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Abstract: From theoretical model to experimental reali-
zation, the bound state in the continuum (BIC) is an
emerging area of research interest in the last decade. In the
initial years, well-established theoretical frameworks
explained the underlying physics for optical BIC modes
excited in various symmetrical configurations. Eventually,
in the last couple of years, optical-BICs were exploited as a
promising tool for experimental realization with advanced
nanofabrication techniques for numerous breakthrough
applications. Here, we present a review of the evolution of
BIC modes in various symmetry and functioning mediums
along with their application. More specifically, depending
upon the nature of the interacting medium, the excitations
of BIC modes are classified into the pure dielectric and
lossy plasmonic BICs. The dielectric constituents are again
classified as photonic crystal functioning in the sub-
wavelength regime, influenced by the diffraction modes
and metasurfaces for interactions far from the diffraction
regime. More importantly, engineered functional materials
evolved with the pure dielectric medium are explored
for hybrid-quasi-BIC modes with huge-quality factors,
exhibiting a promising approach to trigger the nanoscale
phenomena more efficiently. Similarly, hybrid modes
instigated by the photonic and plasmonic constituents can
replace the high dissipative losses of metallic components,
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sustaining the high localization of field and high figure of
merit. Further, the discussions are based on the applica-
tions of the localized BIC modes and high-quality quasi-BIC
resonance traits in the nonlinear harmonic generation,
refractometric sensing, imaging, lasing, nanocavities, low
loss on-chip communication, and as a photodetector. The
topology-controlled beam steering and, chiral sensing has
also been briefly discussed.

Keywords: bound states in the continuum; functional
materials; metasurfaces; photonic crystal slabs;
plasmonics.

1 Introduction

In recent years, a new paradigm for trapping and confining
the resonant optical modes has emerged based on the
bound states in the continuum (BIC) in a wave system.
A BIC can be characterized as a nonradiating resonant
mode in an open system which, however, cannot couple
with the radiating channels propagating outside the sys-
tem. At first, this phenomenon was demonstrated by
Neumann and Wigner [1] in 1929 in an electronic system in
the context of quantum mechanics. After that, the problem
has been preserved as a mathematical curiosity with no
experimental evidence to support its existence for almost
five decades. Later, Stillinger [2] and Herrick [3] proposed
the layered superlattice structure such as a multilayer
quantum well that can exhibit discrete electronic states
possessing the positive energy bound states in the poten-
tial continuum. Thus, bandgap engineering was proposed
to be an effective mechanism to achieve arbitrary potential.
Successively, such phenomenon has been demonstrated in
other wave systems such as mechanical, electronic [4],
water [5], acoustic [6, 7], and optical [8]. Other than the BICs
dealing with static potential, a Fouquet BIC state in a tight-
binding lattice model has also been presented. These are
the Fouquet state of a time-periodic Hamiltonian with a
quasi-energy embedded into the spectrum of Fouquet
scattered states [9].
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The optical BIC states in an optical system have been
widely discussed in the last decades. The existence of optical
BIC modes is classified as the symmetry-protected BIC
(SP-BIC) [8] developed by the symmetry restricted out-
coupling, accidental BIC or Fredrich-Wintegen (FW-BIC)
[10, 11] as the outcome of the radiation suppression of all
open channels, and Fabry-Perot BIC (FP-BIC) [12-14].
Nevertheless, true BIC modes are treated as a dark mode [15],
whereas the quasi-BIC modes, and nearly BIC modes are the
resonant modes close to the BIC states, accessible and
demonstrated for applications. Fundamentally, the single
optical bound modes observed in the optical system are
vulnerable to perturbations. Typically, an insignificant alter-
ation of parameters can lead to the destructions of the BIC
conditions; thus, geometries supporting multiple BICs are
proposed [16]. The symmetry-protected BICs are robust
against slight structural imperfections that preserve the rele-
vant symmetry. However, the alteration of opto-geometrical
parameters can break this symmetry, and the BICs generally
turn to a resonant mode with high-quality-factor known as
quasi-BIC modes. The ever first experimental verification of
the optical bound state is demonstrated by Y. Plotnik in 2011
that resulted from the interference in a two-dimensional (2D)
waveguide array single-mode engrossed in a continuum of
state; the observed BIC mode is an antisymmetric mode
trapped in the continuum of symmetric radiated states [17].
Further, the experimental observation of SP-BIC modes is re-
ported with reflection experiments [8] and measuring the field
intensity by a photodetector embedded in the Photonic crystal
(PhC) slab [18].

In the last decades, establishing the nonradiating
resonant modes in different architectures is well docu-
mented, and the underlying physics leading to various
applications have been explored enormously. Especially in
the last couple of years, an immense number of articles are
reported covering multiple applications with enhanced
throughput. Interestingly, there are few literature reviews
that enlighten the BIC with main focus on the general
theory of the different optical system [19], dielectric struc-
ture and metasurfaces [20-23], nonlinear nanophononics
in metasurfaces [24], and zero-index meta-surfaces [25].
A. F. Sandreev recently proposed an effective non-
Hermitian Hamiltonian to describe the FW-BIC modes in
a one-dimensional (1D) system [26] along with a successful
description of the BIC modes in open cavities with no
symmetry [26]. This review discusses the recent trends of
exploring the optical BIC modes supported by the various
resonant structures and material medium along with the
pioneering avenue of applications where such modes are
implicitly used to improve the functions of optical systems.
Especially, the last two years have witnessed an enormous
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number of experimental realizations based on different
engineered materials and geometry, resulting in the
remarkable outcome of the existing system. The structure
of the review process is represented in Figure 1. In the
beginning, briefly, we will discuss the optical BIC, followed
by the classification of BIC modes based on the material
medium and structural geometry. The discussion further
extends in connection with broader existing and emerging
applications and possible future prospects.

2 Optical BIC modes

The optical BIC states in a wave system have been widely
discussed in the last decade. Ideally, any optical system,
with one of its dimensions extending to infinity, can sup-
port a BIC mode [8, 27]. The existence of optical BIC modes
can be generally classified based on three different
important mechanisms.

() Evidently, in a wave system, the incompatibility of
resonant states for coupling with radiating channels
leads to the formation of the bound states, also known
as the symmetry-protected BIC (SP-BIC) [8]. Typically,
the antisymmetric modes persist in the in-plane
symmetry structures and cannot couple to the sym-
metric plane waves propagating as the radiation
channel [28]. The existence of the SP-BIC modes
is portrayed for a 1D optical system at k = O in
Figure 2A(i and ii). The unprotected symmetry modes
are coupled with the radiation channels (leaky
modes), whereas the SP-BIC modes are constrained in
the symmetry plane, as shown in Figure 2A(iii).
Alternatively, the process of resonant coupling of
different eigenstates that existed in any resonant opti-
cal system through an avoidable crossing at a certain
set of structural parameters leads to a complete
destructive interference and vanishing of one of the
resonant modes [10], known as the accidental BIC. This
mechanism is characterized by the Fredrich—Wintegen
scenario [11], thus also being known as FW-BIC. These
are the off-I' points BIC obtained by the parametric
tuning of a system [29]. The FW-BIC scenario is dis-
played in Figure 2A(iv), where two discrete resonant
states interfere, and asymmetric Fano-resonance con-
ditions emerge. At the FW-BIC condition, the collapse
of Fano resonance occurs where the line width of the
BIC mode disappears; on the contrary, the other mode
becomes lossier [30]. An isolated metasurfaces system
has also been demonstrated for the existence of FW-BIC
modes, as shown in Figure 2B(i and ii), where the
cavity-supported different leakage channels perfectly
cancel out by tuning the parameters [31].

(D
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Figure 1: Overview of the review process.

(II1) In Fabry-Perot (FP) BIC, a wave is trapped between
two ideal reflectors. Each reflector acts as an inde-
pendent resonant system with perfect reflection at the
resonant wavelength due to the complete destructive
interference between the radiation channel and the
direct transmission [12-14]. This mechanism leads to
enhanced interaction time through trapping of the
light within the cavity for infinite time.

In reality, the origin of resonant modes and their charac-
teristics depend on the symmetry of a system and its
spatial, geometric, and material parameters. Subse-
quently, the evolution of BIC modes can also be classified
based on underlying physics involved in the excitation of
resonant modes and the permittivity of the constituent
material medium. Thus, we categorize the BIC modes
depending on their evolution in (i) pure dielectrics, (ii)
metallic systems, and the (iii) hybrid dielectric—metallic
geometries. In a pure dielectric system, the physics of
origin of BIC modes received widespread attention in
photonic crystal-based architectures [18, 32-81] with free
space diffraction orders as the open channels as well as
metasurfaces [82-120] which operate in the nondiffraction
regime and are constituted of dielectric resonators or meta-

Photo-detection:

atoms with strong electric and magnetic responses aroused
by the scattering channels.

The hybrid optical systems integrated with photonic
geometries and other compound mediums, such as
anisotropic layered media [121-126], 2D-layered materials
[127-132], transition metal dichalcogenide materials
[133-140], and the crystalline high index substrates
[141-147], are associated with a fascinating and diverse
optical phenomenon, characterized by independent en-
ergy dispersion relation and their interaction strength
factors. The dielectric medium with nonlinear [95-100,
108, 148-159] and magnetic [110, 160] characteristics has
also been presented for enhanced properties. Further, each
independent material system is influenced by the
dimension-dependent features yielding different dynamics
of the BIC formulation. Those classifications have been
addressed in the following sections.

In metallic structures, surface plasmon polariton (SPP)
resonant modes are well recognized for the near field
enhancement and high mode confinement [161, 162]. The
resonant BIC modes, originated by the interaction of radi-
ative channels associated with the SPPs are also well
documented [163-169]. However, at visible and near-
infrared (NIR) wavelength, the BIC conditions mediated
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Figure 2: Optical bound state in the continuum.
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(A) () The leaky modes and bound states in the continuum (i) in a 1D-system, (ii) the SP-BIC condition (iii) leaky radiation in a 2D-system, (iv)
FW-BIC through an avoided crossing. (B) (i) An isolated metasurface and associated resonance modes, (ii) its FW-BIC realization.

by the plasmonic mode applications are limited with
absorption and scattering losses. Moreover, investigations
have enlightened the plasmonic metamaterials, a versatile
engineered metallic medium that operates as a powerful
platform for controlling the optical field through BIC modes
[170-177].

The hybrid photonic-plasmonic systems depict the
interaction of pure photonic modes and metallic plasmonic
modes [178]. Recent studies have also shown that hybrid-
BIC mode formation manifested by the symmetry-protected
mode as well as the avoided crossing scenario via photonic
and plasmonic constituents [30, 179-182]. Apparently, it
has been revealed that the near hybrid-BIC and quasi-BIC
modes can offer unusual light confinement with a high-
quality factor [182, 183] than its pure plasmonic or photonic
counterparts.

One of the unique characteristics of the optical BICs
is the polarization diversity and vortex center at the BIC
modes. Intrinsically it has been noticed that the BICs are
topologically protected charges in the far-field polari-
zation direction [184-190]. Another interesting mecha-
nism is the chiral-BICs appearing in the middle of the
energy bands in the optical system backed by chiral
symmetry [86, 191, 192]. We will also be briefly discus-
sing these classes of mechanisms in the upcoming
sections.

