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Abstract. Optical bound states in the continuum (BICs) have recently stimulated a research boom,
accompanied by demonstrations of abundant exotic phenomena and applications. With ultrahigh quality
(Q) factors, optical BICs have powerful abilities to trap light in optical structures from the continuum of
propagation waves in free space. Besides the high Q factors enabled by the confined properties, many
hidden topological characteristics were discovered in optical BICs. Especially in periodic structures with
well-defined wave vectors, optical BICs were discovered to carry topological charges in momentum
space, underlying many unique physical properties. Both high Q factors and topological vortex
configurations in momentum space enabled by BICs bring new degrees of freedom to modulate light.
BICs have enabled many novel discoveries in light-matter interactions and spin-orbit interactions of light,
and BIC applications in lasing and sensing have also been well explored with many advantages. In this
paper, we review recent developments of optical BICs in periodic structures, including the physical
mechanisms of BICs, explored effects enabled by BICs, and applications of BICs. In the outlook part, we
provide a perspective on future developments for BICs.
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continuum of propagating modes realized by specially con-
structed three-dimensional potential®. In later developments,
BICs were further extended to other wave systems, such as
the familiar acoustic waves®®™®, water waves'"'”, and electro-
magnetic waves'"' ", Among them, BICs are especially actively
studied in optical systems in recent years, accompanied by a
large number of new discoveries and applications such as opti-
cal microcavities, lasers, and sensors.

In optical systems, bound states are usually defined in con-

1 Introduction

Bound states in the continuum (BICs) have recently aroused
great research interest due to the ability to confine waves in open
systems. The journey into the realm of BICs began with early
theoretical insights into scattering resonances in quantum me-
chanics. In 1929, von Neumann and Wigner'" proposed BICs
to describe bound electric wave functions embedded in the
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trast with the propagating waves in free space. For optical BICs,
they are mostly defined in extended structures, in which the ex-
tended directions are periodic. Then, optical modes can have
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well-defined wave vectors K in the extended structure plane
with translational symmetry"?. The optical BIC describes the
optical mode of a certain kj, which does not radiate along
the direction without translational symmetry, in other words,
confines light inside the continuum modes of free space.
This light trapping property is the salient and most applied char-
acteristic of optical BICs. In contrast, other optical modes sur-
rounding this BIC are leaky to radiate light to the far field of free
space. Such a radiated light wave in free space, whose k| keeps
the same as the leaky optical mode due to the translational sym-
metry, usually is a plane wave and has a definite polarization
state. The k| -dependent polarization distribution forms a polari-
zation field in momentum space. The study of the momentum-
space polarization field reveals more topological properties of
optical BICs. The optical BICs are discovered to be topological
defects in momentum space, carrying topological charges de-
fined by the winding major axes of polarization states surround-
ing BICs2", The vortex configurations of optical BICs bring
new polarization degrees of freedom, promoting research in
topological photonics and singular optics. Besides the conven-
tional optical BICs with infinite lifetimes, it was also proposed
that when perturbations are introduced to slightly break the
original symmetry, BICs will then evolve to be quasi-BICs".
Quasi-BICs have the advantages of bound states and regular ra-
diative modes: being radiative but also having high Q factors,
and have been applied in some research such as nonlinear en-
hancement and lasing. With those explored properties, optical
BICs have shown advantages and potential applications in
manipulating light fields and modulating light-matter inter-
actions. More discoveries and applications require further re-
search and exploration.

In this paper, optical BICs (stated as BICs in later discus-
sions) in periodic structures are comprehensively reviewed from
the physical mechanisms, and explored novel effects to appli-
cations. In Section 2, we delve into the physical mechanisms
of BICs from different physical perspectives. Firstly, we discuss
the Friedrich-Wintgen (FW) BICs principle, elucidating the for-
mation of BICs through coupling and interference. BICs are
then categorized based on different FW origins. Secondly, uti-
lizing the FW mechanism, we further explore BICs by consid-
ering two specific basis vectors separately: plane waves and
Bloch waves. Thirdly, we incorporate a multipolar perspective
to elucidate the radiation properties of BICs. Lastly, we discuss
the topological properties of BICs based on the topological
charges defined by the polarization distribution around BICs.
We also describe BICs with multiple radiation channels, such
as those exceeding the diffraction limit, proposing an underex-
plored research area. In Section 3, we focus on the effects en-
abled by BICs, summarizing the evolution and modulation
methods through various parameter tunings. Quasi-BICs, as a
crucial extension of conventional BICs, are clearly introduced
and defined, holding significant promise for further application
developments. Leveraging both the high Q factors and topologi-
cal nature of BICs, we discuss light manipulations in both the
near field and far field. Additionally, we describe light-matter
interactions based on BICs from the perspectives of strong cou-
pling and nonlinear enhancement. In Section 4, we summarize
two main applications of BICs, namely, lasing and sensing,
incorporating recent developments. Section 5 concludes with
a summary of this review, offering an outlook to anticipate pos-
sible new discoveries and applications of BICs.

Photonics Insights

RO1-2

2 Physical Mechanisms

2.1 FW BICs in periodic photonic systems

2.1.1 General theory of FW BICs

In 1958, Feshbach developed a unified theory to study the res-
onances for the quantum scattering event in a reaction”. A
Feshbach resonance occurs when the total energy of the two
reactant particles in the entrance channel is approximately equal
to that of a bound state in the closed channel. Later, H. Friedrich
and D. Wintgen demonstrated the formation of BICs due to the
interference of resonances belonging to different channels, and
showed that it is a general feature of the coupled-channel
Schridinger equation with only one open channel™. When two
resonances pass each other as a function of a continuous param-
eter, their coupling will cause an avoided crossing of the reso-
nance positions. Meanwhile, the resonance width of the two
states will also be tuned by their coupling and interference.
At a specific value of the tuning parameter, the width of one
resonance vanishes and hence it becomes a BIC.

For the leaky modes in periodic optical structures, similar
results can be obtained based on the temporal coupled-mode
theory™*. To understand this mechanism, we can take a simple
two-level system as an example, which can be described by an
effective non-Hermitian Hamiltonian'*-"';

Hz(wl K)—i—i( 71 i«/7172), (1)
K /7112 72

where w; and w, are the resonant frequencies of two modes, y;
and y, are the decay rates, and k and =+, /y 7, are the near-field
coupling and the far-field interference coefficients, respectively.
When these parameters satisfy the condition

k(y1 —72) = £/7172(0) — @y), )

the decay rate of one mode vanishes. Therefore, this mode be-
comes a bound state, and the other mode will have a larger decay
rate. This mechanism based on the tuning of near-field coupling
and the far-field interference between two resonance modes is
the origin of FW BICs.

We note that the imaginary part of the Hamiltonian in
Eq. (1) is rank-deficient; there always exists a null vector |y ) o

(/72> F/71) satisfying
Himag'WO) = 0. 3

If |wq) is also an eigenvector of H .y, i.e.,

Heulwo) = wolwo), )

the state |y,) is a BIC having a purely real eigenenergy and
satisfying H|y() = wp|wy). It is the constraint of Eq. (4) that
gives rise to a relation between the near-field coupling and
the far-field interference coefficients shown in Eq. (2). It is
worth noting that the BIC condition only requires that H
and Hjp,,, share an eigenvector |y). However, for the two-level
system, this condition will lead to the commutation relation
[Heats Himag) = 0. This commutation relation, together with
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Hp,e being rank-deficient, is the sufficient condition for the
existence of BICs.

2.1.2 Classification of BICs and their FW origins

According to their different characteristics, BICs in periodic
structures are usually classified into three types. The first type
is the original FW BIC, which is located near the avoided cross-
ing points of the two bands and therefore can be clearly
explained by the FW mechanism™'>, For example, in a one-
dimensional plasmonic grating, the FW BICs can be found at
the avoided crossings™, as is shown in Fig. 1(a). Especially,
when two modes are identical but separated in space, the occur-
rence of BIC can be achieved by controlling the optical path
between these two modes. These two coupled modes in fact
act as a Fabry-Perot cavity, and therefore the resultant BIC is
named Fabry-Perot BICs, which can emerge in the structure
of two identical PhC slabs arrayed in parallel"?.

2" //\ Friedrich-wintgen

o /

()

dlfferent GRs

o
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[
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GM: guided mode
GR: guided resonance
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% é (n,, ny, n,) = # of (GR+FP, degenerate GRs, different GRs)

Fig. 1 Representative examples of different types of BICs in peri-
odic photonic systems. (a) Original FW BICs and symmetry-
protected BICs in one-dimensional plasmonic gratings. The
original FW BICs appear at the avoided crossing points and sym-
metry-protected BICs appear at the I" point®®. (b) Accidental BIC
supported by a PhC slab. It is located at the off-I" point with the
infinite Q factor and confined field profile!'®.. (c) General descrip-
tions of BICs in periodic photonic structures from the mechanism
of FW BICs. Both the symmetry-protected BICs and accidental
BICs have similar FW origins from the couplings of modes™*.
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The second type is known as the symmetry-protected BIC,
which is located at the center of momentum space (I" point) and
is guaranteed by the structural symmetry”**"!, In structures with
sufficient high in-plane symmetries, this type of BIC has been
extensively investigated™>*****1. For instance, the structure in
Fig. 1(a) has C,, symmetry, which can support the sym-
metry-protected BICs. Since the plane waves outside are odd
under the 180° rotation around the x axis (C,), if the modes
in the structure are even under C,, they are incompatible with
the plane waves outside. Thus, these modes will not couple to
free space and turn into BICs.

Besides, a PhC slab can also support BICs that neither are
protected by symmetry nor located near the avoided crossing
points of two bands, as is shown in Fig. 1(b)""*". This type of BIC
seems to emerge from a single-resonance mode, called acciden-
tal BICs!>*?*34%1 With the variations of structural parame-
ters, accidental BICs remain robust and will not be destroyed.
However, in contrast to symmetry-protected BICs, which are
fixed at the I" point, the wave vectors of accidental BICs will
evolve in momentum space with the changes in structural
parameters.

