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1.1. Quasi- and Near-BICs

The introduction of bound states in the continuum (BICs) to photonics

has revolutionized the way cavity design and light-matter interactions are
thought about in general. BICs can have very high quality factors, even in
open structures where access to radiation is permissible. Now, BICs found
applications in a large class of areas, including nonlinear enhancement,
coherent light generation, sensors, filters, integrated circuits, and many
others. In this review, the different types of BICs in photonic systems, as well
as their physics and formation mechanisms are briefly overviewed. The rest
of the review focuses on the current and emerging applications of photonic
BICs and their role in shaping the interaction of light and matter.

1. Introduction

Cavity design in optics and photonics has been a long-standing
area of investigation due to its paramount importance in both
applied and fundamental research. Conventionally, light is con-
fined using a closed or Hermitian system where access to radia-
tion channels is prohibited leading to high quality (Q) factor
resonances. In an open or non-Hermitian system, the light waves
are coupled to the radiation continuum leading to resonant modes
with finite lifetimes. Bound states in the continuum (BICs) are
an exception to this traditional understanding. BICs are peculiar
states that remain localized with lifetimes that diverge to infinity
even though they reside in the radiation continuum. BICs were
first mathematically proposed in 1929 by von Neumann and
Wigner who constructed an artificial quantum potential to sup-
port a BIC—an electronic state with energy that falls above the
continuum threshold.! Even though the original proposal by von
Neumann and Wigner was never practically realized, other BIC
formation mechanisms and systems have been theoretically sug-
gested and experimentally demonstrated.?% Although BICs are
a general wave phenomenon that have been observed for various
waves such as electromagnetic, acoustic, and water waves, this
review will focus only on BICs for electromagnetic waves that are
supported by photonic systems.

Dr. S. |. Azzam, Prof. A. V. Kildishev

School of Electrical & Computer Engineering

Birck Nanotechnology Center and Purdue Quantum Science
and Engineering Institute

Purdue University

West Lafayette, IN 47907, USA

E-mail: kildishev@purdue.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202001469.

DOI: 10.1002/adom.202001469

Adv. Optical Mater. 2021, 9, 2001469

2001469 (10f13)

In theory, BICs are dark states with infinite
radiative lifetime and generally require
at least one dimension of the structure
extending to infinity.®l Similar conditions
can also be obtained in localized systems
of finite extent when the permittivity
approaches zero.>! However, in practice,
due to the finite extent of structures, mate-
rial absorption, and other external pertur-
bations, BICs collapse to a Fano resonance
with a limited radiative Q factor. Such res-
onances are known as quasi-BIC and they
have been used to obtain very high Q resonances in numerous
photonic systems to date.%812] Even though practical imple-
mentations of BICs are limited to quasi-BIC, in the literature,
as well as in this review, quasi-BIC are commonly referred to
as BICs. Another type of high-Q resonances called near-BIC is
obtained in the vicinity of the BIC through detuning the system
from the BIC regime.*>l Near-BICs can be explained by the
Theory of Resonance Reactions by Fondal®* as a bound state
can exist in the continuum at an energy where some channels
are open even when the open and closed channels are strongly
coupled. If the Hamiltonian of the system differs slightly from
the one that can produce such a bound state, a sharp resonance
appears in all scattering and reaction cross-sections. Near-BIC
resonances can be obtained over an interval of values of a spe-
cific parameter of the system, unlike BICs that are generally
achieved at a single value of the parameter.”" This is of impor-
tance for practical systems as it provides stability to fabrication
errors and other imperfections.l Tt is also worth mentioning
that the total Q factor (Q)) realizable through BICs is generally
limited by the material loss. While the radiative Q-factor (Q,) at
BICs can diverge, the non-radiative Q-factor (Q,,) is limited by
material absorption and its inhomogeneous broadening, scat-
tering from the structural disorder, and in-plane lateral leakage.
It is therefore, important to have an accurate distinction
between Q, and Q,, and account for non-radiative processes as
generally the main contributors to the total Q.”

1.2. BIC Types and Formation Mechanisms

Since the time of initial prediction of BICs in photonics,
they have been realized in numerous geometrical systems,
including gratings, waveguides, metasurfaces, and photonic
crystals.#7916-24 Such a broad diversity of photonic systems
supports different types of BICs that originate from various
physical mechanisms. We will briefly highlight the different
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types of BICs and their physical origins in this section. A more
detailed and comprehensive review of the subject can be found
in ref. [6]. The physical mechanisms leading to the formation
of a BIC can be broadly categorized into three distinct types.
The fist and most straightforward type of BICs is formed due
to the symmetry or separability.>>2% The second type includes
interference-based BICs in which the destructive interference
of resonances leads to the trapped states.>*39-32] Finally, the last
type consists of specifically engineered BICs achieved through
inverse construction.*334

A state can decouple from the radiation and turn into a BIC
if it exhibits a different symmetry with its surroundings. Such
a state, know as symmetry-protected BIC, remains localized as
long as the symmetry in the system is preserved. Symmetry-
protected BICs have been thoroughly examined in a multi-
tude of systems including metasurfaces—subwavelength-thin
optical lattices—as well as other periodic structures, such as
classical gratings and photonic crystals.?>-28]

BICs with separability of variables have been proposed
in ref. [35]; however, their exploration in photonic systems
has been quite limited.??3¢] The basic idea of separable BICs
is to present the Hamiltonian of a system as a superposition
of two or more independent Hamiltonians. Each of the con-
stituent Hamiltonians acts on a single variable and has an
eigenvalue that corresponds to a bound state. The product of
the bound states of the constituent Hamiltonians forms a BIC
with an eigenvalue that is the sum of the eigenvalues of the
individual Hamiltonians.