The capability of trapping and confining the optical
modes in the radiation continuum initiates new avenues
in the investigations of physics of BIC modes and the
materialization of photonic devices with exotic outcomes.
The ultra-high Q-factor of the nano-optical system
providing strong light-matter interactions leads to the
application areas such as, nanocavities [37, 50, 68, 69],
refractometric sensors [32, 63, 64, 66, 177], directional
emission [89, 193-196], low-threshold lasing [54, 65, 103,
133, 140, 163, 188, 197-201], imaging [18, 106, 202-205],
and so on. In particular, the ultranarrow bandwidth of the
quasi-BIC states is adopted for the designing of filters
[206, 207], switches [146, 208, 209] due to the large optical
modulation effect, as well as for light confinement and
extra-ordinary absorption, leading to photocurrent gen-
eration [18, 210-212]. More specifically, the BIC mode
confinement with low loss guiding can also lead to on-
chip communication applications [33, 144, 213-216]. The
quasi-BIC modes in the nonlinear medium have been
explored for a higher harmonic generation [97, 99, 100,
138, 148-153, 155, 159, 217, 218]. Another recognized
application is the topological charge controlled beam
steering [65, 200, 213, 219] and the photonic systems with
higher chirality that are exploited to achieve narrow
transparency in circular dichroism (CD) and molar chiral
sensing [86, 101, 102, 191].
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2.1 Photonic structures
2.1.1 Photonic crystals and slabs

PhCs are the much-debated optical system where different
BIC modes are theoretically evolved and experimentally
realized. Typically, a uniform dielectric slab retains guided
modes with infinite quality-factor below the light-line.
However, corrugating the surface of the slab can introduce
the guided modes propagating above the light line and can
easily be coupled with radiation channels propagating
outside the system. Such corrugated slabs are known as the
photonic crystal slabs, which have periodic modulation of
the refractive index in one-, two-, or three-dimension in the
wavelength scale. This periodic modulation of the index
leads to the intrinsic property known as the photonic
bandgap [220]. In the PhC slabs, the modes that exist above
the light line are the leaky modes that can couple with the
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extended states and radiate; nevertheless, the bound
optical modes present in the continuum cannot access
the radiative channels due to the destructive interference
or the symmetry restrictions [221]. A schematic represen-
tation of the scenario is shown in Figure 3A, where the
dispersion curve has been used to explain the photonic BIC
modes.

Depending on the spatial arrangement of the light-
holding photonic structures and its constituent dielectric
medium, the BIC is always surrounded by a class of reso-
nant modes depending on the direction wave vectors and
has been distinguished as (i) the photonic transparent
dielectric system including 1D-grating or PhC [18, 32-37,
39-49, 54, 65, 76, 78-81], arrays of spheres [41, 42, 44],
arrays of rods [45-48], nanowires [49, 55], isolated cavity
resonator [37] where the wave vector is restricted in one-
dimension whereas the mode confinement is in the plane of
periodicity, (ii) 2D structures with periodicity and field
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Figure 3: BIC modes in PhC system.
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(A) () Band structure of the guided resonances and BICs in the 1D-PhC, yellow shaded possess leaky channel. The blue (green) solid curve is the
dispersion of guided resonances (1) and (3) are SP-BIC, while (2) and (4) are the off-I BIC. The gray curves indicated the guided modes below the
light line, (ii) electric field distribution of the BICs. Reprinted from ref. [221]. (B) (i) 1D-grating assembled on the substrate, the BIC modes

presentin the grating layer and, leaky substrate modes in the substrate (ii) dispersion depicting the quasi-BIC modes coupled with the leaky
modes with reasonable high Q-factor. Reprinted with permission from ref. [80] Copyright © 2017, American Chemical Society. (C) 1D-double
grating (i) structure schematic, (ii) FW-BIC (iii) showing high Q-factor. Reprinted with permission from ref. [38] Copyright © 2019 WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim.
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confinement in extended in 2-dimensions including pho-
tonic crystal slabs [53, 55-62], spheres, PhC defect system
[167-170], and asymmetric structures [222], and (iii) three-
dimensional (3D) photonic crystals [74, 75, 77].

The SP-BIC modes and FW-BIC modes formed through
avoided crossing have been demonstrated in numerous
PhC slab structures. In a 1D-grating coupled waveguide
system, the supported Bloch bound states can propagate in
the waveguide layer in a direction along with the period-
icity and perpendicular to the ridges. A high index deep
dielectric grating placed on a glass substrate demonstrated
the SP-BIC modes at high symmetry point k = 0; the ge-
ometry has also established the embedded photonic bound
modes at nonsymmetry points generated by the destructive
interference and suppression of radiation in the oblique
interaction of incident radiation [78]. Thus, both these BIC
modes can be accessed through angular variation in the
form of quasi-BIC modes. Modifying the grating parameters
can also break the symmetry leading to the accessibility of
SP-BIC mode. For instance, introducing a narrow slit in the
asymmetric point perturbed the translational symmetry of
the 1D-PhC, which resulted in the emergence of trans-
mission spectra with ultra-high quality-factor [79]. At first,
Z.F. Sadrieva et al. claimed and experimentally proved that
BIC modes can be converted into a resonant condition with
reasonably high-quality factors through leaky losses and
scattering due to surface roughness [80]. The dielectric
grating placed on the silicon-on-insulator wafer excites the
diffracted photonic modes (Figure 3 B(i)). The high-index Si
substrate can destroy the in-plane symmetry-protected BIC
modes and transform them into resonant states by the
leakage radiation through the diffraction channels in the
substrate as shown in Figure 3B(ii) [80]. Another investi-
gation in a 1D-PhC with symmetric cladding layers reveals
that the BICs can be originated through an avoided
crossing of guided mode with the same transverse parity.
The coupling of guided modes can be in-phase or anti-
phase; the anti-phase modes result in a complete
destructive interference condition leading to the genera-
tion of BIC modes; on the contrary, the in-phase mode in-
terferes constructively becomes lossier [81]. S. Dai et al.;
proposed a mechanism of perfect reflection in a 1D-PC slab
[33]. This exhibited phenomenon is unique beyond total
internal reflection and bandgap, which is developed due to
the coherent interference of multiple propagating modes.
The near-field analysis of these BIC modes reveals that the
BICs can be characterized by the number of nodes corre-
sponding to their constituent Bloch modes [76]. A biperi-
odic geometry with inversion and reflection symmetries
can significantly endure the low frequency propagating
BICs with only one radiation channel [34].
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Another intrinsic configuration based on dual dielec-
tric grating architectures has also resulted in the formation
of BIC modes [38, 49] where the parallelly propagating
Bloch modes can offer guided-mode resonances with su-
perior spectral characteristics as compared to a single
grating (Figure 3C). Moreover, by controlling the relative
parameters of the gratings and the distance between them,
the geometry can endure tunable BIC modes with sharp
spectral features [38]. Such dual grating symmetry can also
support vertically propagating FP-cavity modes and the
transverse propagating guided modes. The coupling of two
counter-propagating guided modes or an FP cavity mode
interaction with a guided mode also endures BIC modes
and quasi-BIC modes [39]. The BIC modes that existed in
the guided-mode resonant (GMR) structure have also
gained much interest. It is noted that such structures can
also enhance the Goos-Hanchen (GH) shift with the
assistance of supported quasi-BIC modes [35]. The experi-
mentally detected reflectance peak with maximum reflec-
tance revealed the GH shift close to four orders of
wavelength.

E. N. Bulgakov et al. systematically investigated the BIC
modes supported in an array of dielectric rods [45, 46, 48].
The linear array of infinite rods exhibited SP-BICs for a broad
range of structural parameters; modifying the radius of the
rods offers the quasi-BIC modes with enhanced Q-factor [45].
Moreover, in the high contrast dielectric rods, the supported
BICs propagate along the axis of the rods with bidirectional
BICs propagating both parallel to the axis of the rods and the
axis of the periodicity [46]. On arranging the rods in a circular
array, the architecture supports both SP-BICs and other
trapped modes [48]. With a few rods, the symmetry exhibited
high-Q values of the order of 10° for the SP-BICs [48]. In
another investigation, S. G. Kim et al. explored a set of
FW-BICs supported in Si-nanowires, which can be tuned by
the pitch as well as the inner and outer diameters. The
nanowire configuration supported a set of Mie resonances
that can interact and generate Fano resonances; the param-
eter tuning resulted in the formation of FW-BICs [49].

In 2D-PhC structures, the SP-BIC modes are examined
in detail. Due to symmetry restrictions, the quasi-BIC
modes appear as Fano resonance become localized with
infinite quality factor at k = O [8, 53]. The investigation of
optical resonant modes in a PhC slab revealed the existence
of several tunable BIC for a broad range of wave vectors
supported with the corresponding slab thickness [57].
A typical 2D-PhC slab can provide both rotational and
translational symmetry in the transverse plane, whereas a
broken flip mirror symmetry in the vertical plane. Thus, the
geometry can support both transverse electric (TE) and
transverse magnetic (TM) kinds of optical modes. Tuning the
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structural parameters can offer to couple between these
different polarization states, leading to the generation of
BICs [52]. The BIC modes with unprotected symmetry have
also appeared at the off-T" point at low frequencies with only
one radiation channel. Remarkably, these BIC modes can
exist on and below the light-line on the surface of the PhC
and do not have any incompatibility with the outside radi-
ation channels [51]. For example, suppose the PhC slab
constitutes a lossless medium with both reflection and
translational symmetry. In that case, the off-symmetry BIC
modes propagating with a nonzero wave vector are robust
against the structural perturbations if the modified structure
also maintains the same symmetry [61]. Very recently, a
method to achieve miniaturized BIC modes in a 2D-PhC slab
is proposed [68]. It has also been observed that the available
BIC can be tuned by influencing the environment of the
photonic system rather than the structure parameters,
opening up the new possibility of realizing the BIC modes
[67]. The investigations have also pointed out that a defect
introduced in a 2D-PhC system can support BICs modes, and
more importantly, the symmetry mismatch between defect
mode and Bloch modes in the system leads to the confine-
ment [72]. Intrinsically, the BIC mechanism evolves in the
absence of the bandgaps; thus, the scheme involves a new
horizon of light confinement and interactions.

Although the BIC have been widely discussed in the 1D
and 2D-photonic systems, the investigation was not
extended into the 3D PhC systems until 2014 when
F. Monticone et al. explored that optical BIC can also be
materialized in a 3-D subwavelength structure [74].
Remarkably these are the confined optical modes in the
presence of symmetry-compatible radiation channels in a
3D system. Such a 3D system can also be realized for vector
waves with both the polarization [77].

2.1.2 Metasurfaces

Metasurfaces are the planar sub-wavelength period arrays
in which only the zero-order specular reflection or trans-
mission is permitted. Restricting the radiation channels
only to the specular ones, the resonant mode confinement
can be infinitely extended by tuning the structural
parameters or by the symmetry protection [24, 88].
Dielectric geometries exhibiting Mie resonances have
earned recent research interest to provide a versatile field
for engineering the optical properties with exotic outcomes
due to its low absorption losses and enhanced light—-matter
interactions in the nanoscale [83]. Thus, the dielectric
metamaterials possess unconventional functionalities that
can be engineered for numerous applications than their
plasmonic counterparts.
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The metasurfaces comprise unique architectures or
meta-atoms in 2D periodic geometry that performs strong
light—-matter interaction through Mie scattering allowing
magnetic responses ultimately arising from active dipole
radiation, namely, electric dipole (ED), magnetic dipole
(MD), and toroidal dipole (TD) [223]. In addition to these,
the interaction of dipole resonances among themselves
offers many other significant resonance phenomena and
possibilities. For example, the Huygens metasurface for-
mation can be realized by the interference of orthogonal
ED and MD, which are in-phase with uniform intensity
[93, 224], while the interference between them with a /2
phase difference, resulting in the formation of Janus dipole
(JD). The JD exhibits an interesting phase-dependent
coupling with its adjacent one [224]. Interference of ED
and TD type of resonance generates a nonradiating ana-
pole state [225, 226]. Besides these, higher-order dipoles
can also interfere with additional properties [227]. Here, we
will focus on the BIC formation through the different dipole
resonance and their coupling, enabling a way to boost
the light-matter interaction. Indeed, a BIC manifested in
metasurface has been explored for various optical process
and applications such as nonlinear harmonic generation
[95, 96, 98-100, 150, 217], directional light emission
[89, 131, 193, 228], imaging [98, 106, 203, 204], sensing
[66, 106, 109, 204] and, lasing [200, 229].

