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Abstract: Bound states in the continuum (BICs) have emerged at the forefront of optics and nanophotonics due to
their  exceptionally  high  quality-factors  and  unique  topological  characteristics.  Advances  in  design  capabilities,
nanofabrication and characterization have enabled precise control of BIC resonances at subwavelength scale, unlock-
ing exciting opportunities  for  applications in  diverse areas such as  lasing,  optical  sensing and nonlinear  optics.  The
integration  of  phase-change  materials  and  liquid  crystals  has  facilitated  dynamic  control  over  light  emission  and
absorption.  In  this  Review,  we  provide  a  comprehensive  overview  of  the  latest  progress  in  BIC  research,  covering
both  foundational  concepts  and  recent  advances.  We  begin  with  the  underlying  physics  and  highlight  emerging
design  strategies,  including  machine  learning  and  inverse  design  approaches.  We  discuss  major  breakthroughs  in
super-BICs,  chiral  BICs,  intriguing concepts of  flatband BICs and Moiré BICs,  along with exotic  phenomena, such as
strong  light-matter  interaction,  ultrafast  dynamics  and  exceptional  points.  We  further  review  the  recent  advance-
ments and key challenges in BIC-enabled applications. Finally, we offer our perspectives on the promising future of
BIC in fundamental research emphasizing emerging directions such as multilayer metasurfaces, interfacing BICs with
quantum  emitters,  new  capabilities  enabled  by  advanced  fabrication  and  design,  and  pathways  towards  scalable
integration into photonic BIC metadevices.
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 1    Introduction
Bound  states  in  the  continuum  (BICs)  are  unconventional
states,  which,  despite  lying  within  the  radiative  continuum
band,  are  completely  confined and therefore  do not  radiate
to  free  space.  Historically,  the  existence  of  BICs  has  been
first  mathematically  predicted  by  Wigner  and  Neumann  in
1929  as  the  solution  of  the  Schrödinger  equation  with  the
potential  energy  oscillating  with  asymptotically  decreasing
amplitude as moving away from the quantum-well1. In 1976,
Herrick2 and  Stillinger3 reported  BICs  in  semiconductor
superlattice supported by other forms of potentials that was
later  experimentally  observed  by  Capasso  et  al. in  19924.

After that, the explanation for BIC was not only restricted to
only quantum mechanics but also extended to wave physics
such as acoustics and hydrodynamics5,6. In the wave context,
the formation of BIC was described as the destructive inter-
ference  of  radiative  waves.  In  2008,  the  concept  of  BIC has
been  applied  to  photonic  systems7,8,  and  the  experimental
demonstration  was  reported  in  2011  on  an  optical  waveg-
uide array structure9 and in 2013 on photonic crystals10. The
fast  development  of  solid-state  platforms,  such  as  two-
dimensional  materials11−13,  piezoelectric  materials14,  Weyl
semimetals15 and topological  insulators16−19,  and the physics
of  metasurfaces,  flat  optics  has  offered  new  platforms  for
BIC  resonances.  In  2017,  the  realization  of  lasing  action
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from  BICs  in  semiconductor  membranes20 has  triggered
tremendous interests in exploring potentials of BICs in vari-
ous applications such as nano-lasers, refractometric sensors,
nonlinear  optics,  beam  steering  and  imaging21−26.  BICs  can
be  supported  by  two-dimensional  periodic  arrays,  linear
periodic  chains  of  resonators  and  even  single  subwave-
length particles27.

Q

Q
Q

Q

Q

Due  to  the  non-radiating  nature,  BIC  modes  have  zero
linewidth  and  do  not  decay.  Quality  factors  ( -factors)
which describe the energy loss rate of optical resonances, are
defined  by  resonance  wavelengths  over  linewidths.  There-
fore,  theoretically,  the  radiative -factor  goes  to  infinite  in
the BIC conditions. In practice, the total -factor is limited
by  inevitable  lossy  channels  induced  by  the  finite  sample
size,  the  fabrication imperfection,  the  diffraction into  high-
index  substrates  and  non-radiative  losses  including  the
material  absorption.  Metallic  plasmonic  nanostructures,
despite  being  known  to  be  lossy,  demonstrated  BIC  reso-
nances  with -factor  of  ~100–30028 that  is  improved  to
~2500  in  hybrid  systems  combining  plasmonic  and  dielec-
tric materials29. However, so far, a fundamental approach to
minimize  absorption  losses  and  diffraction  leaking  is  using
low-loss  and  high-refractive-index  all-dielectrics.  A  library
of all-dielectric nanostructures supporting BICs in different
ranges  of  the  electromagnetic  spectrum  is  summarized  in
Table 1.  The -factor  of  all-dielectric  resonators  can  reach
106 near the BIC conditions10.