Interference-based BICs or BICs through parameter tuning are
the result of the destructive interference between different chan-
nels. Tuning a sufficient number of parameters of the system can
lead to a complete elimination of the radiation, and hence, to a
BIC formation. The interfering channels could be resonances of
different resonators, resonances of the same resonator, or even a
single resonance. When a lossless resonant structure is coupled
to a single radiation channel, its reflection reaches unity near
the resonance frequency. If two of these resonators are arranged
such that they form a cavity, at a specific frequency or spacing
where the wave accumulates a total phase that causes the destruc-
tive interference between the two resonances, a BIC would form.
Such BICs are called Fabry-Pérot BIC and they have been dem-
onstrated in several photonic systems.>>3¥] The BIC resulting
from the interference of two resonances that belong to the same
resonator is known as Friedrich—-Wintgen (FW) BIC.

Unlike the Fabry-Pérot BICs where the resonances are far
apart, the resonances leading to the FW BIC are at the same
location and are coupled through the same radiation channel.
The spectral location of the FW BIC is generally near the fre-
quency crossings of the uncoupled resonances. And lastly,
single-resonance BICs, where a single resonance can turn into
a BIC if enough parameters have been tuned. In this case,
the resonance itself is believed to originate from two or more
waves, and adjusting the parameters of the system that sup-
ports such resonance can lead to suppression of radiation.

The third formation mechanism of BICs is based on spe-
cifically engineered BICs through inverse construction. This
approach dates back to the original proposal of von Neumann
and Wigner to realize BICs through the construction of an arti-
ficial potential.! Constructing a potential profile that can lead
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to a set of desired BICs in a given system has been later studied
in lattice systems to construct BICs localized at the edge of the
lattice.?33¥ Engineering BICs through inverse construction
can also be achieved by engineering some other feature of the
system required to allow for BICs, for example, through engi-
neering the boundary shape of a structure.l*® Inverse construc-
tion may generate non-physical or unrealizable systems, and
therefore, the experimental realizations of such systems to date
have been limited. Moreover, realizing BICs through reverse
engineering has not been extensively studied in photonics and
thus far we are not aware of any experimental report of such
BICs in photonic systems. However, this method may offer a
lot of promise for engineering and optimization of synthetic
BICs in photonic systems.

1.3. Multipole Approach to the BIC-Based Meta-Elements

The multipole analysis (MA) is a powerful technique for get-
ting a comprehensive understanding of the BIC physics and
synthesis of the viable structures supporting the trapped states.
The initial studies on the MA of optical metamaterials were
performed by several research groups. Early studies include for
example the work of Petschulat et al.,* where the effective
permittivity and permeability was also derived from the ana-
Iytical expressions for the dispersion, and the electric displace-
ment and magnetization fields. This analytical approach was
compared against direct numerical simulations showcasing the
advantages and limitations of the proposed approach.

Subsequent works applied the MA to the theoretical and
experimental studies of infinite periodic arrays with the parti-
cles of regular shapes (see, e.g., refs. [44,45]). Other directions
employed the multipole approach in the analysis of isolated par-
ticles to either satisfy the Kerker backscattering condition*®! or
to enhance non-linear light-matter interaction.~#*)l Along with
the photonics theory, the numerical efforts have been advanced
in a line of recent MA-relevant and broader studies.>*->*

Figure 1 gives some representative examples of the multipole
analysis of the BIC meta-elements. Figure la depicts a general
case of a metasurface with a square unit cell with the meta-
atoms under test and associated radiation patterns. Compre-
hensive schematic representations of the formation mecha-
nisms of symmetry protected (at-I') and accidental (off-I) BICs
are depicted in the top and bottom rows of Figure 1b.5

Multipolar expansion of the I'-point BICs: if a single unit
cell consists only of the multipoles that do not radiate along the
z-axis, then apparently, there is no total radiation in the z direc-
tion (Figure 1b, top row). Analyzing the multipoles, the authors
in ref. [39] conclude that in the sub-diffractive array all the
modes, which do not have the tesseral harmonics with m =1
form symmetry protected BICs. As a concept example, the
authors use a published BIC demonstration of lasing achieved
with a bi-periodic array of nanoparticles.?’!

A similar approach is applied to the multipolar expansion
of accidental BICs; it is shown that every contributing term
of the decomposition shall be purely real, then all vector har-
monics cancel each other in the direction of a given wavevector
El. Hence, similar to the Kerker effect, all the terms should be
either in phase or completely in reverse (Figure 1b, bottom
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Figure 1. Applying multipole analysis to BIC-based photonic meta-elements. a) A square unit cell with dielectric meta-atoms. b) The formation of sym-

metry-protected (at-I', upper panel) and accidental (off-T', lower panel) BICs. (a) and (b) are reproduced with permission.*’) Copyrlght 2019, American
Physical Society. c) The electric dipole (ED) and magnetic quadrupole (MQ) contributions to the radiated power of the TM; ; ; mode in a single-cylinder
resonator, and the far-field radiation patterns of TM; ; ; mode at different aspect ratios. (c) is adapted with permission.*l Copyright 2019, Andrey A.
Bogdanov et al., published by SPIE and CLP. d) The spatial distributions of the normalized E-field magnitude E/E,,, (A,B) and the normalized intensity
I/l nax (C,D) of azimuthally polarized cylindrical vector beam in the focal plane xy (A,C) and in the through-focus plane yz (B,D). The focal plane in (B,D)
is indicated by solid black lines. Dashed black circles delineate maxima of the electric field magnitude E,,, and intensity /.., in the focal plane. I, is
the minimal value of the intensity in the focal plane. (d) is adapted with permission.i*l Copyright 2020, Irina Volkovskaya et al., published by De Gruyter,
Berlin/Boston. e—g) Evolution of the Q-factors (top row) and the power (middle row) radiated from all non-negligible multipoles for the supermodes of
order v, € {0,1,2} that for p-polarized light correspond to the magnetic dipole (MD), electric dipole (ED), and electric quadrupole (EQ).4 In each column
e—g), the supermodes are indicated by points M, , H, , and F, , where v, € {0,1,2}. The corresponding far-field radiation patterns of the supermodes are
shown at the bottom row of each column. (e)—(g) are adapted with permission.l Copyright 2019, Wiley-VCH.

row). A related toy model, combining the vertical electric dipole
and horizontal magnetic dipole that interfere destructively in
the direction of k, also provides a comprehensive conceptual
understanding of accidental BICs upon p-polarized excitation.®!