The BIC modes in metasurface have been thoroughly
investigated and realized through different dipole reso-
nances involved. BICs are realized from single dipole
resonance [86, 92, 98, 105-108, 115], employing the
multipole decomposition approach to explain the SP-BIC
and FW-BICs [116]. Far-field radiation of each isolated
metasurface is contributed by the dominant mode accom-
panied by infinite series of multipole modes. Each multi-
pole has its radiation channel, expressed by vector
spherical harmonics through multipole expansion. In ref.
[116], the authors modeled a BIC formation in terms of a
multipolar decomposition model for a general case of any
periodic structures. The structure consists of only those
dipoles that do not radiate vertically, offering the SP-BIC
condition.

The multi dipole decomposition has been studied
thoroughly for quasi-BIC realization by coupling Mie
resonance mode and FP cavity-like mode in a single sub-
wavelength high dielectric nanoresonator, operating in the
microwave region. It accounted for the change in the field
distribution produced by the alteration in the aspect ratio
of subwavelength cylindrical structure [230]. Recently,
J. F. Algorri et al. proposed an SP-BIC formalism through
multipole resonance at microwave regime in a metasurface
structure based on split-ring resonator ultrathin slots [117].
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The coupled ED and MD formulation has been theoretically
investigated in a related model based on all-dielectric
metasurfaces [118]. Further, they extended the investiga-
tion on Si-nanosphere metasurfaces to enhance the near
field and local density of states [231].

On the other hand, the TD resonance is usually
suppressed in the presence of stronger resonances due to
its weak coupling with incident radiation. Moreover, it
exhibits the weaker tendency of confining and enhancing
the near field. Therefore, a high localized BIC state can
effectively strengthen the TD because of enhanced local
field density. In ref. [119], the concept of TD-BIC using Si-
metasurfaces is investigated. The instigated TD quasi-BIC
mode is validated for different applications for terahertz
nanofilm sensing [84, 109, 120]. Similarly, TD BIC is iden-
tified in asymmetric metasurface of tetramer cluster unit,
revealing its antiferromagnetic characteristics [110].

A novel approach is acquainted by combining the two
valuable phenomena, Huygens surface and quasi-BIC
termed “Extreme Huygens metasurface”, to reduce the
radiative loss exhibited by broadband multipole resonance
[85]. The spectral overlapping of two quasi-bound states
with the same Q-value and different parities using zig-zag—
shaped Si meta-atom is achieved. Indeed, this overlapping
is mediated by multipolar modes and controllable through
in-plane braking of SP-BIC. Successively, by employing a
zig—zag array of elliptical silicon nanodisks, a Huygens
regime is exploited via spectral overlapping of electric
quasi-BIC and magnetic quasi-BIC state to accommodate
the maximal transmission and highly steep spectral phase
agility of 2t [115]. The considered metasurface and nonzero
dipole moment introducing asymmetry has been shown in
Figure 4A(i). The asymmetry factor comprehends the
quasi-BIC state, enabling nonzero net induced ED and MD
moment, with field profiles of opposite parties, as shown in
Figure 4A(ii and iii). Manifesting the electro-optic refrac-
tion through biasing, i.e., by changing the doping level, the
considered structure could tune the Huygens mode and
cover a wide phase span with maintaining the excellent
transmission amplitude.

The quasi-BIC modes obtained by perturbing the
in-plane symmetry can be tuned to operate in the desired
wavelength region and to have prominent transmittance/
reflectance, phase and, polarization properties. So far, the
in-plane symmetry breaking has been introduced via
deformation concerned with a structural parameter of the
meta atom [87, 88, 109, 117, 232], inducing a relative tilt
between the pair of meta-atoms [86, 100, 115], removing the
meta structure from edges [89], altering the relative gap
among the meta-atoms or in a unit cell [24, 91, 95], etc.
Subsequently, Si nanobars unit cell-based metasurfaces
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are reported to extract the leaky mode by breaking the
SP-BIC through relative displacement between the nano-
bars and unit cells, as shown in Figure 4C. The radiation
through the SP-BIC state leaks through the path followed
by coupling with guided resonance mode [91]. Besides the
in-plane breaking of the symmetry, Anton S. Kupriianov
proposed breaking the out-of-plane symmetry to access the
BIC modes in dielectric metasurfaces by considering it as a
dimer or trimer nanocluster [92]. The transverse asymmetry
brought through altering the thickness of disk-dimer and
trimer units composed of equilateral triangular unit cells is
shown in Figure 4(B). The quasi-BIC through breaking out
of plane symmetry has been further employed for different
purposes [86, 107].

Polarization concepts governed by Brewster’s law are
well familiar from the light interaction with nonmagnetic
material, while in metasurfaces, this scenario is distinct,
owing to its magnetic response. The underlying physics of
the Brewster-like effect in metasurfaces generally can be
understood in terms of the suppressed scattering at certain
angles that emerge from the interference between the
ED and MD resonances [93, 233, 234]. D. R. Abujetas et al.
proposed the realization of Brewster quasi-BIC in all-
dielectric metasurfaces [105]. They demonstrated Brewster-
like phenomena for SP-BIC and quasi-BIC in high refractive
index disk constituents metasurfaces with nearly unity
reflection or transmission at a particular angle of incidence.

2.1.3 Hybrid photonic structures

Recent efforts are also explored various on-chip hybrid
photonic functionalities that depends on the physics of
BICs including, engineered dielectric media such as
anisotropic photonic structures [121-126], layered 2D
materials [130, 132, 134, 138, 218], transition metal dichal-
cogenide, single crystals [142-147], and magnetic medium
[110, 160, 235]. In the coming sections, the physics of
BIC modes evolved in various structure geometries
depending on these material mediums is discussed.
Moreover, PhC-slab created using nonlinear medium has
also been studied for the enhanced nonlinear properties
such and higher harmonic generation that we will address
in the application parts.

(i) Anisotropic photonic structures: A periodic struc-
ture constitutes the layered anisotropic birefringent
medium that has been attractive for optoelectronic
applications. It has been noticed that a photonic sys-
tem comprised the anisotropic materials can also
support optical bound states in the radiation contin-
uum, containing the fully electric and magnetic
components [121] in contrast to the bound states
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Figure 4: BIC modes in metasurfaces.

(A) (i) Schematic illustration of the electro-optically tunable metasurface, (ii) asymmetry introduces through zig-zag arrangement shows
nonzero electrical and magnetic moment, (jii) transmission spectra for amplitude and phase concerning TE polarized incidence wavelength,
indicates the 2m spectral phase accumulation with the maximal transmission. Reprinted with permission from ref. [115] Copyright © 2020,
American Chemical Society. (B) (i) Schematic of cluster-based unit cells for symmetry breaking dimer trimer cluster through disturbing the out
of plane symmetry; near field distribution of a particular BIC eigenstate in a (iii) dimer cluster, (v) trimer cluster, (ii) leaky mode in dimer, and
(iv) trimer cluster unit cell. Reprinted with permission from ref. [92] copyright © 2019 American Physical Society. (C) (i) Schematic of the all-
dielectric superlattice metasurface consists (i) unit cell of three silicon nanobeams at a separation of d, with its adjacent unit cell, (ii)
asymmetry defined by Ad = d; — d,, (ii) transmission spectra, and (iii) quality factor variation with Ad. Reprint from ref. [91].

evolved in the dielectric photonic geometries where propagates in any arbitrary direction concerning the
the trapping mechanism is treated with the scalar optical axis constitutes ordinary and extra-ordinary
potential. Typically, in the isotropic photonic archi- waves. Therefore, there can be two radiation channels
tectures, the bound optical states always carry the in such a photonic system compared to the isotropic
maximum energy in one linear direction, either TM or photonic medium with a single one. In general, an
TE polarization, with insignificant energy being optical bound state can be formed by suppressing the
directed in the orthogonal direction. On the contrary, leaky mode in any optical system. In particular, the

in anisotropic photonic structures, the light that analysis of a hybrid system with anisotropic uniaxial
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materials placed on an optical waveguide structure
reveals that BIC modes occur in a fully vectorial
picture. The radiation-suppression of such aniso-
tropic medium arises by considering the semi-leaky
modes and, the BIC formation is possible both in
symmetric and asymmetric structures [236]. The semi
leaky wave represents the modes with its partially
localized fields in the waveguide but gradually
decay, and its energy propagates to the substrate
through continuous bands of radiation channels
[237]. These investigations explore the possibility
that the anisotropy-induced BIC can be polarization
separable or polarization hybrid. Remarkably, the
full-vector BIC exhibits tunable angular propagation
direction as well as controllable polarization hy-
bridity. Moreover, the near BIC modes are highly
directional and ultrasharp radiative states that can
be applied as filters, spatial-light modulators, and
sensors. Further, breaking the anisotropy leads to
fundamentally different physical properties; for
example, a structure with broken azimuthal anisot-
ropy can be obtained by arranging the optical axis of
the anisotropic layers aligned in the waveguide plane
but are not aligned to each other. Such geometries
can support only the BICs with hybrid polarization,
not the polarization separable BICs. In polar sym-
metry breaking cases, the structure can support
specific BICs for a unique and discrete sequence of
wavelength and optical axis orientation [123, 124].

In a recent study, L. V. Timofeev et al. explored a hybrid
isotropic—anisotropic structure consisting of alternating
isotropic and anisotropic materials [122]. The geometry
exhibits different band structures for different polariza-
tions of light, and the introduction of a defect layer in the
layered medium can excite a BIC in it. For an anisotropic
defect layer, these BIC modes can switch to a quasi-BIC
mode by tilting the principle dielectric axes of the
anisotropic medium relative to the axis of the photonic
crystal. Their experimental verification demonstrates
that the liquid crystal defect can tune the Q-factor of the
quasi-BIC mode with the applied external electric field
[122]. A numerical approach has recently been estab-
lished based on the full-wave analytic solution to
describe the BIC modes in the anisotropic system. Sub-
sequently, the collapsing Fano resonance phenomenon
is analytically explained in the vicinity of an optical
bound state in a system constructed by an anisotropic
defect layer embedded into anisotropic photonic crystal
[125]. In another successive work, the Brewster angle
tilted BICs have been explored experimentally in the

(i)
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1D PhC with the inclusion of defect anisotropic layer as
shown in Figure 5A(i); where the multilayer PhC acts
as a perfect mirror [238]. Remarkably, in this config-
uration, the Q-factor of the quasi-BIC modes is
controlled by rotating the optical axis of the liquid
crystal (Figure 5A(ii)) [126]. Significantly, such high
tunable high-quality devices can find applications in
spintronics and photonics.