In periodic optical structures, the above three different types
of BICs commonly exist and have been widely investigated.
Actually, although these types of BICs appear to have different
features, they can be uniformly described using the FW BIC
mechanism™. In a PhC slab, there are in fact two types of
modes located within the light cone: the guided resonances
(GR) and Fabry-Perot (FP) modes, as is shown in Fig. 1(c).
There are three different ways to achieve BICs through the cou-
pling of these GR and FP modes. When two different GRs cou-
ple with each other at the off-I" point and satisfy the FW BIC
condition, an original FW BIC will occur in the vicinity of the
avoided crossing point. Besides, the symmetry-protected BIC at
the I" point can be considered as a result of the coupling of
degenerate GR modes. At the I' point, the folded bands of
guided modes give rise to a pair of degenerate states. When this
pair of degenerate states is coupled to each other, one of
them has a doubled radiation loss while the other becomes the
symmetry-protected BIC. Different from the aforementioned
two types, the accidental BICs originate from the coupling be-
tween GR and FP modes, occurring near the avoided crossing
points of them. However, the FP modes were mostly considered
only as the background of the spectrum because of their low Q
factors. Therefore, the FW origin of accidental BICs is less ob-
vious, often leading to their classification as single-resonance
modes.

2.2 Plane-wave and Bloch-wave perspective of BICs

By choosing two specific quasi-modes as the basis vectors, the
interference of modes gives a clear physics picture of BICs
based on the FW mechanism. On the other hand, to explore
other properties of BICs, there are also other alternative bases,
such as plane waves or Bloch waves*™. These choices are
beneficial in facilitating a more rigorous derivation based on
the first principles and more efficient computational methods
to study BICs.

By treating the GRs in PhC slabs as the combination of a
series of plane waves, the origin of BICs can be derived from
an analytical iterative method™'. The in-plane coupling caused
by the permittivity periodicity and the surface coupling caused
by the discontinuities at dielectric interfaces lead to the coupling
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Fig. 2 Understandings of BICs from different bases: plane waves
and Bloch waves. (a) Plane-wave perspective of BICs in PhC
slabs™. Left: schematic view of a PhC slab with C,, and up-down
mirror symmetries. Right: participating channels of symmetry-
protected BIC at the T" point and accidental BICs along the
I'- X and I' - M directions. (b) Mechanisms of BICs based on
the total internal reflection of Bloch waves!*®. Upper left: schematic
view of the TIR at the interface between the PhC slab and free
space. Upper right: BIC in a PhC slab when both the TIR and
phase accumulation conditions are satisfied. Lower: BICs and
the generalized conditions for waveguide modes.

between different plane waves. As is shown in Fig. 2(a), for
the symmetry-protected BICs, all of the coupling coefficients
are symmetric, leading to complete destructive interference.
Besides, for the off-I" accidental BICs, by incorporating the ra-
diation from all possible channels, the weighted destructive in-
terference can cause the overall radiation to be suppressed.
The plane waves serve as a commonly used basis in numeri-
cal analysis. In comparison, the Bloch waves, as another kind of
extended wave, contain the complete information from the in-
plane periodicity and the formation of BICs can be interpreted
by utilizing this basis*. For any optical mode in a PhC slab, it
can be regarded as the superposition of some bulk Bloch waves
of an infinite PhC. Then, the formation of BICs can be under-
stood by the total internal reflection (TIR) of Bloch waves. As
shown in Fig. 2(b), when the total transmission for an optical
mode consisting of multiple Bloch waves from the PhC slab side
to the free-space side vanishes, the TIR will occur. For a PhC
slab, another condition to form the BICs is that the accumulated
phase change of each Bloch wave should be an integer multiple
of 2z for traveling a round trip, which is similar to that of a
waveguide mode [lower panel of Fig. 2(b)]. When both the
TIR and the phase accumulation conditions are satisfied, light
can be perfectly guided in the slab, namely, forming a BIC.
Since the Bloch waves can well depict the periodicity of PhC
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slabs, the convergence speed for finding the BICs can be sig-
nificantly enhanced by using this basis.

2.3 Multipolar perspective of BICs

As a powerful approach to understanding complicated electro-
magnetic fields from a local source, multipole expansion is ex-
tensively used to analyze the properties of optical systems™. In
periodic structures, the overall optical properties can be re-
garded as the interferences of radiations from all the local
sources: unit cells. For each unit cell, its radiation pattern
can be decomposed by a series of multipoles. Through this
method, insight can be gained into the underlying mechanisms
that give rise to the non-radiative behavior of BICs, which is
analogous to that for the existence of the Brewster angle for
TM waves: the excited electric dipoles are aligned parallel to
the direction of reflection.

It is well known that there are some directions (poles) along
which the multipole’s radiation vanishes. Actually, this inherent
property of multipoles shares an intimate connection with the
concept of BICs. In Fig. 3(a), the examples of the radiation pat-
terns of both symmetry-protected BICs and accidental BICs are
exhibited™”. For the symmetry-protected BICs, they can be de-
composed by a series of multipoles whose radiations vanish in
the vertical direction. These multipole components are com-
posed of a dominant component and other minor components.
The dominant component will determine the properties of the
modes, and its singularity index is closely associated with
the topological charge of the BIC. To find BICs with high-order
topological charges, multipole components of a high singularity
index are required. It is worth noting that if the radiation is rep-
resented by a dominant individual multipole, then it is not pos-
sible to obtain a positive topological charge larger than +15,
For accidental BICs, the combinations of multipoles sum up to
zero in a particular direction, as schematically shown in
Fig. 3(b)"". When the accidental BIC moves in momentum
space with the variation of structural parameters, the multipolar
composition will change accordingly so that the multipolar sin-
gularity appears in a new direction™™"",

Not limited to BICs, the multipole expansion can also be
employed to characterize other types of singularities, such as
unidirectional guided resonances or even the quasi-BICs in
non-periodic systems”*>*, For example, a photonic quasicrystal
slab with eightfold rotational symmetry can also support modes
with similar properties to BICs"™. At the I point, a single mode
is the center of a polarization vortex with a high Q factor, which
is similar to the BICs in the periodic case. The far-field radiation
patterns of these modes can by represented by multipoles, as is
shown in Fig. 3(c). The topological charges of the vortices also
have a direct correspondence to the indices of major dominant
multipoles.

2.4 Topological perspective of BICs

For the modes located within the light cone in a PhC slab, they
are leaky and can radiate to free space except for BICs. In gen-
eral, the far-field radiations of these modes are elliptically
polarized plane waves. The polarization states can be described
by a vector ¢ = (cy, ¢,), where ¢, and ¢, are the projected x and
y components of the electric ﬁeld as is shown in Fig. 4(a). For a
BIC, it does not radiate and therefore both components of the
far-field radiation vanish, i.e., ¢, = ¢, = 0. With the undefined

y
far-field polarization, a BIC 1is naturally a polarization
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Fig. 3 Understandings of BICs from the perspective of multipolars. (a) Upper panel: radiation pat-
terns and the dominant multipolar components of the symmetry-protected BICs in square and
hexagonal PhCs. Lower panel: Q factor, far-field radiation patterns, and the major multipolar com-
positions of the accidental BICs®®. (b) Schematic view of the multipolar origin of symmetry-
protected and accidental BICs®". (c) Radiation patterns and multipolar components of the

polarization vortices in photonic quasicrystals®.

singularity in momentum space®. In the vicinity of a BIC, the
polarization states will wind around it, forming a momentum-
space polarization vortex. This winding nature can be character-
ized by the topological charge g, which is defined by

1
0= 5, § dk - Vit ®
TJL

where L is a closed path around a BIC and ¢ (k) is the azimuthal
angle of the polarization states’ major axis. The topological
charge of a BIC is an integer, which describes how many times
the polarization states wind around the BIC in the counterclock-
wise direction. As a topological invariant, the topological charge
is conserved during a continuous parameter variation, which is
closely associated with various evolutions of polarization singu-
larities in momentum space such as the merging, annihilation,
and splitting of BICs.

This topological nature of BICs has been subsequently
verified in experiments™?. In a photonic crystal slab with
C,, symmetry, the vortex configurations of BICs were measured
as shown in Fig. 4(b). The structure supports both the sym-
metry-protected BIC at the I" point and the accidental BICs
along the I' — X direction. In the measured extinction spectra,
the excitations of resonance modes will lead to peaks, which
can be ascribed to the radiation of excited modes. Since the
BICs cannot couple with any external waves, they manifest
as the vanished width of a peak in the spectra. From the polari-
zation-dependent spectra, the polarization states of modes were
further extracted. Around each BIC, the polarization states form
a polarization vortex. The vortex configurations around BICs are
also experimentally observed in a one-dimensional grating
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[Fig. 4(c)], where two off-I" BICs are located on the TM band
and each BIC carries a +1 topological charge. In the reflectance
spectra, the BICs are characterized as the vanished regions.
Around a BIC, the orientation angle of the polarization states’
major axis flips quadrants four times, indicating a 2z rotation
and the +1 charge.

For the symmetry-protected BICs at the I" point, the topologi-
cal charges are also restricted by the symmetry of the structure.
Each symmetry-protected BIC corresponds to an irreducible
representation of the symmetry group”, and thus its possible
topological charge will be determined. Especially for the
degenerate case, paired symmetry-protected BICs can be sup-
ported by structure with Cg symmetry, corresponding to its
E, representation™". Here, we listed all the possible topological
charges of the symmetry-protected BICs in structures with dif-
ferent rotational symmetries, as is shown in Table 1. For exam-
ple. the topological charge of the symmetry-protected BIC in
Fig. 4(a) is —1 and it corresponds to the B representation of
the C, symmetry group™?>. For the structure with Cg sym-
metry, it can support symmetry-protected BIC with —2
charge**"). However, BICs with higher topological charges still
lack reporting.