We further illustrate the usefulness of the multipole decom-
position concept with the parametric optimization of the
interplay between the electric dipole (ED) and magnetic quadru-
pole (MQ) of the TM; ; ; mode in a single-cylinder resonator
examined by Bogdanov et al.“% (Figure 1c). The figure shows
contributions to the radiated power, and the far-field radiation
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patterns of TM; ; ; mode versus different aspect ratios, where
the quasi-BIC regime is achieved at point B.*!

Yet another important application of the multipole analysis
approach is the decomposition of the incident radiation depicted
in Figure 1d in terms of the vector spherical harmonics.*!l The
concept is applied to get the values of the incident multipolar
content of the azimuthally polarized cylindrical vector beam,
and in particular, its magnetic dipolar and octupolar compo-
nents. The analysis is then applied to the experimental data
published in ref. [56] to optimize the nonlinear interactions.
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Finally, the utility of the multipole analysis is illustrated
with an extended study of the evolution of the Q-factors in
cylindrical resonators (top row) and the power (middle row)
radiated from all non-negligible multipoles for their super-
modes with the quantum number v, € {0,1,2}.*?! Figure le-g
depicts the supermodes indicated by points M, , H,, and F,, for
v, € {0, ~1, ~2} with the corresponding far-field radiation pat-
terns shown at the bottom row of each panel. Similar to pre-
vious results, the study confirmed that for all v,, the Q-factor
enhancement is driven by the order conversion from a lower to
higher multipole, for example, MD—MO for v, = 0 (Figure le),
ED—MQ, (v, = 1, Figure 1f), and EQ—-MO (v, = 2, Figure 1g).
Expanding the results of®®], Chen et al. also demonstrate that
i) the position of the maximum Q-factor always coincide with
the resonance positions of the dominant the highest-order
multipole, ii) away from the maximum, the multipoles are con-
verted from the higher to lower order and decreasing Q-factor,
and iii) at the optimum points, the highest achievable Q-factor
is defined by the highest order of the dominant multipole (com-
pare for example Q-factors in Figure 1f,g). We may comment
that the multipole analysis not only provides the most gen-
eral means for the comprehensive understanding of BICs, but
could also enable new paradigms of data- and physics-driven
approaches to optimizing BIC-based high-Q photonic systems.

Following this introduction, we organize the remainder
of this paper as follows. Section 2 deals with the applications
of BICs in photonics. Subsequently, we analyze and compare
the diverse palette of various BIC functionalities that include
enhancing optical nonlinearities and lasing, sensing and
imaging, beam shaping, and quantum photonics. All this anal-
ysis and comparison are done in Sections 2.1-2.4. Section 3
reports on the dynamic control of BICs. As we shall see, the
recent progress in the optical and electric control of nonlinear
optical materials has greatly affected the subsequent progress
in the related BIC research and is now reflected in the relevant
authors’ contributions. Without being exhaustive on this matter
in Section 1, we conclude the paper with a précis covering an
outlook of future development in Section 4.

2. Applications of BICs in Photonics

2.1. BICs for Enhancing Optical Nonlinearities

High-Q resonances have been employed to enhance light—
matter interaction and boost the efficiency of diverse nonlinear
optical phenomena. The flexibility that BICs have introduced
to the design and realizations of high-Q resonances in nano-
photonic systems has positioned them to benefit the nonlinear
photonics community immensely. BICs have thus far been
utilized to boost a plethora of nonlinear effects, including the
optical Kerr effect,’”8 lasing action,'®5>°964 second- and
third-harmonic generation,>*%>7% four-wave mixing,/® dynam-
ical nonlinear image tuning,” and many more. This section
will shed a brief light on the latest advancements pertinent to
the role of BICs in intensifying nonlinearities in nanophotonic
platforms. We will focus on only two classes of nonlinear inter-
actions; BIC based lasers in Section 2.1.1 and harmonic genera-
tion in Section 2.1.2.
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2.1.1. BIC-Based Lasers

Applying BICs to the field of lasers has allowed for new oppor-
tunities not readily accessible with conventional cavities. The
use of the high-Q BIC resonances to provide feedback for
lasing has enabled directional, scalable, controllable, and low
threshold microlasers.®°>°9-62 In addition, due to the non-
zero topological charges associated with BICs, the laser emis-
sion at the BIC points is naturally a vector beam.*>*4 While the
first experimental demonstration of BICs in optical structures
did not take place until around a decade ago,*?>*1 BIC-based
lasers had been reported long before that. A closer look at many
distributed feedback and surface-emitting lasers indicates that
they operate at the band edge (i.e., the I" point, which is a sym-
metry protected BIC).”27 In such lasers, any perturbation that
disturbs the symmetry would significantly affect the Q factor of
the resonance. Also, as the operation wavelength moves further
away from the T point, the Q factor of the symmetry protected
BIC drops significantly. This is, in general, different from inter-
ference-based BICs that are formed with varying a particular
continuous parameter of the system, such as the radius of the
height of resonators.'”’]