2D materials: The layered 2D materials attracted
renowned interests in nanophotonics as they can offer
improved properties in comparison with purely pas-
sive dielectric materials [235]. Graphene is recognized
as a notable 2D-layered medium for various enhanced
properties due to the confined electromagnetic field
developed by forming an optical-BIC [218]. The hybridi-
zation of layered materials with a dielectric medium in a
waveguide configuration has shown excellent saturable
absorption, controlled emission, wavelength emission,
and photocurrent generation. Moreover, it has been
explored that the absorption in graphene can be
enhanced exceptionally by a critical coupling mecha-
nism when the rate of radiation of guided-mode reso-
nance approximates the internal dissipative loss rate of
graphene [239, 240]. Recent efforts investigating hybrid
photonic geometries integrating the 2D layer materials
with a dielectric photonic medium based on the princi-
ple of BIC explored revolutionized outcomes due to
remarkable absorption enhancement [129]. The selective
absorption from mid-IR to visible wavelength is realized
for TE and TM polarization by selecting suitable BICs
[127]. In particular, the BIC mediated critical coupling
has been demonstrated between monolayer graphene-
asymmetric silicon nanodisk metasurfaces and, by tun-
ing the dielectric structural parameters, the critical
coupling has been achieved, resulting in an enhanced
absorption [131] as shown in Figure 5B. Moreover, the
absorption bandwidth can be tuned by more than one
unit of magnitude by modifying asymmetric dielectric
structures parameters at the critical coupling [132].

(iii) Transition metal dichalcogenide: Over the past

couple of years, a monolayer of transition metal
dichalcogenides such as molybdenum disulfide (MoS,)
and tungsten disulfide (WS,), recognized as a new
2D-layered material, is gaining enormous research in-
terest due to their exceptional optical and electric
properties. The transitional metal dichalcogenide (TMD)
is the direct bandgap semiconductor layered medium
with a strong exciton response [241]. Z. Ye et al., have
experimentally proved the existence of 2D exciton BIC
modes in a WS, monolayer [133]. Inherently, an optical
resonator constructed using the layered TMD medium
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(iv)

supports the exciton with considerable binding energies
and oscillation strengths. Hybridizing the photonic slabs
with the TMD WSe, layer medium enhances the exciton—
photon coupling, where the BIC modes supported in the
PhC slab manifest a strong interaction with the exciton
[134]. This scheme has demonstrated a giant 100-fold
enhancement of polariton lifetime with a finite mo-
mentum [134]. Notably, the strong coupling between
BICs and TMD monolayer can enhance the oscillator
strength at room temperature. The key signature of the
coupling strength ‘g’ mainly depends on the contribu-
tions of modal electrical field and exciton transition
dipole moment in the TMD layer. One of the mechanisms
identified to improve the g is to reduce the mode volume
of the optical resonator [241]. An analytical study sup-
ported with numerical calculations on the WS, mono-
layer reveals that the strong coupling between g-BIC
mode and excitons leads to spectral splitting. The
interaction also influences the line width and quality
factor of BIC modes [137]. The nonlinear polariton for-
mation is recently demonstrated by V. Kravtsov et al.
[138] with the schematic of the hybrid structure shown in
Figure 3C. The photonic modes in a 1D-PhC coupled with
the exciton in the MoSe, monolayer generate the
nonlinear polariton. The interaction resulted in the Rabi
splitting of >27 meV and a BIC mode with suppressed
radiation in the direction normal to the surface
(Figure 5C(ii)). The strong coupling is mediated by the
splitting of upper and lower polariton branches (UPB
and LPB) with the exciton. Indeed, the investigations
based on heterostructures comprising transition-metal
dichalcogenide (TMDC) layers with other photonic me-
diums and eventually leading to the exotic light-matter
interaction strength is an emerging subject for exploiting
many possible applications.

Crystalline high index substrates: Photonic structures,
constructed by considering a low refractive index me-
dium on a high refractive index medium made up of
single crystals such as lithium niobate (LiNbO5), barium
borate (BBO), yttrium iron garnet (YIG), diamond, and
yttrium aluminum garnet (YAG), is possessing inter-
esting optical and electrical properties. Such photonic
integrated architectures have been manipulated for
photonic on-chip circuits applications, including guid-
ing, communications, and quantum technologies. A
recent theoretical framework predicted that the trapped
BIC modes could be realized on such photonic archi-
tectures [142]. A low index polymer medium on the
single-crystal diamond substrate can offer ultra-high-Q
microring resonators for scalable quantum information
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processes and networks. Remarkably, in such config-
urations, as shown in Figure 5D, the destructive inter-
ference of leaky channels leads to the forbidden optical
dissipation. Z. Yu et al. demonstrated another photonic
structure by patterning the high index LiNbO; (LN)
single crystal for propagating bound modes in the ra-
diation continuum, which are laterally confined and
modulated [143] which has been further modified for
on-chip communication [144]. Owing to the higher
nonlinearity of LN, the proposed configuration predicts
a single photon nonlinear coupling close to 2.4 MHz, a
promising tool for optical state quantum engineering.
The lithium niobate (LN) waveguide has also been
subjected to the BIC mode existence, and BIC mediated
polarization-entangled photon pairs [147] and, efficient
second-harmonic generation [145]. The interaction of
two guided symmetric waves with opposite phases in a
symmetric periodic waveguide based on LiTaO; me-
dium provides the excitation of self-stabilizing BICs.
Giving a slight change in the refractive index in the
waveguide, these established BICs are electrically
switchable in a broad optical range and, the design has
been demonstrated a perfect switching between zero
and on-state [146].

Magnetic materials: The magneto-optical (MO) re-
lations evolved by the interaction of magnetic media and
photonic modes are recent research interest. However,
dielectric metasurfaces and photonic crystals exhibit an
MO effect [242, 243] with a moderately low Q-factor.
Significantly, the Mie resonating structure and a pho-
tonic crystal illustrate the MO effect governed by the
Faraday effect and the Vought effect in the presence of
the externally applied magnetic field [242]. Metasurface
composed of cylindrical shaped tetramer cluster of Si
possesses TD and MD resonance quasi-BIC modes that
could effectively exhibit the optical antiferromagnetic
nature in the high-frequency THz region [110]. In
contrast, the magnetic susceptibility of all-natural ma-
terial becomes very low in the THz region [243].

Investigation revealed that the BIC supporting struc-
tures could encourage a substantial improvement in
intensity and polarization modulation. Taking this
into account, intense terahertz MO phenomena was
discovered by designing the BIC supported photonic
crystal slab—graphene-slab structure for modulating
its MO response through electrostatic doping or
asymmetry introduced quasi-BIC formation [235].
Further, A. M. Chernyak et al. analyzed the MO effect
in asymmetric bismuth substituted yttrium iron garnet
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high-refractive-index substrate (diamond), (ii) the emerged hybrid photonic BIC with minimal loss in the vicinity of the continuum of modes,

(iii and iv) mode profiles. Reprinted with permission from ref. [142] Cop

(Bi: YIG)-2D nanodisks dielectric metasurfaces by
symmetry protected BIC. The interactions demon-
strated the intensity and polarization modulation
through the Faraday effect [244]. In ref. [160], they
have accounted a BIC supported photonic crystal with
a magnetized cavity made of cerium substituted
yttrium iron garnet (Ce: YIG) sandwiched between the
two Braggs mirror, demonstrating trapped mode with
TE polarized light and an extended mode with TM
polarization. The BIC itself manifests the MO intensity
modulation with TE polarized incident light.

2.2 Metallic plasmonic structures

The SPP excitation is known to confine optical energy in
the nanometer range [162, 245]. However, the realization
and tuning of plasmonic BICs are challenging since the
excitation of plasmonic mode is associated with the
intrinsic metallic absorption loss. However, both SP-BIC
and FW-BIC conditions are theoretically investigated and
experimentally realized in limited distinguished 1D and 2D
architectures [164]. In a reported study, considering a
metallic air-hole array structure, the excited propagating
surface plasmons interact through an avoided crossing

yright © 2014 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

scenario resulting in the generation of a dark mode [161]. A
similar FW-BIC mode formation is illustrated in the metal-
insulator-metal (MIM) [170], and a 1D reflection grating
[164] by the interaction of supported higher-order plas-
monic modes. Intriguingly, despite the inherited loss
associated with the plasmonic bound state, most plas-
monic BIC structures have been demonstrated for practical
applications such as lasing, switching, and filters. In
particular, the SP-BIC quasi-BIC mode-mediated extraor-
dinary transmission has been observed in an array of thin
metal plates [166]. Notably, the plasmonic quasi-BIC mode
assisted lasing has been exhibited in a lower lasing
threshold than the typical resonant modes [165]. Moreover,
the metallic nanoparticle radiation suppression instigated
by both SP-BIC in normal incidence and FW-BIC in the
angular interaction has also been evolved by the excited
localized surface plasmon resonance (LSPR) [163, 168].
Nevertheless, these reported studies are limited in the
IR-wavelength, where the metal absorption loss is signifi-
cantly low. Very recently, the formation of plasmonic BIC
mode in the visible wavelength range is realized in a 1D all-
metallic grating [167] using the hybridized plasmonic lat-
tice resonance by coupling the localized SPR and diffracted
orders (Figure 6A). Considering around 20 more plasmonic
grating samples, they could effectively prove the existence
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of SP-BIC modes in the localized surface plasmon (LSPRs)
lattice surface plasmon (LSPPs) modes as shown in
Figure 6A(i). Modifying the structure parameters, they
tuned the LSPRs and LSPPs to be on resonance and the BIC
is observed in an all-metallic system displayed in
Figure 6A(iii and iv). Tuning the LSPR modes by keeping
the same lattice pitch and simultaneously increasing the
grove depth, the strong coupling of LSPR and LSPP modes
are made to occur and the resultant SP-BIC modes are
observed at I' = 0. In the oblique interactions, the LSPR
mode is again tuned to off-resonance condition; however,
LSPP modes are still excited weakly in the period lattice.
The destructive interference of all these channels outcomes
the FW-BIC (Figure 6A(v)). Moreover, tuning the LSPRS by
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increasing the grove height witnessed a topological band
inversion and a corresponding vanishing BIC mode. Such a
phenomenon has not been observed in a plasmonic system
before. They have discussed this band inversion by
considering a ‘Zak’ phase transition [167, 246].

Plasmonic metamaterial engineered BIC modes
ranging from microwave to infrared frequencies also
attract immense attention [171, 176]. In particular, the
nearby quasi-BIC modes exhibit exceptional spectral fea-
tures with Q-factor and higher refractive index modulation
[170, 247]. D. R. Abujetas et al. demonstrated the existence
of off-I' BIC modes in Terahertz frequency with a vanishing
linewidth and enhanced lifetime employing gold-rod
dimer metamaterials formed by two rods per unit cell.
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Figure 6: Photonic—plasmonic hybrid BIC modes.

(A) (i) Plasmonic structure showing (i and ii) LSPP modes without strong coupling, (ii) tuning the structure parameters offer the excitation of an
LSPR mode with splitted LSPP modes observation of the dark mode (BIC) at ' = 0 in the visible range (iii and iv). Reprinted with permission from
ref. [167] ©2021 American Physical Society. (B) (i) Schematic of the process of generation of bound states in the continuum (BICs) with the
system supporting two modes coupled to two ports, (ii) based on the CMT concept, the numerical transmission of uncoupled modes is shown
in red & green line, coupled modes in blue line with eigenvalues represented by black dots, (iii) FW-BIC obtained by for different frequency
detuning and (iv) corresponding line plots [174]. (C) Photonic—plasmonic hybrid BIC (i) schematic of geometry with fabricated samples,

(i) resonance conditions, (iii) FW-BIC emerged between FP cavity mode and plasmonic mode, (iv) SP-BIC at normal incidence and

corresponding line plots. Reprinted from ref. [30].
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Intrinsically, such BIC scenarios are independent of the
relative position of rods within unit cells as well as the
lattice constants where no diffraction orders are present
[171]. Employing lossy gold metamaterial has demon-
strated the high confinement of quasi-BIC modes with high
Q-factor the mid-IR wavelength. The obtained quasi-BIC
modes exhibited perfect absorption in the optimal
coupling condition within a relatively small mode volume
[172]. The FW-BIC conditions have also been realized in
metallic split-ring resonators [173-175] and dimerized
chains [168]. The SP-BIC originated by the independent
dual BIC in a subwavelength double split-ring resonator
metamaterial structure is found to exhibit a large Q-factor
in the terahertz frequency [173]. The coupled-mode theory
(CMT) is established as a powerful tool for understanding
the BIC formation in the metamaterial frameworks [174].
Implementing the CMT methods, X. Zhao et al. realized an
FW-BIC by coupling distinct resonant modes through
tuning of the geometrical parameters of the unit cell. The
evolved quasi-BIC modes are found with high Q-factor
within the Fano resonance line shape [174] (Figure 6B(ii)).
Active control of all-dielectric BIC-based metasurfaces
would enable active THz on-chip, ultrafast, low-loss com-
ponents and devices such as efficient modulators, filters,
and biosensors.

