared (oxygen-plasma
etched) substrate. The corresponding process flow for the mechanical exfoliation of
hBN is depicted in Fig. |3.6]

In the beginning, a piece of scotch tape (blue tape, Nitto) is pressed onto the hBN
exfoliation crystal as indicated in Fig. [3.6A and peeled off (see Fig. [3.6B). This
process is repeated a few times until an optimum between the flake thicknesses, high
yield, and the lateral sizes of exfoliated flakes is reached. Commonly, this takes 4-8
exfoliation steps which leads to an extraction of bulk hBN flakes. Subsequently, the
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Figure 3.6.: Schematic illustration of the mechanical exfoliation process for 2D
materials. (A) The process starts by pressing a sticky tape onto the target 2D material
crystal and peeling it off as illustrated in (B). (C) The tape with the bulk 2D material is
pressed onto the target substrate and pealed off again which leaves the 2D material back on
the target substrate from monolayer to bulk thicknesses (D). Graph adapted with permission
[68]. Copyright 2012, IOP Publishing.

tape is pressed onto the target SiO9 substrate at a temperature of 100 °C to reduce
water residues and air encapsulation between the flake and the substrate (see Fig.
NC) This helps to improve the adhesion and thus provides larger flakes and a higher
yield. Finally, the tape is peeled off and a few hBN layers up to bulk hBN will remain
on the substrate as shown in Fig. [3.6D. The exfoliation process is usually carried out
on previously prepared substrates with a marker system to unambiguously target the
flakes during the lithography process.

3.3.3. Lithography and liftoff

Before the lithography process starts, the preparation of the sample with previously de-
posited hBN or silicon is done via the spin-coating of an electron beam resist, in detail,
the positive tone poly(methyl methacrylate) (PMMA). In fact, photo resists based on
PMMA are among the highest resolution resists and provide easy and straightforward
operation. Here, a 100 nm thin PMMA layer of low resolution type (495PMMA A4,
Kayakuam) is spun onto the substrate for one minute at 5000 revolutions per minute
(rpm) with a subsequent soft-bake for one minute at 170 °C. Following the first layer,
a 80 nm thin high-resolution layer (950k A2, All-resist) is spun on top of it at 3000
rpm for one minute with another soft-bake at 170 °C for one minute. Crucially, this
double layer aids the liftoff process later on since this heterostructure resist guarantees
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Figure 3.7.: Fabrication I. Schematic illustration of every fabrication step for all-dielectric
nanostructures used in this thesis.

an undercut profile after the development step as indicated in Fig.

The whole preparation process is depicted in Fig. and is finished by the deposi-
tion of an electrically conductive polymer (Espacer 300Z) to prevent electronic charge
accumulations and thus pattern distortions during the lithography process (not shown
in the figure).

Once the sample is prepared, it is coupled into a UHV electron beam lithography (eLine
plus, Raith) machine to expose the resist with an electron beam with a feature size
resolution down to 20 nm. In the fabrication processes used in this thesis, the samples
are exposed with an acceleration voltage Uy, = 30 kV at a working distance of 10 mm
using aperture sizes between 10 and 20 um. Usually, the area doses were between 300
and 450 uC/cm? depending on the geometries and the array densities.

Upon irradiation with the electron beam, the electrons will scatter within the resist
and dissociate the PMMA bonds at the respective exposure position which significantly
reduces their solubility in the developer solution. Thus, this transforms the electron
exposure into a pattern in the resist as indicated in Fig. and Fig. B.7C.

For the fabrication of hBN or height-driven metasurfaces, the lithography process is
slightly more complex since a good overlap between the desired writing pattern and
either the flake or the already existing pattern is crucial. For this purpose, a predefined
marker system is utilized where the lithography pattern can be matched with the real
sample with accuracies down to 5 nm.
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Figure 3.8.: Fabrication II. Schematic illustration of the last fabrication steps of all-
dielectric metasurfaces.

After the electron beam irradiation, the conductive polymer is removed by a 10 s rinse
in water, followed by a 90 s development in a 3:1 TPA:MIBK (Methyl isobutyl ketone)
before it is laid in a beaker with IPA for 20 s and finally dried under a nitrogen flux.
After the development step, the exposed resist is removed leaving a hole mask for the
electron beam evaporation as depicted in Fig. .

The developed samples are coupled into the electron beam evaporator (as described in
the previous section) where a thin layer of titanium and gold for hBN metasurfaces or
silicon dioxide and chromium for silicon metasurfaces is deposited as illustrated in Fig.
[3.7D. Usually, a silicon dioxide buffer layer is used to prevent chromium from diffusing
into the resonator material and introducing optical losses.

Finally, the sample is left for the lift-off process overnight in a special PMMA remover
(remover 1165, Microposit). The hard mask is stripped off on top of the resist while
it stays at the cavities in the resist where it is in direct contact with the resonator
material as depicted in Fig. B.7E, leaving back the hard mask for the etching process.

3.3.4. Reactive ion etching and hard mask removal

Reactive ion etching (RIE, PlasmaPro 100 ICP-RIE, Oxford Instruments) is employed
to transfer the previously defined hard mask pattern into the resonator material as
indicated in Fig. and Fig. B.8B. Similar to the PECVD process, the etching
gases, here chlorine with a laminar flow of 20 sccm and argon with a laminar flow of 7
sccm, are flooded into the chamber at a pressure of 2 mTorr. Subsequently, a plasma
within the etching gases between the sample and RF electrode is ignited using 20 W
HF and 200 W ICP power. The plasma is then accelerated towards the sample. On
the surface, the plasma chemically reacts with the etched material and forms a volatile
compound which is sucked away by the vacuum pumps. Most importantly, this process
only takes place at positions that are not covered by the hard mask, only leaving back
the dielectric material below the masked regions. The last step is the removal of the
hard mask either via chemical wet etching for metals or through another RIE step for
silicon dioxide as indicated in Fig. to obtain the pure all-dielectric structures.
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3.3.5. 2D material transfer

Apart from the fabrication of all-dielectric metasurfaces, monolayers of TMDCs were
exfoliated and transferred on top of the metasurfaces, which is described in the following
and illustrated in Fig. [3.9}

As initial step, commercially available PDMS (poly dimethyl siloxane, PDMS 8, Gel-
Pak) is placed on a glass slide. Subsequently, a TMDC layer is extracted from a
bulk crystal with blue tape (Nitto) and exfoliated several times. Afterwards, the tape
is pressed onto the PDMS after 3-4 exfoliation steps, as known from the bulk hBN
exfoliation. The tape is peeled off gently, leaving TMDC flakes back on the PDMS
stamp.

Subsequently, potential monolayer TMDC flakes are identified with an optical micro-
scope and need to be differentiated from multilayer TMDC flakes. As shown in Fig.
[3.10/A, the optical contrast of the white light reflection microscopy image is not suffi-
cient to differentiate a monolayer (white dashed line) from a multilayer (green dashed
line) flake. A more sophisticated method is the utilization of photoluminescence (PL)
microscopy. Owing to the transition from an indirect band-gap for multilayer flakes to
a direct band-gap in monolayer TMDCs, the PL is much higher in monolayer TMDCs
[69]. Potential monolayer flakes are thus unambiguously identified by PL microscopy
to confirm the layer number [70] as depicted in Fig. .

Once a suited flake is identified, it can be transferred onto the target metasurface using
a custom built transfer setup. The setup is equipped with a translatable rotation stage
for the target sample and a motorized stage to control the vertical movement of the
PDMS stamp. For the alignment control between the target flake and the metasurface
and for process surveillance, an optical microscope is equipped with a high working
distance 20x objective. Using this microscope, the PDMS stamp is spatially aligned
with a precision of 500 nm and is slowly approached with the target position until the
PDMS stamp is almost in contact with the metasurface. From here on, the velocity of

Exfoliation Alignment Interfacing Retraction

PDMS

Figure 3.9.: PDMS dry-transfer of atomically thin materials. Few-layers of 2D mate-
rials are exfoliated on a PDMS sheet places on a glass slide. The PDMS stamp is aligned with
the target substrate and brought in contact via a transfer setup. After a slow retraction of the
stamp, the flake is released on the substrate or on top of the metasurface. Graph adapted with

permission [71].
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Figure 3.10.: Identification of TMDC monolayers. (A) Potential monolayer flakes (out-
lined by the white dashed line) are identified with an optical microscope and need to be
differentiated from multilayers (green dashed line). (B) PL microscopy confirms the mono-
layer thickness of the flake on the left.

the stamp, which is moving towards the sample, is slowed down further to guarantee
a slow progression across the metasurface, increasing the transfer success. Once the
PDMS stamp has moved completely across the metasurface, it is retrieved in an even
smaller pace. When the stamp is not in contact with the flake anymore, it can be
moved up quickly and, ideally, the flake is released on top of the metasurface.

3.4. Optical characterization

For the optical characterization of the photonic metasurfaces in this thesis, different
setups are utilized including a confocal white light microscopy setup for straightfor-
ward characterizations with linear excitation polarization. In addition, a custom-built
transmission microscope equipped with chiral excitation light is described along with
the optical setup for the characterization of nonlinear measurements.

3.4.1. Confocal white light microscopy

All transmittance spectra with linear excitation polarization are taken with a confocal
white light microscopy setup as depicted in Fig. [3.11, The sample is illuminated by
collimated white light from a halogen lamp (Thorlabs source, OSL2), that is linearly
polarized below the sample. The transmitted beam is collected either with a 10x (NA =
0.25) or 50x (NA = 0.8) objective. Above the objective, the transmitted light is focused
and coupled into a multi-mode fiber, which effectively leads to a confocal detection of
the signal. The multi-mode fiber guides the light into the spectrometer where it is
directed onto a grating from which the light gets dispersed and directed onto a silicon
CCD chip. In order to obtain a transmittance spectrum, the transmitted intensity
through the metasurface is normalized to the transmitted intensity through the bare
Si0Oy substrate (Fig. [3.12)). In this way, all unwanted spectral features of the optical
beam path, the lamp, and the substrate itself are removed.
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Figure 3.11.: Illustration of the confocal white light setup utilized for the char-
acterization of metasurfaces with linear polarization. Light from a collimated white
light source is polarized and guided onto the sample. The transmitted light is collected by an
objective and confocally coupled into a multimode fiber, which directs it to a grating-based
spectrometer. The light is dispersed by a diffractive grating and directed on a silicon CCD
which acquires the spectra. Graph taken with permission [72].
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Figure 3.12.: Transmittance data normalization. (A) The transmitted intensity through
the sample (red curve) is measured and normalized to the reference measurement (gray curve),
yielding the transmittance spectrum as depicted in (B).
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3.4.2. Chiral white light measurements

The optical characterization of chiral metasurfaces was performed with a custom built
optical transmission microscope as depicted in Fig. [3.13] which excites the sample from
the bottom with LCP or RCP light.

In detail, coherent light from a white light laser (NKT Photonics SuperK) is directed
via a mirror onto a partial beam splitter (PBS) which divides the beam up into two
arms. In the upper arm, a linear polarizer polarizes the white light horizontally (HP)
while in the lower arm the light is polarized vertically (VP) with respect to the optical
table plane. Usually, one of the arms is blocked such that only one linear polarization
is incident on the quarter-wave plate (QWP). Since small misalignments between the
linear polarizer and the QWP can already lead to elliptical polarization, the QWP
is aligned with the linear polarizers in order to guarantee circular light polarization.
The chiral light is then focused by a 10x (NA = 0.2) excitation objective (Obj) where
the numerical aperture is small to prevent large excitation angles. In fact, since BIC
resonances are very sensitive to incidence angle, the choice of the excitation is crucial.
The transmitted light is then collected by a 60x (NA = 0.7) objective that either directs
the light to a CCD camera via a flip-mirror (FM) for the precise positioning of the chiral
metasurfaces or guides the light into the grating based high-resolution spectrometer
(Princeton instruments). For the measurement of the co- and cross-polarization terms
a chiral analyzer, consisting of a QWP and a linear polarizer was installed after the
collection objective.

Similar to the characterization with the confocal optical microscopy setup, each mea-
surement is referenced to the bare SiO9 substrate to obtain the transmittance spectra
for both circular polarizations.

PBS HP PBS QWP Obj Obj QWP

Nl O
M\ \I/]P /M Sample HPVP  FM

Figure 3.13.: Sketch of the utilized setup for the characterization of the chiral
metasurfaces. White light of a white light laser is guided via mirrors (M) and split into two
paths by partial beam splitters (PBS), where the light passes through a horizontal (HP) or
vertical (VP) polarizer. After that, the light is circularly polarized by a quarter wave plate
(QWP) and focused on the sample via a objective (Obj). The transmitted light is collected
with another objective and analyzed through a QWP and a linear polarizer. From there, the
light can either be guided to the CCD camera or the spectrometer (Spec) via a flip mirror
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3.4.3. Nonlinear measurements

The nonlinear measurements for second harmonic generation (SHG) are performed by
exciting the sample with the output of a tunable Ti:sapphire laser (Coherent Chameleon
Ultra II) with repetition rate of 80 MHz, where the excitation wavelength can be fine
tuned to the resonances of the BIC metasurfaces. Commonly, a transmission geometry
is employed where the polarization of the pump light is controlled by a half wave plate
(1/2 WP). The sample is excited with a low NA 10x objective (NA = 0.25) and the
SHG signal is collected with a higher NA 40x objective (NA = 0.6). The SHG signal is
then filtered with a short pass optical filter (SPF) at 680 nm and can be analyzed with
a linear polarizer (LP) before it is directed to a grating-spectrometer with a silicon
CCD camera (Princeton Instruments).

Ti:sapphire l I—I—[I—m

N2 WP Sample SPF LP

Figure 3.14.: Sketch of the optical setup for nonlinear measurements. A linearly
polarized and tunable Ti:sapphire pulsed laser is directed via a half waveplate (1/2 WP) and
an excitation objective onto the sample where the high intensity and the nonlinear susceptibility
x@ give rise to SHG. The SHG is collected with an objective and the pump wavelength is
filtered by a short pass filter (SPF). The polarization of the SHG is analyzed by a rotatable
linear polarizer (LP) before it is coupled into the spectrometer (Spec).

3.5. Data analysis

This section comprises the explanation of the data analysis for the extraction of the
Q factors from the experimental transmittance spectra. In particular, the aim is to
derive an intuitive understanding of temporal coupled mode theory (TCMT) and why
this model was chosen over a Lorentzian or Fano resonance model. A more detailed
derivation can be found in [73] and [74].

3.5.1. Temporal coupled mode theory

Temporal coupled mode theory describes the temporal evolution of the mode ampli-
tude a within a single-mode optical resonator with resonance frequency wg which loses
energy at a rate y via a loss channel

S al) = (o~ Yats) (3.9)
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where |a|? is the energy stored inside the resonator. A schematic illustration which
depicts the necessary observables is depicted in Fig. [3.15 If the system is allowed to
exchange energy with its environment, the injection s; 4 or ejection s;_ of energy via
port i can be described for the

in-coupling as «'s, = (k1 k2) (i;i) ,  out-coupling as (di da) (i;:) , (3.10)

where k and d are the coupling coefficients for injected and ejected waves, respectively.
Furthermore, two ports are assumed, which represent the reflection and transmission
planes of the resonator system or the metasurface, as already introduced in the numer-
ical simulation part.

Apart from the resonant interaction of the injected energy via port i, energy can be
directly exchanged between the ports without a cavity excitation, described by the
scattering matrix C. Crucially, both energy transfer pathways can interfere with each
other, which manifests itself as the emergence of a Fano resonance. Beneficially, the
TCMT model resembles both the Fano and the Lorentzian shape and is thus chosen
over these models. Although the Lorentzian lineshape can also be described with the
Fano formalism, the linewidth of the resonance diverges for that condition, leading to
unreliable Q factors.