Based on the graph theory, more non-local properties of the
BICs in momentum space can be revealed™'. As is shown in the
left panel of Fig. 4(d), the topological charge for an arbitrary
bounded face in the polarization graph is demonstrated to be
zero, manifesting the correlation of polarization singularities
in different positions. By utilizing this property, the polarization
graph will provide a way to find undiscovered BICs that exist off
the high-symmetry lines (general BICs). Besides, this type of
BIC will evolve with the polarization graph when continuously
varying the geometrical parameters. For example, on the right

2024 * Vol. 3(1)
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Fig. 4 Topological nature of BICs. (a) Topological nature of BICs®. First panel: schematic view of
the far-field radiations of guided resonances in PhC slabs. Second panel: undefined far-field
polarization of a BIC and the polarization vortex around it. Last two panels: distribution of Q factor
and polarization vector in momentum space. (b), (c) Experimental observation of the polarization
vortices around BICs in a C,, photonic crystal slab® and a one-dimensional grating®¥, respec-
tively. (d) Left: polarization graph in momentum space. Right: merging of two general BICs and an
off-I" BIC with the variation of geometrical parameters'®®.

panel of Fig. 4(d), the polarization graphs of a one-dimensional
grating are exhibited. By decreasing the thickness of the grating,
two general BICs gradually approach the off-I" BIC on the k,
axis, and merge to remain an off-I" BIC with charge +1.
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2.5 BICs with multiple radiation channels

When a resonance mode has more than one independent radi-
ation channel, the BIC condition requires that all the channels
are inhibited. An example of multi-radiation channels is a mode

2024 * Vol. 3(1)
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Table 1 Possible Topological Charges of the Symmetry-
Protected BICs (n = 0, £1,+2,... is an integer)

Symmetry Representation Charge Allowed Charge
C, A 2n + 1 +1, 43,45, ...
Cs; A 3n+1 +1,-2,+4, ...
Cy A 4n 41 +1,-3,+5, ...
B 4n-1 -1,43,-5,...
Cs A 6n 41 +1,-5,+7,...
B 6n-2 -2,+4,-8, ...
E, 6n-2 -2,+4,-8, ...

beyond the diffraction limit"“****** For this case, the far-field
radiation of a mode is a combination of plane waves containing
more than one diffraction order. For example, the modes in a
PhC slab can have two radiation channels, as is shown in
Fig. 5(a)*¥: the zero-order diffraction and the —1st-order dif-
fraction. A multi-channel BIC occurs when both the radiations
of the two channels vanish. For each channel, the BIC is the
center of the polarization vortex, while the topological charges
of the zero-order diffraction is +1 and the —1st-order diffraction
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Fig. 5 BICs with multi-radiation channels. (a) BICs with two dif-
ferent radiation channels and the evolutions of the far-field polari-
zation. Each radiation channel has a different behavior with the
variation of structural parameters®*®. (b) Left: honeycomb-lattice
photonic crystal slab and its first Brillouin zone. Right: distribution
of the Q factor around a BIC at the Ky-point. The BIC has a
divergent Q factor®.
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is —1. When the thickness of the PhC slab is slightly varied, the
behaviors of the two channels are different. For the zero-order
diffraction, the polarization vortex with charge +1 will split into
two half-integer charges of 1/2. For the —1st-order diffraction,
the topological vortex persists.

The discussion of multi-channel BICs can be extended to
modes located at the corner of the first Brillouin zone™. In a
photonic crystal slab composed of a honeycomb array of cylin-
drical holes [Fig. 5(b)], the K point actually has three radiation
channels. For leaky modes at the K point, the zero-order and the
two first-order diffractions lead to three propagating waves in
free space. By choosing appropriate geometric parameters, a
BIC located at the K; point can be realized. Different from
at-I' BICs, the K-point BIC is not a symmetry-protected BIC,
and it will be destroyed and spawn two C points when the geo-
metric parameters are altered.

For modes below the diffraction limit, although only the
zero-order diffraction is the propagating wave in free space,
sometimes they can also be treated as multi-channel modes.
For example, when the up-down mirror symmetry of a PhC slab
is broken, the upward radiation and downward radiation of a
mode are independent of each other. Therefore, they can be
considered as two radiation channels. When one channel is sup-
pressed while the other is still radiative, a unidirectional guided
resonance (UGR) is realized“*®. Different from BICs, the
UGRs radiate only towards one side of a PhC slab. The relations
between UGRs and BICs will be discussed in Section 3.1 in
detail.

3 Explored Effects Enabled by BICs

3.1 Evolution rules and modulation methods

BICs can be easily found in periodic photonic structures with
certain rotational symmetry. The modulation methods and evo-
lution rules of BICs are important research topics for the pos-
sible applications. With explored physical mechanisms of BICs,
many approaches are proposed to modulate BICs in momentum
space. Among them, changing the structural parameters is usu-
ally applied to modulate BICs.

By tuning the periodicity of the structures, multiple BICs can
merge in momentum space™ [Fig. 6(a)]. The closely distributed
BICs allow a large area around I” point with high Q factors, lead-
ing to a lower decay rate (from k% to %). Although the BICs theo-
retically have infinite Q factors, the inevitable scattering losses
due to imperfect fabrications in the practical samples will limit
the realized Q factors. From this perspective, the enhanced Q
factors of all nearby resonances in the same band can strongly
suppress the out-of-plane-scattering losses. It should be noted
that when BICs with opposite charges merge and annihilate each
other at I point, the Q factor decay rate will go back to the case
of the isolated BIC (kl—Z).

By tuning the thickness of the structures, the BIC merging
was also studied at the off-I" region by Kang et al.” [Fig. 6(b)].
Compared with the original BIC, the merging BICs lead to the
enhancement of Q factors around the merging center. This pro-
posal offers approaches to designing high-Q optical modes
at the off-I' region. The experimental observation of BICs’
merging at the off-I" point was then reported by Hu et al.™*!
[Fig. 6(c)]. In this work, by changing the etching depth &, of
the 1D PhC slab (the effective thickness is hence changed), the
two BICs gradually move close to and merge with each other,
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Fig. 6 Momentum-space evolution of BICs. (a) Merging process of multiple BICs by tuning the
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at off-I" point by tuning the etching depth h, of the 1D PhC slab®*. (d) Evolution of BICs in the
ky — h space®l. By continuously tuning the thickness h, the accidental BICs can continuously

move along the photonic bands.

and then are annihilated at the off-I" point. Besides, based on the
FW mechanism of accidental BICs, the work also proposed and
demonstrated that by tuning the structural thickness, the FP
mode can be shifted in the frequency range; hence the accidental
BICs can move along with the FP modes to exist at any k,
[Fig. 6(d)].

Besides periodicity and thickness, the proportion of different
constituents in a unit cell is also the usually applied parameter.
For example, by tuning the diameter of cylindrical holes in a
dielectric slab, BICs are reported to exist at K points of a honey-
comb-lattice PhC slab™. In these parameters’ tuning, the origi-
nal structural symmetries are maintained, and related evolutions
have also been discussed in other studies™***!, When the struc-
tural symmetry degrees of freedom are further introduced, more
evolution effects can be induced.

By breaking the in-plane inversion (C,) symmetry, the at-I"
BIC with a topological charge £1 at I" point was reported to
split into a pair of C points, whose far-field radiations are cir-
cularly polarized®. From the perspective of singular optics, the
BICs are actually null-amplitude points in the far field, which
can be viewed as the result of collisions between C points and L
lines (lines of linearly polarized states). Then when the BICs are
destroyed by symmetry breaking, C points may spawn during
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this process. For example, when changing the holes from
squares to isosceles triangles, the BIC with topological charge
+1 will split into a pair of C points with topological charge —i—%
[Fig. 7(a)]. The existence of C points was directly observed by
measuring the transmittance spectra under circularly polarized
incidence. The work also proposed that by this means full cover-
age on the Poincaré sphere can be realized accompanied by the
appearance of C points. Note that the up-down mirror symmetry
is not necessary; similar evolutions are also realized and applied
in structures without up-down mirror symmetry™®"",
Furthermore, when considering BICs with high-order topo-
logical charges, there are more possibilities to break the struc-
tural symmetries, giving rise to more various evolutions™**""6%,
For example, the BIC with topological charge —2 can be easily
found at I" point in structures with Cg, symmetry. Figure 7(b)
exhibits two types of typical evolution cases: when breaking the
symmetry from Cg, to C,,, the at-I" BIC with topological charge
—2 will be split into two off-I" BICs with topological charge —1.
When breaking the symmetry from Cg, to Cj;,, the at-I' BIC
with topological charge —2 will be split into six off-I" C points
with topological charge —1/2 and one at-I" BIC with topologi-
cal charge +1. When further breaking the symmetry into Cy,
more evolution possibilities were theoretically discussed by
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left (right)-handed circular polarization.

(b) Schematic view of how a high-order BIC with topological charge -2 evolutes under different
symmetry breaking®”. (c) Evolution from off-I" BIC to unidirectional guided resonance (UGR) by
breaking the up-down mirror symmetry®®. (d) Right: evolution of polarization singularities in
momentum space. Left: schematic view of the 1D PhC slab constructed by two superimposed

gratings and the realized UGRs®".

Yoda et al."”'. And maintaining the C; rotational symmetry, the
rotation of C points in momentum space was also theoretically
proposed and experimentally realized by Wang et al.””. These
explored evolution rules of high-order BICs offer more ap-
proaches to realize the on-demand design for the off-I" BIC
and C points.