After the demonstration of BICs in photonics systems, more
complex BICs have been exploited to support lasing action.
Near-infrared room temperature lasing was demonstrated in
a thin membrane of semiconductor material suspended in the
air."® An InGaAsP multiple quantum wells membrane of cylin-
drical nanoresonator array suspended in the air was designed
to support multiple high-Q modes at the I" point around the
telecommunication wavelength range, Figure 2a. The laser was
designed to operate around a resonance-trapped BIC at 1551 nm,
as depicted in Figure 2b. The BIC-based membrane laser
showed low threshold, room temperature, and single-mode
operation that are persistent even with varying laser geomet-
rical parameters. More interestingly, the BIC laser still shows
great performance even with scaling down the lattice size of the
membrane to only 8 X 8 resonators, suggesting great potential
for multicolor on-chip lasing.['®]

Similarly, arrays of dielectric resonators on a substrate have
been used to demonstrate lasing based on BIC with controlled
directionality.?> In this array of GaAs resonators, only dipole
modes that are orthogonal to the array plane are allowed.
These normal-to-lattice dipoles lead to the sub-diffractive regime;
the dipoles oscillate only in the normal direction, prohibiting
the radiation in this direction, a BIC if formed where no radiation
from the system can occur. By increasing the system’s periodicity
in at least one of the array directions, a leaky channel is opened
where diffraction can occur. This enabled control over the direc-
tionality of the emitted laser beam. The poor external quantum
efficiency of GaAs at room temperature has been avoided in the
laser by operating at 77 K. Changing the temperature from 77 to
200 K allowed for tuning the gain spectrum of GaAs, resulting in
some tunability of the laser peak in from 830 to 850 nm.

Additionally, BICs have been exploited to demonstrate inte-
grated and steerable-by-design vortex lasers, %3] Figure 2c. In that
case, BICs carrying a non-zero topological charge have been con-
trolled by the topology of the lasing structure. Inl®¥! laser light
generated at the BIC regime was characterized for its far-field
phase singularity, which was used to determine the topological
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Figure 2. Lasing with BICs. a) Schematic of BIC-based laser membrane illustrating the optical pump beam (blue) and lasing from the BIC
mode (red)."® b) The normalized output laser power as a function of wavelength and pump power from the membrane depicted in (b) showing a
single lasing peak at 1,551.4 nm. (a) and (b) are adapted with permission.'®l Copyright 2017, Springer Nature. c) A square lattice photonic crystal structure
made of InGaAsP multiple quantum wells bonded on a glass substrate. The structure is optically pumped (yellow beam) and generates a vortex beam at
a controllable angle (blue beam).®¥ d—g) Measured k-space images of the emission from lasers shown in (c) with different radii. The images show
that the emission angle of the lasing increases as the radius of the holes decreases from d) 250 nm, to €) 240 nm, then to f) 225, and finally to g) 190
nm demonstrating beaming of the lasing emission. (c)—(g) are adapted with permission.®®l Copyright 2020, Babak Bahari et al. h) Vortex lasing from
a perovskite metasurface. When the array is pumped with one beam, a donut-shaped lasing emission is observed (inset top). When two beams are
used for pumping with a temporal delay, the symmetry is broken, and two linearly polarized beams are observed (inset bottom). i) The switching from a
vortex laser to linearly polarized laser and j) vice versa. (h)—(j) are reproduced with permission.[¥l Copyright 2020, AAAS. k) An SEM image of the single
GaAs nanocylinder laser and 1) its output emission intensity versus pumping laser fluence showing the transitions from spontaneous emission (SE)
to amplified spontaneous emission (ASE) and finally to lasing. (k) and (I) are adapted with permission.[2 Copyright 2020, American Chemical Society.
m) Multi-wavelength lasing from arrays of nanoresonators versus the pumping fluence. Adapted with permission.l®!l Copyright 2020, Shaimaa I. Azzam et al.

charge of the beams. Self-interference of the lasing beams
showed two inverted fork patterns that were translated into a top-
ological charge of +1 and -1 for different types of BICs. Moreover,
changing the radius of the holes in such a system led to the con-
tinuous movement of the BIC in the reciprocal space showing
a steerable-by-design laser light, as can been observed from
Figure 2d-g. A similar BIC-based vortex laser made of perov-
skite that enables ultrafast control was recently demonstrated,®4
Figure 2h. The vortex laser can be switched to linearly-polarized
lasing, or vice versa, with switching times as small as one pico-
second, as can be observed from Figure 2i,j. Such a laser shows
dramatic speed enhancement over directly modulated microla-
sers allowing for all-optical controllable lasers at high speed.

BIC lasers hold a lot of promise for on-chip integrated,
coherent light sources. Future research to achieve efficient
tunability and controllability of lasers is very valuable in broad-
ening their scope of applications. Also, miniaturized lasers is
another relevant direction for BIC-based cavities.[?) BIC modes
can be realized in down-scaled structures by exploiting and
engineering their interference, Figure 2k1. This enables flex-
ibility in the design of lasing cavities that can be on the scale
of a few hundred nanometers.®”l Additional exciting advance-
ments in BIC-based lasing include multi-wavelength lasing,/®!
Figure 2m, low-threshold room temperature lasers,®” topolog-
ical lasers,”! and many others.
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2.1.2. BICs for Harmonic Generation

Harmonic generation is a nonlinear optical process used to
create the harmonic frequencies multiple of the fundamental
frequency of incoming light.”#% In harmonic generation, an
intense laser light interacts with a nonlinear material to gen-
erate the frequency harmonics. Harmonic generation is instru-
mental in generating new shorter wavelengths from existing
laser sources. However, generally very high laser intensities,
strong material nonlinearity, spatial and temporal control
over the laser beam are required for efficient harmonic gen-
eration. Recent efforts investigating the effects of BICs on
harmonic generation have shown that spectral engineering
using BICs can result in tremendous enhancement of the
nonlinear response.