S1 s1 +
Port 1
S VA ResonatorE C
Y
Port 2
Sys s,

Figure 3.15.: Temporal coupled mode theory for resonant metasurfaces. Schematic
illustration of all relevant observables for the description of the reflectance and transmittance
of a resonant metasurface. The resonance amplitude a of the resonator is influenced by the
resonator losses y (red curved arrow) and the incoupling of energy «; (yellow arrows) via each
port i. The direct coupling between the ports is described via the scattering matrix C.
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By taking all the relevant terms and interactions into account, the main TCMT equa-
tions are obtained as

%a(t) = (iwg — y)a(t) +«k's,, (3.11)
s-=Csy+ad. (3.12)

In order to obtain far-field quantities, such as the reflectance or transmittance, a time-
harmonic dependence of the injected waves s, o ¢'“! is assumed, yielding a resonator
amplitude

ks,

a=—"7—"—. 3.13

i(w—wy) +y ( )
By utilizing the time-reversal symmetry which is guaranteed by Lorentz reciprocity of
the system, the energy in-coupling and out-coupling of the cavity needs to equal

k=d, (3.14)

relating the injected and ejected energy via |3.12| as

KKT

s_ = (C + )s+ = S5+, (3.15)

(w—wy) +y

with the scattering matrix S. Beneficially, the scattering matrix approach allows to
relate the output of a system with the input. For the two-port system of interest here,
where the energy is only injected from port 1 (594 = 0), the scattering matrix is given

by
SL-) _ [S11 S21) (1) _ (S11514) (3.16)
§9,— s12 s22/\ O 51281+
Using known relations for the radiated power through a given port yields the reflection
r and transmission coefficient ¢ as

y = — = S11, (317)
S1,+

t= 52~ = 5192. (318)
S1,+

The above quantities are connected with the reflectance R and transmittance T via
R=|r|? and T = |t (3.19)

By using the relation Ck* = —«, and only considering radiative losses y = a4, the
transmittance can be written as [73]

_ t0%(w — wo)? + ro®y? + 2roto(w — wo)y

T = |so1]? (3.20)

(w—wp)? + 72
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For the quality (Q) factor extraction used in this thesis, the transmittance spectrum is
fitted according to with rg, t9, wo, and 7y as fitting parameters. Since 7y is deter-
mined through the TCMT approach, the Q factor of the resonance can be extracted
via

wo

=5 (3.21)

Q



4. Radial bound states in the
continuum for polarization-invariant
nanophotonics

The results presented in this chapter are published in the scientific open-access jour-
nal Nature Communications (L. Kithner et al., Nat. Com. 13, 4992 (2022), see ref.
[73]). As a basis of the chapter, the peer-reviewed manuscript is used and complete
sentences or even paragraphs will be taken word by word from the manuscript along
with graphic content/figures since Springer Nature allows the reprinting of own contri-
butions in theses (see Nature Portfolio statement in the appendix), also in accordance
with the terms of the CC-BY Creative Commons Attribution 4.0 International license
http: //creativecommons. org/ licenses/by/4. 0/. The theoretical explanations
and introduction to nonlinear optics follow and are taken from Ref. [70].

All-dielectric nanophotonics underpinned by the physics of bound states in the con-
tinuum [I7] (BICs) have demonstrated breakthrough applications in nanoscale light
manipulation [16], frequency conversion [23] 30] and optical sensing |28 [77]. Leading
BIC implementations range from isolated nanoantennas with localized electromagnetic
fields [22] to symmetry-protected metasurfaces with controllable resonance quality (Q)
factors [15]. However, they either require structured light illumination with complex
beam-shaping optics or large, fabrication-intense arrays of polarization-sensitive unit
cells, hindering tailored nanophotonic applications and on-chip integration. Here, ra-
dial quasi bound states in the continuum (radial BICs) are introduced as a new class
of radially distributed electromagnetic modes controlled by structural asymmetry in a
ring of dielectric rod pair resonators. The radial BIC platform provides polarization-
invariant and tunable high-Q resonances with strongly enhanced near fields in an ul-
tracompact footprint as low as 2 um?. In this chapter, radial BIC realizations in the
visible for sensitive biomolecular detection and enhanced second-harmonic generation
from monolayers of transition metal dichalcogenides are demonstrated, opening new
perspectives for compact, spectrally selective, and polarization-invariant metadevices
for multi-functional light-matter coupling, multiplexed sensing, and high-density on-
chip photonics.
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4.1. Numerical investigation and experimental
realization

4.1.1. State of the art and advantages of the radial arrangement

The rise of optical metasurfaces has launched a variety of breakthrough applications
ranging from negative refraction [20] and ultrathin optical elements [78] to photonic
computation [79]. Similarly, bound states in the continuum (BICs) have been shown to
underpin many fundamental oscillatory phenomena [16] and can be employed for tailor-
ing the lifetimes of resonant wave systems [80]. Initially discovered in quantum physics
[50] and also found in acoustics [81} 82] and ocean science [53], BICs have emerged as
an intriguing concept in optics [54] 55, 24]. In all-dielectric subwavelength structures,
radiative losses of BIC-based systems can be precisely controlled by tailoring interfer-
ences of the constituent resonant modes, producing sharp resonances with extremely
high values of the quality factors (Q factors). The BIC concept has therefore been
employed for a variety of applications driven by such spectrally selective nanosystems,
including multiplexed biospectroscopy [77, [83] 27], high-harmonic generation [30 29],
and sub-wavelength lasing [26] 84], 85].

Two of the principal BIC implementations in nanophotonics are supercavity modes in
single structures such as isolated nanoantennas [23] (see Fig. [4.1D) and resonances in
symmetry-protected metasurfaces [15] (Fig. and B). Although single BIC struc-
tures offer a minimal footprint, careful electromagnetic engineering is required to satisfy
the mode interference conditions of the hybridization of the Mie and Fabry-Pérot modes
[22], restricting design flexibility and limiting the achievable Q factors. Based on these
design constraints, such interference modes can only be excited with structured light
illumination, further increasing experimental complexity. Moreover, the resonantly en-
hanced electric near fields are predominantly confined inside the structures, which is
advantageous for material-intrinsic processes such as higher harmonic generation, but
severely limits surface-driven light-matter interactions and sensing applications.

In contrast, metasurfaces based on all-dielectric resonators with broken in-plane inver-
sion symmetry (Fig. ) offer both high Q factors and strong near fields that extend
considerably outside of the resonators, enabling cutting-edge applications in sensing
[28, 27] and enhanced light-matter interaction [29, 86, R7]. Significantly, symmetry-
broken quasi-BICs (qBICs) provide straightforward tunability of the resonance po-
sition and Q factor via the geometrical scaling factor of the unit cell [27] and the
degree of asymmetry for increased design versatility. However, they require specific
excitation polarizations and their lateral on-chip footprints of metasurfaces support-
ing qBIC resonances in the visible spectrum usually exceed 100 um? [30, 28], holding
back their potential for device miniaturization, on-chip multiplexed sensors, and hy-
brid nanophotonic systems such as interactions with micron-sized individual layers of
two-dimensional (2D) materials. Although their spatial extent can be reduced by trans-
forming the system into a one-dimensional chain (Fig. ), this comes at a significant
cost in terms of Q factor [8§].
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Figure 4.1.: Conceptual advantages of radial quasi-bound states in the continuum
(radial BICs). Established symmetry-broken quasi-BIC geometries, such as 2D metasurfa-
ces (A), and 1D chains (B), exhibit large footprints, moderately high Q factors and require
polarization-dependent excitation. Single particle BICs (D) exhibit small footprints but re-
quire complex excitation conditions. The radial BIC platform (C) combines a tiny footprint
with high Q factors in the visible. Above all, the radial BIC platform provides the highest Q
factor per footprint ratio compared to other 1D and 2D symmetry-broken BIC-based platforms
as shown here.

Polarization

Here, the concept of radial bound states in the continuum (radial BICs) is introduced
as a multi-application platform for sustaining polarization-invariant high-Q resonances
with high surface sensitivity in a compact footprint. These symmetry-protected and
radially distributed electromagnetic states are accessed through a carefully designed
ring structure incorporating symmetry-broken double rod unit cells, where individual
resonators are rotated to satisfy radial alignment (Fig. [4.1/C). In contrast to previous
2D or 1D resonator arrangements, the approach leverages a semi-infinite ring geometry
[89, [90], enabling a polarization-invariant optical response and avoiding edge effects.
Owing to this unique arrangement, the coupling between neighboring elements over the
entire ring is greatly improved for the radial BIC, resulting in much higher Q factors
compared to metasurface-based BICs in an 8x8 (blue curve) and 5x5 (black curve) array
as apparent from the numerical simulations in Fig. [£.2A. These numerical calculations
are performed in the frequency domain by obtaining full-wave solutions of Maxwell’s
equations using the commercially available RF module of the finite element solver
COMSOL Multiphysics. Port boundary conditions are employed for the excitation
of the structures and perfectly matched layers (PML) domains for the absorption of
propagating waves. A dispersion less refractive index of n = 1.45 was employed for the
SiOy substrate, while the dispersive refractive index of the amorphous silicon film, as
measured via ellipsometry (see Fig. [3.3)), was used for the resonators.
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Figure 4.2.: Advances of the annular unit cell arrangement. (A) Numerical investiga-
tion of the difference between resonator arrays of 8x8 (blue curve) and 5x5 (black curve) unit
cells arranged in a two-dimensional BIC metasurface compared to 24 unit cells (red curve) ar-
ranged in an annular fashion, showing the highest resonance Q-factors for all systems regarded
here. (B) Sketches of the simulated metasurfaces geometries.

One of the key parameters to control the optical characteristics of the radial BIC mode
is the asymmetry parameter AL, i.e., the length difference between the two constituent
rods of the unit cell. In the symmetric case (AL = 0), a BIC-like state is observed,
which is decoupled from the radiation continuum and exhibits negligible electromag-
netic near-field enhancement (Fig. and black curve in Fig. [4.3]A). Notably, even
though neighboring resonators are set at a small angle with respect to each other, the
radial arrangement of rods with identical lengths leads to a non-radiating BIC state
with negligible coupling to the far field. For non-zero asymmetry (AL > 0), the Cy,
symmetry is broken and, hence, the BIC transforms into a radial quasi-BIC (radial
BIC) mode. This mode can be accessed by the far field, demonstrating strong field
enhancements and the characteristic field pattern of opposing electric dipoles observed
in asymmetric metasurfaces [I5] (Fig. 4.3[C). The field normalization was performed
considering the solution obtained for the sum of the in-plane components of the electric
field (Ey + E,) using as a reference the smallest chosen asymmetry (AL = 25nm) to
highlight the reduction in field enhancement for larger asymmetries.

Due to the engineered inter-resonator coupling within the ring, linearly polarized light
efficiently couples to the full radial BIC mode extended along the ring and excites
spectrally distinct resonances with high Q factors (Fig. |{4.3A and Fig. [4.3B). The
numerical calculations confirm the presence of highly enhanced near fields outside the
resonator volume and highlight how the field magnitude can be tailored via the struc-
tural asymmetry as apparent from Fig. [£.3C. Obviously, a clear correlation between
the electric near fields and the values of the Q factors exists, where the lowest asymme-
try is associated with the maximum values of both parameters. Here, the radial BIC
system is engineered to exhibit high-Q resonances at around 770 nm in the red part of
the visible wavelength range.
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Figure 4.3.: Spectral and near-field investigation of the radial BIC mode. (A)
Simulated transmittance spectra of radial BIC structures with different asymmetries for a
radius R = 1.5 nm, where the black response (shifted for clarity) corresponds to the symmetric
case. (B) Extracted Q factors for the spectra shown in (A) follow the well-known AL™>
behavior (fitted as gray dashed line). (C) Simulated electric near fields for a symmetric ring
(AL = 0 nm) on the left and a variety of different asymmetries on the right at the spectral
position of the respective radial BIC mode. Apparently, the magnitude of the electric field
increases for decreasing asymmetry.

4.1.2. Full experimental characterization of radial BICs

Symmetry-broken ring structures with varying geometry are fabricated from 120 nm
thick amorphous silicon on a glass substrate using electron beam lithography and reac-
tive ion etching (see Methodology part for details). All measurements shown are based
on ring structures with 24 annular unit cells and a base rod length Ly = 335 nm with
width w = 115 nm except stated differently. The symmetry-breaking is introduced by
shortening one rod within the unit cell as indicated by the corresponding asymmetry
parameter AL. The choice of the asymmetries is based on a trade-off between highest
O factors (and associated strong near fields) and the resulting modulation of the radial
BIC resonances in the optical experiments.

Although higher field enhancements and ultrahigh Q factors are numerically predicted
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Figure 4.4.: Full white-light transmittance spectra for different asymmetries. Opti-
cal transmittance spectra of the radial BIC geometry with different ring radii increasing from
1.4 (smallest resonance wavelength) to 1.8 (largest resonance wavelength) pym for an asymme-
try of AL = 25 nm (green color code), AL = 50 nm (red color code), and AL = 75 nm (blue
color code). For the smallest asymmetries, the highest Q factors are observed, exceeding 500.

for asymmetries approaching AL = 0 nm (see Fig. |4.3B), an optimum parameter range
is found for asymmetry values around AL = 25 nm, taking into account nanofabrica-
tion accuracy and the noise characteristics of the spectroscopy setup.

The optical characterization of the radial BIC structures is conducted with a commer-
cial white light transmission microscopy setup (WiTec alpha300 series). The samples
are illuminated with collimated white light from the backside and the transmitted sig-
nal is collected with a 50x objective (NA = 0.8). The collected light is focused into a
fiber which is coupled to a grating-spectrometer equipped with a silicon CCD camera
that is used to acquire white light transmittance spectra. All the transmittance spectra
shown are referenced to the bare SiO9 substrate.

At first, the optical response of the radial BIC structures with different radii R is exam-
ined and found that precise tuning of the resonance wavelength is provided via the ring



4.1 Numerical and experimental characterization 45

A B
0.95¢ (o)
® o 1400
= -
g 0.90+ o %
% 1300 ®
S 085/ o C
= 1200
0.80 N — . . . . O
740 760 780 800 820 840 14 15 16 17 1.8
Wavelength (nm) Radius (um)
Cc
—
& 5 very large
g I distances
: =
& ©
=) = i
— — —J : —
§ 5 |
= -
NS limiting case
—

v

decreased coupling, increased radius

Figure 4.5.: Simulated spectral radial BIC responses for different radii. (A)
Simulated transmittance spectra of radial BIC structures with different radii ranging from
R =14 pm to R = 1.8 um for AL = 50 nm. (B) Extracted Q factors for the spectra shown
in (A), showing the highest Q factor for the smallest radius. (C) The decreasing Q factors for
increasing radii are associated with larger spacing between individual rod resonators and thus
decreased inter-rod coupling, hampering the mode formation.

radius as depicted in Fig. [£.4] In particular, the energy of the radial BIC resonances is
decreased for higher radii which is in line with the theoretical predictions in Fig. [£.5A.
Furthermore, the reduced resonance Q factors (see Fig. 4.5B) are associated with the
decreased inter-rod coupling between adjacent resonators as illustrated in Fig. 4.5

For the determination of the Q factors of the radial BIC resonances, a temporal coupled
mode theory model [73] is employed where the Q factor is defined as

/lres
= , 4.1
Q 2y (4.1)

with the resonance wavelength A,e5 and the linewidth y of the resonance. Subsequent-
ly, each extracted Q factor is plotted versus the asymmetry and the radius of the
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Figure 4.6.: Dependence of the quality factor on the ring radius R and the unit cell
asymmetry AL. Quality factors exceed 500 for AL = 25 nm in the visible wavelength range.

respective ring as depicted in Fig. [£.6] Consistent with the numerical simulations, the
highest resonance sharpness is observed for the smallest values of the asymmetry AL
with Q factors exceeding 500. In fact, the measured Q factors are among the highest
reported in the literature for symmetry-broken metasurfaces in the visible spectral
regime [28], [34].

In order to put the obtained Q factors more into context, the results are compared
with values reported in the literature and overviewed in Table [£.1] Three classes
are distinguished for simplicity here: accidental and photonic-crystal-based gBICs,
qBICs emerging from strongly coupled photonic modes in individual subwavelength
resonators, and symmetry-broken qBICs.

So far, photonic-crystal-based approaches have shown the highest quality factors, with
specific examples reaching around 10 [24]. However, they rely on grating-based ap-
proaches and lack flexible tunability of the resonances. Quasi-BICs emerging from
strongly coupled modes possess the lowest footprints since the do not rely on array-
based approaches [23]. Nevertheless, these resonators have been limited to experimental
Q factors below 200, often require complex optical excitation with structured light, and
exhibit near fields that are located inside the structures, reducing the spatial overlap
with analytes and thus the sensing performance.