2.3 Plasmonic—photonic hybrid BIC

The ultra mode-confinement features of plasmonic char-
acteristics and lossless photonic mode couplings have
been proposed to eliminate the limitations owned by the
individual counterparts in hybrid plasmonic—photonic
structures [248]. A few numerical frameworks have been
proposed to realize SP-BIC modes and FW-BIC mode in
metallic grating coupled dielectric hybrid structures [179,
181], experimental realization of which is achieved very
recently [30, 182]. M. Meudst et al. materialized the hybrid-
BIC modes and quasi-BIC modes in a metal grating inte-
grated with the dielectric configuration [182]. Recently we
have achieved the fabrication strategies of dielectric
grating coupled on thin metal layer configurations for the
photonic—photonic hybrid BIC modes [248]. Considering a
chalcogenide dielectric medium, a sinusoidal high contrast
grating layer is designed on a 50 nm thin Au metal layer
backed by the glass substrate. The grating layer is treated
as a homogeneous waveguide layer in such a configura-
tion, and each diffracted plane beam behaves like a Bloch
mode (Figure 6C(ii)). The vertically propagating Bloch
modes provide the resonance condition of an FP cavity-like
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mode while the transverse propagating waveguide modes
offer the excitation of GMR. On the contrary, the evanescent
waves corresponding to the diffracted beam couple with
the SPP modes under the phase matching conditions lead
to the propagating SPP resonant modes at the metal—
dielectric interface. In Figure 6C(iii), the parametric space
tuning of grating layer thickness anticipated a couple of
FW-BICs by coupling higher-order FP cavity modes and
SPP modes through an avoided crossing scenario. The
angular space tuning of incident light explored the
symmetry-protected BIC modes in the optimized parame-
ters, as shown in Figure 6C(iv).

Apart from these studies, recent efforts also explored
the hybrid plasmonic—dielectric metasurface structures for
enhanced interaction of characteristic modes and BIC for-
mation [180]. Similar interests are also shown in hybrid
plasmonic-transition metal dichalcogenide metasurface
structures for the enhanced plasmon—polariton resonance
interaction through their BIC [136].

3 Topological charges

An important domain of interest is the topological charge
conservation and polarization singularity of photonic BICs
at the FW-BIC centers in the reciprocal space. The off-I' BIC
centers, unprotected by symmetry points with origination
from the radiation cancellation mechanism, are intrinsi-
cally topological invariant in their polarization direction.
Although the far-field radiation corresponding to a BICis a
dark mode, they are originally the vortex center with
conserved and quantized topological charges in the po-
larization field [184] which again are defined by the number
of times the polarization vectors wind around the vortex
centers [184]. Figure 7A briefly explains the instigated BICs
and the supported topological charges in the polarization
field. Generally, if a BIC is protected topologically, it is
highly robust and cannot be perturbed by a slight modifi-
cation of system parameters which is unlikely to occur in
the other general BICs [33]. The experimental evidence of
the polarization vortices from reflection measurements by
monitoring the amplitude and Q-factor of the leaky modes
highlight that the BIC vortex centers are highly robust
against the roughness, loss and, structural imperfections
[185]. More importantly, the topological charges must
follow the charge conservation rules and hence the evo-
lution, creation, and annihilation to preserve the total
charges [46].

The topological characteristics corroborate that the
BICs can be continuously tuned in the reciprocal space
with alteration of the structure parameters while keeping
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Figure 7: Topological charge at the BIC center.
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(A) Topological charge in a 2D PhC-slab. (i) Calculated radiative quality factor Q of the TM, band of the 2D PhC-slab in the first Brillouin zone and five
BICs are identified, (ii) the directions of the polarization vector mapping verify the vortices with topological charges of +1 at each of the five k points,
(iii) nodal lines and gray-scale colors of the polarization vector fields. Reprinted with permission from ref. [184] Copyright © 2014 American Physical
Society. (B) Merging of BIC (i) schematic of the unit cell with elliptical holes, (ii) pair of BICs pair at t =516 nm, (iii) merging BIC at with t =512 nm, and
(iv) merging BIC with t = 514 nm. Reprinted with permission from ref. [190] Copyright © 2021 American Physical Society.

the symmetry of the system unchanged [19]. Therefore,
tuning the multiple BICs to the same wave vector can
materialize a merged BIC [188]. In PhC-slabs, the excitation
of a group of guided resonance modes and the supported
BIC mode couplings are discussed resulting in plane-
scattering losses, strongly suppressed by the topological
nature. This scenario is realized when multiple BICs car-
rying independent topological charges combine in the
momentum space, resulting in the high-quality factor of
resonance bands [188]. Thus, the proposed mechanism
offers to overcome the scattering losses created by the
fabrication imperfections. In the off-high symmetry points,
the merging of multiple BICs is mediated by the topological
charge through a combination of two FW-BICs with oppo-
site topological charges [190] that is briefly portrayed in
Figure 7B. A 2D-PhC slab with thickness t is embedded with
elliptical holes where the geometry exhibits an in-plane
rotation symmetry (Figure 7B). For slab thickness
t = 516 nm, a pair of vortexes with charge (+1) stays away
from the M direction (Figure 7B(ii)). On tuning the thick-
ness of the slab, the merging of charges is observed, as
shown in Figure 7B(iii and iv). The polarization singular-
ities associated with the BIC modes are also extended to
circular [249] and elliptical polarization [190].

The BIC and the associated polarization singularities
developed in periodic dielectric rods demonstrate that the
BIC modes are described by the elliptical polarizer in the
far-field radiation [46]. However, with a BIC in the vicinity
of momentum space, the ellipse characteristics collapse,
and the far-field radiation becomes nearly linearly polar-
ized. The theoretical investigation in a 2D-PhC revealed
that far-field radiation close to the BICs exhibit polarization
diversity such as linear polarization, circular and elliptical
polarization for various orientations, as well as polariza-
tion with topological charges showing spatial symmetry
and interference among different radiation channels [250].
Recently, X. Yin et al. have realized unidirectional BIC that
can radiate only in one direction even if no mirror is placed
on the other side. This exotic condition is achieved in a
1D-PhC slab which is symmetric in the up—down and left-
right direction, and the BIC is realized with TE-like polar-
ization for off-normal interactions. The unidirectional
emission in the upward direction is achieved in the context
of topological charges where splitting and merging of two
half-integer topological charges occur in the polarization
axes [186]. Subsequently, it has been shown theoretically
[251], as well as via experiments, the existence of higher-
order topologically protected BIC modes in waveguide
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arrays [187]. Moreover, a method has been proposed to
create various polarization singularities of far-field radia-
tion that has effectively demonstrated off-I' BIC with
higher-order topological charges [252].

4 Applications

The rest of the discussion focused on the applications of the
optical-BIC and quasi-BIC modes explored in the previous
section concerning the geometries and the engineered
material media.

4.1 BlC-assisted beam steering

Optical vortex intrinsically exists in the momentum space
near and at the optical-BIC centers in various previously
discussed systems. Thus, naturally, engineering the reso-
nant modes and manipulating the BIC conditions results in
optical vortex generation and beam steering [200]. The
beam steering, i.e., steering optical energy in a controllable
direction, is generally achieved using phased arrays [253];
however, these are limited with large area nonintegrated
components, complexity, and poor responsiveness. The
recent developments in the experimental evidence of BIC
and quasi-BIC modes pave the way toward the generation
and beam steering of coherent vortex beams (in any
required arbitrary direction) in photonic and plasmonic
structures. Such integrated structures enable generation
and beam controlling of vortex beam to form an integrated,
scalable source to boost major application areas such as
particle trapping and manipulation, metrology, micro-
scopy, and quantum high-capacity communication. In
particular, the PhC slab with rotation symmetry has
demonstrated the co-evolution of two lasing BIC with
opposite topological charges to explore the particle trap-
ping application in such symmetric structures [219]. In
another PhC slab symmetric structure, the I'-BIC optical
vortex system is found to be higher-order quasi-Bessel
beams [65]; hence, the photonic BIC mode assisted vortex
beam offers the generation of complex beams other than
the typical Gaussian beam profile.

4.2 Nanocavities

The cavity structures designed by a medium to possess
enhanced light-matter interaction are quantified by the
‘figure of merit’, F = /13% where Q is the quality factor and
V is the modal volume at the resonant wavelength [254].
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Typically, the nanoperiodic quasi-BIC modes possess a
higher Q-factor. The unveiling of these embedded eigen-
modes in a nanocavity offers the exotic confinement of the
modes and an enhanced figure of merit. Such a cavity
system has been designed by sandwiching a micropillar
resonator between a pair of Bragg reflectors [37]. In a
similar study, a numerical investigation explored that a
proper BIC system can be converted into a mirrorless
microcavity with ultra-high quality factor using a few unit
cells [50].

A typical 2D-PhC slab is known to confine the BIC
modes in the vertical direction because of the symmetry
incompatibility and the destructive interference in the
transverse plane. Although ideal confinement in all three
dimensions is unfeasible to achieve, the miniaturization
of BIC modes has been attempted in a few studies. Using
a 2D-PhC slab, a unique cavity is designed to have BIC
with high-quality factor and small modal volume [68].
The PhC-slab is designed to have a photonic bandgap
mirror using lateral heterostructure to restrict the trans-
verse leakage. However, the out-of-plane leaky radiation
satisfying the momentum matching condition increases
subsequently. Tuning the PhC unit cell parameters may
lead to the eminence of multiple BICs carrying topologi-
cal charges in the momentum space and can ultimately
cancel out the vertical leakage radiation. The evolved
mini-BIC mode is robust and demonstrates a high-quality
factor of 1.09 x 10° with a lower modal volume of
3.56 pum® [68].

The coupling of mechanical BIC and optical modes are
demonstrated in slab-on-substrate optomechanical crys-
tals [69]. Micro and nanocavity-enabled optomechanical
interactions provide quantum control over the associated
optical and mechanical degrees of freedom. Such
controlled interactions can find applications in various
precision quantum networks, ground-state cooling, optical
and mechanical squeezing, etc. Adopting a mechanism for
tuning the optomechanical cavity through optical BIC
mode can minimize the size of the system with enhanced
reflection and improved mechanical quality factors.
A cavity designed by employing a double PhC membrane
layer, kept at a distance of lesser than one wavelength, can
characterize many trapped photonic states in the contin-
uum (Figure 8A). These trapped modes own remarkable
mechanical coupling, owing to the near wavelength and
relatively low decay rate which can be used for evanescent
coupling toward materializing various optomechanical
cavities [255]. This mechanism is beneficial over other FP
cavities, as it can offer strong optical and mechanical
properties to have quantum coupling interaction at the
single-photon level.
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Figure 8: BIC modes for cavity design, and sensing.
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(A) (i) Schematic of the double-photonic crystal slab cavity, (i) transmittance map against frequency and slab separation for the optimized cavity
period and air-hole radius for the BIC formation (ji) quality factor of the cavity eigenmodes close to the BIC. Reprinted from ref. [255]. (B) (ii) The
dispersion band diagram of 2D-PhC shown in the inset, (ii) bio-detection scheme, (iii) sensitivity calculations. Reprinted from ref. [222].