Recent theoretical proposals have predicted up to several
orders of magnitude enhancement in various harmonic gen-
eration processes such as second and third harmonic gen-
eration,/®%7 as well as four-wave mixing.[®” Third harmonic
generation and four-wave mixing from graphene have been
shown to dramatically improve upon engineering the pump
beam and the generated beam to match BICs simultaneously.**]
Similarly, second harmonic generation from a transition-metal
dichalcogenide monolayer coupled to BICs from a grating
has been shown to exhibit significant enhancement.’®l In
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another study dealing with the conversion efficiency of second-
harmonic generation, the nonlinear response from AlGaAs
nanostructures has been predicted to experience a significant
boost when coupled to BICs.®] Using mode engineering to
tune the fundamental frequency to a BIC resonance, at least
a 100-fold improvement of the second-order nonlinear interac-
tion has been achieved. This improvement is in comparison
with utilizing the conventional Mie type magnetic dipole reso-
nance. Even more interestingly, combining BIC concepts with
specially-engineered substrates have been exploited to boost
multifrequency and multistep nonlinear processes.®! By engi-
neering a multilayer substrate that hosts an epsilon-near-zero

www.advopticalmat.de

the substrate. Such structure has shown the ability to increase
the efficiency of third-harmonic generation, four-wave mixing
as well as fifth harmonic generation from Silicon disk resona-
tors, ! Figure 3b.

Experimental demonstrations of BIC-enhanced harmonic
generation have followed confirming the numerical predic-
tions.P®%870 By breaking the structural symmetry of the
nanoresonators arranged in lattice structures, high-Q factor res-
onances can be obtained from the quasi-BICs in such lattices
as shown in Figure 3c—£.1%87% The structure reported in ref. [69]
showed more than five orders of magnitude enhancement of
the third harmonic generated for arrays of silicon resonators

compared to an unpatterned silicon film of similar thickness.
Additionally, the same structure has also demonstrated a signif-
icant second harmonic generation signal due to the asymmetry

(ENZ) material, as shown in Figure 3a, the quasi-BIC’s high-Q
factor can be maximized due to the destructive interference
between the out-of-plane magnetic multipole and its image in
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Figure 3. BICs for harmonic generation. a) A schematic of a silicon disk resonator on top of the multilayer substrate hosting a hosts an epsilon-near-
zero (ENZ) material.®l b) The conversion efficiency of third harmonic generation as a function of the pump wavelength close to the quasi BIC, the
magnetic quadruple (MQ) mode, and the magnetic dipole(MD) modes. (a) and (b) are adapted with permission.®'l Copyright 2019, Luca Carletti et al.,
published by the American Physical Society. c) An SEM of the asymmetric silicon metasurface used for second and third harmonic generation in
ref. [69]. d) Power dependence of harmonic generation in a logarithmic scale, showing quadratic and cubic power scaling for second and third har-
monic, respectively. (c) and (d) are adapted with permission.[®¥ Copyright 2019, Zhuojun Liu et al., published by the American Physical Society. Similarly,
e) the silicon metasurface and f) the cubic scaling of the third harmonic are reported in ref. [68]. (e) and (f) are reproduced with permission.[®®!
Copyright 2019, American Chemical Society. g) A schematic demonstrating second harmonic generation from a silicon metasurface coupled to a WS,
monolayer flake.®%] h) The measured second harmonic (SH) intensity spectra from WS, monolayers on top of the optimized metasurface (red) com-
pared to that of the reference bulk Si film (gray, magnified 500 X). i) Measured SH intensities versus the pump power for WS, monolayers on top of
the metasurface (red) and bulk Si film (gray) (log scale).(g)—(i) are adapted with permission.8% Copyright 2020, American Chemical Society.
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of the resonators and the nonlinearity from the etched silicon
surfaces, see Figure 3d. A similar study showed similar find-
ings with a 600-fold enhancement of third-harmonic generation
from silicon atrrays compared to bare films.”" The experimental
verification oft has been carried our recently confirming an
enhanced second-harmonic generation from individual AlGaAs
nanoscale resonators.’® Using a combination of quasi-BIC
on an ENZ substrate enabled a relatively high-Q factor in the
telecommunication regime. Besides, the illuminating light has
been engineered to achieve maximum light coupling to the
quasi-BIC mode using an azimuthally polarized beam. The
study reports two orders of magnitude enhancement for
the second harmonic generation compared to other tech-
niques agreeing with the theoretical predictions.®!l Moreover,
BICs have also been utilized to enhance not only lower-order
harmonics, but also higher optical harmonic generations in
photonic devices. As described earlier, through the meticu-
lous engineering of nanophotonic systems that host high-Q
resonances at or near the BIC, multifrequency, and multistep
nonlinear processes can be enhanced.®! Recently, this has
also been experimentally explored where optical harmonics up
to the 11" order have been observed from metasurfaces oper-
ating around the BIC.[B2 This is an exciting area of application
for BICs where the strong light-matter interaction could lead
to new techniques for solid-state attosecond spectroscopy and
novel extreme UV sources.

In addition, BICs have been used to enhance the nonlinear
light-matter interactions in 2D materials. The second-order
nonlinear susceptibility of monolayer transition metal dichalco-
genides (TMDC) is reported to be more significant compared
to bulk nonlinear crystals.B>#1 However, the effective utiliza-
tion of the high nonlinearity of monolayer TMDC is hindered
by their ultra-thin atomic-level thickness. Interfacing TMDC
monolayers to judiciously designed nanophotonic devices has
been shown to enhance their interaction strength with light
and therefore improve their effective nonlinear response.®
Recently, a dielectric metasurface supporting BICs interfaced
with a WS, monolayer has been demonstrated to enhance its
effective nonlinear susceptibility,® Figure 3g. The intensity
of the second harmonic generation from the metasurface-
monolayer structure has been shown to exhibit more than three
orders of magnitude boost compared to the WS, monolayer on
a flat substrate as demonstrated in Figure 3h,i.