In contrast, symmetry-broken BICs show exceptional resonance tunability and sustain
high-Q resonances down to smaller array sizes [91]. In this study, a record Q factor of
roughly 18500 for symmetry-broken BICs was achieved. For better comparison, some
representative works in the field of BIC-based nanophotonics are shown in Table [4.1]
From the table, it is clear that the radial BIC possesses the smallest footprint and thus
the highest Q factor vs. footprint ratio apart from the single disk BIC. The single par-
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| Ref. [91] | Ref. 25] | Ref. [24] | Ref. 23] | This work

BIC Symmetry- | Accidental | Photonic Strong Symmetry-

mechanism broken Crystal mode broken
coupling

Excitation Lin. pol. Lin. pol Lin. pol | Structured | Lin. pol

Resonance IR, 1490 - | NIR, 825 - | VIS, 570 - | IR, 1500 - | VIS, 700 -

wavelength 1550 nm 842 nm 850 nm 1600 nm 850 nm

Quality (Q) 500 - 2750 108 Up to 200 100-500

factor 18511

Footprint 10.6 - 308 24000 103 0.62 2.7

(nm?)

Q / footprint | 66 - 117 0.11 0.01 322 186

Table 4.1.: Record Q factors of different BIC metasurfaces with the corresponding geometrical
footprints and resonance wavelengths.

ticle BIC is mentioned above but excluded here due to the complex optical excitation
conditions and unsuitable near-field distributions for sensing applications [25] 28]. In
fact, comparing the same number of unit cells with Ref. [91], the radial BIC exhibits
the same quality factor although confined to a much smaller footprint and sustains res-
onances in the visible where material losses and fabrication imperfections — in contrast
to the NIR region — pose significant challenges. In fact, the simulations carried out for
the radial BIC geometry demonstrate that the ring arrangement of unit cells is favored
compared to the arrangement in a 2D array (see Fig. )

Apart from the tailorability of the radial BIC Q factors, the versatile design provides
additional degrees of freedom for tailoring the resonance, such as the number of unit
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Figure 4.7.: Influence of base rod length Ly and number of unit cells on the optical
response of the radial BICs. (A) Measured transmittance spectra for increasing base rod
length Lg for an asymmetry of AL = 50 nm. A red-shift of the radial BIC resonance is observed
for higher base length. (B) White light transmittance spectra for different number of unit cells
with AL = 50 nm. The Q factor decreases for fewer unit cells due to decreased inter-rod
coupling.
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Figure 4.8.: Observation of polarization-invariant excitation of the radial BICs.
The radial BIC geometry shows polarization invariance as observed by the weak dependence
of the resonance quality factor on the polarization angle ¢ of the incident light.

cells constituting the ring and the base length Ly of the all-dielectric rods as demon-
strated in Fig. [£.7 As apparent from Fig. [£.7]A, increasing lengths of the individual
rods lead to pronounced resonance red-shifts. Remarkably, quasi-BIC resonances are
observed down to N = 12 unit cells (Fig. |4.7B) which corresponds to 24 single res-
onator elements that constitute the BIC mode. Owing to the increased angles between
adjacent resonators for a decreased number of unit cells, the resonance modulation and
Q factor are reduced.

Strikingly, the annular arrangement of the resonator elements renders the Q factor
mostly invariant under rotations of the incident polarization direction of light [92],
maintaining a value above 200 throughout the angular range (Fig. . To elaborate
the polarization invariance in more detail, the explanation is split into two parts, the
inter-unit cell and intra-unit cell contribution.

First, for the inter-unit cell polarization invariance, it is clear that the ring possesses a
Coyq symmetry owing to the 24 unit cells of the structure, meaning that a rotation by
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Figure 4.9.: Influence of the incidence angle on the mode formation. (A) Electric
near fields for different linear polarizations ¢ of the incident light showing no differences in the
mode itself. (B) The corresponding numerical spectra for the different incidence angles exhibit
the same resonance position and Q factor as well as resonance modulation.
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360°/24 = 15° will congruently transform the ring onto itself. As a result, for every
polarization angle ¢q the radial BIC will exhibit the same optical far-field response for
all angles ¢, = ¢g+n-15°, where n are the integers. Even though the far-field response
is identical, the maximum of the near-field patterns depend on the polarization angle
¢ as experimentally verified from the polarization dependent SHG maps in Fig.
Second, the intra-unit cell polarization invariance for polarization angles 0° < ¢ < 15°
is considered within one unit cell. As a proof, the near-field patterns and optical far-
field responses were numerically calculated for different polarization angles within this
range, which are depicted in Fig. 1.9 As obvious from panel and [4.9B, the
different polarization angles neither change the mode structure and mode formation
nor impact the spectral response of the radial BIC. As a result, it is concluded that
the spectral response is also invariant within the radial BIC unit cell. Considering an
arbitrary polarization angle, the spectral response will thus be unchanged.
Combining the intra- and inter- unit cell polarization invariance, the spectral response
of the radial BIC in general is polarization invariant as a whole for an arbitrary inci-
dence angle ¢.

4.2. Biomolecular sensing using radial BICs

One way to utilize the ability of photonic nanostructures to convert incoming far-field
radiation into highly enhanced localized near fields is to probe the refractive index in the
vicinity of the nanostructures. Mediated by the coupling between the interfaced sensing
specimen and the highly enhanced local near fields, minute changes of the surrounding
can be monitored [28]. In fact, different environmental conditions, such as another
coverage layer and thickness or different biomolecular species and concentrations, will
alter the effective refractive index around the nanostructures which manifests itself in
a far-field resonance shift as depicted in Fig. [4.10JA. Via this far-field resonance shift,
the amount of the specimen can be deduced. Usually, to determine the capability of a
nanophotonic biosensor, the refractive index sensitivity is characterized first.

4.2.1. Refractive index sensitivity

As an initial step, to assess the refractometric sensing performance of the radial BIC,
the local refractive index around the ring structure is varied by means of magnetron
sputtering of conformal silicon dioxide (SiO2) thin films with increasing thicknesses.
Pronounced resonance shifts for all asymmetries can be detected dependent on the
SiO9 layer thicknesses (see Fig. [£.10B). For the calculation of the bulk refractive index
sensitivity Sp (BRIS), the resonance shifts mediated by the thin films are converted by
taking into account the decay length of the resonators and the film thickness from the
surface sensitivity [93]. First, the surface sensitivity Ss is calculated as

Adyes
Ss = , 4.2
S AI’LS ( )
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Figure 4.10.: Refractive index sensing. (A) Principle of refractive index sensing. Inci-
dent light excites the sharp radial BIC resonances that are extremely sensitive to the dielectric
surrounding. As a consequence, resonance shifts can be related to the presence of biomolecular
species or change of surrounding refractive index in general. (B) Radial BIC resonances with
different asymmetries AL exhibit distinct spectral shifts when covered with increasing thick-
nesses of SiOy thin films (numbers are thicknesses in nm). From these shifts, a figure of merit
(FOM) can be calculated for each asymmetry which is depicted in (C).

where ng is the refractive index of the conformally deposited SiO5 thin film. Usually,
the sensitivities are normalized by the respective Q factor of the resonance since it is
easier to retrieve small resonance shifts with sharper resonances. For this purpose, the
figure of merit for the surface sensitivity is defined as

Ss
FWHM’

where FWHM is the full width at half maximum of the radial BIC resonance. From
the figure of merit for the surface sensitivity, it can be inferred on the figure of merit
for bulk refractive index sensitivity [93] via

FOMg
1 —exp(=2h/ly)’

FOMjg = (4.3)

FOMp =

(4.4)

with the film thickness h and the decay length [;. From the simulations, a decay length
lg = 44.7 nm is obtained. With the help of these values and equations, the FOM for
bulk refractive index sensing is derived for each asymmetry AL as shown in Fig. [1.10C.
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Work Ref. [94] Ref. [95] Ref. 28] This work | This work
(exp.) (num.)

Gold All-dielectric | Symmetry-

Platform nanohole Fano broken BIC | Radial BIC | Radial BIC
array metasurface

Sensitivity 700 289 263 40 188

(nm RIU™Y)

FOM (RIUY) 160 103 40 22 2243

Table 4.2.: Overview of biosensitivities for different sensor platforms, data taken from [96].

Based on these BRIS values, it is found that the resonance figure of merit (FOM, BRIS
divided by resonance full width at half maximum, FWHM) is clearly correlated with the
asymmetry of the radial BIC structures. The highest FOM of above 20 per refractive
index unit (RIU) is observed for the lowest asymmetry (Fig. [£.10C). The FOM values
of the radial BIC geometry for refractive index sensing are mostly comparable with
large array-based approaches relying on symmetry protected metasurfaces [28], despite
the much smaller footprint. Nevertheless, the FOM can be substantially boosted by
utilizing even smaller asymmetries or by further engineering the inter-rod coupling, e.g.
by optimizing the resonator shape.

To put the performance of the radial BIC sensor more into context, some representative
sensitivities are shown in table 4.2/ along with the sensitivities and FOM obtained from
this experimental study. Importantly, through a further optimization of the nanofab-
rication processes, the losses of the radial BIC sensor platform can be greatly reduced,
leading to improved Q factors and a higher FOMs.

To estimate the potential of the geometry, numerical data for the sensitivity of the
radial BIC platform are presented in Fig. [£.11} For an asymmetry of AL = 5 nm, which
is estimated to be the minimum achievable asymmetry, a sensitivity of § = 188 nm/RIU
is obtained, which compares with recently established numerical values (see Ref. [97])
of 440 nm/RIU for extended 2D arrays of symmetry-broken BIC resonances. The
corresponding FOM for the radial BIC platform was calculated as FOM = §/FWHM
= 2243 RIU™L.
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Figure 4.11.: Simulated refractive index sensitivity. Simulated radial BIC responses
using AL = 5 nm for different surrounding refractive indices indicate an FOM = 2243 RIU~!.
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4.2.2. Biomolecular sensing performance

For the implementation of a model multi step bioassay, the structures are first func-
tionalized with (3-Aminopropyl) triethoxysilane (APTES), followed by the attachment
of biotin capture molecules and the binding of different concentrations of streptavidin
protein. After each step, a clear redshift of the radial BIC resonance is observed (Fig.
A), induced by the increased amount of molecules on the surface and the associated
increase of the environmental refractive index. To compare the biomolecular sensing
performance for all asymmetries, the resonance shift is normalized by the respective
FWHM and plotted for each streptavidin concentration to obtain a map of biomolec-
ular sensing performance (Fig. [£.12B).

Notably, a clear and concentration-dependent sensor performance over a broad range
of concentrations and resonance linewidths is apparent. Depending on the experimen-
tal light sensitivity and thus the required resonance modulations as well as spectral
resolution, a wide parameter space is demonstrated for picking the appropriate struc-
tural asymmetry. Especially field-deployed applications with low spectral resolution
may require resonances with smaller Q factors — when pushing for highest sensitivity,
high-Q resonances and consequently a high FOM is favored. The versatile platform
allows to cover all such use cases in an ultrasmall footprint.
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Figure 4.12.: Molecular biosensing with radial BICs. (A) Transmittance spectra for a
ring with AL = 50 nm and R = 1.6 um after each functionalization and molecular binding step
as indicated in the color-coded boxes. (B) Map of biomolecular sensing performance. Measured
resonance shifts normalized to the respective FWHM for three different asymmetries dependent
on streptavidin concentrations.
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4.3. Radial BIC-enhanced second harmonic generation

Another way to utilize the highly-enhanced near fields is to couple 2D materials, which
will be introduced in detail in the next chapter, to the nanophotonic surface. Mediated
by the highly enhanced electric near fields, that are provided by the resonantly excited
nanostructures, nonlinear optical effects, such as higher harmonic generation will be
greatly enhanced.

4.3.1. Introduction to nonlinear optics

In order to comprehend higher harmonic generation, it is insightful to consider the
dielectric polarization within a medium caused by an incident light wave. For this
purpose, it is convenient to represent the time-dependent polarization P(t) as a Tailor
series of different contributions

P(t) = & ( YOE@® + yPE2(1) + YO E3 (1) + 0(E4)) , (4.5)

where y(M is the linear susceptibility and y® and y® are the nonlinear susceptibili-
ties and are tensors in general. In essence, the incident light drives a polarization P in
the medium that is usually linearly dependent on the incident field E. Nevertheless,
if the strength of the incident light is very high, for instance for a laser, nonlinear
contributions to the polarization need to be included. In the case of second harmonic
generation (SHG), two incident photons with frequency w are absorbed by the nonlin-
ear material and converted to a single photon with frequency 2w as depicted in Fig.
4131

The emergence of SHG can be easily understood by considering a time-harmonic inci-
dent field given as

E = Ege ™' + Eg*e™™!, (4.6)
The corresponding second order polarization is then given as
P? =250y DEE"* = 260y PEEo* + (80 YD E 20 4 c.c.) . (4.7)

As apparent from eq. [4.7], the second order nonlinear susceptibility contains a constant
term, which is referred to as optical rectification and two terms that are oscillating at
twice the frequency of the incident light. In fact, these terms are the contributions to
the SHG of a nonlinear material.

By utilizing nanophotonic structures, the incident light can be transduced and highly
enhanced up to orders of magnitude into local electric fields. This, in turn, boosts
the second-order polarization and thus the SHG for any nonlinear material exposed
to these highly enhanced fields, such as an evanescently coupled 2D material on the
surface of a nanophotonic structure.

One necessary prerequisite for a finite y® # 0 is that the material is non-centro-
symmetric, i.e., it does not possess an inversion center. Another prerequisite for the
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Figure 4.13.: Principle of SHG (A) Two incident photons with frequency w are converted
in a nonlinear material y? # 0 to a single photon with frequency 2w. (B) Level scheme for

SHG.

occurrence of SHG is the interference management between the incident light, which
is not converted, and the generated SHG. Since both waves interfere, the thickness of
the nonlinear material needs to be adjusted such that both waves do not interfere de-
structively, a process called phase matching. Since the SHG considered here originates
from atomically thin materials, phase matching is not necessary in this case.

4.3.2. Estimation of the SHG enhancement

Prior to the experimental realization, a numerical estimation is performed, investigating
which asymmetry provides the highest near-field enhancements and thus the strongest
light-matter interaction. To quantify the dependence of the SHG enhancement on the
underlying radial BIC asymmetry, a simple estimation of the asymmetry-dependent
SHG is given. The normalized electric energy Wy provided by the radial BIC is given
by [98]

, [ dV E?

Wy2=n —_—,
v V E,?

(4.8)
where n is the refractive index of the surrounding medium, V the corresponding near-
field volume, and E2/E(? the near-field intensity enhancement. The SHG enhancement
is proportional to the square of the normalized electric energy and can be compared
for different asymmetries. For these calculations a scattering field formulation was em-
ployed in simulations, where the linearly-polarized incident, transmitted and reflected
waves were defined as the background field.

For simplicity, the refractive index dependence is dropped since the surrounding medium
is the same for all asymmetries and thus the refractive index contribution will cancel
out. As model system for the SHG, a monolayer of the transition metal dichalcogenide
(TMDC) molybdenum diselenide (MoSes) is chosen. As such monolayer TMDCs pro-
vide lattices with broken inversion-symmetry and thus give rise to high SHG [99, [100].
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Figure 4.14.: Estimation of the electric energy and SHG. (A) Simulated near-field
patterns for different asymmetries, all normalized to AL = 5 nm. (B) Volume considered for
the calculation of the normalized electric energy, restricted to one unit cell in plane and to 1
nm in z direction which corresponds to the extent of a monolayer of MoSes. (C) Square of the

mean electric energy normalized to AL = 50 nm (as used in the experiments) for the region of
interest (ROI) defined in (B).

As a consequence, the consideration of the normalized electric energy is restricted to
a range of interest (ROI) of one unit cell and it is assumed that the monolayer lays
completely flat on the surface of the unit cell with a thickness of 1 nm as depicted in
Fig. [4.14B.

To provide an estimate of the expected SHG, the calculation of Wy? is performed for
different asymmetries within one unit cell (UC) and is normalized to the AL = 50 nm
case. It is evident from Fig. and Fig. that the SHG enhancement saturates
for asymmetries smaller than AL = 25 nm. Considering the fabrication intolerances
and detection efficiency of the confocal white light setup, an asymmetry of AL = 25 nm
would be optimum. Nevertheless, transmittance measurements of the hybrid material
system with the monolayer MoSey on top of the radial BIC platform could not detect
any resonance, probably related to the damping induced by the monolayer.