4.3 Refractometric sensing

The near BIC modes excited in a passive system have been
extensively implemented for refractometric sensing appli-
cations, including biosensing, gas sensing, and tempera-
ture monitoring owing to their high Q-factors. The
significant fraction of trapped light in the quasi-BIC modes
exhibits an evanescent tail extending into the ambiance
medium, and the resonance features are strongly affected
by the binding events and environmental medium
changes. Moreover, the sharp spectral signature with fine
linewidth offers the ultra-high figure of merit, which is
considered an essential feature for minimal detection
limits [256]. All-dielectric medium-based photonic crystal
slabs and metamaterial structures have been investigated
for quasi-BIC modes with high-quality factors and sensi-
tivity for biosensing [32, 63, 64, 66, 82, 222]. Another
remarkable investigation carried out in a dielectric asym-
metric nanostructure composed of silicon bar with slightly
different widths exhibited a high-quality quasi-BIC mode
with an excellent figure of merit of 667 and a record bulk
sensitivity of 440 nm/RIU. This system has been effectively
employed to detect exosomes secretion from a single cell
[222]. Moreover, the quasi-BIC modes excited in a dielectric
metasurface have illustrated that ultra-high sensitivity
leading to the limit of detection extends to the nM range for

the sensing of protein p53 [64]. The structural profile,
dispersion diagram, and sensitivity measurement are
depicted in Figure 8B.

More significantly, the PhC-based architectures have
also been employed for gas sensing [38] and temperature
sensing [35]. Recently an active double grating-based high
contrast grating exhibits cavity quasi-BIC mode that is uti-
lized for gas sensing. In the cavity resonator geometry, an
organic dye medium sandwiched between the grating layer
acts as a gain medium where the SP-BIC quasi-BIC mode of
the cavity is tuned to the emission wavelength of the dye
molecule. Remarkably, the lasing overlapped with the
quasi-BIC mode reveals good sensitivity, a high signal-to-
noise ratio, and a prominent figure of merit [43]. In another
prominent study, a highly sensitive temperature sensor is
designed using a compound 1D-grating layer and a
temperature-sensitive single crystal layer. The architecture
exhibited the resonant GH shift in the reflectance spectrum
with an ultra-fine resolution of the order of 10™ °C incor-
porated within the temperature-sensitive medium bismuth-
germanate (Bi,Ge;0;) [35]. The compact sensor offers a high
sensitivity close to 3907 pum/°C at T = 25.212 °C. Sensing in the
terahertz domain is also proposed using metamaterial and
meta-surfaces, as nondestructive and nonionizing evalua-
tions characterize this domain for fast imaging and sensing
[257]. In one of the reported approaches, the quasi-BIC
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modes evolved in terahertz frequencies are reported to
detect minimal thickness [177].

4.4 Chiral enhancement

The object with nonsuperimposable mirror images is
referred to as a chiral object [258]. Such chiral structures
show CD toward the circularly polarized light and the ab-
sorption is quite diverse with left and right circular polar-
ized light. Thus, the CD alters with eigenpolarization states
of incoming light. In 2014, the generation of BIC was
theoretically discussed in the chiral quantum system [192].
Recently, PhC-slab consisting of crossed elliptical Si is
studied to manipulate the wavefront of resonant light by
introducing the chiral perturbation that breaks the 2-fold
rotational symmetry [191].

Plasmon-based photonic structure with chiral element
shows CD enhancement; however, it is not prominent due
to high metallic losses. Recent progress in dielectric met-
asurfaces explored that such functionalities can be realized
in isolated meta medium due to their engineered electro-
magnetic interactions [259-261]. The coupling and cross-
coupling between electric and magnetic field response of
meta-structure with incidence circular polarized light offer
two different refractive indexes for left and right circular
polarized light together with high Q-factor. In this
perspective, BIC supporting metasurfaces can be efficient
in super chiral field formation and thus, offer substantial
improvement in chiral field sensing and CD for inquiries of
enantiomers. Discrimination between the enantiomers has
been done through its interaction with the chiral field and
finds emerging interest in various applications, especially
in biology and pharmacy. BIC approach has also been
explored to generate the super chiral field for enhanced CD
signal. BIC-supported achiral nanophotonic structure of
PbTe dimer with a chiral molecule placed inside the gaps
on SiO, substrate is proposed recently, offering a 10-fold
improvement in chiral optical signal compared to con-
ventional detection schemes [102]. Advancing the BIC
approach, a theoretical framework is presented to enhance
the CD spectroscopy signal using FW-BIC supported TD
evolved in the TiO, dimer-based metasurface, sitting on an
optically thick gold film. The Fano resonance contributed
by the leaky channel appears with altering the height of the
dimer. They have concluded an enormous enhancement
about 59 times of CD signal with sensitive RI-based detec-
tion of molar concentration with a prominent figure of
merit, influenced by quasi-BIC generated super chiral field
[101]. Moreover, chirality enabled quasi-BIC formation on a
metasurface consisting of dimers of Si-bar provides a
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narrow peak of unit height in the CD spectrum as shown
in Figure 9A, which is theoretically studied [86]. Recently
it is also demonstrated through the experimental results
confirming the prediction of enhanced chiral response
of the BIC supported asymmetric resonant dielectric
metasurface.

4.5 Directional emission

The quasi-BIC can play a vital role in overcoming the
various loss mechanisms, e.g., dissipative optical losses
[262] and fluorescence quenching problem [263] involving
plasmonic and photonic resonances based directional
emitters. The quasi-BIC-supported directional light emis-
sion with significant intensity can be utilized efficiently in
optoelectronics, fluorescence nanoscope, and sensing
applications.

In 2016, N. Rivera et al. theoretically discussed con-
trolling the radiation directionality and dimensionality by
breaking the SP-BIC via the introduction of a perturbation
in one dimension keeping all other dimensions unper-
turbed that allows the radiation along the perturbed
dimension only. The case is further studied by perturbing
the potential of an ultracold atom and photonic system
[193]. H. Zhou et al. developed a general temporal CMT
formalism to discuss single-sided radiation due to BIC
existence and absorption from the photonic crystal slab
without using any mirror [213]. Further, a topologically
enabled unidirectional guided resonance is demonstrated
in a photonic crystal that radiates toward the front side of
the slab [186]. In particular, BIC is explored as a novel
approach to engineer the diffraction in silicon waveguide
grating antennas (SWGA) [196]. The SWGA consists of a Si
grating structure on an insulator that diffracts the guided
mode into a radiation mode. Introducing periodic nano-
grooves on the sidewall of the waveguide can suppress the
radiation from its sidewalls and supports the FW-BIC.
SWGA is commonly used to avoid interaction between
guided and radiating modes to diminish the far-field beam
divergence. However, due to significant diffraction from
the edges of waveguide-based gating on SiO,, the input
beam travels short propagation length (up to a few hun-
dred microns), leading to sizeable far-field divergence.
Remarkably, BIC-supported SWGA exhibits an ultra-small
far-field divergence ~0.027 with a long propagation length.

Recently, N. Muhmmad et al. presented the hybrid
structure consisting of transition metal dichalcogenides
and waveguide layer mediating the interaction of excitons
and optical modes [89]. They experimentally demonstrate
the directional emission of fluorescence through the square
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Figure 9: BIC modes for chirality, directional emission, and lasing.
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(A) (i) Sketch of transmission and reflection for S matrix of a rotational symmetric chiral structure where b, and b_ are outgoing wave
amplitudes with the incident wave amplitudes, a, and a, considered for S-matrix formulation, (ii) a dimer of parallel bars and their lattice

hosting SP-BIC resonances with two types of mirror symmetry planes and three types of rotational symmetry axes are represented and, a dimer
of bars vertically offset by d and rotated by 6, breaking the SP-BIC, (jii) CD of structures with symmetry breaking parameters and losses
following the scaling rule 8% « d* « k, where k is extinction coefficient. Reprinted with permission from ref. [86] Copyright © 2020 American
Physical Society. (B) Schematic of MoS, nanodisk-based metasurface suspended in air, asymmetry introduces by semi-spherical of radius r
and V shape edge cuts. Reprinted with permission from ref. [89] Copyright © 2021, American Chemical Society. (C) (i) The colloidal CdSe/
CdZnS core-shell nanoplatelets arranged in titanium dioxide square symmetric of nanocylinders optically pumped, (ii) the quasi-BIC mode
lasingin the visible wavelength at room temperature. Reprinted with permission from ref. [104] Copyright © 2020, American Chemical Society.

unit cell of the MoS,-nanodisk Mie resonator supported by
the BIC, as shown in Figure 9B. The ultrathin-MoS, reso-
nating structure suspended in the air possesses a BIC state,
and the directional emission through the quasi-BIC mode is
obtained through the semi-spherical or V cut edge. A
typical PL enhancement through a PhC slab with a hex-
agonal unit cell of Ge nano-island is reported in ref. [194] as
compared to various other established approaches to
enrich the emission characteristics of CMOS compatible
semiconductor materials, especially elements like Si and
Ge. The PL spectra were collected experimentally, covering
the 6° and 25° light cones from the designed structure. The
results illustrated an enhancement of 140 times of the PL
peak intensity as compared to the PL intensity of the
nonprocessed film. An alternative effort has been reported
to increase the photoluminescence of Si by employing the
Carbon-G center assisted by the quasi-BIC in an asymmetric
hole arranged as a square unit cell that can significantly
enhance the PL intensity outcome about 40 times [228]. This

approach has also been followed in various symmetry-
breaking PL-based applications like BIC detection through
imaging and vanishing of PL peak [202], elaborated in our
next section while discussing imaging applications.

4.6 Lasing

The ability to trap and confine light in the radiation
continuum commences the realization of robust and scal-
able lasing sources [188]. The plasmonic lattice modes,
photonic modes in the PhC-slab and, dielectric
nanoresonators-based nanocompact system have effectively
demonstrated BIC-assisted lasing. Additionally, these trap-
ped BIC modes are natural vector beam sources; hence, they
provide various possible beam shapes [65, 219]. The quasi-
BIC mediated laser emission is reported with an optically
pumped BIC cavity in a thin layer made up of dielectric
cylindrical rods. The cavities have been designed by an array
of InGaAsP multiple quantum wells nanoresonator array
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suspended in air and exhibit unrelenting single-mode lasing
for different radii and periods in room temperature [54].
Enhanced Cherenkov radiation (CR) is observed in a double
grating structure mediated by the optical BIC modes. The CR
through the quasi-BIC modes possesses a very narrow fre-
quency band at a particle velocity below the common
threshold [264].