For the off-I" BICs, it was reported by Yin et al. that by
breaking the up-down mirror symmetry, the off-I" BIC can also
be split into a pair of C points'®'. By making the sidewall of the
1D PhC slab tilted from the vertical direction, the off-I" BIC with
topological charge +1 splits into a pair of C points with topo-
logical charges —|—% with opposite helicities, and two C points
merge to form a unidirectional guided resonance (UGR)
[Fig. 7(c)]. For this achieved UGR, radiation towards the bottom
is forbidden, enabled by the topological nature as the center of a
polarization vortex, while the radiation towards the top remains
finite. The properties are desired by many applications like
energy-efficient grating couplers or antennas. By the way, it was
recently reported that UGRs can also emerge from interband
coupling”, which enriches the physical generation mechanisms
of UGRs. In structures without up-down mirror symmetry, the
BIC and UGR can also be generated from the original region
whose total topological charge is always zero®'. By continu-
ously tuning the misalignment 6 of two superimposed identical
gratings, two pairs of C points with topological charges :t%
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emerge in momentum space, first merging to form UGRs, then
splitting and merging again to form an accidental at-I" BIC, and
finally annihilating in momentum space [Fig. 7(d)]. There is
also another case for the structures without up-down mirror
symmetry. When the structures’ rotational symmetry is main-
tained, it was reported that the polarization states around at-I"
BICs can be continuously tuned from linear polarization to cir-
cular polarization by modulating twisted configurations in the
unit cell of PhC slabs™.

In these BIC-related evolution processes, the total topologi-
cal charges are always conserved. The conservation of topologi-
cal charges is important and can also be utilized to analyze the
expected results without performing any numerical simulation.

Besides the parameters and symmetries of basic structural
shapes, there are also other physical factors and symmetries that
can perform modulations on BICs’ evolutions. By introducing
parity-time (PT)-symmetric perturbation, conventional BICs
were discovered to split into a pair of PT-BICs and lasing thresh-
old mode™. Modulations that can affect the refractive index
of the constituent materials, such as magnetic-field-induced
responses of magneto-optical materials'™, laser-induced excep-
tional gain”®, and phase transition of the VO, material””, can
also lead to similar results to those by manipulating symmetries
of basic structural shapes.
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3.2 Quasi-BIC

Besides the aforementioned traditional BICs that have infinite Q
factors and carry topological charges in momentum space,
quasi-BICs are another well-explored BIC. Quasi-BICs are res-
onant states observed in optical systems that exhibit properties
intermediate between traditional BICs and radiative modes. For
quasi-BICs, destructive interference between different waves is
not perfect, allowing a weak coupling between the resonant
mode and the surrounding radiation continuum. As a conse-
quence, quasi-BICs possess a finite, yet significantly extended,
lifetime compared to resonances that are strongly coupled to the
continuum. High Q factors are the main attractive properties of
quasi-BICs. Also, some quasi-BICs may also have vortex-
related topological configurations, which are not necessary
for many applications using quasi-BICs.

Understanding the generation mechanisms of quasi-BICs is
pivotal in harnessing their unique attributes for an array of op-
tical applications. Various methodologies have been devised to
engineer and manipulate quasi-BICs.

The usually used method is to precisely engineer the struc-
tural symmetries. Then quasi-BICs can be obtained from origi-
nal symmetry-protected BICs. By tilting the silicon pairs to
break the in-plane inversion symmetry of the unit cell™*",
high-Q quasi-BICs can be realized as a result of distortion of
the original symmetry-protected at-I" BIC [Fig. 8(a)]. As the
tilted angle @ increases, the resonance-induced transmission
dip gets wider, meaning decreasing Q factors. Besides, the uni-
versal formula for Q factors as a function of the generalized
asymmetry parameter (quadratic dependence) is derived™,
which can also be applied to describe the Q-factor evolution
law in other quasi-BIC structures via breaking in-plane inver-
sion symmetry“®*>*1, A similar concept of symmetry breaking
can be used to design other types of quasi-BICs™.

Recently, it was reported by Che et al. that quasi-BICs
could also exist in quasiperiodic systems like photonic quasi-
crystals®**, Photonic quasicrystals can have high rotational
symmetry, underlying vortex polarization configurations in
momentum space that are similar to symmetry-protected BICs.
For quasi-BICs in photonic quasicrystal slabs, the properties of
high Q factors and carrying topological charges were observed
[Fig. 8(b)]. Besides photonic quasicrystal slabs, moiré structures
are also explored for quasi-BICs"**", For example, by twisting
two graphene PhC slabs with a special angle, both the quasi-BIC
and the flat band could be achieved. Such a moiré quasi-BIC
was explored with a high Q factor and vortex-like far-field
zero-order diffraction channel [Fig. 8(c)]. Quasi-BICs in pho-
tonic quasicrystals and moiré photonic structures enrich the
varieties of photonic systems for us to design and utilize gen-
eralized BICs®™"™.

When we consider BICs in periodic structures, the outgoing
waves are forbidden from the structures to free space, while the
optical modes are actually extended along the transverse direc-
tion. To achieve the combination of high Q factors and in-plane
trapping of light, miniaturized BICs were proposed and demon-
strated by Chen et al."”. The Miniaturized BICs are constructed
in the laterally combined structures [Fig. 8(d)]: a finite-sized
PhC slab supporting BICs (region A) surrounded by another
PhC slab with a photonic bandgap (region B). The light can
be confined in the vertical direction by the original multiple
BICs of region A and the transverse propagation waves are for-
bidden due to the photonic bandgap of region B, giving rise to
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ultrahigh Q factors and small modal volumes. The concept of
the miniaturized BICs can be applied in other photonic systems
and applications with demand for high Q factors and three-
dimensional light trapping™-".

Besides the Q factors, the polarization states are another im-
portant property of quasi-BICs. By symmetry-breaking pertur-
bations, the linearly polarized quasi-BICs can be realized when
the mirror symmetry is maintained. Circular polarizations,
due to the importance of many applications like those in chiral
optics®, are also desired for quasi-BICs. Various designs of chi-
ral quasi-BICs have been proposed via introducing chiral per-
turbations”*”"**%°1 It was proposed that by constructing the
unit cells with two pairs of twisted elliptical pillars [Fig. 8(e)],
the leaking waves of quasi-BICs can be circularly polarized with
properly chosen parameters™. Moreover, by modulating the
perturbation parameters, i.e., the orientations of elliptical pillars,
the polarization states of quasi-BICs can be expanded to the en-
tire Poincaré sphere. It was also reported that by designing pla-
nar chiral structures”®”, chiral quasi-BICs can be achieved.
Besides constructing twisted structures and planar chiral struc-
tures, the chiral quasi-BICs were achieved by shifting C points
in momentum space as well”*’Y. By breaking the in-plane
inversion symmetry, the at-I" BICs can split into pairs of C
points®, while the at-I" quasi-BICs are usually linearly polar-
ized due to the existence of mirror symmetry. It was proposed
and experimentally demonstrated by Chen et al.”" that by
further introducing slant perturbations, i.e., making the etched
holes slant, the C points will move in momentum space
[Fig. 8(f)]. With proper slant perturbation, the C point can be
shifted at I" point, to form the chiral quasi-BIC. This method
utilizes the continuous evolution of C points under slant pertur-
bations, and can also be instructive in designing quasi-BICs
with other polarization states.

The ability of quasi-BICs to persistently confine energy
within the system’s spectrum while maintaining some interac-
tion with the continuum makes them a subject of ongoing re-
search and exploration in photonics. Combined with the
tunable polarization properties, quasi-BICs will offer intriguing
prospects for controlling and manipulating light in optical de-
vices and components.

3.3 Modulation on light propagation via utilizing the
high Q factors of BICs

When it comes to light field manipulations, the high Q factors of
generalized BICs have sparked widespread research interest,
giving rise to explorations of many exotic optical phenomena.
These BICs possess extraordinarily long lifetimes and extremely
narrow resonance bandwidths, making them particularly well-
suited for two key topics: optical field confinement and ultra-
narrow linewidth control.

In the context of optical field confinement, BICs provide a
means to trap and concentrate light within subwavelength-scale
structures. This confinement enables the manipulation of light at
scales previously unattainable. For example, BICs can be ex-
ploited to realize zero-index photonic modes"*'*. It was pro-
posed by Huang et al. that the zero-index effect can be realized
in two-dimensional photonic crystals of which the dispersion is
Dirac-like in the vicinity of the I" point"®!. However, for the
practical three-dimensional cases like PhC slabs, the intrinsic
loss due to radiation will usually cause a very large propagation
loss"%, and the additional metal mirror to avoid radiation would
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Fig. 8 Various types of quasi-BICs. (a) Quasi-BICs realized by tilted silicon-bar pairs®. The Q
factor can be modulated by the symmetry-breaking factor. (b) Quasi-BICs in photonic quasicrys-
tals®, Unfolded dispersions and polarization maps show this quasi-BIC can also carry polarization
vortices in momentum space. (c) Quasi-BIC in a moiré structure composed of twisted bilayer
graphene PhC slabs. The vortex configuration can be found in the zero-order diffraction.
(d) Miniaturized BICs constructed by laterally combined structures™. The miniaturized BICs
can confine the in-plane light field by adding a surrounding PhC slab with an overlapped photonic
bandgap. (e) Chiral quasi-BIC in perturbed structures, whose unit cells are composed of two pairs
of twisted elliptical pillars®®”. The magnetic field distributions show that the chiral quasi-BIC leaks to
circularly polarized light. (f) Chiral quasi-BIC in a slant-perturbation structure composed of a
square array of slanted trapezoid nanoholes”". The momentum-space polarization distributions
of different slant perturbations exhibit the generation process of this chiral quasi-BIC.

give rise to absorption loss'", To avoid those problems, sym-
metry-protected BICs at I" point are proposed to realize zero-in-
dex modes without radiative loss"”. In the PhC slabs with a
designed Dirac cone at I point, in which the zero-index modes
are also BICs, the low-loss zero-index propagation of light can
be realized in an all-dielectric photonics platform [Fig. 9(a)].
Besides the zero-index effect, the properties of trapping light
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by BICs can also lead to the realization of three-dimensional
cases, which are usually discussed in two-dimensional space.
By utilizing off-I" BICs, the on-chip negative refraction was also
reported"* [Fig. 9(b)]. Recently, BICs have been found to be
able to realize enhancement of evanescent field localization""",

When light shines on structures from free space, the high Q
factor of BICs can lead to another effect of light confinement:
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strong near-field enhancement. When light waves pass through
the photonic structures, the excited resonances of quasi-BICs
will strongly enhance the near field around the structures, giving
rise to many applications for further modulation by light. The
enhanced optical forces by the confinement of light were re-
ported and applied to trap nanoparticles'' ™", The near-field
enhancement of quasi-BICs will also cause a localized heating
effect, which was reported to realize optofluidic transport and
assembly of nanoparticles'" [Fig. 9(c)].