As a consequence, an asymmetry of AL = 50 nm was chosen as a trade-off between
high near-field enhancements and sufficient resonance modulation.
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4.3.3. Experimental results

To demonstrate the versatility of the design, the radial BIC platform is employed for
enhanced light-matter interaction and coupled to a two-dimensional excitonic material
[29, 101, 102]. Specifically, enhanced second harmonic generation (SHG) in a non-
centrosymmetric monolayer crystal of MoSes is demonstrated and localized, facilitated
by the highly enhanced electromagnetic near fields that are associated with the radial
BIC resonances. For this purpose, a monolayer of MoSes is deterministically transfered
on top of the radial BIC platform (Fig. |4.16B). Crucially, this experiment is enabled by
the low footprint of the radial BIC platform, which allows full spatial overlap between
the micron-sized MoSes layer and the ultra-compact ring geometry.

The experimental system is depicted in Fig. 4.16|A, where the radial BIC platform is
displayed covered with the MoSey monolayer. The lattice structure of the atomically
thin monolayer exhibits a broken inversion symmetry, leading to strong optical nonlin-
ear effects, such as SHG. In order to probe the SHG, the sample is illuminated with
a tunable Ti:sapphire femtosecond pulsed laser and the SHG signal is detected after a
shortpass filter with an avalanche photo diode detector.

At first, the origin of the observed signal is verified as SHG by increasing the pump
power and monitoring the integrated signal from the pure MoSey monolayer. As ap-
parent from Fig. [{.15]A, the integrated intensity follows a quadratic increase with the
input power as indicated by the gray fit line indicating the emergence of non-linear
second harmonic light generation. Furthermore, the polarization resolved SHG signal
is analyzed for light incident on the pure monolayer. If the excitation polarizer and
the detection polarizer are aligned in parallel (||, blue color code), the characteristic
four-fold pattern is observed, as expected from the nonlinear permittivity tensor de-
rived from the symmetry group of the crystal. In line with this, for the cross-polarized
situation (L, orange color code), the same pattern is observed but with a 45° rotated
maximum signal, clearly indicating the signal origin as SHG [103].
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Figure 4.15.: SHG from a MoSe; monolayer. (A) Integrated second harmonic generation
(SHG) signal for an excitation wavelength of 2 = 744 nm on the MoSe; monolayer on a bare
substrate showing a quadratic dependence (grey fit line). (B) Polarization-resolved SHG signal
from the MoSes monolayer in either parallel or perpendicular detection geometry.
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Figure 4.16.: Radial BIC-enhanced second-harmonic generation in a MoSe; mono-
layer. (A) Schematic depiction of an MoSes monolayer covering the ring structures while
being illuminated by a pulsed excitation laser. (B) AFM image showing the coverage of the
flake on top of the ring. (C) SHG maps for the ring displayed in panel B taken at different
excitation wavelengths. SHG enhancement is only present for an excitation wavelength reso-
nant with the radial BIC. In contrast, for the off-BIC excitation, the expected suppression of
the SHG signal due to strain is observed. Scale bar: 300 nm. (D) Transmittance spectrum of
the ring structure (AL = 50 nm) covered with MoSes monolayer clearly showing the spectral
signatures of the radial BIC resonance (744 nm) next to the absorption line of the exciton (785
nm).
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After the PDMS dry-transfer of the MoSes monolayer with the custom-built stacking
setup (see Methodology for details), atomic force microscopy (AFM) imaging con-
firms the homogeneous coverage of the resonators (Fig. 4.16B) and indicates that the
monolayer is in good contact with the silicon structures.

To demonstrate spectrally selective SHG, the coupled system is excited at three dif-
ferent excitation wavelengths via the utilization of a tunable femtosecond pulsed laser
(Fig. and D). A ring with AL = 50 nm was chosen to balance the high near-field
enhancements with a sufficient resonance modulation. Although even higher near fields
and thus SHG enhancements are expected for smaller asymmetries, such as AL = 25
nm, the resonance was diminished by the TMDC monolayer in experiments.

Specifically, as shown in Figure [4.16D, the system is excited at 744 nm, in resonance
with the radial BIC mode, at 800 nm, close to the MoSes exciton peak, and at 900
nm, spectrally distinct from both the exciton and the radial BIC resonance. For each
excitation wavelength, the focused laser beam is rastered across the sample and the
SHG signal is directed to an avalanche single photon detector and plotted for each point
to obtain an SHG intensity map. The SHG maps shown in Fig. |4.16(C are normalized
to the bare MoSey monolayer flake to guarantee consistency between the measurements
and to eliminate wavelength-dependent processes such as detector and SHG efficiency
as well as transmission of the signal in the optical beam path.

For the radial BIC-resonant excitation, a five-fold SHG intensity enhancement is ob-
served, confined to the top of the ring structure, illustrating the highly localized gen-
eration of the SHG signal. On the contrary, for off-resonant excitation a suppression
of the SHG is observed within the same region. The suppression of the SHG excited
spectrally apart from the radial BIC resonance can be attributed to strain introduced
in the monolayer TMDC by the ring structure [104] which is overcome by the highly
enhanced near fields for the resonant excitation. The wavelength dependency is a clear
indication that the SHG enhancement is driven by the locally enhanced electromagnetic
near field of the radial BIC resonances.
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Figure 4.17.: Excitation polarization dependent SHG maps of the same ring covered
with a monolayer of MoSes. (A) Background-corrected SHG map for vertical excitation
polarization. (B) Background-corrected SHG map for horizontal excitation polarization.
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Figure 4.18.: SHG map of a symmetric ring covered with a monolayer of MoSe,.
(A),(B) Optical and photoluminescence micrograph of the radial BIC which is used for SHG
reference maps for the purely symmetric structure. The outline of the ring is indicated as yellow
dashed circles for clarity. (C) SHG map for the symmetric structure. Except for regions where
the monolayer is folded, we observe no enhancement of the SHG signal present, supporting the
BIC-induced SHG enhancement.

Another proof of the radial BIC related SHG enhancement is performed by using a
linear polarizer for the excitation laser. As obvious from Fig. [£.3[C, the maximum field
enhancement across the ring is always parallel to the linear excitation polarization.
As a result, rotating the angle of the incident linearly polarized light should lead to a
rotation of the origin of the maximum SHG on the ring.

For this purpose, the system is illuminated with horizontal and vertical linear polar-
ization in resonance with the radial BIC at 744 nm and the obtained SHG maps are
depicted in Fig. 4.17, where the background was subtracted for easier comparison of
both maps. Apparently, the SHG signal clearly follows the polarization of the incident
laser beam and thus the maximum near-field enhancement of the radial BIC.

Furthermore, to clearly attribute the SHG enhancement effect to the radial BIC, an-
other control experiment is performed. Here, a symmetric ring with AL = 0 nm was
covered with an MoSes monolayer. The corresponding optical and photoluminescence
(PL) image is shown in Fig. and B. Already from the PL image, no enhancement
is present which is confirmed by the SHG map in Fig. [{1.18(C.

Apart from the consistency checks with the coupled system, the emergence of the SHG
signal from the resonator material silicon itself is excluded by measuring a pure un-
covered radial BIC ring at the resonance wavelength. Although crystalline silicon does
not exhibit a broken inversion symmetry, the devices are fabricated from amorphous
silicon which could contribute to the observed SHG signal.

Nevertheless, only a negligible SHG signal is observed from the pure silicon ring itself
as apparent from Fig. [£.19A. The comparison of the SHG from the pure ring and the
coupled system in Fig. shows that the SHG from the coupled system is two
orders of magnitude larger, indicating that the SHG from the silicon can be neglected.
As obvious from the previous measurements, the radial BIC is a versatile platform to
boost the light-matter interaction between the MoSes monolayer and the incident light.
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Figure 4.19.: SHG map comparison of a bare silicon radial BIC structure and a
MoSe; covered ring. Comparison of SHG maps extracted from a bare asymmetric silicon
radial BIC geometry in (A) and from the same ring covered with a monolayer of MoSes in
(B) plotted on different scales. For comparability of both maps, the background signal is set
to zero. The maximum signal obtained from bare silicon structures is more than two orders
of magnitude smaller on the whole ring compared to the MoSes covered ring and can thus be
neglected.

In summary, a new paradigm for BIC-based nanophotonics was introduced and ex-
perimentally demonstrated within this chapter: radial bound states in the continuum
supported on rings of symmetry-broken all-dielectric resonators. Crucial for the im-
plementation in optical circuits and as sensing devices, the challenging requirement for
ultrasharp resonances and tiny footprints was achieved to obtain high quality factors
in the visible along with the smallest footprints for symmetry-broken BIC metasurfa-
ces reported in the literature. The novel BIC platform delivers polarization-invariant
high-Q resonances with versatile spectral tunability in a footprint as low as 2 um?.

The concept shifts the boundaries of BIC-based nanophotonics and nanoscale sensors
by reaching several milestones:

First, radially distributed and symmetry-protected modes were leveraged in semi-
infinite ring structures to unlock a new design dimension for nanophotonic systems.
Second, the inherent polarization-invariance of the radial BIC enables straightforward
nanophotonic integration and increased signal-to-noise ratios.

Third, it was experimentally shown that radial BICs offer drastically reduced spatial
footprint while maintaining full control over resonance position and sharpness, reaching
extremely high quality factors in the visible above 500.

Due to their highly enhanced near fields and precise spectral tunabilty, radial BICs are
an ideal platform for tailoring and boosting light-matter interaction. The enhanced
light-matter interaction was demonstrated with two applications: Increased biomolec-
ular detection efficiency of streptavidin proteins and enhanced second harmonic gener-
ation in monolayers of MoSes.



4.3 Radial BIC-enhanced SHG 61

All together, the radial BIC platform is ideally suited for enhanced light-matter in-
teraction and can be employed to study light-matter coupling, potentially even in the
strong coupling regime. Nevertheless, the platform can already be used for on-chip in-
tegration and could find applications for sensitive point-of-care devices in early disease
detection and treatment but also for health monitoring. Beside the sensing aspect,
the resonant system can be used for miniaturized on-chip light-sources based on the
enhanced SHG of a suited material in the proximity.
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The realization of lossless metasurfaces with true chirality crucially requires the fabrica-
tion of three-dimensional structures, constraining their feasibility for experiments and
hampering practical implementations. Even though the three-dimensional assembly
of metallic nanostructures has been demonstrated previously, the resulting plasmonic
resonances suffer from high intrinsic and radiative losses. The concept of photonic
bound states in the continuum (BICs) is instrumental for tailoring radiative losses in
diverse geometries, especially when implemented using lossless dielectrics, but appli-
cations have so far been limited to planar and intrinsically achiral structures. In this
chapter, a novel nanofabrication approach to unlock the height of generally flat all-
dielectric metasurfaces is introduced as an accessible parameter for efficient resonance
and functionality control. In particular, out-of-plane symmetry breaking in quasi-BIC
metasurfaces is realized and the design degree of freedom is leveraged to demonstrate,
for the first time, an optical all-dielectric quasi-BIC metasurface with maximum in-
trinsic chirality that responds selectively to light of a particular circular polarization
depending on the structural handedness. The experimental results not only open a new
paradigm for all-dielectric BICs and chiral nanophotonics but also promise advances
in the realization of efficient generation of optical angular momentum, holographic
metasurfaces, and parity-time symmetry-broken optical systems.
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5.1. Height-driven linear qBICs

5.1.1. Analytical description and numerical simulation of
height-driven qBICs

Controlling the interaction of different polarization states of light with matter has been
a major goal of optics, covering the gamut from fundamental science [105] to practical
technological applications [106]. Metasurfaces composed of resonant sub-wavelength
building blocks with tailored optical properties have significantly advanced the capa-
bilities for controlling light on the nanoscale [19], launching breakthrough applications
in diverse fields including localized high-harmonic generation [91], [29], ultra-thin optical
elements [78, [107], and biomolecular sensing [77, 27, 28]. In recent years, two major
developments have underpinned the rapid progress in the metasurface technology and
applications:

(i) a transition from traditional plasmonic resonator geometries to all-dielectric mate-
rials to overcome Ohmic losses, and

(ii) the utilization of the emerging physical concept of photonic quasi bound states in
the continuum (qBICs), which provides versatile control over the radiative losses in
nanophotonic systems [16, [15] 108, [80].

Combining these advances, all-dielectric qBIC-driven metasurfaces have delivered ul-
trasharp resonances with high values of the quality factors (Q factors) [91], 25], broad
spectral tunability [27],[83], and strongly enhanced near fields for boosting both surface-
driven and material-intrinsic processes [29, 31, 23]. Among different BIC-driven con-
cepts [17], metasurfaces with broken in-plane inversion symmetry are especially appeal-
ing for tailoring light-matter coupling, because they enable a straightforward control
over the radiative lifetimes via geometric perturbations within the metasurface unit
cell (meta unit) [15].

So far, most qBIC-driven metasurface realizations have relied on modifying the in-
plane geometry of the resonant elements to control the asymmetry, owing to the chal-
lenges of fabricating resonators with different heights at sub-wavelength distances. This
limitation also constitutes a significant roadblock for applications such as holography
[109, 110, 111], generation beams with an optical angular momentum (OAM) [112], chi-
rality sensing [I13], and chiral nanophotonics [114], 115, [116], which naturally require
non-planar structures to enable the efficient interaction with more complex polarization
states of light.

Here, out-of-plane symmetry-broken qBIC metasurfaces are experimentally demonstra-
ted in the red part of the visible spectrum by leveraging a novel multi-step fabrication
process for arbitrary height control of the resonators. Crucially, the approach imple-
ments different resonator heights based on an additional deposition step of the dielec-
tric material, allowing height control with extreme precision down to the Angstrom
range, only limited by the parameters of the respective evaporation or sputtering pro-
cesses. This approach is utilized to realize height-driven qBIC resonances with tailored
linewidths interacting with linearly polarized light.
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The optical properties of ¢BIC metasurfaces can be modeled using coupled-mode theory
(CMT) describing light scattering as an interference of a direct background channel and
a resonant channel underpinned by a qBIC eigenstate excitation and re-radiation [73].
The eigenstate interaction with the far field is described by the coupling parameters m,
and for electromagnetic waves normally incident along the z-axis and polarized along
unit vectors e they are proportional to (in analogy to eq. [15]

me &« J(r)eikz’ (5.1)
/

where J(r) is the displacement current within the meta unit volume V and k is the
light wavenumber. The coupling coefficients m,” to waves incident onto the metasurface
backside are expressed by similar integrals with reversed propagation direction (e'*? —
e_ikz). The corresponding power transmission coefficients of an incident wave (polarized
along unit vector i) into an outgoing wave (polarized along unit vector f) are expressed
as

mimg’

Ti(w) = ta(w)]?,  with t5(w) = 765 — - -,
i(w = wo) =0

(5.2)

where 7 is a coefficient of background transmission preserving the polarization (6g is
the Kronecker delta-symbol), and the complex eigenfrequency (wq + iyg) contains an
imaginary part with radiative and dissipative contributions: yy = y; + yq. QBICs
with versatile polarization properties can be realized starting from a simple symmetry-
protected anti-parallel electric dipole BIC of a double-rod meta unit as shown in Fig.
[b.TA. The corresponding coupling parameters given by eq. are reduced to

me o py-ec® 4 p, - eel*?2, (5.3)

where p, o are the electric dipole moments of the rods 1 and 2, and z;2 are their
effective z-coordinates. Perfect BIC isolation with m, = 0 for all polarization unit
vectors e is achieved when p; = —p, and z1 = z2, 7.e., when identical rods are placed
within the same plane.