Dielectric metasurfaces with minimal dissipative los-
ses offer a more promising way to manipulate light in the
nanoscale for the visible and NIR wavelength range.
Intrinsically, the available optical modes associated with
the metasurfaces with different morphology and configu-
ration enable the interference effects to develop feasible
opportunities to realize optical antennas ready for offering
lasing with strong directionality [103, 104, 199]. Moreover,
the advanced fabrication technology offers the straight-
forward on-chip integration of these antennas in photonic
devices. A GaAs-based active metasurface designed by a 2D
array of nanopillars demonstrates lasing with controlled
directionality. This mechanism is purely nondiffractive,
where the designed 2D array of dipoles manifest to oscillate
in-phase and form a nonradiative BIC. Modifying the lattice
periodicity in one direction perturbs the system, support-
ing a diffractive order where a unidirectional radiative
channel opens up. The lasing wavelength can be explicitly
tuned to any chosen wavelength [199]. Further, replacing
CdSe/CdZnS NPL as a gain medium on the TiO, metasur-
face offers the tunable gain spectrum from the resonant
magnetic quadrupole BIC conditions, and lasing is found
to be more efficient with a lower threshold [104]
(Figure 9C(i)). Subsequently, S. I. Azzam et al. have
recently shown lasing from the array of TiO, dielectric
metasurface resonator. This BIC-assisted lasing is incor-
porated with an organic dye, and the collective diffractive
coupling of electric and magnetic coupling manages the
lasing properties. The controlled emission is found to have
a high directionality and a low threshold at room temper-
ature. More importantly, their proposed all-dielectric met-
asurface has demonstrated both single and multi-mode
lasing [103].

Plasmonic BIC are also explored for enhanced lasing
featuring a miniaturized coherent laser source [201]. The
lasing generation threshold in a distributed feedback-
plasmonic laser is influenced by the structure parameters
and the subsequent lasing modes; BIC-enabled lasing
provides the generation threshold with a minimal material
gain [165]. The hybrid photonic—plasmonic mode sup-
ported SP-BIC modes are effectively demonstrated for
plasmonic directional lasing emission [163, 197, 265].
Moreover, engineering the band structure by modifying the
index, lattice symmetry, geometry, and polarization of the
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pump source can tune the lasing wavelength for switch-
able and multimode emissions.

The hybrid photonic-exciton system and integrated
plasmonic—exciton structures are proven for photon lasing
[133, 140]. A robust perovskite-based micro-laser emission
in the symmetry-protected BIC modes has been experi-
mentally reported [198]. Intriguingly, pattering the perov-
skite film by a polymer grating can generate a symmetry-
protected BIC mode. The topological symmetry and the
mode interactions enhance the light trapping in the gain
medium while breaking the symmetry by oblique in-
teractions, leading to laser emission with a high Q-factor.
The lasing emission is found to be single-mode with
exceptional controllability and directionality with high
repeatability [198].

The topologically protected lasing and vortex-
mediated BIC-lasing are proposed to have dynamic and
controlled emission with low energy consumption and
high modulation speed [200, 219]. Such topological charge-
controlled lasing emission has been proposed in a 2D-PhC
slab with a square array of holes possessing four-fold
rotation symmetry. The supported BIC and their topologi-
cal charges are experimentally tracked with polarization-
resolved k-space imaging. Manipulating the band structure
by tailoring the hole diameter and periodicity of lattice
effectively modifies the topological charges, resulting in
lasing from any of the BICs. A hybrid metasurface com-
bined lead bromide perovskite microlaser design has been
proposed by C. Huang et al. [229]. The perovskite 2D-PhC
slab is patterned with an array of circular holes. The
structure-supported resonance bands corresponding to TM
polarized light exhibit a topology-protected BIC. Modifying
the hole radius enables the BIC-assisted lasing with an
ultra-high Q-factor by embedded polarization vortex.
When the lasing array is pumped with a circular beam, the
symmetry-protected lasing shows a donut-shaped far-field
mapping; as the incident beam is changed to ellipse, the
symmetry breaking leads to the emergence of two linearly
diffracted beams. Lasing from the SP-BIC modes is also
realized with configured two-beam pumping, resulting ina
two-lobe beam.

4.7 Guiding and on-chip communication

Reducing the leakage loss in an optical fiber is a need of the
hour for fast and lossless communications. Introducing the
signal modes as the BIC states can remarkably reduce the
radiation loss of the existing guiding mechanism. An
analytical investigation illustrates that a fiber Bragg
grating (Figure 10B), even with a slight index contrast, can
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act as a topologically protected BIC mode where the radi-
ation loss is drastically reduced. The destructive interfer-
ence of a high Q-mode and a low-Q mode results in the
destructive interference and suppression of radiation loss
[215], the field distribution of BIC mode confirms the low
radiation loss. A guiding mechanism is demonstrated in a
photonic crystal with the associated perfect coherent
reflection with the optimized structure parameters. Several
propagating Bloch modes undergo the total internal
reflection within the slab; the transmitted leaky modes
performing coherent destructive interference lead to the
perfect mirror mechanism. The corresponding propagating
modes are nothing but the bound eigenmodes with a to-
pological vortex of transmission [33]. These modes can be
designed for the lossless guided mode application. The
working scenario of the PhC guiding mechanism is shown
in Figure 10A.

E. Bulgakov has demonstrated that the propagation of
nearly symmetry-protected BICs in the infinite array of
dielectric cylinders can offer an extremely low radiation
loss even above the light line as compared to the propa-
gation of a guided mode in the cylinder below the light line
without any leakage [216]. Remarkably, the Q-factor of the
propagating mode increases exponentially with the num-
ber of the cylinder. A dielectric biperiodic structure
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immersed in an identical medium, such as elliptical holes
etched into the dielectric slab, offers the propagating BIC
with minimal loss from the structural imperfections. Such a
structure possesses an inversion symmetry in the plane of
periodicity and reflection symmetry in the vertical direction
[34]. An on-chip diffraction-free guiding beyond the light
cone is illustrated in a dielectric PhC slab using the concept
of BIC. Here the optimized structure parameters offer the
condition of canceling both the in-plane diffraction and
out-of-plane scattering condition if the total internal
reflection condition is not satisfied [214].

Utilizing the BIC modes supported in a hybrid photonic
single crystal system in the high-dimensional communi-
cation and (de)multiplexing can significantly increase the
data capacity per wavelength. Such a mechanism is
established in an integrated LiNbOs high index substrate
assembled with a low index medium platform and is pro-
posed for on-chip communication. In particular, in the
configuration, the higher-order TM-BIC modes in the TE
polarized continuum can propagate in the high index
waveguide with negligible propagation loss [144]. The
system offers a four-channel BIC-assisted TM mode
de(multiplexer) at 40 Gbps/channel (Figure 10C). The
proposed system is beneficial with high thermally stable
linearity in addition to the enhanced speed.
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(A) Schematic illustration of perfect reflection-based guiding of BIC mode. Reprinted with permission from ref. [214] Copyright © 2020
American Physical Society. (B) (i) BIC supported by the fiber Bragg gratings and (ii) fiber BIC mode profile [215]. (C) (i) waveguide structure
composed of a low-refractive-index polymer stripe patterned on high-refractive-index LiNbOs layer, (ii) propagation loss of the TMg, TMy, TM,,
and TMs modes in the waveguide as a function of the waveguide for each mode, the BICs exist in the low-loss region as marked in the gray

region. Reprinted from ref. [144].
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4.8 Switches

The tunable resonant quasi-BIC modes supported in the
PhC slabs and reconfigurable metasurfaces via a combi-
nation of various optical processes and tuning mecha-
nisms, including thermal, electrical, and mechanical
effects, provide new opportunities for engineering
advanced optical switches. In particular, to achieve sig-
nificant tunability of optical processes, the background
optical responses should be remarkably sensitive to the
slight perturbation of the environmental factors. Therefore,
extremely sensitive optical BIC and quasi-BIC states are
exploited to design an effective ultrafast switching mech-
anism. In this section, we will be discussing the quasi-BIC
mode-assisted optical switching mechanism adopted by
electro-optical modulation [170], all-optical switching [23,
208], nano-electromechanical tuning [209], and thermo-
optic effect [146].

The electrically tunable plasmonic modes operating in
the quasi-BIC modes are demonstrated for an efficient
electro-optical switching exploiting an MIM modulator.
Here, high-speed response electro-optic polymer operating
at the communication wavelength 1.55 pm is implemented
for the tuning purpose. The design supports several plas-
monic modes; the coupling of higher-order plasmonic
modes eventually offers the interaction through an avoided
crossing and the evolution of FW-BIC modes. More
importantly, the quasi-BIC modes exhibit high modulation
intensity with a refractive index variation of 8.5 x 107>,
resulting in the modulation voltage of 5 V [170]. Thus, their
proposed design offers to operate at a bandwidth
exceeding 100 GHz. Exploiting in the BIC states evolved in
a double resonator structure, A. Henkel et al. recently
demonstrated electro-optic switches. In the design, hy-
bridized photonic-2D layer architecture is proposed by
considering a high index electro-optic substrate LiTaOs
integrated with a symmetric film resonator that contains a
grating in its center. This photonic state of art possesses an
inherent SP-BIC mode and quasi-BIC mode. More impor-
tantly, the electro-optical effect of LiTaO; instigates the
refractive index modulation offering a switchable large
bandwidth BICs between the perfect zero to an enhanced
on-state [146].

Another prominent effort explored a quasi-BIC mode
for all-optical tuning based on GaAs metasurfaces [208]. In
practice, perturbing the in-plane symmetry of the high in-
dex metasurfaces results in quasi-BIC fano resonance
mode with ultra-narrow bandwidth. Remarkably, with a
minimal pump influence of 89 pJ/cm?, the quasi-BIC mode
can detect a spectral shift of 10 nm. Intrinsically, the
observed optical modulation is attributed to the high linear
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absorption and the free carrier induced refractive index
variation in the GaAs metasurfaces [208]. Another recent
investigation explored a nano-electromechanical tuning of
resonance modes that are the supported GMR and a quasi-
BIC mode in the telecom wavelength. The proposed state of
art consists of a grating with two pairs of doped silicon
nanobars. Notably, the selected periodicity smaller than
the operating wavelength ensures avoiding the unwanted
diffraction effect. The modification of the structure
parameter or the oblique interaction enables the coupling
of both the excited modes. Subsequently, the device attains
a spectral shift close to 5 nm with an absolute intensity
modulation of 40% and a modulation speed of more than
10 kHz with the applied external bias of 7 V [209].

4.9 Non-linear harmonic generation

The dissipative losses in plasmon resonance-based archi-
tectures, multiple background scattering in Mie structure,
and leaky resonance mode limit the nonlinear harmonic
generation efficiency through optical resonances phe-
nomena [266] in the typically established systems.
Nonlinear interaction with high yield and efficiency is one
of the promising application domains explored using op-
tical BIC by exploiting the characteristics such as immense
local field density with a diverging high-quality factor [108,
157-159, 267-269].

The Si-based dielectric metasurface is identified as an
effective way for light manipulation in nanophotonic de-
vices with tremendous thermal stability. K. Koshelev et al.
demonstrated a third-order harmonic generation (THG)
using Si meta-atoms in an asymmetric system [95]. They
perceived that THG intensity is critically reliable with
asymmetry parameter and is maximum at an intermediate
value of its parameter as shown in Figure 11A. Later, ref.
[96] extended this model for demonstrating up to the 11th
harmonic generation. Z. Liu et al. demonstrated an
exceptionally enhanced THG and SHG in high-Q-factor Si-
metasurface through quasi-BIC phenomena merely by
removing material at one corner of the square-shaped unit
cell. Such resonant structure exhibited quadratic and cubic
power scaling on a logarithmic scale [97]. A subsequent
study demonstrated the nonlinear tuning of an optical
wavefront through Si-based metasurfaces mediated by
single MD quasi-BIC, which also features image switching
controlled by polarization of incident light [98].

Apparently, the Si-nanodisk resonator-based struc-
tures recognized as one of the epsilon-near-zero materials
that are not ideally known for exhibiting nonlinear
processes nevertheless reported an efficient way to
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Figure 11: BIC modes for nonlinear process.