Due  to  the  dark  nature,  true  BIC modes  cannot  be  opti-
cally  excited  or  detected  at  far  field.  Therefore,  leaky  chan-
nels are normally created by breaking the structural symme-
try to turn a true BIC into quasi-BIC, which has sharp Fano-
resonance shape. In photonic metasurfaces, the radiative loss
can be controlled by the array size and the structural asym-
metric  parameters.  Overvig  et  al.  has  developed  a  detailed
analysis  on  in-plane  perturbations  on  high-symmetry  two-
dimensional  photonic  crystal  lattices  and  selection  rules  of
quasi-BICs based on group theory. It serves as a catalog for
design  for  multifunctional  devices  with  control  to  spatially
control resonant wavefronts30.

BICs  can  be  classified  into  symmetry-protected  BICs,
which  decouples  to  the  continuous  spectrum  due  to  the
symmetry-mismatch  and  hence  located  at  high-symmetry
points of the Brillouin zone (BZ), accidental BICs, which are
formed  due  to  time-reversal  symmetry  and  inversion
symmetry, Friedrich-Wingent BICs (FW-BICs), which arises
from the  destructive  interference  between leaky  modes  and
can  be  formed  at  arbitrary  points  in  BZ,  and  Fabry-Perot
BICs (FP-BICs), which is caused by the destructive interfer-
ence  between  two  distanced  resonant  cavities.  Differently
from  previous  excellent  reviews  on  the  applications  of
BICs21−26,  our review will  specifically discuss the fundamen-
tal physics underlying different types of BICs, and delve into
the  recent  progress  on  the  design  capability,  from  the
conventional  approaches  of  using  iterative  methods,  to  the
novel  inverse  design  approach  based  on  machine  learning

which have greatly accelerated the design time and compu-
tational  resources.  In  addition  to  major  breakthroughs  in
super-BICs  and chiral  BICs,  we  discuss  intriguing  concepts
of  flatband  BICs  and  Moiré  BICs,  along  with  exotic
phenomena,  such  as  strong  light-matter  interaction,  ultra-
fast  dynamics  and  exceptional  points.  We  also  review  the
recent  advancements  and  key  challenges  in  BIC-enabled
applications.  Finally,  we  offer  our  perspectives  on  the
promising future of BIC in fundamental research emphasiz-
ing on emerging directions such as multilayer metasurfaces,
interfacing  BICs  with  quantum  emitters,  new  capabilities
enabled  by  advanced  fabrication  and  design,  and  pathways
towards scalable integration into photonic BIC metadevices.
An overview of our paper is summarized in Fig. 1.

 2    BIC cavity design
 2.1  Physical models and conventional design

approach

Q

k

Figure 2(a) shows  the  band  diagram  of  the  transverse
magnetic  (TM)  mode  of  a  photonic  crystal  slab.  The  light
line  serves  as  the  boundary  between  different  photonics
modes:  guided  modes  and  leaky  modes.  Guided  modes  are
situated  below  the  light  line  and  exhibit  no  radiation  into
free  space  due  to  index  guiding  effects.  In  contrast,  leaky
modes reside above the light line and can radiatively couple
with  the  surrounding  medium  because  of  their  smaller  in-
plane wavevector. The leaky modes possess a finite -factor
due to energy exchange with free space. However, at specific
wavevectors  ( -points),  BIC  modes  are  strictly  confined
within  the  photonic  crystal  slab  despite  having  access  to
radiation channels.

C4v{
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4 ,C2, σx, σy, σ '
d, σ''d

}
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4 C2
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C2

EEE = Exx̂e−jkz + Eyŷe−jkz C2

C2

Fundamentally, a photonic crystal can be understood as a
structure  possessing  translation,  rotation  and  reflection
symmetries  in  both  real  and  reciprocal  space.  Analyzing
these  symmetries  provides  a  foundational  understanding of
the  photonic  properties.  The  simplest  form  of  BIC  occurs
at  high  symmetry  points,  where  there  is  a  mismatch
between  the  symmetry  of  the  eigenmode  and  the  available
radiation  channels. Figure 2(b) shows  the  symmetry  opera-
tions  of -symmetry  lattice.  This  symmetry  group

 includes  the  identity  ( ),  90°
rotations  ( ),  180°  rotation  ( ),  and  mirror  symme-
tries  about  the x,  y and diagonal  axes  ( ).  At  the
Γ-point,  the  optical  modes  possess  the  full  symmetries.
One particularly useful  symmetry for identifying BIC states
is -symmetry. If  is an eigenmode,  is also an eigen-
mode differed by a constant: . We have 
as applying 180° rotation twice inverts the modes back to its
original state82.  Modes can thus be classified as even or odd
with respect to  symmetry. Below the diffraction limit, the
only  radiation  channel  is  the  plane-wave  represented  by

,  which  is  odd  under  transform.
Therefore,  any  even  modes  under -transformation  are
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Table 1 | Summary of all-dielectric materials for the fabrication of BIC resonances at different wavelength ranges.
 