All such advances in nonlinear optics and photonics can
have an immense impact on a variety of fields including
nonlinear microscopy, all-optical computing and signal pro-
cessing, and many others. One significant area of applications
of BIC-boosted nonlinear light-matter interactions can be
quantum photonic technologies, highlighted in Section 2.4.

2.2. BICs for Light Guiding

The quest for the realization of high-efficiency optical wave-
guides has been fueled by numerous practical motivations,
ranging from the need for low-loss optical fibers, the back-
bone of the internet as we know it, to the demand for photonic
integrated chips, the emerging building blocks of new optical
computing and information processing paradigms. BICs have
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the potential to revolutionize the way optical waveguides are
designed and how they operate. Generally, light is confined in
the high refractive index surrounded by lower refractive index
substrate/superstrate.®l This, however, leads to numerous
limitations. For example, many desirable high-index materials,
such as diamond or silicon carbide, are very challenging to pat-
tern, and their performance may degrade after fabrication. Also,
high-index materials photonics suffers from polarization sensi-
tivity causing the waveguide to respond differently to different
light polarizations.®-!l Polarization sensitivity inhibits the cou-
pling of integrated photonic circuits to fibers as the polarization
state changes randomly in optical fibers.®’!

BIC-based photonics elements can guide light through
open structures with access to radiation channels. Therefore,
light guiding through BICs can relax the conditions imposed
on the current waveguides. For example, light can be guided
in low-refractive-index materials on high-refractive-index sub-
strates. Since the BIC confinement does not depend on the
spatial profile of the structure, the challenges in patterning
and fabrication are alleviated, especially for hard to pattern
materials such as diamond. It may also relax the precision
requirements of the fabrication process. Low-refractive-index
light guiding through BICs have been proposed to realize
coupling between a low-index polymer and a high-index dia-
mond membrane,” Figure 4a. Through engineering a con-
tinuum of extended waves inside the diamond membrane,
and imposing a potential well via the low-index polymer, BICs
are formed by controlling the relative phase between the lossy
channels to realize destructive interference, as illustrated in
Figure 4b.

This is shown in Figure 4c where the coupling strength (g,0)
and the propagation length (L) of the bound mode are calcu-
lated as a function of the polymer strip width (w). It is clear
that at specific w values, the BIC is almost completely decou-
pled from the continuum. The same concept has been applied
to microresonators made of the low-refractive-index waveguide
on a high-refractive-index substrate. The whispering gallery
modes supported by such BIC-based microresonators have
been shown to exhibit very high Q factors due to the cancel-
lation of the loss at the BIC points. Key elements for photonic
integrated circuits such as waveguides, microcavities, direc-
tional couplers, (de)multiplexers, and modulators have recently
been experimentally demonstrated in low-refractive-index
waveguides on high-refractive-index substrates.®*9-1001 A sche-
matic of the envisioned photonic integrated circuits relying on
BIC low-refractive-index waveguides on high-refractive-index
substrates is depicted in Figure 4d. This platform used an
easy-to-etch organic polymer on top of a lithium niobate layer
where the light is guided.[®!

Another type of waveguiding mechanism relying on BICs
is the localization of Bloch surface-localized eigenstates in
photonic crystals, 19192 Figure 4e-h. BICs in these systems
are achieved by the destructive interference between different
leakage channels, for example, the forward and back-reflected
leakage of a particular mode, leading to a BIC with diverging
quality factors. Even though light propagation and waveguiding
through photonic crystals is very well established,>1%] trap-
ping and propagating light above the light-line through BICs
offer a unique set of advantages such as a large surface area,

© 2020 Wiley-VCH GmbH
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Figure 4. Waveguides and light routing based on BICs. a) A schematic of a low-refractive-index polymer on a high-refractive-index substrate.’ b) The
effective potential of both vertical (V) and horizontal (H) polarized modes. c) The coupling strength gy (top) and the propagation length of the bound
waveguide mode (L) (bottom) versus the waveguide width w. (a)—(c) are adapted with permission.®Z Copyright 2014, Wiley-VCH. d) Conceptual illustra-
tion of the photonic integrated circuits with BICs based on the low-refractive-index polymer on a high-refractive-index substrate. Adapted with permis-
sion.? Copyright 2019, Optical Society of America. e) The band structure of the photonic crystal depicted in (f).1 The BIC is marked with a red circle, and
the inset indicates the Brillouin zone. g) Normalized radiative lifetime Q of the TM band shown in (e) as a green line. h) The electric field profile (E,) of
the BIC plotted at y=0. (e)—(h) are adapted with permission.ll Copyright 2013, Springer Nature. i) A circular array of dielectric cylinders forming an optical
fiber. Adapted with permission.’Yl Copyright 2018, American Physical Society. j) An optical fiber consisting of a periodic Bragg grating of two dielectrics
with relative permittivities & and &,, the core is surrounded by a cladding with relative permittivity £,.1°° k) Band structure and I) quality factor of the
TE{™ eigenmode of the optical fiber depicted in (j). The quality factor diverges at k, = 0.126 (277/a) where the leaky mode turns into a BIC. (j)—(|) are adapted
with permission.I®>l Copyright 2019, American Chemical Society. m) The geometry of the integrated Gires—Tournois interferometer. The arrows show the
propagation directions of the modes; red arrows show TE-polarized modes and blue arrows show TM-polarized modes. Adapted with permission.®®l
Copyright 2020 Evgeni A. Bezus et al., published by De Gruyter, Berlin/Boston. n) A ridge waveguide that can be employed for the spatial integration as

well as the differentiation of incident light beams. Adapted with permission

and strong electromagnetic confinement near the surface, exci-
tation from free space, along with the selectivity of the wave-
length, wavevector, and Q factor.