Moreover, the ultra-narrow linewidth control afforded by
high-Q BICs holds significant promise for precise spectral en-
gineering and filtering effects. The Huygens’s condition and
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BICs were bridged to realize extreme Huygens’ metasurfaces
with high Q factors"'". Saturated reds were reported by utilizing
quasi-BICs"'"?, By specially designed Si nanoantennas, sharp
reflectance spectra at red wavelengths can be obtained by par-
tially overlapping resonances of two quasi-BICs, and the reflec-
tance at blue/green wavelengths can be suppressed by the
substrate-induced diffraction and the absorption of amorphous
Si [Fig. 9(d)]. With the ultra-narrowband filtering abilities,
quasi-BICs can be further applied to design the integrated spec-
trometers!''”, Combined with phase transition materials like
VO,, the dynamic tuning of transient photoconductivity can
be utilized to induce spatial symmetry breaking, hence actively
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multidimensional lineshape tailoring can be achieved by modu-
lating BIC-mediated photon cavities"” [Fig. 9(e)].

Besides the direct spectral modulation, high Q factors of
BICs can realize the spatial modulation of light beams, such
as the well-known Goos-Hinchen (G-H) shift!"'®. G-H shifts
are closely associated with the momentum-space phase gra-
dients""*""""" The high Q factor of quasi-BICs would lead
to sharp incident-angle-dependent reflection or transmission,
giving rise to drastic changes in the resonant phase in momen-
tum space. Hence, enhancement of G-H shifts is expected. For
instance, it was reported by Wu et al. that by utilizing quasi-
BICs of a compound grating waveguide structure, the giant en-
hancement of G-H shifts could be achieved together with high
reflectance! ™ [Fig. 9(f)]. With a coupled double-layer grating,
the method to realize large G-H shifts with high transmittance
was also proposed™*”,

3.4 Light manipulations via utilizing the topological
nature of BICs

Surrounding BICs, the major axes of polarization state wind in
the clockwise or anticlockwise direction. This winding topo-
logical nature of BICs has been explored with many topological
effects, bringing new degrees of freedom to manipulate light.

The vortex configurations around BICs are naturally con-
nected with the vortex-like resonant responses, showing poten-
tial to modulate optical vortices. It was reported by Wang et al.
that a momentum-space polarization vortex can be leveraged
to induce wave-vector-dependent Pancharatnam—Berry (PB)
phases; then the optical vortex can be generated using the mo-
mentum-space approach*!, Considering the simple case in
which a plane wave shines on the PhC slab, the transmission
or reflection process can be described by

2i6(k;)
_ Su Sire
|E0ut> - I:Srlezm(kll) r 5, :||Em) (6)

on a helical basis, where s refers to the transmission or reflection
coefficients and the subscripts /(r) correspond to the LCP and
RCP. Here, the @ is the azimuthal angle of the eigen-polarization
at the wave vector k. It can be seen that in off-diagonal ele-
ments there are additional geometric phase factors, i.e., PB
phases, related to 6. For example, when a circularly polarized
light beam shines on the PhC slab, the cross-polarized transmit-
ted light beam will gain a spiral phase front due to obtained
winding PB phases surrounding BICs [Fig. 10(a)]. Note that
the PB phases are loaded in momentum space, exhibiting a
new principle to generating an optical vortex. For this optical
vortex generator based on BICs, the center alignment is not re-
quired because the PhC slabs are actually periodic structures in
real space. To pave the road for further applications, the effective
methods to improve the generating efficiency of the BIC-based
method are proposed and experimentally demonstrated"**'>!,
Besides the linear optics, the optical vortex generation based
on BICs is also proposed in the nonlinear conversion*". The
transformation of the polarization vortex in momentum space
to the winding phase of light beams exhibits a new form of
spin—orbit interactions (SOIs) in photonic crystals'?!; more
SOI-related phenomena are expected in the momentum-space
topology of BICs.

The SOIs of light would lead to some representative phenom-
ena, including spin-to-vortex conversion and the spin-Hall effect
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of light!"*', The vortex generation has shown the overall effect of
topological vortex configurations of BICs to realize spin to vor-
tex conversion'*'"'*!, Focusing on a local part of the topological
polarization vortices around BICs, one case of the spin Hall ef-
fect of light, i.e., spin-dependent beam shift, has also been re-
vealed"*". The beam shifts can be generally summarized as the
momentum-space phase gradients'', i.e.,

(7

(R) = Ry - <""’(k”)>,

ok,

where Ry is a ¢-independent constant. From this perspective,
the spin-dependent beam shifts are expected in topological vor-
tices around BICs. Besides the PB phases due to the winding
polarization states, the nonlocal resonance between the incident
light and optical modes in PhC slabs will induce an additional
resonant phase. Combined with both PB phase gradients and
nonlocal resonant phase gradients in momentum space, a
new type of spin-dependent beam shift was proposed and ex-
perimentally demonstrated in PhC slabs via topological vortices
around BICs. When a circularly polarized light beam shines
onto the PhC slab, the cross-polarized converted reflection light
beam will have a spin-dependent in-plane-oblique shift relative
to the incident light beam [Fig. 10(b)]. With a similar beam shift
principle based on momentum-space phase modulation, the
beam shifts at normal incidence were also realized by utilizing
pairs of topological half vortices split from BICs®*''""l, These
momentum-space topological polarization vortices offer new
polarization degrees of freedom to modulate beam shifts, and
can also inspire on-chip applications for spin optics.

The winding polarization states around BICs enable the
existence of various resonant coupling coefficients; hence struc-
tures with BICs can serve as good platforms for polarization
control. In reflection-type structures, complete polarization con-
versions can be realized™*"*? in which the BICs are found to
lie on the critical coupling curve that defines a complete polari-
zation conversion condition'*’. For fixed incident polarization,
the output polarization state can be manipulated by changing the
incident angle. Moreover, in structures enabling both reflection
and transmission, by utilizing multiple inputs with controlled
relative phases, the achievement of coherent complete polariza-
tion conversion near the symmetry-protected BIC was also pro-
posed"?”. The radiative coupling variation due to the strong
polarization transition around BICs and the phase control of
two input beams are combined together to perform feasible
polarization control [Fig. 10(c)]. By this means, full polarization
control on the entire Poincaré sphere can be realized by struc-
tures supporting a symmetry-protected BIC. These scattering
behaviors embodied in the topological features of BICs can in-
spire novel optical elements for polarization control.

What is more, it was reported by Qin e al. that topological
features of optical force distribution exist in momentum
space!'”®. The topology of optical force distribution is associated
with the topological polarization configurations around BICs.
By using twisted PhC slabs, various topological configurations
of optical force distribution can emerge along with the variation
of the eigen-polarization distribution [Fig. 10(d)]. Combined
with the aforementioned properties of polarization control
and structural optical field generations by utilizing the topologi-
cal configurations around BICs, there are still many topological
effects in optical forces to be further explored.
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Fig. 10 Manipulating light by utilizing the topological vortex configurations around BICs.
(a) Generating optical vortices via momentum-space polarization vortices around BICs!"?". LCP
and RCP denote the left- and right-handed circularly polarized lights. When an RCP Gaussian
beam shines normally on the PhC slab, the converted LCP light beam will obtain a spiral phase
wavefront via resonant responses with the polarization vortex around the BIC. (b) Spin Hall shifts
of light via momentum-space polarization vortices around BICs!"™®®, When a circularly polarized
light beam obliquely shines on the PhC slab, the cross-polarized light beam will have a spin-
dependent lateral light beam shift due to the momentum-space phase gradients enabled by polari-
zation vortex around the BIC. (c) Polarization control around BICs with two phase-controlled
inputs!™; a and b correspond to two input waves. In the presence of multiple input beams,
the topological features of BICs enable full polarization control on the entire Poincaré sphere.
(d) Topological features of optical force distribution around BICs!". In contrast with untwisted
PhC slabs, twisted PhC slabs can trap nanoparticles with a spinning pattern.