(A) (i) Asymmetry introduction, (i) SEM image of Si-based metasurface (jii) transmission spectra corresponding to asymmetry factor ‘a,” (iv)
numerically simulated dependence of the TH intensity on asymmetry parameter a. Reprinted with permission from ref. [95]. Copyright © 2019,
American Chemical Society. (B) (i) Schematic of an elliptical cylinder of GaP based metasurface with a relative tilting of an angle 6 between their
major axes, arranged in the square lattice (periods, A = 700 nm), (ii) schematic representation of the origin of the quasi-BIC. In each patrticle of the
dimer, the single electrical dipole is induced with xand y components; when summed up, give the origin of an out-of-plane magnetic dipole (m,) and
in-plane electric quadrupole (Q%,), and an x-oriented electric dipole (). The varying the 6, the amplitude can be tuned of this p, that can only couple
with x polarized plane waves, (iii) and (iv) shows the transmission spectra and average second harmonic generation power variations with 6.
Reprinted with permission from ref. [100] Copyright © 2020, American Chemical Society. (C) (i) Schematic of THG and nonlinear image tuning
through quasi-BIC MD resonators, (i) multipole decomposition for linear light scattering and TH signal with corresponding E nearfield distribution in
XY plane at MD resonance, (iii) nonlinear image tuning with polarization and wavelength. Reprinted from ref. [98].

accomplish different nonlinear functions. In particular,
such architecture is illustrated to boost the multifrequency
generation and cascaded parametric generation at the
nanoscale [99]. Moreover, the 2D-layered medium and
dichalcogenide-based resonant structure supporting BIC
have been utilized for nonlinear interaction. N. Bernhardt
et al. theoretically reported a 2D-WS, monolayer hybrid
structure with an asymmetric Si-square shape dielectric
metasurface for the enhanced nonlinear processes [148].
They estimated a boost in SHG efficiency about 140 times
than WS,-monolayer on Si film and nearly one and a half

orders of magnitude higher than reported work on dielec-
tric resonant metasurfaces. A theoretical investigation is
conducted by adopting the Fano resonance SHG genera-
tion from the near BIC supported in a hybrid structure
consisting of a 1D grating structure of dielectric constant
£=15.21(Si, ;Geq 3) and TMDC monolayer of WS, The study
reveals that the geometry has the potential to enhance the
SHG up to four orders of magnitude [149]. Subsequently,
the three-layer structure consisting of monolayer dielectric
spheres in a square lattice-monolayer graphene-dielectric
slab has been theoretically investigated for the THG and
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four-wave mixing [218]. Intrinsically, the geometry has
reportedly enhanced THG up to seven orders of magnitude.

The nonlinear harmonic generation has also been
deliberated using isolated dielectric nanoantenna to boost
nonlinear harmonic generation significantly [150, 151, 270].
The ref. [100] illustrates the efficient visible SHG using
continuous source instead of typical high-power femto-
second pulses in GaP disk-based metasurfaces, as shown
in Figure 11B. The square arrays of nanodimers consist of
two GaP cylinders with an elliptical cross-section with a
relative tilting angle 8 between their major axes. The quasi-
BIC region is tuned by varying the 6, which influences the
SHG intensity. The nonlinear response of 2D-PhC is also
studied theoretically through symmetry-protected BICs,
which are supported by two identical resonators coupled
with the waveguide [152]. Recently a theoretical model for
understanding the second harmonic generation in quasi-
BICs formed by considering the multipole model has been
acquainted. It deals with the physics behind BIC-inspired
nonlinear enhancement in a hybrid metal-dielectric
nanoantenna [153].

Furthermore, BIC formulation is investigated theoret-
ically on the double resonant y® nonlinear photonic
crystal [154]. Successively, the architecture is exploited to
demonstrate the doubly resonant second-harmonic gen-
eration of a vortex beam using a GaN slab embedded with a
hexagonal lattice of air holes [155]. This obtained quasi-BIC
supported nonlinear interaction with tremendous gain ef-
ficiency features the robust engineering of nonlinear pho-
tonics and integrated optical circuits.

4.10 Imaging

The trapped mode with an infinite quality factor has been
realized using various photonic crystal and metasurfaces
structures in visible and IR regions. It can serve very high RI
sensitivity-based imaging and a high figure of merit. On the
other hand, metasurface shows superior excellency in
wavefront modulation that can enable image generation
either by holography method or near field interaction,
carrying out the structural information of nanostructures
[271-273]. L. Xu et al. experimentally demonstrated the
dynamic switching of images employing the quasi-BIC
modes formed due to collective MD resonance in an ul-
trathin silicon nonlinear metasurface as shown in
Figure 11C(i and ii) [98]. The quasi-BIC MD state efficiently
enhances the THG efficiency, offering ease in controlling
the nonlinear emission, further utilized for nonlinear im-
age switching. The image of the arrow shape encoded into
the metasurfaces, tuned with polarization and wavelength
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of quasi-BIC MD state is shown in Figure 11C(iii). Such
modulation in images by polarization and wavelength
tuning show a promising approach for tuneable displays
and hologram-based applications. Further, hybrid config-
urations have adopted establishing the imaging function of
the phase change material Ge,Sh,Tes-assisted Fano reso-
nant metasurface governed by the quasi-BIC [203].

Plasmonic resonance-based SP-BIC mode realization
has been experimentally demonstrated by recording the
angle-resolved reflection spectrum with Fourier plane
spectroscopy and imaging [202]. The reported work first
discusses the confirmation of trapped state through Fourier
plane imaging and further assures its presence with PL
measurement of the luminescent dyes Rhodamine 6G
mixed in a polymer matrix. The plasmonic resonances
coupled with PL results in the notable near field and
enhanced local density of optical states. The Fourier plane
PL images correspond to three PL wavelengths at a
particular wavelength (A = 600 nm, 610 nm, and 620 nm).
The break-in PL line at the hybrid-BIC condition is recorded
for the yellow dotted circle at A = 610 nm (closed proximity
with perfect BIC), indicating the trapped mode by blocking
the leaky channel for PL in TM polarized incident light. On
the contrary, a continuous PL line appears in TE polarized
incident light, confirming that no BIC state existed in TE
polarization.

Alternatively, the high Q-factor of the quasi-BIC mode
in the interacting medium offers a higher figure of merit in
the advanced imaging process and structural information
techniques like hyperspectral imaging. The hyperspectral
imaging captures the visuals using a CMOS camera for
different wavelengths that create a hyperspectral data cube
where each CMOS pixel depicts high-resolution spectral
information. Such technique, resolved to atomic-scale
recognition of specimen material and structural informa-
tion, has even potential to figure out the object mapping
over the entire specimen region [274]. F. Yesilkoy et al.
explored this imaging technique with high-Q factor
through quasi-BIC realized in a square unit cell of sym-
metric Si-nanodisk metasurface [106]. They could effec-
tively detect biomolecules and features of 2D materials at
their relevant atomic dimension scale. Subsequently, S.
Romano et al. demonstrated synergistic hyperspectral im-
aging that combines surface-enhanced fluorescence and
spectroscopic refractometric sensing for investigating RI
imaging on prostate cancer cells cultured directly on the
Si3N, PhCs, supported by symmetry protected-BIC [204]. In
ref. [205], an experimental demonstration has been per-
formed to revive the structural information of sub-
wavelength structure with certain uncertainties in the sub-
nanometer range using the TiO, grid polarizer.
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4.11 Field enhancement and photodetection

The high Q factor of the BIC modes is proposed for the field
enhancement in the resonant structures. The BICs formed
in the array of identical dielectric lossy elements demon-
strate the enhanced near field. Interestingly, arrays
constituted of 1015 silicon nanospheres can even offer an
improved Q-factor of 10°~10* and field enhancement in a
broad wavelength range of red to NIR wavelengths [44].

Remarkably, the optical BIC offers a vast enhancement
in the quality factor that makes perfect sense to enhance
the performance of the photodetectors. A BIC-supported
photodetector is capable of increasing its durability and
efficiency by minimizing heat dissipations. In 2016, ref.
[211] demonstrated quantum well-infrared photodetectors
allied with the BIC in a molecular beam epitaxy grown
InGaAs/InAlAs lattice-matched to InP. Their investigations
reveal faster carrier extraction and narrow photocurrent
spectra as an outcome.

Recent advancements in optoelectronic 2D functional
material have been explored for photocurrent generation
applications [275, 276]. Y. Wang et al. demonstrated a high-
speed silicon nitride waveguide backed by BIC using a TMD
2D PtSe, on-chip photodetector [212]. Recently, the BIC
approach in hot electron-based photodetector designing has
been illustrated by W. Wang et al. [210] in Ag/TiO, metal-
semiconductor. Their investigation predicts higher respon-
sivity enhancement attributed to the BIC-mode confinement
and absorption leads to the enhanced photocurrent gener-
ation in comparison to the existing hot-electron generation-
based photodetector schemes [277-279].

5 Conclusions

Indeed, the bound state in continuum has been rapidly
expanded into a new area of research interest in the last
couple of years. Owing to the advancements in nano-
fabrication technologies, optical BICs have grown to their
full potential via experimental realizations, thus leading
into several applications as discussed in this review. We
have attempted to classify the BIC generation mechanism in
the different structural and material mediums in a broader
perspective. Our discussion begins with the excitation of
different BIC, namely the SP-BIC, FW-BIC, and FP-BIC, with
a typical PhC structure and continues to the advanced
metasurfaces and plasmonic constituents. Further, it ex-
tends to the integrated structures combined with functional
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materials like transition metal dichalcogenide, graphene,
ferroelectric materials, and high index single crystal struc-
tures. Moreover, BICs got much attention in dipole
resonance-based highly localized states employing its real-
ization in single dipole resonances, coupling of ED and MD
resonances, and toroidal-toroidal or toroidal magnetic
dipole resonances. Intrinsically, BIC identified as the topo-
logically protected vortex center opens up an exciting
avenue of various advanced research interests.

The subwavelength feature sizes attainable via the cur-
rent state of the arts in photonics, plasmonics, and meta-
materials have promoted the upsurge due to its achievable
extraordinary quality-factors to boost efficient nanoscale
activities in contrast to other resonant leaky modes. The
optics associated with the bound state in continuum feature
in controlling over wavefront, light intensity, and polariza-
tion without diminished optical losses lead to numerous
applications. Additionally, sensing using BIC in hybrid opto-
plasmonic devices exceeds their pure counterparts (pho-
tonics/plasmonics) regarding the achievable figure of merits,
as discussed in great depth in this article. Further, the pos-
sibilities of tuning engineered geometries enable the acces-
sibility of distinct chiral-BIC modes. Subsequently, the high
confinement of BIC modes encourages the designing of
nanocavity for various opto-mechanic interactions. Exploit-
ing the close vicinity of a perfect BIC state facilitates
enhancement in PL intensity with a strong directionality,
sustaining the lasing characteristic and super cavity modes
without the requirement of layers of highly reflecting mirror
units. In particular, the efficiency of nonlinear harmonic
generation with low pump power mediated by the quasi-BIC
modes in photonic crystals, individual dielectric sub-
wavelength structures, metasurfaces, and hybrid photonic
resonating structures have been witnessed. Moreover, the
topological charge control in BIC by tailoring the opto-
geometrical parameters and incident illumination sources
explore the generation of vortex beam and lasing sources.
This review can thus be a first-hand guide to anyone getting
introduced to the BICs from a materialistic and application
point of view. To our firm belief, the BIC-supported sub-
wavelength can unfold the various nanoscale light-matter
interacting phenomena with greater ease in fabrication and
compactness, thus paving the way for next-generation de-
vice application in the future.
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