BICs have also been employed in optical fiber structures
with a guiding mechanism alternative to total internal reflec-
tion.*#] A circular periodic array of silicon dielectric cylinders,
depicted in Figure 4i has been numerically simulated to sup-
port near-BICs with a propagation mode along the axes of the
cylinders.® Another optical fiber structure with periodic Bragg
gratings with very small index contrasts has been explored in,*’!
Figure 4j. A fiber core is an axially-symmetric and 1D-periodic
arrangement of two dielectrics with a refractive index contrast
of 5 x 1073 surrounded by a dielectric cladding. The formation
of a BIC is a result of the destructive interference of the modes
at the core-cladding interface abating the mode that carries out-
going radiation into the cladding, Figure 4k,l.

Moreover, various on-chip photonic functionalities that rely
on the rich physics of BICs have also been proposed.!%:%7108-11]
Examples include integrated Gires—Tournois interferometer,*l
shown in Figure 4m, spatial integration and differentiation of
optical beams,!”! Figure 4n, integrated filters,'®” and many more.
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2.3. BICs for Sensing and Imaging

Due to the physical nature of the BIC phenomenon, quasi- and
near-BIC states exhibiting high Q-factors in the visible and
near-infrared wavelengths are highly sensitive to the change
in the dielectric contrast, that is, to the change in their envi-
ronment. Such a high sensitivity has stimulated an interest
in using BICs for biosensing applications">™3] and refractive
index (RI) sensors."* 110 One of the advantages of BIC-based
sensor systems is the potential to be directly excited with
external light sources without the need for special coupling
mechanisms. This feature puts BIC-based sensors ahead of
conventional ones that suffer from coupling loss and a lower
volume of light-matter interaction.

Single and double layer silicon photonic crystals was dem-
onstrated as RI sensors with a detection limit as low as 6 x 10~
refractive index unit in the near-infrared."¥ Utilizing BICs for
sensing in photonic crystals versus conventional defect-based
photonic crystal sensors exhibited lower radiation loss and
stronger light interactions between the light and the analyte.
A similar study showed sensing with BIC resonances in both
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visible and near-infrared regimes."™ Direct detection of a mon-
olayer of ultralow-molecular-weight molecules was performed
with a large-area photonic crystal sensor tuned to operate at a
quasi-BIC regime.

Germanium-based metasurfaces operating at the quasi-BIC
were realized for detecting the molecular absorption finger-
prints over a broad range of IR wavelengths.'3] The spectral
positions of the resonances were controlled with the inci-
dence angle enabling a single metasurface to perform angle-
dependent reflectance measurements retrieving the full spectral
content of the molecular absorption fingerprint. Another signif-
icant advantage of such a BIC-based sensing technique is that it
can be implemented using a broadband incoherent light source
and a detector to enable the spectrometer-free retrieval of the
molecular fingerprints. Finally, the metasurface was shown to
provide distinctive absorption signatures of different analytes,
including ODAM proteins, DNA aptamers, and polylysine.['"*]

Hybrid BICs that form due to the coupling of plasmonic and
photonic modes might enable a superior performance to those
in all-dielectric systems.'1 In a hybrid waveguide that supports
propagating photonic modes and plasmonic modes, an avoided
crossing indicating the strong coupling of the photonic and
plasmonic modes is observed. A hybrid BIC is formed where
the radiation loss is suppressed due to the destructive interfer-
ence between the plasmonic and a photonic modes. The recent
study suggests that hybrid BICs may be superior to those in
all-dielectric systems in sensing applications."® An order of
magnitude enhancement in sensitivity was observed for hybrid
BICs compared to purely dielectric BICs. In addition to high-Q
factors at the BIC points, hybrid BICs enjoy strong field con-
finement due to the system’s plasmonic component. Moreover,
due to the material loss, the quality factor of hybrid BIC is non-
divergent, which suggests that hybrid BICs are more suitable
for higher integration densities than purely dielectric ones.

2.4. BICs for Quantum Photonics

Nanophotonics provides a very attractive platform for exploring
numerous quantum effects and applications.”123! Interfacing
real or artificial atoms to nanophotonic devices can enable
control over the properties of photons, the nature of their
transport, and their correlations. It also allows enhancing the
photon—photon interactions enabling efficient devices reali-
zations at low power levels. Nanophotonics also provides a
scalable, low-power and on-chip means to study fundamental
quantum phenomena,"! generate quantum light,[?#12%] realize
quantum-optical networks,?!l and much more.

While the exploration of BIC-based devices in quantum pho-
tonics is still at a very early stage, the arbitrarily high Q factors
realizable at BICs can play a significant role in enhancing light—
matter interaction for quantum applications. A proposal to
generate entangled photons from monolayer WS, via BICs pre-
dicted an immense improvement in the generation efficiency
compared to conventional parametric down-conversion(!26l. By
designing a BIC-supporting photonic crystal that allows both
signal and idler to correspond to BICs, a theoretical improve-
ment of up to seven orders of magnitude of the generation effi-
ciency of entangled photons has been predicted.'?®! Similarly,
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entangled photon pairs are generated through spontaneous par-
ametric down-conversion from AlGaAs nonlinear metasurfaces
operating at the BIC.'¥] The enhancement obtained through
metasurfaces removes the need for strict phase-matching con-
ditions leading to the possibility of generating entangled pho-
tons at high speed.

The enhancement of emission from color centers has been
at the heart of single-photon sources.2812] BICs were demon-
strated to boost the interaction of light with silicon to enhance
the photoluminescence from carbon G-center in a silicon
metasurface.’% Matching the G-center peak with the optical
resonance from the quasi BIC, a 40-fold enhancement of pho-
toluminescence was experimentally achieved, compared to a
non-resonance reference sample. This promising approach
to exploit BICs to enhance and manipulate the emission of
color centers using the high Q-factor and small mode volumes
offered by BIC-supporting nanophotonic devices has been
recently discussed in refs. [131,132].