3.5 Light-matter interactions

3.5.1 Strong coupling

Cavity quantum electrodynamics (CQED) mainly focuses on the
interaction between quantized fields and quantum emitters in
limited space, like microcavities'**"**. When the energy ex-
changing strength between quantum emitters and cavity modes
is much larger than the loss rates of photons and excitons,
CQED systems enter the strong coupling regime in which a
quasi-particle named polariton appears with both photonic and
excitonic components'*”, Rabi splitting caused by strong cou-
pling can be explained by the dressed state theory'™* and ob-
served in the spectrum!**'**'*, For planar photonic structures,
distributed Bragg reflectors (DBRs) are often used as a cavity
in the vertical dimension"*~'*, However, nowadays, the BIC can
enhance the strong photon-exciton coupling instead of DBR
mirrors because BIC cavities provide higher Q factor and
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near-infinite photon lifetime!'**>'**!, Therefore photonic CQED
systems can more easily achieve strong coupling and obtain large
Rabi splitting, leading to strong implications for polaritons in
quantum information processing!**'*"!,

Most research combining BICs and strong coupling is based
on hybrid planar photonic structures comprising BIC PhC slabs
and excitonic layers like quantum wells (QWs)"*"% or quan-
tum dots (QDs)"*\. To achieve strong coupling at room temper-
ature, transition metal dichalcogenides (TMDCs) like WS, or
WSe, are often utilized to couple monolayer excitons to a topo-
logically protected BIC. Figure 11(a) shows a typical BIC-
strong coupling research with TMDC materials by Maggiolini
et al"™®. The PMMA grating is fabricated on the top of a
DBR-WS,-SiO, structure with a defective subwavelength
structure, showing strong light—matter interaction enhancement
and large exciton-polariton nonlinearities at room temperature.
Then a Rabi splitting of 70 meV is achieved by a structured
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Fig. 11 Researches of photonic BIC combined with strong coupling and photonic BEC. (a) Sketch
of the BIC-strong coupling system with a PMMA grating fabricated on the top of a DBR-WS,-
SiO, structure!™®, (b) Fitting of the PL dispersion at the anticrossing leading to a 70 meV Rabi
splitting by (a)’s structure!*®. (c) Schematic of the electrically driven perovskite metasurface with
tunable polaritonic emission leading to strong coupling of photonic modes and electrically injected
excitons!"*. (d) Experimental angle-dependent reflection spectra of the active perovskite metasur-
face under TE illumination, showing the Rabi splitting!'*?. (e) Sketch of the polariton waveguide
with partially etched 1D lattice combining BIC and polariton BECI'*’)(f) Left panel: angle-resolved
photoluminescence emission showing the dark spot on the lower polaritonbranch from the BIC.
Right panel: on increasing the pumping power, the measured polariton dispersionshows a two-
lobe emission, which is the characteristic of polariton BEC!'"1.

optimization approach [Fig. 11(b)], paving the way to topologi-
cally protected polariton devices. Besides using the TMDC
monolayer over or inside the periodic structures''~"*%, fabricat-
ing bulk TMDC materials to form metasurfaces can efficiently
improve the spatial overlap of the cavity mode profile with the
emitters to make more significant strength of light—matter inter-
action. While several theoretical bulk WS, works give large
Rabi splitting that even exceeds 200 meV!""*"!| recent experi-
ments show a tuned strong coupling system with maximum
Rabi splitting of 116 meV by constructing BIC-driven meta-
surfaces composed of bulk WS,"%, Besides TMDC materials,
perovskite metasurfaces are also worth trying to enhance the
strength of light-matter interaction. As shown in Fig. 11(c),
Y. Wang et al. performed an electrically driven perovskite meta-
surface with tunable polaritonic emission'*’). This can achieve
strong coupling between injected excitons and photonic BIC
of a one-dimensional perovskite metasurface. They observed
the formation of high-Q BICs leading to a large Rabi split-
ting of ~200 meV [Fig. 11(d)]. By carefully designing the
perovskite-based metasurfaces, it is possible to increase the
Rabi splitting to over 200 me V"' Moreover, without special
emitters like TMDCs or perovskites, the strong coupling can still
be reached by carefully designing BIC photonic plasmonic/
dielectric structures®>'"7!,
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When strong coupling systems follow the criteria for
condensation,

v \2/3 K2
T = | —— — 8
ent (2.612) 2mky ®

where T is the critical temperature, v is the particle density,
m is the particle mass, and kg is the Boltzmann constant. The
whole polariton gas in the condensed state will be described as a
single giant matter wave and obey Bose-Einstein statistics,
which is called Bose-Einstein condensation (BEC). Especially
owing to the little effective mass, larger particle density, and
higher critical temperature, polaritons in QW microcavities offer
an excellent testbed for BEC and even for the new coherent light
source called the polariton laser''”>'”*!, Distinguished from cold
atom BEC, the polariton BEC requires to be continuously repo-
pulated to compensate for optical losses via optical pumping
or electrical current injection!’*"™, Ardizzone et al. first
showed polariton BEC occurring in a BIC using a patterned
waveguide*”". As shown in Fig. 11(e), they fabricated a GaAs
QW with 12 periods and etched a one-dimensional BIC-PhC
structure with a lattice constant of 243 nm and a groove deep
of 90 nm. Here multilayer QW with N periods not only enhan-
ces strong coupling strength with /N times!"*'**'** but also
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keeps the polariton density in QWs under the Mott den-
sity!'""®%: otherwise, the system naturally enters a weak cou-
pling regime. The etched BIC-PhC pattern makes QWs function
as both emitters and photonic cavities. It improves the spatial
overlap of the cavity mode profile with emitters, which benefits
the formation of polariton BEC. As shown in the left panel of
Fig. 11(f), under non-resonant excitation, the photolumines-
cence spectra show a dark spot on the lower polariton branch
from BIC. On increasing the pumping power, the measured po-
lariton dispersion shows a two-lobe emission, which
is the characteristic of polariton BEC [the right panel of
Fig. 11(f)]. With the increment of the energy density of the input
pump, the polariton presents three regimes divided by two
thresholds: polariton LED, polariton laser, and photonic laser.
In the polariton LED regime, particles obey Boltzmann distri-
bution without coherence. When crossing the first threshold, the
system enters the strong coupling regime, polaritons conden-
sate, and polariton lasing appears. This regime is also called
polariton BEC or polariton laser regime. Note that a polariton
laser is caused by stimulated scattering of polaritons, not
stimulated emission of photons, which differs from a photonic
laser!"”. Near the first threshold, several phenomena are unit-
ized to judge whether the BEC phase transition happens.
First, the observed phase transition comes with the narrowing
of the condensate linewidth in both real space and momentum
space!'"'8181 Second, polariton-polariton interaction causes a
blueshift of the polariton emission around the condensation
threshold"’*'*¥!, Thirdly, spatial coherence and visibility of in-
terference fringe can be measured above the first threshold ow-
ing to the finite expansion of the long-range order within the
condensate area'''*!, Finally, the bunching effect of ¢ can
also mark the first threshold by Hanbury-Brown-and-Twiss
(HBT) measurements"®. When the input crosses the second
threshold, the particle density exceeds the Mott limit; thus, the
strong coupling regime turns to a weak coupling regime. The
polaritons lose the matter components and turn to pure photons,
leading to the coherent photonic laser. Polariton and photonic
lasers are both coherent lights, so it is more challenging to dis-
tinguish them. The measurement of Zeeman splitting could be a
way that needs large external fields"®'". For now, many kinds of
materials are suitable for microcavities to study polariton BEC,
like II/V™ and II/VI™" materials for low temperature, or
GaN!'®1 ZnO!"! organic materials"*”, perovskites"*”, and
TMDCs™" for room temperature. Since the first study of BEC
from BIC based on GaAs proposed by Ardizzone et al."*"', one
has also explored the BIC-based BEC by other materials, like
perovskites"* and organic perylene dyes''””, with similar
results.

3.5.2 Nonlinear enhancement

Owing to the radiation suppression abilities and large fabrica-
tion tolerance under topological protection, light confinement
with ultra-high Q factors and small modal volume Vs can be
achieved with BICs. The BIC structures then show great poten-
tial in optical nonlinearity enhancement under a large Purcell
effect described by Q/V. In 2018, Carletti et al."** made a pre-
diction about the enhancement of second harmonic generation
(SHG) in an AlGaAs nano-antenna supporting BIC states. The
efficiency could be two orders of magnitude stronger than that in
conventional designs. In 2020, from the same research group,
Koshelev et al."* experimentally implemented a design with
a quasi-BIC mode realized by the mutual interference of several
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Mie modes, as illustrated in Fig. 12. The quasi-BIC state with a
Q factor of 188 was observed in the particle with a diameter of
930 nm and height of 635 nm. Two orders of magnitude higher
conversion efficiency was achieved as expected.

The nonlinearity of higher orders has also been explored.
In 2019, Xu et al."® demonstrated a silicon metasurface and
observed a third-harmonic generation (THG) with a conversion
efficiency of 5 x 10° at 100 mW. In the same year, Liu et al.*”
realized a record-high Q factor of 18511 also in a silicon meta-
surface, and observed a THG conversion efficiency five orders
of magnitude higher than the former silicon metasurfaces. The
field enhancement was large and even the SHG in silicon was
also observed. Moreover, Kang et al."* demonstrated the third-
and fifth-harmonic optical vortex generation numerically from
an amorphous silicon photonic crystal slab.

Among these works, various methods were considered to en-
hance the nonlinear transform efficiencies. On one hand, the
doubly resonant design, where both the excitation and its har-
monics were supported resonances in the structure, would help
to maximize the efficiency. Wang et al."® realized a doubly
resonant GaN photonic cavity in which the fundamental fre-
quency matched with a defect mode and its second-harmonics
operated upon a quasi-BIC. The final intrinsic conversion effi-
ciency got 10 times larger than singly resonant cavities in GaN.
On the other hand, the field strength can be further enhanced
considering the coupling conditions. Xu et al."* and Koshelev
et al.®™ constructed critical-coupling conditions by slightly
breaking the in-plane symmetry that shifted the resonance away
from the complete dark BIC.

The great enhancement of nonlinear effects leads to applica-
tions in frontier domains such as quantum optics. In 2022,
Santiago-Cruz et al. generated entangled photons via spontane-
ous parametric downconversion in GaAs metasurfaces support-
ing a quasi-BIC state. A single resonance or several resonances
pumped at multiple wavelengths could also generate multifre-
quency quantum states, including cluster states.

Besides the conventional dielectric nonlinear materials, 2D
thin-film materials were also attractive in the nonlinear effects
of evolving BIC states. In 2020, Kravtsov et al."**' demonstrated
a BIC-based polaritonic excitation with MoSe, upon PhCs,
in which strong exciton-fraction-dependent optical nonlinear-
ities were exhibited. In 2021, Liu ef al. demonstrated a giant
second-harmonic generation (SHG) enhancement with silicon
metasurfaces supporting quasi-BICs covered by 2D GaSe
flakes. The SHG from a GaSe flake is uniformly enhanced
by nearly four orders of magnitude with the field enhancement.