Range Material
Bandgap @RT

(λg nm)
Optical constants31 Applications

Deep ultraviolet to ultraviolet

GaN 363
n ~ 2.7 @ 376 nm

k ~ 0.2 @ 376 nm
Lasing (λBIC ~ 376 nm)32

Diamond 227
n ~ 2.5 @ 300 nm

k ~ 0 @ 300 nm
Biosensing (λBIC ~ 240–340 nm)33

PEA2PbBr4(*) 365 (@5 K)
n ~ 2.5 @ 416 nm

k ~ 0.1 @ 416 nm
UV resonator (λBIC ~ 416 nm)34

Visible

TiO2 387 nm n ~ 2.6 @ 630 nm Lasing (λBIC ~ 630 nm)35,36

HfO2 221 nm n ~ 1.9 @ 426 nm Visible resonator (λBIC ~ 426−673 nm)37

hBN 194 nm n ~ 2.1 @ 426 nm SHG (λBIC ~ 400−975 nm)38

Transition metal dichalcogenides 620 nm 2nWS  ~ 4.2 @ 585 nm Exciton polaritons (λBIC ~ 585 nm39, λBIC ~ 600–800 nm40,41

InGaP 625 nm
n ~ 3.5 @ 625 nm

k ~ 0 @ 625 nm
Lasing (λBIC ~ 650 nm)42

Si3N4 234 nm n ~ 2.0 @ 532 nm
Sensing: λBIC ~ 530 nm43,44; λBIC ~ 780 nm45

Imaging: λBIC ~ 530 nm46

Si
1107 nm

(indirect)

n ~ 3.8 @ 700 nm

k ~ 0 @ 700 nm
Sensing: λBIC ~ 650−770 nm47

PEA2PbI4 530 nm n∞ ~ 2.4 Exciton polariton: λBIC ~ 490−530 nm48,49

Near- infrared to Mid-infrared

Si
1107 nm

(indirect)

n ~ 3.7 @ >826 nm

k ~ 0 @ >826 nm

Sensing: λBIC ~ 850 nm50; λBIC ~ 1400 nm51; λBIC ~ 1550 nm52,53;

λBIC ~ 737−1017 nm54; λBIC ~ 6667 nm55

SHG (λBIC ~ 1550 nm)56

THG (λBIC ~ 1400 nm)57,58

HHG (λBIC ~ 3978 nm)59

Chiroptical response with CD~0.93 and THG (λBIC ~ 1400 nm)60

Both SHG and THG (λBIC ~ 1500 nm)61

Polarization-independent THG and FHG (λBIC ~ 1550 nm)62

GaP 553 nm n ~ 3.2 @ 800 nm
SHG (λBIC ~ 1200 nm)63

SFG (λBIC ~ 1545 nm)64

GaAs 873 nm n ~ 3.5 @ 800 nm

Lasing (λBIC ~ 825 nm)65,66

Integrating quantum dots on Si-devices (λBIC ~ 1270 nm)67

Polariton condensation (λBIC ~ 816 nm)68

Al0.2Ga0.8As 742 nm
n ~ 3.3 @ >800 nm

k ~ 0 @ >800 nm
SHG (λBIC ~ 1550 nm)69

InxGa1−xAsyP1−y 1345 nm n ~ 3.1−3.5 @ 1550 nm Lasing (λBIC ~ 1558 nm)20,70

As2S3 539 nm n ~ 2.5 @ 1000 nm THG (λBIC ~ 900−1200 nm)71

Ge
1550 nm

(indirect)

n ~ 4.7 @ 827 nm

k ~ 0.3 @ 827 nm

Sensing (λBIC ~ 7142 nm)72

Phonon polaritons (λBIC ~ 5600 nm)73

Ge1−xSnx(*) n ~ 4.2 @ 1250 nm 74 Ultrahigh-Q cavity (λBIC ~ 1250 nm)74

LiNbO3 329 nm
n ~ 2.2 @ 1300 nm

k ~ 0 @ 1300 nm
SHG (λBIC ~ 1300 nm)75

THz Ge
1550 nm

(indirect)
n ~ 4 @ 0.75 THz76 Ultrafast modulator (λBIC ~ 4 × 105 nm − 0.75 THz)76

Si
1107 nm

(indirect)
n ~ 3.45 @ 1 THz77

Super-BIC cavity77

High-Q BIC78,79

GaAs/AlGaAs ~770 nm n ~ 4.3 @ 3 THz80 Lasing80

Microwaves Polymer ceramic composites -- n ~ 4.6 @ 30 cm High-Q BIC at microwave wavelength (λBIC ~ 30 cm)81

(*)theory only, RT = room temperature, SHG = second-harmonic generation, THG = third-harmonic generation, FHG = fifth-harmonic generation, HHG = high harmonic

generation, SFG = sum-frequency generation, PEA = phenethylammonium.
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unable to couple to the radiation and become BIC states.