An exemplary in-plane symmetry-breaking, transforming this BIC into a qBIC, occurs
when the length of one rod is varied and the rod length difference AL becomes the
asymmetry parameter (Fig. [5.1]A). For AL > 0, the electric dipole moments remain
antiparallel, but have different magnitudes (|p;| # |psl|), which enables the coupling
to waves linearly polarized along the long rod axis. Crucially, such coupling can also
be tailored via the rod height difference Ah. In this case, both the magnitudes of
the dipole moments and their effective locations become slightly different. Thus, the
coupling to the far field is enabled by

my o py(e*—1) + Ap, (5.4)

where both Ap = p1 — p2, and Az = z7 — zo are determined by Ah as it produces a
difference in the rod volume and also shifts their centers of mass, see Fig. [5.1B.
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Figure 5.1.: Unlocking the height of dielectric resonators for photonic gBIC engi-
neering. (A) Established qBIC geometries use in-plane symmetry breaking to couple other-
wise dark BIC states to the radiation continuum. Here, out-of-plane symmetry-broken qBICs
are introduced for high-Q optical metasurfaces. (B) Simulated spectral responses for various
height differences starting from Ah = 0 nm (black dashed line, top) up to Ak = 40 nm (dark
brown curve, bottom) with the corresponding electric near field in (D). The geometries of the
structures were adjusted such that their resonance wavelengths coincide. (C) Corresponding
O factors extracted from the spectra in (B) following the inverse quadratic dependence (fitted
as gray dashed line) typical for symmetry-broken qBIC metasurfaces.
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In all above cases, the rods remain parallel and the qBIC is linearly polarized, contribut-
ing solely to Ty,. To verify the height-driven qBIC engineering, numerical simulations
of the transmission and reflection of normally incident light are performed. For lin-
early polarized qBICs, a square metasurface lattice with a period of 450 nm is modeled,
where the meta unit consists of parallel rods with equal footprint of 330x100 nm? and
a base height of 120 nm with a variable height difference Ah (Fig. [5.1A).

Simulated transmittance spectra for linearly polarized light along the rod axis are
shown in Fig. [5.1B, revealing strong and sharp qBIC resonances in the red part of
the visible spectrum. In fact, the resonance linewidth and modulation are directly
controlled by the asymmetry parameter Ah. As expected for BIC-driven systems, the
resonance is absent for the symmetric case (Ah = 0 nm, black dashed line in Fig. )
and starts to couple to the radiation continuum for increasing asymmetry, showing the
sharpest resonances with Q factors above 10* for Ah =5 nm.

To quantify the influence of the asymmetry parameter on the resonance sharpness,
the Q factors are extracted from the transmittance spectra by fitting them with a
coupled mode theory (CMT) model and plotting them as a function of Ah (Fig. 5.1C).
Apparently, the Q factors follow an inverse quadratic relationship with the asymmetry
(Q o 1/Ah?), which is a hallmark feature of qBIC metasurfaces, confirming that the
height-driven symmetry breaking fits well within the established BIC framework.

As a further confirmation, the electric near-field distribution is simulated at the reso-
nance wavelength (Fig. ) The characteristic mode structure of anti-parallel dipoles
is nicely reproduced in the numerical simulations, and near-field enhancements |E/E|
exceeding 50 are observed, which is competitive with previous symmetry-breaking ap-
proaches [27]. Notably, the Angstrom-level control over the asymmetry provided by
state-of-the-art material deposition technologies such as atomic layer deposition (ALD)
can enable ultra-small values of Ak and therefore much higher field enhancements
(Fig. 5.2). The large field enhancement and the strong confinement of the fields to
the resonator surface (Fig. ) render height-driven geometries ideal candidates for
enhancing interface-driven processes such as biospectroscopy or catalysis.
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Figure 5.2.: Angstrom-level control for high field enhancements. Numerical investi-
gation of the electric near fields associated with the height-driven qBIC resonances for various
small height differences. The field enhancement increases drastically towards Angstrom-scale
height differences, such as 5 A on the right-hand side with enhancement factors of up to 2000.
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Figure 5.3.: Fabrication principle of all-dielectric metasurfaces with full height con-
trol. The fabrication is composed of a two-step EBL process (step 1 and 3) with an additional
silicon deposition step in between (step 2). Reactive ion etching (step 4) and chemical wet
etching (step 5) transfer the hard mask pattern into the silicon and reveal the pure silicon
structures.

5.1.2. Experimental demonstration of out-of-plane symmetry
breaking

For the realization of all-dielectric multi-height metasurfaces, a new multi-step nanofab-
rication approach is developed. The core mechanism of this method leverages the
combination of an N-step electron beam lithography process and an N-step deposition
process to obtain a metasurface with N different height levels. The fabrication steps
are illustrated in Fig. for N = 2, as required for the two-level height-driven tar-
get geometries introduced in Fig. 5.1} Detailed process parameters are given in the
Methodology. Importantly, the method is fully scalable for large N, since additional
lithography /deposition steps can be added at any point during sample fabrication to
obtain additional height levels.

In essence, the metasurface fabrication starts with the plasma-enhanced chemical vapor
deposition (PECVD) of an amorphous silicon (a-Si) layer onto a silicon dioxide (SiO2)
substrate, where the thickness h; defines the height of the lowest resonator element
with the smallest thickness in the meta unit (Fig. [5.3] left). Electron-beam lithogra-
phy, metal deposition, and wet-chemical lift-off are then performed to obtain a thin
chromium (Cr) hard mask defining the footprint of the first resonator (Fig. step
(1)). Subsequently, a second layer of a-Si is deposited onto the sample with a precisely
controlled thickness Ak, which produces a total thickness of ho = hy + Ah for the sec-
ond resonator element (Fig. [5.3] step (2)). A second hard-masking step with accurate
spatial alignment is then performed to define the footprint of the second resonator
(Fig. [p.3] step (3)). At this point, additional pairs of a-Si and hard-masking could
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Figure 5.4.: SEM micrographs for a two-step lithography process. SEM micrograph
of a planar BIC metasurface fabricated with two-step electron beam lithography process on
the left-hand side. The nonius scale on the right-hand side shows an alignment accuracy of 5
nm.

be performed to increase the metasurface height levels. Finally, reactive ion etching is
used to transfer the resonator patterns into the a-Si layers (5.3, step (4)), resulting in
pure silicon structures with different height levels after wet-chemical removal of the Cr

hard masks (Fig. [5.3] step (5)).

The successful fabrication of the multi-height metasurface structures is confirmed by
atomic force microscopy (AFM) and scanning electron microscopy (SEM). The as-
designed metasurface pattern and height differences (Fig. [5.6/A) are already evident
from the different scattering intensities in the SEM micrograph in Fig. [5.6B. The SEM
image further confirms the good spatial alignment between the lithography steps asso-
ciated with the two resonator heights (dashed boxes in Fig. ) although numerical
simulations only show a small impact of the relative rod alignment (Fig. for an
alignment accuracy of 5 nm (see Fig. . The AFM measurements reveal accurately
defined height differences between adjacent resonators for three different height-driven
metasurfaces with asymmetries of 10 nm, 20 nm, and 40 nm (Fig. |5.6C).

The asymmetry-dependent optical response of the metasurfaces is characterized using
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Figure 5.5.: Numerical investigation of resonator shifts in the unit cell. Simulated
transmittance spectra for different diagonal shifts A of one resonator within the unit cell. For
the placement accuracies in this work (A < 5 nm), the impact on the spectral response is
negligible.
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Figure 5.6.: Experimental characterization of height-driven linear ¢BICs. (A) De-
sign of the metasurface with the scanning electron micrograph in (B), showing different height
levels from the scattering contrast. (C) AFM images for Ah = 40 nm (left), Ah = 20 nm
(middle), and Ak =10 nm (right) height difference, showing the precise control over the asym-
metry via the layer height. (D) Corresponding transmittance spectra demonstrate increasing
Q factors and decreasing coupling to the far-field for smaller asymmetries.

confocal white light transmission microscopy (Fig. [5.6D). In excellent agreement with
the simulations, pronounced BIC resonances are observed when the incident light is
polarized along the long rod axis, whereas the resonances disappear for the orthogo-
nal polarization in accordance with the BIC mechanism. Comparing the height-driven
metasurface samples for different values of Ak, an increase of the resonance Q factor
is found for decreasing asymmetry, highlighting the resonance tailoring capabilities of
the method.

The experimental results show that the fabrication approach provides a toolkit for re-
alizing multi-element metasurfaces with tailored heights only limited by the precision
of the utilized deposition tool, enabling previously unavailable Angstrom-level control
over the asymmetry in height-driven BIC geometries.
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5.2. Chirality in nanophotonics

Chirality lies at the heart of nature and is present in a variety of systems, such as
life-important sugars, the human DNA, and in many pharmaceuticals. As such, a
chiral entity, also called enantiomorph or enantiomer is not superimposable with its
mirror image through any rotational or translational transformation (see Fig. [5.7)).
Nevertheless, two enantiomers of the same species can have fundamentally different
functionalities regarding the target drug effect for pharmaceuticals or the interaction
with light. Differentiating the chirality of different species or molecules is thus ul-
timately important and of high interest in the pharmaceutical but also many other
disciplines.

Similar to molecules or plants, light also exhibits chirality via its optical circular polar-
ization. Depending on the polarization of the light and the handedness of a specimen,
the interaction of light, i.e., the absorption of a certain light polarization, with that
specimen is highly different. This principle is utilized to determine the chirality of
chiral molecules.

Unfortunately, the interaction between light and the molecules is very weak, limiting
the chirality determination to large amounts of specimen. One way to overcome the
inefficient detection is the utilization of nanostructures with optical resonances tailored
to the specific molecular response. By arranging the nanostructures with a certain
chirality, they will selectively respond to one circular polarization and convert the far-
field energy into highly enhanced electromagnetic near fields. As a consequence, the
absorption of chiral molecules, that are located within these enhanced near fields and
exhibit the appropriate chirality, is highly boosted.

Figure 5.7.: Exemplary chiral structure. A three-dimensional helix with its mirror image
as representative for a chiral nanophotonic structure.
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So far, a major roadblock for chiral nanophotonics is a fundamental trade-off be-
tween either using metallic nanostructures or all-dielectric resonators. Although metal-
based systems offer a maximally chiral three-dimensional arrangement due to the
well-established bottom up fabrication and stacking approaches, they suffer from high
material-intrinsic losses. Likewise, all-dielectric systems provide manageable radiative
losses but are limited to planar and thus intrinsically achiral structures owing to the
more complicated top down fabrication techniques, which they require.

In the following section, a novel approach for chiral nanophotonics is introduced by
implementing a unique concept for all-dielectric resonator systems via the combination
of symmetry-broken quasi bound states in the continuum (qBICs) to precisely tailor
the radiative Q factor of the metasurface and a novel fabrication approach providing
full height control over individual metasurface elements to unlock an additional degree
of freedom.

5.3. Chiral qBIC metasurfaces

5.3.1. Description and implementation of chiral gBICs

Chiral ¢BICs have recently been proposed theoretically [116, 117, [1T8], aiming to pro-
vide efficient coupling with circularly polarized light and circular dichroism responses
with greatly reduced linewidths. However, proof-of-concept experimental implementa-
tions remain limited to the microwave range [119], while optical realizations faced severe
restrictions associated with complex three-dimensional unit-cell designs [115], [1T9] [120].

Here, the out-of-plane symmetry breaking approach is generalized to demonstrate chi-
ral qBIC metasurfaces that selectively couple to circularly polarized light depending
on the structural handedness. Beneficially, the results and fabrication method relax
the constraints of purely planar metasurface geometries, and thus offer a nontrivial
generalization to the entire metasurface concept. This approach unlocks an additional
degree of freedom and establishes independent parameters for freely tuning the optical
response of metasurfaces. In this way, their design flexibility is significantly increased,
delivering previously unavailable functionalities via multi-height geometries.

By combining the height-driven out-of-plane symmetry breaking perturbation with a
conventional in-plane one, the realization of chiral qBIC metasurfaces [117, [119) is en-
abled. Specifically, a metasurface is implemented that breaks all point symmetries by
utilizing a meta unit composed of two rods of equal lengths diverged in-plane by a
small angle §. Furthermore, the rods have different footprints and heights while main-
taining identical cross sections (Fig. ) In this case, the electric dipoles p; and pa,
even though equal in magnitude (|p;| = |p»|), are not exactly anti-parallel, and their
effective z-coordinates also differ, producing a three-dimensional chiral arrangement.
It is insightful to evaluate eq. in such a case and obtain for the coupling parameters
to the left circularly polarized (LCP) and right circularly polarized (RCP) waves

mp.g o sin(6 + kAz/2). (5.5)
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Figure 5.8.: Tailoring the height-driven qBIC by an opening angle 6 for maximum
chirality. (A) Schematic illustration of the chiral measurements. Left-handed (left, yellow)
and right-handed structures (right, green) are illuminated with LCP and RCP light and respond
selectively to light with appropriate helicity. (B) Simulated transmittance spectrum for a left-
handed enantiomer, showing the excitation of a qBIC resonance only for LCP light with the
corresponding near field in (D). (C) Tailoring the opening angle 6 allows to achieve maximum
chirality for 6 = 8.5°.
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Precise tailoring of the meta unit geometry is used to balance the perturbations via
20 = kAz. Thereby, efficient and controllable qBIC coupling to the LCP waves is
enabled with m; o sin (2 ), whereas sustaining full gBIC isolation from the RCP
waves by mg = 0. Notably, according to eq. 5.2} an ideally matched chiral metasurface
does not convert circular polarizations from LCP to RCP (tg = 0) or from RCP to LCP
(tLg = 0). Although there are no symmetry restrictions which prohibit such conversions
in the presence of rotational symmetry axes [121], the polarization conversion is absent.

Remarkably, this simple design allows approaching the ultimate limit of maximum
chirality [122], when an object remains transparent to the waves of one circular polar-
ization, for instance RCP, and strongly interacts with those of the opposite polarization
(LCP). To realize this condition, one has to first ensure that the qBIC resonance occurs
in the spectral range of full background transparency (|7| ~ 1) and negligible dissipa-
tion in the metasurface material (yg = vy,). Then, the coupling coefficients to LCP
light incident onto the metasurface front and back satisty mys = —m*. The decay rate
y, follows a characteristic quadratic dependence on the coupling parameter y, = |my|?
leading to zero transmittance t;, at resonance [119] (given by eq. [5.2)).

Importantly, the maximum chiral metasurfaces qualitatively outperform those exhibi-
ting bands of similarly strong circular dichroism (CD), such as plasmonic chiral hole
arrays [123]. For the latter, the CD reaches its extreme +1 values when one circular
polarization is fully blocked regardless of the transmission of the opposite one. Strong
CD of maximum chiral gBIC metasurfaces, on the contrary, is achieved when a selective
blocking of waves of one circular polarization is accompanied by close to unitary trans-
mission of their counterparts. As a specific parameter quantifying such exceptional
transmission selectivity, the transmittance difference is introduced as

AT =Trr —T1 (56)

to specifically characterize the proximity to maximum chirality: while the conventio-
nal CD = (Tggr — Tr1)/(Tgrr + Tr) tends to +1 as soon as waves of a certain circular
polarization are fully blocked, the difference AT approaches +1 only if, additionally,
the waves of the opposite polarization are fully transmitted.

Left-handed and right-handed enantiomers of the chiral qBIC metasurface can be re-
alized by swapping the rods (Fig. ) The opposite enantiomer similarly remains
transparent to LCP waves and resonantly blocks RCP waves. In contrast to metasur-
faces with rotational symmetry axes [124] [125], the blocked circularly polarized light is
not absorbed but is rather reflected backwards [I17] as illustrated in Fig. [5.9] There-
fore, under perfect circumstances, each metasurface enantiomer acts as a maximum
chiral lossless filter of the corresponding handedness.

To confirm the analytical description, the chiral configurations are simulated by uti-
lizing a meta unit consisting of a pair of rectangular rods diverged by a small angle 8
from the y-axis (Fig. [p.8A). The square lattice period is set to 550 nm and the rod
centers are placed equidistantly with a 275 nm spacing between them. To preserve
the equality of the electric dipole moment magnitudes (|p1| = |pa2|), an identical 160 x
100 nm? cross section of both rods is maintained and their lengths are kept equal to
L =310 nm.
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Figure 5.9.: Numerical simulation of the reflectance spectrum. Co- and cross-
polarization terms for a left-handed chiral qBIC metasurface with an opening angle of 8 = 8.5°
showing the selective reflection of of LCP light.

The asymmetry is introduced by turning one rod over to its side, as shown in Fig. [5.8A.
For the resulting Ak = 60 nm, one can roughly estimate the relative displacement of
the dipole moments along the z-axis by Az #30 nm. Then, for the resonant wavelength
around 900 nm, the proportionality 260 = kAz is fulfilled for a diverging angle 6 ~ 6°.
For a more precise determination, a series of numerical simulations for different 6 is
performed and it is found that 6 = 8.5° corresponds to the optimal transmission of
circularly polarized waves shown in Fig. [5.8B. As illustrated in Fig. , smaller
angles produce weaker chirality, while larger ones also suppress the maximum values
of AT (for experimental data see Fig. [5.12]).