4 Applications
4.1 BICs in lasing

Given the BICs’ innate ability to realize high-Q resonances,
the most significant application of BICs is for lasing. Photonic
crystal surface-emitting lasers (PCSELs)*" with periodically
arranged photonic crystal structures are one kind of novel semi-
conductor laser. Although not specifically mentioned, in the
most common case in which the periodic lattice and unit cells
of PCSELs respect C, or higher in-plane symmetry, the lasing
band edge modes operating at the second-order I" point are ac-
tually the symmetry-protected BICs”>***!, which supports large
area coherent oscillations. In the past two decades, PCSELs
have attracted considerable attention as the successor of DFB
lasers and experienced dramatic developments that surpass
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Fig. 12 Light-matter interaction enhancement and nonlinear optics. (a) Diagram of second har-
monic generation (SHG) in a metal antenna (left), and the measured SH intensity versus nano-
resonator diameter at different pump polarizations (right). The SH intensity is normalized on the
square of the pump power'*". (b) Diagram of enhanced SHG in a doubly resonant cavity (left) and
the measured SHG intensity (right). The red and blue lobes represent the far-field intensities of the
first-harmonic (FH) and SH modes, respectively!'®. (c) Conceptual diagram (left) and typical dis-
tribution of the photon arrival time difference for two detectors (right), of multiplexed entangled
photon generation by spontaneous parametric downconversion utilizing BIC in a metasurface.
The photon arrival time difference demonstrates photon pair generation'*®., (d) Conceptual dia-
gram (left) and measured SHG intensity (right) of an enhanced SHG with a 2D GaSe flake on a
metasurface with a BIC state!"”.. The GaSe flake was laid on the surface of a Si metasurface
consisting of a periodic square lattice of T-shaped pillars.

traditional semiconductor lasers. The evolution of PCSELs has
been covered in detail in other reviews”, with a few of the
key events listed as follows: the first lasing action of PCSELSs
was reported in 1999 [shown in Fig. 13(a)]; current-injected
lasing under room-temperature and continuous-wave operation
was achieved in 2004, Over the next few years, PCSELs’
capabilities were expanded, including tailoring the beam pat-
terns in 2006”", extending the lasing wavelength to the
blue-violet region in 2008™"", and achieving beam-steering
functionality in 2010, Increasing the output power of lasers
is a long-term topic; through continuous optimization of struc-
tural design, watt-class lasing was realized in 2014 followed
by 10-watt-class lasing in 2019 and lasing with a peak power
of 20 W in 20217'”, Recently, on-chip beam scanning lasers
were first achieved”'"! as illustrated in Fig. 13(b), and lasing
with a CW output power exceeding 50 W, purely single-
mode oscillation and a narrow beam divergence of 0.05° was
reported®'?. It is worth mentioning that in the early years,
PhCs in PCSELSs were mainly composed of circular hole struc-
tures, so the lasing modes were theoretically the symmetry-
protected BICs with infinite Q factors. In high-power lasers, the
in-plane C, symmetries were broken for higher-efficiency
power extraction, leading to the generation of quasi-BICs with
high but finite Q values™***2",

Lasing from BICs has also been developed in other materials
with periodic structures in addition to PCSELs. In 2017,
Kodigala et al.”" demonstrated the optical-pumped single-
mode lasing from the cavity made of an array of suspended
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In,Ga,_,As,P_, multiple-quantum-well cylindrical nanoreso-
nators. In 2018, using vertical electric dipole resonances excited
inside GaAs nanopillars to form BICs, Ha et al.*'* reported di-
rectional lasing in arrays of active dielectric nanoantennas, as
illustrated in Fig. 13(c). In 2022, Contractor et al.”"®" demon-
strated Berkeley surface-emitting lasers (BerkSELs) based on
open-Dirac singularities. They are robust against size scaling
and single-mode lasing is maintained even for near-damage-
threshold pump power. What is more, lasing action has also
been reported in Mie-resonant BICs. In 2020, Wu et al.”'" re-
ported optically pumped room-temperature lasing in a solution-
processed CdSe/CdZnS nanoplatelet film with an all-dielectric
cavity supporting BICs, which arise from Mie resonances in
square-latticed TiO, nanocylinders.

Besides symmetry-protected BICs, other types of BICs in-
cluding super-BICs and mini-BICs have also been adopted to
increase cavity Q factors and lower the lasing threshold. In
2021, Hwang et al.™' reported lasing action from super-BICs
based on a finite-sized PhC cavity, as illustrated in Fig. 13(e).
Originating from the merging of several BICs in the momentum
space, the radiation loss in super-BICs follows the law k°® de-
pending on the lattice constant and the super-BICs keep a high
Q factor even in the finite-sized cavity, thus reducing the lasing
threshold to a large extent. On the other hand, Ren et al.”” dem-
onstrated active mini-BIC lasers with Q factors as high as
32,500 in 2022 [shown in Fig. 13(d)], which had a record-low
threshold of 80 W /cm? that was nearly two orders of magnitude
lower than other BIC lasers. The laser cavity is based on PhCs
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Fig. 13 Applications of BIC in lasers. (a) Schematic structure of the first lasing PCSEL based
on the wafer fusion technique. The inset shows the SEM photograph of the triangular-lattice struc-
ture®", (b) Dually modulated on-chip beam scanning lasers. Each unit can be selectively operated
by driving the corresponding line electrodes®'". (c) Directional lasing in resonant GaAs nanopillar
array®?', (d) Left: schematic of mini-BIC laser device consisting of a suspended GaAs thin mem-
brane with periodically etched airholes. Right: microphotoluminescence (u-PL) spectrum of the
cavity modes®®. (e) Merging of the BICs in super-BIC laser®™, (f) All-optical switching from the
vortex microlaser. Insets show the far-field emission patterns at different pumping densities!".

consisting of a suspended GaAs membrane with InAs QDs em-
bedded in the center, in which the out-of-plane radiation is sup-
pressed by BICs and the in-plane light confinement is achieved
by PBGs through fine horizontal hetero-structural design. In
2023, Zhong et al.® reduced the lasing threshold of mini-
BIC lasers to 52 W /cm? by enabling effective trapping of both
light and carriers in all three dimensions.

Through tuning the topological charges, BICs can be utilized
to realize varied beam patterns as well. Early attempts include
experiments on the generation of tailored beams in PCSELs"™"",
Recently, because it has great potential in upgrading optical
communication systems to higher multiplexing levels, vortex
beam and chiral beam generation has attracted much attention.
In 2020, Huang et al.” reported perovskite-based vortex lasers
and their applications to all-optical switching, as shown in
Fig. 13(f). The BIC resides at the I' point and exhibits a vor-
tex. Through modifying the two-beam-pumping configuration,
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ultra-fast switching between a vortex beam and a regular linearly
polarized beam was realized with a transition time of only 1.5 ps.
In 2022, Zhang et al™ demonstrated chiral emission from res-
onant metasurfaces that were created by a square lattice of tilted
TiO, bars placed on an ITO-coated substrate. By breaking in-
plane and out-of-plane C, symmetries, intrinsic chiral quasi-
BIC appears at the I'-point. While pumping above the threshold,
the intensity of the LCP mode dominates the emission spectrum,
resulting in single-mode lasing operation. In addition to the above
mentioned, chiral emission was also realized in spin-optical light
sources including the spin-valley Rashba monolayer laser”'™ and
the spin-valley-locked perovskite laser®"!.

4.2 BICs in sensing

Structures incorporating BICs inherently exhibit high-Q-
resonance behavior, with the ideal scenario being an infinite
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Fig. 14 Applications of BIC in sensors. (a) Topological charge evolution and refractive index sens-
ing of merging BICs based on a BIC PhC slab®®. (b) Hyperspectral imaging and biodetection
enabled by BIC metasurfaces®?. (c) Hybrid BICs-enhanced senor with a plasmonic component
enables strong field confinement®*. (d) Chiral layer-enhanced sensing applications enabled by

BIC metasurfaces?*".

Q factor. In a disturbed environment, the ideal BIC transforms
into a quasi-BIC with an offset resonant wavelength while main-
taining a fairly high Q factor. This unique property renders it
highly applicable in various optical and photonic contexts?2°2*,
Given the distinctive characteristics of topological polarization
singularities within radiation fields, their utilization in sensing
appears logical. The promising attributes of high-Q-integer
charges (BICs) and the chiral responses of half-charges (CPs)
offer considerable potential. The realm of high-Q resonators
has realized high-sensitivity refractive index (RI) sensing across
chemical and biological processes, as evidenced by various
studies™ 1. Remarkably, RI sensors exploiting BICs, as
manifested in dielectric metasurfaces™*>*, plasmonic metasur-
faces' "1 and PhC slabs™"****% have exhibited promising
advancements in terms of figure-of-merit (FOM) and detection
limit (DL). Concurrently, metasurfaces supporting quasi-BICs
can demonstrate even better performance by providing giant
chiroptical signals because of their higher Q factor, which
has led to significant progress in chiral sensing''®*7%],
Furthermore, it is worth noting a novel category of methodol-
ogies that indirectly leverage exceptional points (EPs) to en-
hance sensing performance, influenced by their underlying
connections to polarization singularities*>,

Localized PhC defect cavity™'*" sensitivities are restricted
due to limited field overlap with the analyte. Slotted PhC
cavities™ 9 offer higher sensitivity by enhancing the mode field
overlap with the analyte. However, they are susceptible to fab-
rication imperfections. Using BICs in PhC slabs for sensing, as
opposed to traditional defect-based PhC slabs sensors, offers
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benefits like reduced radiation loss and enhanced light-analyte
interactions. To enhance sensing performance, addressing out-
of-plane scattering loss due to fabrication imperfections is cru-
cial for improving Q factors. Lv et al.**" employed a merged
BIC design in RI sensing, significantly enhancing detection lim-
its up to 10~ RIU through increased Q values [Fig. 14(a)]. This
underscores the promise of this sensor design for applications
including biochemical sensing, environmental monitoring, and
medical diagnostics. Additionally, the sensitivity of RI sensors
depends on aligning optical resonances with target substances
in the surrounding environment.