E1 E2

γ1 γ2

The concept of symmetry-protected BIC involves a single
eigenmode.  However,  when  multiple  eigenmodes  share  the
same radiation channel,  far-field  radiation can be  cancelled
out  due  to  destructive  interference,  giving  rise  to  what  is
known  as  Friedrich-Wintgen  BICs.  We  consider  two  reso-
nances  with  resonance  energy ,  and  radiative  rates  of

, . The Hamiltonian of the system can be written as: 86,87
 

HHH =

(
E1 κ
κ E2

)
− i

(
γ1 eiφ√γ1γ2

eiφ√γ1γ2 γ2

)
, (1)

κ eiφ√γ1γ2
φ

here  and  signifies  the  near-field  and  far-field
coupling strength, and  is the phase difference between the
two modes. The eigenvalues can be expressed as: 

E± =
E1 + E2

2
− i

γ1 + γ2
2

±

√(
E1 − E2

2
− i

γ1 − γ2
2

)2

+
(
κ− ieiφ√γ1γ2

)2
. (2)

Applying  the  following  condition  derived  by  Friedrich-
Wintgen88: 

(E1 − E2) · p
√γ1γ2 = κ(γ1 − γ2) , (3)

pwhere  represents the parity difference of the modes.
The eigenvalues become: 

E+ =
E1 + E2

2
+ p κ

√γ1γ2
·
γ1 + γ2

2
− i(γ1 + γ2) , (4)

 

E− =
E1 + E2

2
− p κ

√γ1γ2
·
γ1 + γ2

2
, (5)

E−

E+

(γ1 + γ2)

here,  become purely real, indicating a BIC with no radia-
tive  loss.  In  contrast,  the  damping  rate  of  becomes

,  indicating  a  higher  radiative  loss.  This  can  be
understood as  the  destructive  and constructive  interference
of  the  two  resonances.  Such  BICs  are  often  found  at  the
avoided  crossing  of  two  bands  and  typically  require  fine-
tuning of system parameters89.

k

EEE = ejkkkρuuukkk(ρ, z) EEE
kkk = kxx̂+ kyŷ ρ = xx̂+ yŷ

uuukkk x−y

Fine-tuning  the  geometrical  parameters  can  lead  to
another  type  of  BIC  at  generic  wavevectors  ( -points)10.
These so-called accidental BICs involve only one mode and
not  protected  by  symmetry  that  are  distinct  from  the
symmetry-protected  and  FW-BIC.  Their  existence  can  be
attributed  to  the  combined  effects  of  time-reversal  symme-
try and inversion symmetry. In an infinite photonic slab, the
field  distribution  of  eigenmodes  is  described  by  the  Bloch
theorem:10,82,90 ,  where  is  the  electric  field,

 is the in plane wavevector,  is the
in-plane coordinates and  is a periodic function in the 
plane. Below the diffraction limit, the only outgoing wave is
the zeroth order diffraction mode,  with Fourier  coefficients
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Fig. 1 | Overview of the recent advances in BIC cavities, from design methodologies and physics to applications with prospects in fundamental research,
advanced fabrication processes and the development of BIC metadevices.
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cs(kkk) = ⟨êeekkk · uuukkk⟩
cp(kkk) = ⟨êeekkk · vvvkkk⟩ uuukkk, vvvkkk

êeekkk = (ky,−kx, 0)/|kkk|

ε (x, y, z) = ε∗(−x,−y,−z)
cs, cp

cs, cp = 0
kx

ky k

cs = 0 cp = 0

for  s  and  p  polarizations  expressed  as10: ,
,  where  are the electric and magnetic

periodic function at a distance away from the photonic slab,
and . The angle brackets denote integra-
tion over one unit cell. The combined time-reversal symme-
try  and  inversion  symmetry, ,
allows  to  be  either  real  or  imagery  simultaneously10,90.
This reduced the total degree of freedom and thus the condi-
tion:  can  be  met  with  parameter  tuning.  In  some
systems,  this  can  be  achieved  by  simply  varying  the  and

,  giving  rise  to  accidental  BICs  at  generic -points.  This
argument  also  suggests  that  a  BIC point  is  a  singular  point
where the nodal lines of  and  meet, illustrating
the role of BIC as a topological polarization singularity90.

EEE =
∑

GGGmn
cmne−j(kkk+GGGmn)ρ cmn

GGGmn = mbbb1 + nbbb2 bbb1 bbb2

The  concepts  of  symmetry-protected  and  accidental  BIC
can  also  be  explained  by  decomposing  the  outgoing  wave
into plane-wave basis using Bloch theorem. The destructive
interference  of  these  guided  modes  through  the  in-plane
closed channel and the out-of-plane radiative channel83. This
is conceptually shown in Fig. 2(c). Using Fourier expansion,
the  Bloch  theorem  can  be  further  written  as91:

,  where  are  the  Fourier  coeffi-
cients and  with  and  being the recip-
rocal  lattice  vectors.  As  shown  in Fig. 2(d–f),  each  Fourier
coefficients contributes to the radiation with different phases

k
and intensities.  The  symmetric  nature  of  these  wavevectors
results in destructive interference at any arbitrary -points.