In the optimal chiral configuration, as envisioned by the CMT approach, the ¢BIC is
fully decoupled from the normally incident RCP waves but gives rise to a pronounced
transmission resonance for the LCP waves at a wavelength of 892 nm. The correspon-
ding near-field pattern under LCP illumination (Fig. [5.8D) demonstrates a maximum
enhancement of the local fields by a factor of more than 20.

5.3.2. Optical characterization of chiral gBICs

Using the multi-step fabrication approach, left-handed, right-handed, and achiral gBIC
samples are realized at a design wavelength of 900 nm approaching the visible wave-
length range (Fig. and Fig. [5.11). The AFM images (Fig. [5.10A, B and Fig.
5.11]A) highlight the excellent experimental reproduction of the designs with clearly
defined structure sizes and height differences. The optical response of the metasur-
faces is retrieved using a custom-built transmission microscopy setup (see Fig. |3.13)
incorporating the necessary polarizers and quarter wave plates to generate circularly
polarized light. Notably, two beam paths for RCP and LCP light are implemented,
enabling the convenient switching between left-handed and right-handed illumination
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Figure 5.10.: Optical characterization of the achiral structure. (A) AFM image for
the achiral structure showing a good spatial alignment of the individual resonators and a
height difference of Ah = 60 nm. (B) 3D AFM micrograph of the same area. (C) The optical
characterization with chiral analyzers shows the same coupling and transmittance (Trr, Trr)
for LCP and RCP light leading to a vanishing AT signal in the lower panel. The polarization
conversion (Tpg, Tgr) is small as apparent from the dashed blue and red curves in the top
panel of (C).

during experiments. Light is condensed on the sample using a 10x objective and col-
lected through an analyzer using a 60x objective to enable the targeted polarization
resolved interrogation of individual metasurface patterns with sizes of 40 by 40 pm?.
A spectrometer is used for spectral analysis in order to resolve the sharp features of
the chiral qBIC resonances.

Focusing first on the achiral structures as depicted in Fig. [5.10] nearly identical trans-
mittance spectra are observed for RCP and LCP illumination, leading to a vanishing
AT signal (Fig. [5.10C) throughout a large spectral range from 500 nm to 1000 nm.
The spectral features at 900 nm in both the RCP and LCP spectra are attributed to
a height-driven BIC.
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Figure 5.11.: Optical characterization of the left- and right-handed enantiomer. (A)
AFM micrographs of the left-handed (left, yellow) and right-handed (right, green) enantiomer
tuned to the maximum chiral regime with Ah = 60 nm and 6 = 8.5°. Both structures are
illuminated with LCP and RCP light and their transmittance differences AT are recorded.
The optical spectra in (B) and (C) show selective coupling to LCP and RCP light depending
on their handedness with almost no polarization conversion. (D) The corresponding chiral
spectra show almost perfect mirror images.
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Figure 5.12.: Co- and cross-polarized transmittances for different diverging angles
6. Measured co- and cross-polarized transmittances for a left-handed (left side) and right-
handed structure (right-hand side) from 6 = 0° to 6 = 12.5°.
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As apparent from Fig. [5.11B, the chiral left-handed geometry shows a markedly differ-
ent optical response, with a pronounced transmission dip at the design wavelength of
900 nm for LCP, which is almost completely absent for RCP illumination in line with
the numerical predictions (Fig. |5.8). This distinct chiral selective behavior results in
a large modulation of the AT signal with AT = 0.7 and a narrow bandwidth with a
quality factor of Q ~ 80, which is the highest experimental value for a strongly chiral
optical resonance reported in the literature so far.

For the chiral right-handed structure in Fig. [5.11|C, the situation is reversed, with
a strong resonance feature for RCP light and a vanishing optical response for LCP,
resulting in a AT value with equally large magnitude but opposite sign at AT = -
0.7, and a similarly high Q factor as obvious from Fig. and Fig. [5.14B. Most
importantly, the cross-polarization measurements in Fig. [5.11C show no significant
polarization conversion as expected from eq. and the numerical predictions (Fig.
5.8B).

The experimental polarized transmittance spectra undoubtedly identify the observed
resonance at a wavelength of around 900 nm as a chiral qBIC closely tuned to the
maximum chiral regime, with the transmittance difference reaching AT = +0.7. Thus,
for the right-handed (left-handed) enantiomer, the co-polarized LCP (RCP) transmit-
tance stays close to 0.9, while the co-polarized RCP (LCP) transmittance resonantly
drops down to below 0.2, whereas both cross-polarized transmittances remain below
0.1 within the whole range of this resonance.

Significantly, the comparison between the optical transmittance spectra and the nu-
merically obtained chiral response shows excellent agreement (Fig. [5.15). The good
agreement can be attributed to the precise adjustment of the simulation parameters to
the experimental situation. For instance, the in-house measured ellipsometry data of
the deposited a-Si film (see Fig. [3.3|) were utilized and the size were adjusted according

to the AFM (Fig. [5.11A) and SEM images.
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Figure 5.13.: Lorentz reciprocity. (A) Chiral signals from the left-handed (LH, yellow)
and right-handed (RH, green) enantiomer for forward and backward illumination as indicated
in (B) showing almost no differences and thus conserving Lorentz reciprocity.
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Figure 5.14.: Experimental tuning of the chirality. (A) The maximum chirality increases
for higher opening angles 6 until it peaks and saturates around 6 = 8.5°. (B) The extracted Q
factors decrease towards higher opening angles, providing independent tailoring of the chirality
and Q factor.

Furthermore, to estimate the accuracy of optical experiments, the consequences of
Lorentz reciprocity are checked by performing the identical measurements on the chiral
metasurface flipped upside down. Since the spectral responses remain unchanged (see
Fig. , sufficient precision of the optical setup is guaranteed. In addition to that,
the sample quality and alignment of the setup is checked by measuring the sample
with four different rotation angles. As apparent from Fig. [5.16] the spectra are almost
identical. Slight variations in the signal are addressed to a small degree of elliptical
polarization.

Additionally, the chiral gBIC retains the versatile resonance tuning capabilities of the
BIC concept, which is demonstrated by experimentally varying the orientation angle
0 between the two rods. Obviously, the modulation of the AT signal (Fig. [5.14IA) is
mostly constant while the Q factor of the resonance (Fig. [5.14B) can be tailored via
the diverging angle for § > 5° (for full experimental spectra, see Fig. . Specifi-
cally, lower values of 6 produce higher Q factors, which can be beneficial for spectrally
selective chiral applications, whereas the signal modulation vanishes approaching the
achiral case (6 = 0°). Here, the BIC-based resonance tuning can be harnessed to pre-
cisely configure the optical system for the target chiral use case, striking a balance
between Q factor and modulation as required.

Qualitatively, regarding the selective RCP/LCP transmission, the qBIC metasurface
represents a maximum chiral version of previous intrinsically chiral and rotationally
symmetric metasurfaces [125, [126] or, in even simpler terms, a maximum chiral analog
of a bi-isotropic Pasteur medium [I127]. However, while the previous examples absorb
the attenuated circularly polarized waves, here, on the contrary, the qBIC metasurface
reflects them with up to 80 % efficiency. This peculiar type of near-lossless maximum
chirality has been previously observed in model microwave experiments [119], and its
first optical realization is presented here.
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Figure 5.15.: Comparison between experiment and numerical simulations. The
measured chiral response (upper panel) for a left-handed structure with an opening angle of
6 = 8.5° only interacts with LCP light (blue curve Tpp) for which the chiral gBIC is excited.
The experimental data show excellent agreement with the numerical simulations (lower panel).
Scanning electron microscopy (SEM) images were used to match the lateral dimensions, atomic
force microscopy scans to determine the different heights of the resonators and in-house mea-
sured amorphous silicon ellipsometry data were utilized to match the numerical simulations as
precisely as possible to the measurement results. In particular, the simulations were done for a
periodicity of 550 nm, heights of #; = 104 nm and Ao = 171 nm, an opening angle of 8 = 8.5°,
rod widths of wy = 104 nm and wso = 157 nm, and lengths of L; = Ly = 334 nm.

Until now, selective reflection of circularly polarized light was attributed to the so-
called chiral mirrors, which, however, inevitably invert the circular polarization of the
transmitted light [I28]. Recently, such mirrors have been experimentally realized as
perforated silicon slabs [129] and as arrays of silicon particles of reduced symmetry
hosting specific qBICs [I15]. Being achiral, as all planar metasurfaces, such struc-
tures exhibit intriguing optical performance, which, however, elucidates the limits of
the planar design and fabrication. Unlocking the out-of-plane dimension enables cre-
ating optical structures hosting strongly chiral qBICs selectively coupled to the light
of specific helicity. Analogous resonators on a much larger scale can be arranged as
Fabry-Perot cavities confined between planar chiral mirrors [130].



82 5. Height-driven BICs for maximum optical chirality
A Rotation 0° Rotation 90° Rotation 180° Rotation 270°
LCP LCP LCP LCP
RCP RCP RCP RCP
B
1.0 T ™1 1.0
-
o T /i ﬁ'\oo Tre o
° ™ 2
g P /f 90 S
£ 05 Fyx AA h 105 E
7] \' i LT/ | )
c { A V |l Iy =
E ,‘" W \‘ \ E
— 4‘:-\‘_‘\ i \ - —
0.0 A “ 0.0
8 05 ; ; ; ; 0.5 8
S Tr | Tir "'\\ﬂ £
S ALY I / A =
2 “‘L _ / N ] \ AN — 2
O 0.0 S N . P e 100 ©
F 500 600 700 800 900 1000 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)
— -
Average
: e
1.0 ' ' ' Standard deviation
[0}
o
c
S
‘€ 05
[2])
c
o
~ : \w{\\
o.ol\ P rmesascite

700 800
Wavelength (nm)

600 900 1000

Figure 5.16.: Influence of sample rotation on the measurements of the chiral qBIC
metasurfaces with chiral analyzer. (A) Schematic overview of the performed sample ro-
tations during measurement. The sample was rotated four times with a 90° angle to avoid
any influences of elliptical polarization or sample tilt.(B), (C) Single spectra of the four mea-
surements (B) and the mean value with standard deviation (C) of the left-handed chiral qBIC
metasurfaces with an opening angle of § = 8.5° measured with chiral analyzer. A small signal
variation in the transmittance data upon sample rotation is evident in the four single spectra
for each co- and cross-polarization (T.r, Trr, TLr, Trr). The signal is identical for rotations
modulo 180° (0°, 180° and 90°, 270°), which is a hint towards a small degree of elliptical po-
larization, which decreases the measured CD. For an influence of sample tilt, the signal should
vary for all rotation angles. The small degree of elliptical polarization might be caused by the
deviation of retardation (+ 6%) given by the quarter wave plate and by deviation of the chiral
analyzer.
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In summary, a novel approach for the realization of artificial photonic materials was
demonstrated through precise control over the individual meta unit height levels. In
this regard, the realization of maximally chiral symmetry-broken quasi bound states
in the continuum (qBICs) was shown in the optical regime. Mediated by the novel
fabrication approach, the combination of two metasurface functionalities, such as the
precise tailoring of the radiative quality (Q) factors and the selective coupling to cir-
cularly polarized light is unlocked to achieve several milestones.

First, out-of-plane symmetry breaking is introduced and experimentally realized as a
straightforward and extremely precise symmetry-breaking mechanism for quasi-BIC
metasurfaces for the first time in the visible from all-dielectric materials. The achieved
asymmetries were below the resolution of most electron beam lithography systems and
is only limited by fabrication intolerances [I31] and layer thickness control.

Second, the full height control over individual meta units was harnessed to experimen-
tally demonstrate chiral quasi-BIC resonances within the optical range and close to
the highly relevant visible spectral range (Adyes = 900 nm). For the first time, a record
maximum chirality of AT = +0.7 in the visible range with a Q factor of 80 was shown
while having full independent control over both quantities.

In contrast to previous approaches [I11], 132], the fabrication approach allows for the
realization of high refractive index based multi-height metasurfaces. Driven by the pre-
cise alignment accuracy of 5 nm, an arbitrary number of height levels can be realized,
ultimately improving the efficiency of holographic metasurfaces or OAM generating me-
tasurfaces besides chirally selective metasurfaces. In principle, the additional degree
of freedom provided by the individual resonator height could unify even more different
metasurface functionalities, such as filters and wavefront shapers, beam steerers etc.
Overall the fabrication approach even allows for the realization of hybrid metasurfa-
ces, incorporating different materials within the same platform. Using this approach,
PT-symmetry can be broken to realize non-Hermitian physics by interfacing loss and
gain materials. Furthermore, the approach could also lead to tailored material-specific
functionalities in biosensing for the material-dependent capturing of different biomole-
cular species.

In conclusion, the developed fabrication approach unleashes the height and the material
of the resonator as accessible parameters and might not only improve the efficiencies of
existing metasurfaces but could also lead to the implementation of novel systems and
multi-functional metasurfaces.
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The access to the visible spectrum and in particular the realization of all-dielectric
metasurfaces with high quality (Q) factors over the full visible spectral range has been
hampered so far by the lack of lossless and high refractive index materials. Nevertheless,
due to the inverse correlation between the band-gap energy and the material refractive
index, the utilization of low refractive index materials is unavoidable. However, for
all-dielectric Mie resonant photonics, lower refractive indices are undesirable due to
reduced Q factors and mode volume confinement. In this chapter, two-dimensional
materials are introduced, in particular hexagonal boron nitride (hBN), along with its
optical properties. In this context, symmetry-broken bound states in the continuum
(BICs) are leveraged to suppress radiation losses from the low-index (n =~ 2) van der
Waals material hBN to realize metasurfaces with high-Q resonances. In particular,
the rational use of low and high refractive index materials as resonator subjects is
compared from numerical simulations. Furthermore, sharp BIC resonances are demon-
strated, with Q factors above 300, spanning between 400 and 1000 nm from a single
hBN multilayer flake. The enhanced intrinsic electric near-fields are utilized to demon-
strate second harmonic generation (SHG) with enhancement factors above 102. The
high transparency of the material allows BIC-driven SHG for wavelengths below 400
nm, potentially even further into the ultraviolet. The results provide a theoretical
and experimental framework for the implementation of low refractive index hBN as a
photonically active material.


https://doi.org/10.48550/arXiv.2210.11314
https://doi.org/10.48550/arXiv.2210.11314
http://creativecommons.org/licenses/by/4.0/

86 6. hBN for low refractive index BIC metasurfaces

6.1. Introduction to 2D materials

Two-dimensional (2D) materials provide a valuable toolkit for solid state physics and
photonics but also many more fields. As such, 2D material provide a straightforward
experimental access to realize any system already known from traditional materials but
also provide the possibility to create new materials with atomically sharp interfaces and
novel functionalities. Owing to the compatibility of a variety of 2D materials, they are
not only studied as isolated single layers but also as stacks of different 2D materials
so-called van der Waals (vdW) heterostructures. In fact, the combination of different
2D materials gives rise to a plethora of applications ranging from solar cells [133] [134],
detectors [I35] and lasers [136} [137] in photonics to superconductivity [138, [139] and
spin transistors [140)] in solid state physics.

The field of two-dimensional (2D) materials started with the discovery of graphene, an
atomically thick layer of carbon, by Kostya Novoselov and André Geim in 2004 [141].
Since then, graphene is well known for its linear and gap-less electronic dispersion
(shown in the inset of Fig. leading to a variety of interesting phenomena [142} [143]
and is thus classified as semi-metal. Since the electronic density can be easily controlled
by a gate voltage, the observation of the integer quantum Hall effect [144] in graphene
proved the two-dimensional nature of graphene and was awarded with the Nobel prize
in 2010. In fact, the abundance of intriguing physical phenomena and the ease of
fabrication stimulated a lot of scientists to enter the field.