Metasurfaces offer a versatile solution to this challenge.
Techniques like breaking in-plane symmetry or utilizing low-
contrast materials have been developed on platforms such as
PhC slabs™” and dielectric metasurfaces™®***% with broad
applications. By mapping absorption signatures of molecules
onto spectra formed by quasi-BICs, where each quasi-BIC cor-
responds linearly to pixel locations, molecular barcoding offers
heightened sensitivity for detecting molecular fingerprints™', As
a result, the current trend to combine hyperspectral imaging
with data science techniques has led to quasi-BIC dielectric
metasurfaces, serving as an ultra-sensitive, label-free sensing
platform without the need for spectrometers™**?, Integrating
pixelated BIC metasurfaces with a commercial complementary
metal oxide semiconductor camera allows the detection of fewer
than 3 molecules/pm?®? [Fig. 14(b)]. Commonly, plasmonic
sensors encounter an inherent problem of absorption loss when
compared to quasi-BIC sensors utilizing dielectric nanostruc-
tures™**%, However, recent findings suggest that hybrid
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BICs exhibit robust field confinement attributed to their plas-
monic component, leading to a tenfold sensitivity improvement
over pure dielectric BICs™" as shown in Fig. 14(c). This sug-
gests that hybrid BICs have the potential to outperform fully
dielectric systems in sensing applications and are well-suited
for accommodating higher integration densities.

On the other hand, chiral sensing is essential in medical and
biological contexts due to the prevalence of chiral biochemical
compounds. Circular dichroism (CD) spectroscopy serves as a
method for enantiomer-specific analysis of chiral samples. It is
important to highlight that specific resonant nanostructures sig-
nificantly amplify circular dichroism responses, thus enhancing
spectroscopy and photochemistry sensitivity, and consequently
elevating chiral sensing precision™'"l. The theoretical explora-
tion of BIC generation in chiral quantum systems occurred in
20147521, Subsequently, in 2019, Koshelev et al. investigated
the impact of detuning between electrical and magnetic dipole
resonances in silicon nano-cylinders, leading to substantial en-
hancement of optical chirality at the nanoscale™”. Continuing
this trajectory, Chen et al. in 2020 demonstrated a CD spectrum
and molar concentration retrieval using an individual metasur-
face with high sensitivity. Utilizing the high-Q resonances, a
hyperchiral field amplification of the CD signal by a factor
of 59 was observed, accompanied by a substantial FOM of 80.6
for molar concentration detection®" as shown in Fig. 14(d).
Consequently, this approach emerged as a promising methodol-
ogy in the food industry, medical diagnostics, and drug
development.

In general, BICs can be utilized to selectively suppress or
eliminate radiation to achieve ultra-high Q factors, and ultra-
long-lifetime optical modes with specific phase and polariza-
tion, thus providing a flexible means for light manipulation. In
addition to the applications regarding lasing and sensing men-
tioned above, the applications of BICs also include wavefront
manipulation with nonlocal metasurfaces” %!, photocatalytic
platforms based on ultrathin reactive materials®®”, ultra-low-loss
grating couplers employing UGRs"®, etc.

5 Summary and Outlook

In this review, we summarize the burgeoning field of optical
BICs in periodic structures. The physical mechanisms behind
BICs were elucidated from different physical perspectives, cov-
ering FW BICs, plane-wave and Bloch-wave perspectives,
multipolar perspectives, and the intriguing topological perspec-
tive. Diverse effects enabled by BICs were categorized and col-
lected, encompassing evolution rules, modulation methods,
quasi-BICs, and the exploitation of high Q factors for light
propagation and intricate light—matter interactions. Particularly
noteworthy is the revelation of topological charges carried by
BICs in momentum space, opening new avenues for light
manipulation. Applications of BICs in periodic structures are
highlighted, with a focus on BIC lasing and sensing. The syn-
thesis of high Q factors and topological vortex configurations in
momentum space introduces unprecedented degrees of freedom
for modulating light in optical systems.

During the research history of optical BICs, the optical
measurement systems have played an important role and also
been developed. The photonic band structures are usually used
to characterize BICs. The band measurement requires the
momentum-space measurement capability. The angle-resolved
measurement is the usually applied method, in which the input
or output angles relative to the normal direction can be
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converted to in-plane wave vectors. For samples with large
sizes, the angle-resolved measurement can be realized by a mac-
roscopic angle-resolved measurement system, in which the
momentum-space mapping is realized by continuously changing
the incident and detected angles'', while in most works, samples
are usually small (length and width are only hundreds of microns
or even smaller). For microscopic cases, the momentum-space
imaging method based on the Fourier transform (FT) by an op-
tical lens is applied®”, by which the momentum-space image
can be obtained with a single measurement. The FT-based
method can also be applied to directly observe the iso-frequency
images at a certain frequency, which can be used to characterize
the momentum-space polarization vortex configurations around
BICs™*", Besides the photonic band measurements, the Q factor
measurement is another important aspect to characterize BICs.
Besides directly fitting the resonant spectra**, the scattering
measurements can also be applied”**’**"", by which the Q factors
can be extracted from the frequency-dependent scattering spec-
tra. Moreover, the observations of novel phenomena enabled
by BICs further require more measurement dimensions. For ex-
ample, the phase measurement methods are also applied and im-
proved to characterize the momentum-space phase modulation
enabled by BICs!"*"'**), For future developments, the near-field
measurement methods and time-domain measurement methods
may also be included to observe other novel effects enabled
by BICs. Meanwhile, the optical measurement setups developed
or improved in BIC studies can also be applied in other research
areas such as light-matter interactions, and wavefront control
based on nanostructures.

The exploration of optical BICs in periodic structures has
unveiled a wealth of intriguing phenomena and practical appli-
cations. As we look to the future, several exciting directions
emerge that promise to further enrich our understanding and lev-
erage the potential of BICs.

Many physical mechanisms and various types of optical
BICs have been discussed, while the possible mechanisms
and types have not been covered. For instance, optical BICs
are mostly discussed when the optical modes are below the dif-
fraction limit. The cases above the diffraction limit need to be
further explored. The observed topological charges of optical
BICs in periodic structures are not larger than +1 and smaller
than —2. Finding the high-order BICs and revealing the physi-
cal mechanisms beyond the symmetry perspective will help
us to have a deep insight into the topological properties of op-
tical BICs. For quasi-BICs in moiré structures and photonic
quasicrystals®**% more explorations are required to establish
the modulation and evolution mechanism. And there are still
many degrees of freedom in multilayer compound structures
constructed by periodic structures, such as the interlayer cou-
pling™, to be explored. When considering synthetic dimen-
sions™™, there are more expected discoveries of new types of
optical BICs.

Optical systems supporting BICs have exhibited many
advantages as an ideal platform for studying light—matter inter-
action”’**%, Enabled by the high Q factors of optical BICs,
the interaction time between light and matter can be signifi-
cantly enhanced. The improvement of nonlinear conversion
efficiency has been explored, and the observed enhancement
factors are obvious™'?7#!_ Additionally, the interaction be-
tween BICs and other quasi particles like excitons presents
an exciting avenue for the investigation of light-matter inter-
actions!"*#132162282 The strong-coupling-induced polaritons also
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possess properties of optical BICs, leading to novel effects like
new-type polariton lasing carrying topological polarization con-
figurations"*"'**. Understanding the interplay between these
phenomena could open new possibilities for controlling and
manipulating light in complex optical systems. Similar to BICs,
optical anapole modes also have nonradiating properties™ 2%,
Examining the profound connections between anapole modes
and BICs will significantly broaden the potential applications
of BICs.

Furthermore, the application scope of BICs is expected to
expand beyond lasing and sensing. Exploring their potential
in areas such as integrated optical circuits”®®” and quantum-
enhanced technologies™” will be of paramount importance.
The integration of BICs with emerging technologies, such as
quantum optics and information processing, holds significant
promise. Exploring the synergy between BICs and quantum
phenomena could lead to the development of more efficient
quantum communication and computation devices.

Finally, theoretical advancements must be translated into
practical, real-world applications, fostering a symbiotic relation-
ship between fundamental understanding and technological in-
novation. Advances in the fabrication techniques of periodic
structures will likely play a pivotal role in tailoring BICs for
specific applications. In many previous experimental results,
the optical BICs are actually studied in periodic structures with
only tens or hundreds of periods in consideration of the cost of
conventional fabrication methods like electron beam lithogra-
phy. Hence many experiments are limited to being realized
in microscopy systems, requiring complicated experimental set-
ups. The low-cost and time-saving approaches to fabricating
specially designed periodic structures supporting optical BICs
are still in demand for easier observation and applications.
Besides, with deeper insight into the modulations of optical
BICs, more sophisticated three-dimensional periodic structures
like tilted gratings requiring special slit angles and multilayered
structures requiring precise alignment are needed to achieve spe-
cial modulation effects'®®">"*, There are still many theoreti-
cally proposed optical BICs with novel properties to be
experimentally implemented, in which many of them are hin-
dered by the sample preparations. The development of fabrica-
tion methods will enable the engineering of structures with
unprecedented precision and speed, pushing the boundaries
of application scenarios of optical BICs.

In conclusion, the outlook for optical BICs in periodic
structures is promising and multifaceted. As we embark on this
journey of discovery, the synergy of theoretical insights, tech-
nological advancements, and interdisciplinary collaborations
will propel optical BICs to the forefront of cutting-edge
optics and photonics, shaping the landscape of future optical
technologies.
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