EEE (rrr) =
∑∞

j=1

∑m=j

m=−j
[ajmNNNjm (rrr) + bjmMMMjm (rrr)]

NNNjm (rrr) MMMjm (rrr)
ajm bjm

Γ

Apart  from the plane-wave basis,  the  outgoing wave of  a
photonic  crystal  slab  can  also  be  decomposed  to  a
series  of  vector  spherical  harmonics  as  following92,93:

,  where
 and  are the electric and magnetic multipolar

vector  fields  and  and  are  the  corresponding  expan-
sion  coeffecients.  Intrinsically,  these  electric  and  magnetic
multipoles  have  nodes  with  zero  radiation  in  highly
symmetric directions, corresponding to symmetry-protected
BICs94.  The combination of multiple multipole components
also  leads  to  the  cancellation  of  radiation  in  certain  direc-
tions,  which  explains  the  off-  BICs94.  Furthermore,  differ-
ent  multipolar  patterns  exhibit  distinct  vector  characteris-
tics in the far field, contributing to the understanding of the
vectorial  singularity  nature  of  BICs84. Figure 2(g) illustrates
examples  of  these  multipolar  patterns,  showcasing  their
unique polarization topology and nodes of zero intensity.

k

Understanding the mechanisms behind different types of
BICs  provides  valuable  insight  into  designing  BICs  at
specific  wavelengths  and -points.  The  most  common
approach  to  achieve  BIC  design  involves  sweeping  the
geometries,  for  example  finite-difference  time-domain
(FDTD),  finite  element  method  (FEM),  guided-mode
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Fig. 2 | (a) The band diagram of a photonic slab consisting of Si3N4 film with air holes. The light line divides the mode into guided modes and leaky modes.
The insets show the unit cell parameters and the first Brillouin zone of the reciprocal space lattice. (b) Symmetry operations of a  lattice. (c) Schematic
of a Si3N4 photonic crystal on a silica cladding layer on top of a silicon substrate. The top liquid layer is the refractive-index matching layer to ensure the
vertical symmetry (nliquid = ).  The phase matching condition for (d) G-point, (e) k = 0.25 μm−1 along the Γ-X direction; (f)  μm−1 in the Γ-M
direction. Arrows with the same color indicate wave vectors from equivalent high symmetry points. (g) Top: radiation pattern of a few selected multipoles
with arrows pointing to the null intensity. Bottom: The polarization pattern for singular points with different topological charges. Figure reproduced with
permission from: (c–f) ref.83, American Physical Society; (g) ref.85, American Physical Society.
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expansion,  rigorous  coupled-wave analysis  (RCWA),  which
require iterative search and sweeping parameters in multidi-
mensional  space and hence,  computationally  expensive and
time-consuming.  Furthermore,  the potential  of  these meth-
ods is  limited to relatively simple geometry.  For symmetry-
protected  BICs,  tuning  the  geometry  shifts  the  BIC  wave-
length while keeping the -point fixed95. Thus, only a single
tuning  parameter  is  typically  needed  to  achieve  BIC  at  a
specific wavelength. In contrast, for accidental BICs and FW
BICs,  modifying  a  single  geometrical  parameter  leads  to
shifts in both the wavelength and -point. Therefore, multi-
ple  tuning  parameters,  such  as  the  lattice  size,  geometrical
shapes, and the thickness of the photonic crystal, are gener-
ally required to achieve the desired BICs70,96.

 2.2  Machine learning and inverse design approach

k

Although the  topological  properties  and high quality  factor
of  a  simple  isolated  BIC,  have  enabled  a  plethora  of  new
applications,  recent  advances  in  this  field  have  brought
exciting  development  in  combining  BIC  with  other  unique
photomesons, such as introducing BIC to zeros index mate-
rials97,98,  controlling  the  interaction  of  multiple  BIC70,99,100,
tuning the chirality and polarization properties of BIC101,102,
controlling the topological charge103. Conventional methods
based on analytical models and parameter sweeping become
increasingly  challenging  for  these  complex  functionalities
because  they  require  tuning  multiple  and  intercoupled
parameters  in  both  real  space  and -space.  Inverse  design
algorithms104−108 are  powerful  tools  to  tackle  this  challenge.
Not  only  can  they  be  applied  to  explore  large  numbers  of
design  parameters  but  also  generate  designs  with  freeform
geometries  that  cannot  be  defined  by  simple  geometrical
parameters.  For  example,  zero-index  BIC  is  achieved  by
complex  shapes  described  by  a  Fourier  series  of  the  polar
coordinates97.  Tuning  of  multiple  BICs  is  achieved  by
freeform  geometries  represented  by  a  latent  vector  inter-
pretable by neural networks109.

The  starting  point  of  an  inverse  problem  is  typically  the
desired optical response and an optimization method is used
to find a design that matches the desired response as close as
possible.  Inverse  design  methods  can  be  divided  into  two
categories:  conventional  iterative  methods  and  data-driven
methods. In conventional methods, a figure of merit (FOM)
function represents how close the current optical response is
to  the  desired  one.  The  FOM  function  is  improved  itera-
tively  by  optimization  algorithms  such  as  gradient  descent,
particle swarm optimization, simulated annealing and so on.
The  algorithm  terminates  when  the  FOM  cannot  be
improved  further.  Data-driven  methods  use  pre-obtained
data  to  train  various  machine  learning  frameworks  to
capture the statistical distribution of these data and to gener-
alize  to  new  designs  not  far  away  from  the  initial  training
data  set.  Both  the  iterative  methods  and  the  data-driven
methods  are  well-reviewed  and  interested  readers  can  refer

to these works104−108.  Here, we focus on the inverse problem
in BIC design, which poses unique challenges for the inverse
design algorithm.