Moreover, strong light-matter interaction has also been
explored utilizing BICs through the coupling of excitons in
2D materials to light modes.3313% The strong coupling of
light and excitons lead to forming exciton-polaritons which
are half-light half-matter composite bosons with unique elec-
tronic and photonic properties.3¢-138] The ability to efficiently
realize and control BIC-based polaritons will expand the pool
of devices where polaritons can be studied. It will also enable
BIC-enhanced light-matter interactions with 2D materials in
nonlinear and quantum photonic applications.

2.5. BICs for Beam Shaping

The manipulation of the properties of optical beams such as
spatial profile,3*"*! irradiance, phase, velocity,*? and propaga-
tion rangel*3* has been a center of a lot of scientific interest
for long time. Beam shaping find applications in light-sheet
fluorescence microscopy, ¥ lithography,3*1  material
processing,*11 optical communications, 4> optical com-
puting,™! and many others. The quest for shaping optical
beams with compact, integrated devices has led to many
innovative ways for manipulating light beams, including, for
example, plasmonics®®>"l and metasurfaces.!>81>]

The topological nature of BICs allows to generate optical
beams with special properties, such as vortex beams(®10161 and
diffraction-less beams.!'®?) BICs are the vortex centers in the
polarization direction of the far-field radiation in momentum
space that are associated with a conserved and quantized
topological number. Such a topological number is defined
by a winding number of the polarization vectors around the
vortex center.'0163] The topological origins of BICs stabilize
them against perturbations ensuring their robust existence.
Besides, the conservation of the topological charges connects
the creation, evolution, and annihilation of BICs to their topo-
logical properties. This eliminates the need for precise device
alignment and makes BIC-generated beams more robust to
fabrication imperfections.

In addition to BIC-based vortex lasers discussed in Sec-
tion 2.1.1, additional studies demonstrating the polarization
singularity associated with BICs have been reported.l®16%
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An in-depth understanding of the polarization nature of
BICs in the momentum space as well as their topological
charges allow engineering photonic devices with desirable
and controllable resonance behavior. Another example of the
BIC-assisted beamforming technique shows that BICs can
aid in the realization of on-chip diffraction-free waveguiding
beyond total internal reflection.®” Through engineering
the spatial dispersion of the photonic host to mitigate
in-plane diffraction while simultaneously operating at the BIC
regime where out-of-plane scattering is prohibited, light can be
guided even above the light-line.

3. Tunability and Dynamic Control of BICs

The tunability of optical devices has long been a topic of
interest in the photonic community due to the vast scope of
applications.®>164172] The ability to adjust the functionality
of an already fabricated device could allow offsetting fabrica-
tion errors and fine-tuning its response. In addition, stable
and reversible reconfigurability can enable critical applications
such as switching, modulation, computing, sensing, and tun-
able light sources. Investigations into the tuning mechanisms
have spanned electric73-7°l, magnetic,['9>17°] thermal,l®7.777:178]
mechanical,”7179180] optical 1061811821 or combination!'®3184 of
these means for controlling the response of optical devices.
Combining the high-Q resonances achievable through
quasi- and near BICs with the various tuning techniques has
recently gained interest due to potential applications.!!3+180]
While experimental demonstrations of reversible tunability
of BIC resonances in the visible is still missing, numerical
proposals!®1%1 and Terahertz demonstrations have been
introduced.[185180]

Terahertz metasurfaces operating at the quasi-BIC regime
have been shown to enable dynamic control of the high-Q reso-
nances upon optical pumping.'®>'8 Optical pumping leads
to the photoinduced modulation of the Si dielectric function
resulting in a continuous modulation of the resonance inten-
sity and Q factor with changing the pump fluence. The optical
pumping has been realized with a source photon energy above
the silicon’s bandgap.'®>13% Due to the increasing nonradiative
loss rate upon optical pumping, the Q factor of the resonances
with increased pump power was reduced, and the amplitude of
the resonance decreased. Such a technique can be broadly uti-
lized to control the response of optical devices in real-time with
ultrafast speeds.

Another direction for achieving dynamic control over devices
is the incorporation of phase change materials (PCMs). This
viable direction can lead to efficient and independent control
over the BIC resonances. It has been proposed that the integra-
tion of ferroelectric PCMs such as strontium titanate can lead
to independent control over the amplitude and frequency of the
BIC resonance.'® In addition, an experimental demonstration
of a BIC-based metasurface made of a photosensitive chalco-
genide glass has shown tunability of its resonance position.'88]
While the change presented in ref. [188] was irreversible, that
approach may offer a promising direction for dynamic nano-
photonic devices that could enable sensors, modulators, and
tunable light sources.
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4. Summary and Outlook

With the rise of industrial deployment and societal impact of
photonics, an increasing interest is being directed toward the
practicality and scalable reproducibility of photonic systems.
Low-loss nanoscale metadevices with diverse functionalities
have driven the research studies in all-dielectric Fano- and
Mie-resonant nanophotonics that has already become a rapidly
developing research field. BICs have come along as a promising
playground for resonant applications and witnessed such rapid
development in both theory and applications of BICs in pho-
tonics. This review listed a large number of applications that
were investigated as an adaptation of BICs to either improving
the system performance or even enabling different physical
phenomena. An intricate trapped state available in quasi-BIC
resonant photonic nanostructures offers many more novel
opportunities for the robust and flexible control of light-matter
interaction. A recent example among many others, includes
demonstrations of the BIC-based lasing. However, we believe
that BIC-related studies remain an active area of research where
critical progress has yet to be achieved. BICs still hold immense
potential for future applications such as low-energy nonlineari-
ties, quantum photonic interfaces, and active and tunable nano-
photonics. We believe that a lot of exciting developments in the
optics and photonics are still on the horizon and BICs are well
poised to play a role in this future.
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