Mediated by the crystal structure of graphite (see Fig. ), the carbon atoms in the
lattice are strongly bound to each other by the sp?>-hybridized covalent bonds within
one graphene layer. In contrast to the in-plane carbon bonds, the graphene sheets
inside the carbon crystal are only weakly bound to each other out of plane by van der
Waals forces - a defining property for 2D materials. For that reason, single graphene
sheets can be isolated by a process called mechanical exfoliation [I41]. Here, thin layers
of an exfoliation crystal on a tape are peeled off with another tape, which is repeated a
few times until the tape is pressed on the target and graphene sheets will be left back
on the substrate.

Apart from graphene, a variety of different materials have already been exfoliated as
mono- (single) or multilayers. An overview of the most important 2D materials is given
in Fig. [6.1] The multitude of 2D materials ranges from semimetals like graphene to se-
miconductors like the transition metal dichalcogenides (TMDs) and black phosphorus
to insulators like hBN. Nevertheless, owing to its large band gap and thus low refractive
index, hBN has either been dismissed as passive buffer layer or only been used in a
small infrared (IR) spectral window in the photonics community.

However, the low absorption losses up to the ultraviolet (UV) spectral range make hBN
a good candidate for its use as all-dielectric resonator material despite the low refractive
index. In the following section, the underlying material and optical properties of hBN
are examined.
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Figure 6.1.: 2D materials for nanophotonics. Overview of different 2D materials sorted
by their electronic band gap. Extended ranges indicate a variance of the bandgap related to
changes in the electronic structure induced by strain, different layer numbers, temperature or
other effects. Inset: Electronic dispersion of graphene. Graph adapted with permission [145].
Copyright 2016, The authors, published by Springer Nature.

6.1.1. Lattice and electronic properties of hexagonal boron nitride

One of the most prominent 2D materials is hBN owing to its atomic flatness and
compatibility with especially graphene as already obvious from their crystals structures
depicted in Fig. and Fig. [6.2B. Both graphite and hBN bulk crystals consist of
individual layers, that are stacked on top of each other and bond together by weak van
der Waals (vdW) forces. In the plane, they exhibit six atoms that are arranged in a
honeycomb lattice. The main difference between hBN and graphite is the difference
in the atomic composition of the materials. Although both materials exhibit similar
crystal structures, hBN is composed of alternating boron and nitrogen atoms, which
has severe consequences on the optical properties of the materials. On the one hand, the
alternation in the arrangement of boron and nitrogen atoms enables a direct stacking
on top of each other between single hBN layers.

On the other hand, the presence of another type of atom, e.g., boron atoms in the
nitrogen lattice, breaks the in-plane inversion symmetry and lead to an opening of a
band-gap by virtue of Noether’s theorem [58]. As depicted in Fig. [6.2(C, the band-gap
of hBN is above 5 eV (calculated with different methods, i.e. density functional theory
(DFT) and GW method), explaining its common use as insulating layer in 2D material
heterostructures. So far, hBN has only found little attention in nanophotonics.
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Figure 6.2.: Lattice properties and large band-gap energy in bulk hBN.(A) Crystal
structure of graphite composed of three graphene layers. (B) The crystal structure of bulk hBN
shows similarities to graphite only differing in the stacking order and the composition of two
different nitrogen and boron atoms. (C) The band structure of bulk hBN shows a band-gap
of more than 5 eV rendering all-dielectric nanophotonics up to the UV possible. Graphs in
(A), (B) adapted with permission [146]. Copyright 2014, the Authors, published by Nature
Springer. (C) adapted with permission [I47]. Copyright 2019, Optica Publishing group.

6.2. Symmetry-broken BICs in hexagonal boron nitride

All-dielectric materials have recently emerged in nanophotonics as a key ingredient to
control the properties of light at the nanoscale, such as the phase [148] [149], near-field
amplitude [27, 28], directionality of light scattering [150} [151], spin [152] 153] and orbital
angular momentum [132, [IT1] without the necessity of intrinsic material losses as for
metal-based approaches. In particular, applications driven by near-field enhancement,
such as biomolecular sensing, rely on high resonance quality (Q = Ayes/FWHM ) factors
and hence high electromagnetic near-field intensities to achieve maximum specimen
sensitivity [154, O5]. The inherent correlation between the resonance quality factor
and the resonator refractive index [I55] known from, e.g., Mie theory, thus led to the
advance of all-dielectric nanophotonics based on high refractive index material systems,
such as silicon (Si) [I56, 157], germanium (Ge) [83, [I58], or gallium phosphide (GaP)
[31, 159]. Although these materials offer great properties for high-Q resonances in the
near-infrared (NIR) and infrared (IR) spectral region, they are accompanied by high
material-intrinsic interband absorption losses throughout the visible spectral range
due to their intermediate band-gap energies. Owing to these fundamental material
limitations, lossless high-index materials throughout the complete visible spectral range
are lacking [40} 39, B37]. In particular, for the visible wavelength range, there exists a
competition between a large band-gap for lossless photonics and a high refractive index
of the material for better optical mode confinement and higher Q factors. This physical
limitation is mathematically described by the Hervé equation as [39]

2

A

n2:8:1+( ) (6.1)
E;+B
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connecting the refractive index n of the material with its band-gap energy E,, where
A (=13.6¢eV) and B ( = 3.4 eV) are constants. In order to obtain high-Q resonances
in the visible (400 - 800 nm) without substantial material losses, a band-gap of 3.54
eV (~ 350 nm) is required, limiting the maximum refractive index available to n = 2.4
according to eq. [6.1} In fact, due to the lack of high-index and lossless materials in
the visible, experimental demonstrations of high-Q resonances in the blue (i.e., below
460 nm) are still missing [I60]. Owing to the low refractive index of the materials and
thus low quality factors of the associated Mie resonances within these materials, this
avenue is mostly unexplored [I61], [162].

In addition to intrinsic material loss, resonances in nanostructured dielectrics are af-
fected by a radiative loss channel, which becomes dominant when the refractive index
contrast between resonator and the environment decreases. Photonic bound states in
the continuum (BICs) provide a unique pathway for tailoring radiative losses in addi-
tion to the refractive-index-based effects discussed above. Symmetry-broken quasi-BIC
(for simplicity BIC) metasurfaces in particular offer precise and straightforward con-
trol over the (radiative) Q factor of the resonances via the geometrical asymmetry of
the constituent unit cell building blocks [15, [16], which sets them apart from other
BIC realizations based on accidental far-field destructive interference [26] 25] or strong
mode coupling [22], 23]. Initiated by the versatility of the BIC concept, they open up a
new avenue for the usage of low-index lossless materials, especially for realizing high-Q
resonances throughout the visible spectral range.

Hexagonal boron nitride (hBN) [163], a two-dimensional (2D) van der Waals (vdW)
material, exhibits an indirect band-gap of 5.95 eV [I64] with an average refractive
index of n = 2.0, potentially enabling photonic applications down to the ultraviolet
(UV) range [165, [166]. So far, it was mainly used as insulating or encapsulation layer
in electronics and photonics [167, 168, 169] but also found optical applications in a small
spectral window (the so-called Reststrahlen band) in the IR due to its strong phononic
excitations [170] [I7T), 172, 173]. The few demonstration in the visible have so far
focused on suspended photonic crystal cavities or extended ring resonators [174], 175],
which are either affected by strain effects or their large spatial extent and have not
demonstrated resonances below 580 nm. Nevertheless, its optical properties along with
the monocrystalline material quality and compatibility with other two-dimensional
(2D) materials [I176] renders hBN invaluable for the realization of photonic resonances
throughout the visible as a basis for enhanced light-matter interaction, that has so far
been difficult in this spectral range.

Beneficially, mechanically exfoliated bulk hBN is obtained in monocrystalline quality,
thus diminishing the need for expensive deposition tools and fine engineering of depo-
sition parameters, while simultaneously boosting the Q factors of the resonant modes
due to the reduced intrinsic material losses.

In this chapter, based on a careful analysis of the underlying physics associated with
symmetry-broken BICs in low index resonators, it is demonstrated that hBN-based me-
tasurfaces with a low refractive index can support high-Q BIC resonances spanning the
whole visible range. The results greatly extend the spectral operation wavelength range
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for both hBN and symmetry-broken BIC metasurfaces while realizing all-dielectric
high-Q resonances throughout the complete visible spectrum, especially in the blue
part for the first time, all within a sample fabricated from a single hBN flake and
with constant resonator height. From the numerical investigation, it is found that the
resonantly enhanced electric near fields are concentrated inside the resonators. Hence,
they are utilized to demonstrate a 388-fold enhancement for the material-intrinsic sec-
ond harmonic generation (SHG) in bulk hBN. Because of its combination affinity with
other 2D materials and general optical and chemical properties, the results provide a
new paradigm for vdW nanophotonics.

6.2.1. Numerical investigation of low-index based BIC resonator
systems

Owing to its large band-gap energy and thus low losses in the visible spectral regime,
the goal is to obtain sharp resonances from hBN in the complete visible and NIR
spectral range (400 to 1000 nm). For the description of the hBN optical properties, a
model based on Sellmaier’s equations is used for both the in-plane n; and out-of-plane
n, refractive index [I77] which accounts for the high material anisotropy. The resulting
dispersion for both material axes is depicted on the right-hand side of Fig. and is
utilized to model the material properties in the numerical calculations.

In order to analyze symmetry-broken BIC metasurfaces composed of hBN, a double
rod unit cell is employed. Here, the symmetry breaking is introduced by shortening
one rod with respect to the other, such that the geometrical asymmetry is given as
AL = Ly — Ly. For the simulation of the transmittance spectra of the metasurfaces,
CST microwave Suite is used that allows for the determination of the metasurface
response in the frequency domain.

In the simulation, periodic Floquet boundary conditions are utilized to calculate the
scattering parameters of the metasurface yielding far-field quantities, such as reflectance
and transmittance. Furthermore, plane-wave illumination is assumed and the intrinsic
hBN losses are set to zero within the spectral range of interest. The corresponding
numerical spectra are shown on the right-hand side of Fig. [6.3] The resonance wave-
length of the BIC is controlled via changing the size scaling factor S of the unit cell,
which yields spectrally dense and sharp resonances throughout the visible to the NIR
region.

Indeed, hBN is an ideal candidate to realize high-Q resonances throughout the com-
plete visible spectral range, outperforming medium refractive index materials, such as
titanium dioxide (TiOg2) or silicon nitride (Si3Ny4) in the blue part of the visible spec-
trum due to its larger band-gap energy. Most importantly, the resonance wavelength
of hBN can be scaled to the IR by further increasing the scaling factor of the unit cell
as indicated in numerical simulations in Fig. [6.7/C.

In order to demonstrate the feasibility of hBN as photonic resonator material for BIC
resonances, in-depth numerical simulations are performed, specifically investigating the
influence of the refractive index of the dielectric resonator on the near- and far-field
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Figure 6.3.: Hexagonal boron nitride metasufaces for high-Q resonances in the
visible. Left: Schematic illustration of a bulk hBN flake on an SiO5 substrate after the
exfoliation process. Right: Refractive indices calculated via the Sellmaier equations for the
in-plane and out-of-plane direction. (B) Left: Sketch of the BIC metasurface based on a
double rod unit cell in bulk hBN for different scaling factors S. Right: Numerically obtained
transmittance spectra for different unit cell scaling factors showing a linear dependence between
the scaling factor and the resonance wavelength.

properties of the BIC resonances. For this purpose, the BIC unit cell with asmmetric
rods, as introduced above, is utilized with fixed geometry settings (periodicities p, = p,
+ 20 nm = 430 nm, resonator height 2 = 150 nm, resonator width w = 100 nm). The
respective resonators are investigated without a substrate to suppress grating modes
that could influence the properties of the BIC resonances, and the resonator material
is assumed to be non-dispersive and lossless.

Most importantly, the geometrical asymmetry AL of the system is adjusted to the
refractive index n of the resonator material to guarantee the same resonance Q factors
for all refractive indices, assuming the generalized asymmetry (@) as

a=n-AL. (6.2)

Uniquely, this Q factor tunability is a defining property of symmetry-broken BIC modes
without which the accurate comparison of different resonator materials is infeasible.
A pronounced and spectrally isolated BIC mode can be observed for any resonator
refractive index under consideration (Fig. [6.4/A).
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Figure 6.4.: Theoretical analysis of low-index resonators for gBIC metasurfaces.
(A) Simulated transmittance map for different resonator refractive indices assumming the
resonator materials as lossless and dispersion-less and setting ngupstrate = 1. A pronounced
gBIC resonance and a magnetic dipolar (MD) resonance show up. Inset: Sketch of the utilized
unit cell with all relevant design parameters. (B) Representative qBIC spectra for an hBN-
(n =2) and a silicon- (n = 4) based resonator with compensated Q factor.

For better comparison, the n = 4 index as silicon representative and the n = 2 case
for hBN are highlighted in more detail with the corresponding BIC spectra depicted
in Fig. [6.4B. These BIC resonances are associated with highly enhanced near fields
(Fig. |6.5A) with the typical BIC pattern of oppositely oscillating dipoles in the x — y
cross section. The maximum value of the electric near-field outside the structures is
found to be larger for the Si resonator refractive indices, while the electric field is more
distributed and less localized for the case of hBN. By investigating the decay of the
normalized electric field Eyom away from the structures in z direction, an exponential
decay is observed as depicted in Fig. for hBN (yellow dots) and silicon (purple
dots).



6.2 Symmetry-broken BICs in hexagonal boron nitride 93

Decay length

Near-field

: 1100
E’ 180 ~
my : E
= H o
() . i &)
: Poeo g
» S
= : ?
< T E-field decay Silicon /s i& i)
o 1% 8
[ ¢ &
: ¥ z
A ] m)

z 8 20

ME =28Vinm X
max L 0
1 1/e 0
X Norm. electric field

0

Figure 6.5.: Near-field and decay lengths for low- and high-index based resonators.
(A) Near-field enhancement of lossless BIC resonators with n =2 (hBN) on the left-hand side
and n =4 (silicon) on the right-hand side. (B) Exponential decay of the electric near-field in z
direction away from the resonator surface. Fitting the exponential decay allows to determine
the decay length, for which the near-field decays to 1/e, showing roughly a factor of 2 between

hBN (yellow dots) and silicon (purple dots).

By fitting these data with an exponential decay function

Enorm(z) = €Xp (_ﬁ) > (63)

the decay length ¢ is extracted for both resonator materials by determining the distance
for which the electric field drops to 1/e (red dashed line in Fig. [6.5B) with respect to
its value at the resonator surface. Indeed, the decay length for hBN-based resonators
is roughly twice as large as for silicon-based resonators indicating that the electric

near-field is more confined to the surface of the resonant structures.

For a deeper understanding of the inherent differences between low index and high

index-based BIC metasurfaces, the decay length as well as the mean and maximum
electric fields inside and outside the resonators are analyzed for a set of different res-

onator refractive indices as shown in Fig. [6.60l The investigation of the decay lengths
shows a monotonous decrease towards a minimum value around 40 nm as obvious

from the top panel in Fig. related to the stronger confinements for higher index

resonators.
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Figure 6.6.: Near-field properties for different resonator refractive indices. (A)
Decay length for various resonator refractive indices showing a monotonous decrease towards
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resonators showing an increase in the maximum electric fields outside the resonators towards
higher refractive indices while the electric field is higher for small refractive indices inside the
resonator structures. (C) Mean electric field inside and outside the resonators, indicating a
better confinement inside (outside) the resonators for low (high) refractive index-based res-
onators.

For the investigation of the enhanced electric near fields, the total electric near field
is split into a part inside and outside the resonators and the mean and the maximum
values are calculated, as shown in the middle and bottom panel of Fig. [6.6] Notably,
for increasing refractive indices, the electric fields are pushed outside the resonators as
obvious from the higher maximum and mean values of the electric near-fields outside
the resonators.

On the contrary, for smaller refractive indices, the electric field is rather located
inside the resonators, rendering them ideally suited for material-intrinsic processes,
such as high-harmonic generation or enhanced light-matter interaction utilizing hBN-
encapsulated materials.