AAAeee = bbb AAA
eee

bbb

For the gradient descendent algorithm, the challenge is to
calculate the derivative of the FOM functions with respect to
the  input  parameters  accurately  and  efficiently.  One  solu-
tion  is  the  adjoint  method.  It  is  well  suited  for  a  general
linear scattering problem with the form , where  is
the  representation  of  the  system  under  study,  is  the  field
distribution and  is the source110. The gradient FOM can be
expressed as a function of the forward field and adjoint field
due  to  the  Lorentz  reciprocity107.  Minkov  et  al.110 expanded
this  method  to  the  eigenvalue  problem  by  using  automatic
differentiation,  which  formulates  the  eigenvalue  problem
into a  computation graph that  traces  the  gradient  of  all  the
fundamental  operations  and  calculates  the  overall  gradient
by  the  chain  rule.  Using  this  method,  they  came  up  with  a
complicated photonic slab design that features a Dirac cone
formed  by  the  accidental  degeneracy  of  3  symmetry-
protected  BIC  at  the G-point.  The  Dirac  cone  dispersion
allows  the  structure  to  maintain  a  high Q-factor  with  zero
effective indexes.

Q

Compared  to  iterative  methods,  machine  learning  algo-
rithms  can  boost  the  inverse  design  speed.  At  a  one-time
training  cost,  the  algorithm  can  be  used  for  on-demand
inverse design. A challenge for machine learning algorithms
is  the  representation  of  BIC  modes.  Since  BIC  emerges  as
vanishing linewidth in the reflection and transmission spec-
tra, they take up only a few data points, if any, in the whole
reflection  or  transmission  spectrum.  They  are  easily  over-
shadowed by broader background peaks because the broader
peaks  have  more  statistical  significance.  This  could  lead  to
the failure of  the machine learning algorithm. A solution is
to decompose the spectrum into an analytical sum of Fano,
Lorentzian,  and  Gaussian  peaks  and  to  establish  the
mapping  between  these  analytical  parameters  with  the
geometrical parameters111,112. However this means the design
only  works  for  quasi-BIC  with  spectral  features.  Another
strategy  is  to  solve  the  eigenmodes  and  pick  out  the  BIC
based on the -factor or the symmetry of the modes109,113,114.
The  limitation  of  this  method  is  that  the  transmission  and
reflection  spectra  excited  with  a  broadband  light  source
cannot  be  predicted  directly.  We  envision  that  these
conflicting  challenges  can  be  addressed  through  more
advanced  design  strategies,  such  as  integrating  eigenmode
analysis  with  spectral  optimization  during  inverse  design.
Another promising direction is the use of physics-informed
machine  learning  algorithms,  which  embed  the  underlying
physics of optical resonances directly into the network archi-
tecture.  Although  such  methods  have  already  been  applied
to BIC design, their current implementations remain largely
constrained to quasi-BIC regimes109,111,113−118.

Table 2 summarizes recent advances in design algorithms
for  BICs.  Achieving  high-performance  designs  with
minimal  datasets  remains  a  central  objective,  and  several

Do TTH et al. Opto-Electron Adv 9, 250224 (2026) https://doi.org/10.29026/oea.2026.250224

250224 (Page 6 of 33)

https://doi.org/10.29026/oea.2026.250224


k

encouraging  developments  have  emerged.  For  example,
physics-informed  machine  learning  techniques  can  reduce
the  required  dataset  to  fewer  than  100  samples117.  It  is  also
encouraging  to  see  machine  learning  and  other  inverse-
design approaches  leveraging BIC physics  have  enabled the
realization  of  a  variety  of  novel,  high-performance  optical
metasurfaces.  Despite  some  exciting  progress,  the  potential
of the inverse design algorithms in the BIC design is still yet
to be fully uncovered. We expect further developments to be
made in aspects such as on-demand BICs at specific -point
and  wavelength,  complex  polarization  control,  complex
topological  control,  arbitrary  manipulation  of  multiple  BIC
points  and  the  novel  physics  based  on  these  complex
geometries.

 3    Manipulation of BICs and novel
physics

 3.1  Manipulation of BIC topological charges

 3.1.1  Topological charges
The  game-changing  discovery  on  BICs  is  their  topological
nature90 that  has  opened  new  opportunities  for  tailoring
photonic  structures  to  add  new  functionalities  for  various
advanced research and applications. The description of BIC
topological  charges  is  analogous  to  Pancharatnam-Berry
phase  topology,  which  correlates  the  orientations  of  polar-

izations and the spin of incident photons.  Due to the topo-
logical  nature,  photons associated with BIC mode possess a
vortex  characteristics126.  Therefore,  understanding  the
charges of BIC in photonic systems allow us to design vector
beams  and  their  spin  properties.  Furthermore,  it  leads  to
exotic physics such as spin-Hall effect of light, in which left-
handed  and  right-handed  polarized  photons  are  deflected
along  different  directions127.  Abdrabou  et  al. generalized  a
theory  for  the  minimum  number  of  tunable  parameters  to
preserve  a  nondegenerate  BIC  for  specified  structural
perturbations128.

BICs in periodic photonic lattices manifest  themselves as
singularities  of  polarization  vortices  in  the  far-field  radia-
tion, where BICs appear at the vortex center129,130. The polar-
ization  states  include  linear  polarization,  elliptical  polariza-
tion  and  circular  polarization.  A  vortex  is  characterized  by
its  topological  charge,  which  is  defined  as  the  winding
number of the polarization vector around the singularity: 

q =
1
2π

z
C
dkkk · ∇kkkρ(kkk), (6)

ρ (kkk) = arg[cx (kkk) + icy(kkk)]

kkk ccc (kkk) = cx (kkk) x̂+ cy(kkk)ŷ
C

where  is  the  angle  of  the  polar-
ization  vector  projected  on x-y plane  as  a  function  of
wavevector ,  is  the  polarization
vector, and  is a closed path going around the vortex in the
anticlockwise  direction.  The  topological  charges  strongly
depend  on  the  point-group  symmetries  of  metasurfaces90,

 

Table 2 | Summary of recent advances in design algorithms for BICs.
 

Dataset size/

iterations
Training strategy Type Figure of merit (FoM)

26881 (ref.115)
Transformer forward neural network plus inverse neural

network
quasi-BIC

Prediction efficiency increased by 96.5% compared to

multilayer perceptron model

68 (ref.117) Prior knowledge-guided generative diffusion model quasi-BIC
Improvements exceeding 30% in key resonance metrics

over classical designs

29400 (ref.116) Multi-head self-attention-based transformer quasi-BIC
99% prediction error reduction compared to conventional

transformer model

17161 (ref.118) Transfer learning with fully connected neural networks quasi-BIC
Network error <1.2%, and the FoM prediction error <2%,

effective sensing area prediction error <0.5%

~4000 (ref.111)
Physics informed transfer learning based on convolutional

neural network
quasi-BIC 95% prediction accuracy

50000 (ref.113) Physics-inspired inverse design with neural network BIC 1% error with desired BIC

3000–6000 (ref.119)
Fully connected neural networks with sparse identification

of nonlinear dynamics
quasi-BIC R2~0.627, RMSE~0.14, MAE~0.109

1100 (ref.120)
Random parameter adjustment process combined with a

convolutional neural network
Mini-BIC Q ~ 6.32 × 105 (Q ~ 4.32 × 104 in the baseline design)

18000 (ref.109) Generative model BIC BIC wavelength accuracy ~ ±15 nm

121 (ref.121) Random forest EIT The simulation time is reduced from 3 months to one-hour

~10000 (ref.122) Random forest quasi-BIC R2>0.7

NA (ref.123) Random forest quasi-BIC Q > 104

550 iterations (ref.124) Adjoint-based gradient driven optimization quasi-BIC Q ~ 6 × 106

100–400 iterations (ref.125) Adjoint-based topology optimization quasi-BIC Q ~ 435, CD ~ −0.76

(EIT = electrically induced transparency, RMSE = root mean squared error, MAE = mean absolute error, CD = chiral dichroism)
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kwhich suggests  that  BICs can freely  move in -space,  while
structural  parameters  are  varied  as  long  as  the  system
symmetries are kept unaltered.

 3.1.2  Manipulation of topological charges for advanced
functionalities of BIC cavities

Q

The  charges  can  be  generated  or  annihilated  by  modifying
the structural parameters such as slab thickness and period,
while the total charge is conserved131,132.  The charge conser-
vation allows us to predict the behavior of the systems upon
major  parameter  changes.  For  example,  when  several  BICs
with  total  charges  zero  collide,  the  BIC  disappears.  A  BIC
with  integer  charge  can  also  decay  into  several  BICs  with
half-integer  charges  that  exhibit  circular  polarization.  The
topological  physics  of  BICs  has  been  further  extended  to  a
new concept of bound topological edge states in the contin-
uum introduced by Zhang et  al.133.  The authors  proposed a
scheme  combining  topological  bandgap  and  BIC  at  the  air
edges  of  nontrivial  photonic  crystals.  Two  bound  topologi-
cal  edge  states  with  divergent -factor  and different  inher-
ent  helicities  are  generated that  can merge  by  changing the
radius of the defect cylinders.