Furthermore, due to the dependence of the electric fields on the Q factor, the BIC
approach enables a precise tailoring of the electric fields via controlling the geometrical
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Figure 6.7.: Design constraints for low-index resonators and resonance scaling to
the IR. (A) Simulated transmittance map taking the substrate refractive index into account
Nsubstrate = 1.45. In experiments with a non-vacuum substrate, the grating mode (black dashed
line) leads to a vanishing of the qBIC resonance for small refractive indices. (B) Close-up of
two representative spectra showing the decreased spectral separation between the grating mode
and the qBIC for small resonator refractive indices. (C) Scaling factor sweep for larger flake
height (A = 400 nm) and smaller gaps (gx = 30 nm) show a scaling of the qBIC resonance to
the IR, up to 2500 nm.

asymmetry of the metasurface. Moreover, BIC metasurfaces based on the low-index
materials reduce the requirements on the fabrication accuracy since the same asymme-
tries AL lead to lower values of the generalized asymmetry a (see eq. |6.2)).

It should be noted that the metasurface design has to be carefully optimized, since the
spectral separation between the grating mode and the BIC mode decreases for smaller
resonator refractive indices as shown in Fig. and Fig. [6.7B, eventually leading to
a vanishing of the BIC mode.
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6.2.2. Spectral tunability of hBN-based BIC metasurfaces

Owing to this reason, the design of the unit cell was carefully optimized for the exper-
imental demonstration of hBN BIC metasurfaces. Bulk hBN flakes are mechanically
exfoliated from a single crystal onto a silicon dioxide (SiO2) substrate with a pre-
patterned marker system. Suitable flakes are identified via optical microscopy and
their corresponding thickness is determined with a profilometer. Electron beam lithog-
raphy (EBL) is utilized, followed by a gold evaporation step which is used as etching
mask. A liftoff and subsequent reactive ion etching (RIE) transfers the patterns into
the hBN flake, before the remaining gold is removed by wet chemistry (see Methodology
for additional details on the fabrication process). Fig. shows the corresponding
gray-scale microscope image of a patterned hBN flake, where more than 20 arrays were
fabricated with varying scaling factor from a single exfoliated crystal.

To characterize the hBN BIC metasurfaces, the sample was illuminated with collimated
white light where the transmitted signal was collected with a 50x (NA = 0.8) objective.
The light was then coupled to a multimode fiber and a grating based spectrometer
where it was detected by a silicon CCD camera. In order to remove any unwanted
spectral features from the sample or the beam path, all metasurface transmittance
spectra were referenced to the bare SiOs substrate.

Fig. shows two sharp hBN BIC resonances for a scaling factor of § = 0.65
(upper panel) and S = 1.10 (lower panel) with a spectral separation of almost 300
nm. Uniquely, the BIC resonance is spectrally isolated from any other mode, highly
favorable for its usage in sensing applications or light-matter interaction enhancement.
As shown in Fig. [6.8B, the tunability of the BIC resonances is demonstrated by
sweeping the scaling factor S of the unit cell to obtain a comb of well pronounced BIC
resonances throughout the complete visible spectrum extending from 413 nm far into
the NIR range to 960 nm as depicted in Fig. [6.8E, only limited by the silicon detector
efficiency. This resonance scaling corresponds to a tuning range of 1.71 eV, which is,
the broadest BIC-based resonance sweep reported in the literature. Remarkably, the
resonant structures are all fabricated from the same flake with a height of 200 nm and
the design is optimized for a single wavelength.

To further describe the hBN BIC modes, a coupled mode theory (CMT) approach
is utilized to fit the BIC lineshape and extract the corresponding modulation and Q
factors for each scaling factor, as shown in [6.8C. In fact, most BIC resonances show
Q factors above 200 with some of them exhibiting modulations exceeding 50 percent
in the visible range. Moreover, high-Q BIC resonances are observed at 413 nm, a
spectral position that has not been reported in the literature for optical resonances in
all-dielectric materials.

The extracted modulations and Q factors show a maximum range between § = 0.8 and
S = 1.1 while dropping off towards lower or higher scaling factors. This decrease in Q
factors and resonance modulations when approaching the NIR and blue spectral range
in the visible is attributed to the onset of inter-band absorption in hBN, combined with
fabrication intolerances caused by the small geometrical features of the metasurface.
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Figure 6.8.: Experimental realization of symmetry-broken qBIC metasurfaces in
bulk hBN. (A) Optical grayscale micrograph of the former bulk hBN flake along with the
nanostructured BIC arrays with different scaling factors S. (B) Broad range spectra showing
the spectral isolation of the BIC mode for S=0.65 (green curve, upper panel) and for S=1.10
(brown curve, lower panel). (C) Q factors (top panel) and modulation depths (lower panel)
extracted for each resonance scaling factor (shown in panel (E)) indicating an optimum thick-
ness for the utilized design. (D) SEM micrographs of BIC unit cells with increasing scaling
factor. (E) High-Q BIC resonances through the visible to the NIR are obtained from a single
hBN flake by increasing the scaling factor of the metasurface.
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Similarly, when pushing the resonances further into the NIR, the optical mode volume
is mismatched with the resonator volume. Since the height of the flake is fixed, the
grating mode will necessarily spectrally shift towards and over the BIC mode, thus
reducing the modulation or leading to a vanishing. Nevertheless, these effects could be
minimized by optimizing the hBN flake height and unit cell design for each resonance
position.

Beyond the scaling of the optical resonances, the flexibility of the BIC design is demon-
strated by controlling the coupling of the BIC to the far field by varying the geometrical
asymmetry of the metasurface unit cell. As shown in Fig. [6.9A, the Q factor increases
for smaller geometrical asymmetries until the quasi-BIC transforms into a dark BIC
mode without any far-field coupling for AL = 0 nm (black dashed curve), allowing for
precise tailoring of the radiative Q factor by controlling the geometrical asymmetry.
Furthermore, the straightforward control over the BIC resonance is demonstrated in
Fig. , where the excitation polarization is changed between parallel (Ep,) and
perpendicular (Eper) to the rods, effectively switching the resonance on and off.

As a last step, the influence of the resonator height on the BIC resonance position
is asessed in Fig. [6.9C. Apart from the red-shift of the resonance induced by the
increased resonator volume, the Q factor of the resonances increase towards higher
flake thicknesses indicating a better mode formation.
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Figure 6.9.: Experimental flexibility of hBN-based qBIC metasurfaces. (A) Tai-
lorability of the radiative lifetimes via the geometrical asymmetry AL. (B) Resonance control
via the excitation polarization for light polarized along the long rod axis (Epar) or along the
short rod axis ((Eper). (C) Resonance shifts induced by different resonator heights.
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6.2.3. Enhanced second harmonic generation

The versatility of the BIC-based resonances is further combined with the highly en-
hanced electric near fields inside the low-index hBN to demonstrate BIC-enhanced
second harmonic generation (SHG) in the UV (Fig. |6.10A).

As shown in Fig. [6.10B, finite-element method (FEM) simulations (COMSOL Multi-
physics) are utilized to investigate the SHG efficiency for different geometrical asym-
metries. As expected from BIC metasurfaces, higher Q factors are associated with
larger near-field enhancements leading to a maximum SHG efficiency for the smallest
geometrical asymmetry of AL = 10 nm (dark brown curve). Since the experimental Q
factors are always limited by fabrication imperfections [131], an asymmetry of AL = 75
nm was chosen as a trade-off between a high Q factor and a good resonance modulation
to guarantee a large SHG enhancement.

The SHG signal in the fabricated sample was excited using a tunable Ti:Sapphire in a
transmission geometry (see Methodology). Fig. shows the corresponding SHG
signal for an hBN metasurface with AL = 75 nm. As apparent from the graph, a
388-fold BIC-induced SHG enhancement is observed by tuning the excitation source
to the two different excitation polarizations. Depending on the utilization of parallel
or perpendicular polarization, the BIC design provides an “on” and “oftf” state of the
resonance as shown in Fig. [6.9B. For incident light which is linearly polarized along the
long rod axis (Epar, red curve in Fig. |6.10B), the BIC is excited and promotes the SHG
enhancement via its highly enhanced intrinsic near fields. For light perpendicularly po-
larized to the long rod axis (Eper, black curve in Fig. [6.9B) the SHG enhancement is
absent. This resonance control provides an important control mechanism to demon-
strate BIC-related enhancement effects and allows for the unambiguous extraction of
the SHG enhancement factor.
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Figure 6.10.: Numerical investigation of BIC-enhanced hBN-intrinsic SHG. (A)
Schematic setup for the SHG, where a pump pulse with frequency w is incident on a nanos-
tructured hBN BIC metasurface. Due to the broken inversion symmetry in bulk hBN, SHG
at 2w is observed. (B) Numerically obtained and normalized SHG efficiency for different geo-
metrical asymmetries, showing the largest SHG enhancement for AL = 10 nm.
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Figure 6.11.: Experimental demonstration of BIC-induced SHG enhancement in
bulk hBN. (A) The obtained SHG intensities show a 388-fold SHG enhancement when the
BIC is excited (Epar) compared to the absence of the BIC (Eper). (B) Pump wavelength
sweep for the same metasurface as in (A), showing the BIC-resonant enhancement of the
SHG. Gray scale: Optical transmittance spectrum of the BIC metasurface in arbitrary units.
(C) Normalized SHG intensities for different excitation polarizations showing a full linear
polarization signal for the BIC resonance and no detectable polarization for off-resonant pump.

As a further confirmation of the BIC-related SHG enhancement, the excitation wave-
length is swept for the same metasurface and a clear correlation between the BIC
resonance (shown in solid gray in Fig. [6.11B) and the SHG signal at twice the BIC
resonance is observed for a pump wavelength of 796 nm. By spectrally shifting the
excitation wavelength away from the BIC resonance towards 830 nm, the SHG also
vanishes underpinning the BIC-resonant enhancement.

As a last step, the excitation polarization dependence of the SHG signal is investigated
in Fig. for resonant and off-resonant excitation. As expected, when in resonance
with the BIC peak, a linearly polarized SHG signal is present, while for the off-resonant
excitation the polarization dependence of the SHG signal is absent.
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In summary, this chapter demonstrated how, through using the emerging concept of
bound states in the continuum, radiative losses in low-index materials are efficiently
suppressed. In particular, the lack of suitable materials for high-Q resonances in the
visible is solved by employing hexagonal boron nitride (hBN), the backbone of 2D
materials research. In this work, the benefits and drawbacks of low refractive index
materials as resonator material was analyzed. It was suggested that symmetry-broken
quasi bound states in the continuum (qBICs) open up a new avenue for the flexible
tailoring of high-Q resonances in the visible regime. As a consequence, hBN was
anticipated as photonically active resonator material and several achievements could
be accomplished.

First, the fundamental physics of resonant low refractive index metasurfaces was an-
alyzed, showing that symmetry-protected BICs are uniquely capable of producing
high-Q resonances from materials with refractive indices as low as 1.9, opening up
a completely new material palette for ultrasharp nanophotonics in the visible and the
ultraviolet spectral regime.

Second, symmetry-protected multispectral qBICs in nanostructured hBN from a single
resonator height were demonstrated with an unprecedented resonance tuning range of
1.71 eV.

Third, the first demonstration of high-Q resonances throughout the complete visible
spectral range from 400 to 1000 nm was shown. FEspecially, the first demonstration
of tunable high-Q resonances below 500 nm resonance wavelength with record-high Q
factors above 200 was experimentally demonstrated that outperform metal-based and
all-dielectric approaches by almost one order of magnitude [178| [179)].

Finally, by leveraging the large band-gap energy of hBN, qBIC-induced second har-
monic generation in bulk hBN in the UV range with an enhancement factor of 388 was
shown.

In total, the implementation of hBN as resonator component not only facilitates low
refractive index based photonics to obtain high-Q resonances throughout the complete
visible spectral range. As such, the particular reason for the utilization of hBN as
resonator subject reaches far beyond its pure optical properties. Since hBN is a key
building block in van der Waals heterostructures and hosts room temperature single
photon sources, the analysis paves the way for a straightforward realization of nanopat-
terned van der Waals metasurfaces. Since the hBN-based BIC resonances are ideally
suited for enhanced light-matter interaction and quantum optics, the approach could
unify the field of two-dimensional materials with nanophotonics. Ultimately, the plat-
form could be used to realize pure hBN-based quantum photonic circuits incorporating
enhanced single photon emission and detection through the platform proposed in this
chapter.






7. Summary and outlook

Within this work, novel concepts and functionalities were realized for symmetry-broken
BIC metasurfaces to improve and overcome physical limitations but also to provide
possibilities for further advancing the system. In particular, this work tackled three
fundamental limitations associated with BIC metasurfaces, such as the large spatial
footprint, the restriction to resonant frequencies mainly located in the infrared spectral
region, and the limitation to single functionalities. Utilizing the concepts, which were
developed in this thesis, these drawbacks could be overcome and lead to new applica-
tions within the realm of high-Q resonant metasurfaces.

Radial BIC metasurface. The restriction to large geometrical footprints has held
back BIC metasurfaces from practical on-chip integration. Within this project, ap-
proaches were shown how to drastically reduce the spatial extent of the symmetry-
broken BIC platform down to 2 ym? by employing a semi-infinite annular arrangement.
The radial distribution could even boost the Q factor with record values above 500 in
the visible regime. The increased performance was confirmed by numerical simulations
and experimental implementations, demonstrating a linear polarization-invariant re-
sponse. In line with this, enhanced light-matter interaction could be proven in terms
of higher biomolecular sensitivity and enhanced SHG from an evanescently coupled
monolayer of MoSes. Initiated by the small footprint, the radial BIC platform enables
multiplexed on-chip photonics for high harmonic light generation and biomolecular
sensing based on silicon resonators. Ultimately, this platform could be used in future
work for multiplexed biomolecular sensing for the retrieval of molecular fingerprints in
ultra-small footprints.

Chiral BIC metasurface. The limitation of all-dielectric nanophotonics to planar
structures has so far hampered the implementation of intrinsically chiral metasurfa-
ces and the realization of multi-functional metasurfaces in general. As a solution, a
novel fabrication approach for all-dielectric metasurfaces was introduced, unlocking the
height of the individual resonator elements as an accessible parameter and thus enabling
out-of-plane symmetry breaking. In particular, the inherent geometrical asymmetry
was controlled via the constituent layer thickness and was thus only limited by the de-
position accuracy, which can be controlled much more precisely compared to in-plane
geometric perturbations. Using the out-of-plane symmetry breaking mechanism, two
independent metasurface properties, such as the Q factor and the coupling to circularly
polarized light, were independently tuned using this approach and record transmittance
differences of AT = +0.7 with peak Q factors above 100 were achieved.
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Above all, this approach not only unleashes the individual resonator height as accessi-
ble parameter but also provides the flexibility for the realization of hybrid metasurfaces
with arbitrary number of material and height level combinations within a single meta
unit. This variety highly eases the implementation of multi-functional metasurfaces
but also provides straightforward access to realize non-Hermitian physics via breaking
the underlying PT-symmetry of the system.

hBN BIC metasurface. The non-existence of lossless and high refractive index ma-
terials for the broadband visible spectral region prevents nanophotonic applications
in this regime, such as enhanced light-matter interaction, efficient flat optics, or the
realization of bright and clean colors beyond the RGB color gamut for novel displays.
In the third project, it was shown that the concept of symmetry-broken qBICs enables
the utilization of the low refractive index material hexagonal boron nitride (hBN) as
photonically active material through the complete visible spectral range, where it has
mostly been omitted so far. Within that work, an unprecedented resonance tuning
range from 400 to 1000 nm was shown with Q factors above 200, all fabricated from a
single resonator height. Promoted by the large band-gap energy of almost 6 eV, second
harmonic generation (SHG) was shown in the UV with an enhancement factor of 388.
Owing to the large band-gap energy, future work can be done in the UV region, poten-
tially targeting the characteristic absorption bands of DNA, for instance. Furthermore,
the platform can be used for color printing beyond the sRGB color gamut or even for
spectrometer-less detectors in the visible.

Most importantly, since hBN is the backbone of 2D materials research and many in-
triguing quantum emitters have been found in bulk hBN, the hBN-based BIC platform
is ideally suited for enhancing the single photon emission from hBN or even assembling
completely hBN-based quantum circuits. In addition, owing to the combination affinity
of hBN with other 2D materials, the material can be harnessed to enhance light-matter
interaction in nanostructured van der Waals heterostructures.

Although the three physical limitations were investigated separately and solutions were
proposed independently, future projects could investigate many combination permuta-
tions of the approaches, leading to new applications and platforms for each project.
Overall, this thesis has demonstrated how to overcome the physical limitations of
symmetry-broken BIC platforms and simultaneously provides a rich toolkit for the
development of next generation metasurfaces.
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