 3.2  Super BICs

Q

Q

QBIC ∼ 1/(k− kBIC)2|q|

Q QBIC ∼ 1/(k− kBIC)2

cx(kkk) cy(kkk)
z

σh z

In various applications, high-  resonators with strong field
enhancement  and amplified  optical  signals  are  required  for
low-power  consumption.  In  this  regard,  BICs  are  advanta-
geous because of the suppressed cavity losses and high toler-
ance  to  fabrication  imperfections  owing  to  their  topologi-
cally protected nature. However, a main drawback of BICs is
the  fast  decay  of  their -factor  decays  as  moving  away
from  the  singularity  in  the  reciprocal  space,  i.e.

 that  introduces  scattering  loss  chan-
nels  and limits the device performance99.  In most cases,  the

-factor  reduces  to  for  the  charge  +1
or −1. A viable route is merging multiple BICs in reciprocal
space  to  form  a  super-BIC  state.  Topological  charges,
defined  by  the  polarization  vector  projected  on  the  (x,y)-
plane, requires  and  to be real that is protected by
the rotational symmetry about -axis, time-reversal symme-
try  and  (up-down  mirror  symmetry  in -direction)  of
photonic  systems.  BICs  are  allowed  to  move  along  the
symmetric  directions.  Therefore,  by  breaking  the  appropri-
ate symmetry via tuning structural parameters, BICs can be
controlled  in  reciprocal  space.  Four  main  merging  mecha-
nisms can be categorized as:  (i)  merging multiple FW-BICs
or  accidental  BICs  with  a  symmetry-protect  BIC  pinned  at
Γ-point, (ii) merging FW-BICs with accidental BICs at off-Γ-
point,  (iii)  merging  the  split  BICs  from  a  high-order  BIC
with accidental BICs at off-Γ-point and (iv) merging extrin-
sic  BICs  from  an  external  cavity  with  intrinsic  BICs.
Depending on the design objectives, specific symmetries and
structural parameters are selectively broken to control indi-

Cz
6 Cz

3 Cz
2

Qsuper-BIC

vidual  BICs  accordingly.  While  (i)  and  (ii)  can  be  achieved
by  changing  symmetry-independent  parameters  such  as
thickness  of  the  photonic  crystal  slab  or  periodicity,  (iii)
require breaking the structure symmetry from, for example,

 or  to .  Finally,  the  mechanism  (iv)  enriches  the
design  possibility  to  construct  super-BIC  configurations  by
introducing  an  additional  degree  of  freedom  for  BICs
manipulation.  The  topological  scaling  rule  of  the 
depends  on  the  involved  topological  charges,  the  types  of
BICs and the merging mechanisms.

a = 519.25

a k

ac = 531.42
Q k = 0

Q Qsuper-BIC ∼ 1/k6
Q

a ac
Q Q ∼ 1/k2

Q ∼

In a pioneering work, Jin et al.99 has designed a photonic
crystal  (PhC)  slab  with  a  square  lattice  of  circular  air  holes
that supports 9 BICs in the TE A band (Fig. 3(a)). The distri-
bution of the BICs in the momentum space is shown in Fig.
3(b) for different scenarios. When the periodicity 
nm,  the  9  BICs  are  far  apart,  including  a  symmetry-
protected  BIC  pinned  at Γ-point,  and  8  accidental  BICs
located at off-Γ-point. Each BIC carries a topological charge
of  +1  or −1  that  is  represented  by  a  polarization  vortex  as
shown  in Fig. 3(b),  bottom  panel.  By  changing  the  sample
periodicity ,  the  accidental  BICs move in -space towards
the  center.  When  the  periodicity  hits  a  critical  value

 nm,  all  the  9  BICs  merge  into  a  single  isolated
BIC  (Fig. 3(b)).  The -factor  diverges  at ,  and  the
divergence of the -factor reduces to , lead-
ing to 12-time enhancement of  at nearby states compared
with the single-BIC design (Fig. 3(c)). When  is off from ,

-factor  returns  to .  By  using  the  super-BIC
concept,  a  record  low  lasing  threshold  of  1.47  kW/cm2 has
been achieved with -factor of up to 730070.  This thresh-
old  is  50  to  ten  millions  times  smaller  than  previously
reported BIC lasers20,65,134,135.

k = 0 k ̸= 0

Q
∼ k−4

k

Cz
2T

Q
Qsuper-BIC ∝ k−8

|q| = 2

Merged  BICs  can  be  achieved  at  not  only  at Γ-point
( )  but  also  at  any  oblique  angles  ( )  by  breaking
proper  symmetries77,131,136 that  extends  the  applications  of
supercavities in beam steering, directional emissions, modu-
lators  and  sensors,  in  which  the  angular  selectivity  is
required.  Kang  et  al. demonstrated  the  merging  of  a  FW-
BIC and an  accidental  BIC in  a  square  array  of  circular  air
holes on a Si3N4 PhC (Fig. 3(d)). By varying the thickness of
photonic  crystal  slabs  (Fig. 3(e)),  the  coupling  between
photonic  modes  is  altered  that  brings  the  FW-BIC  and  the
accidental  BIC  close  to  each  other.  The -factor  of  the
merged BIC is enhanced to 136. The merged BIC is no
longer  restricted  at  only  high  symmetry  points  but  can  be
continuously  tuned  in -space  by  further  breaking  proper
symmetries.  For  example,  when  the  circular  air  holes  are
modified  into  elliptical  shape,  all  the  in-plane  mirror
symmetries are broken while  symmetry is preserved. By
varying the thickness, the accidental BICs can merge at any
arbitrary k-point136.  The  scaling  rule  of -factor  can  be
noticeably  tailored  to  by  merging  multiple
fundamental  BICs  with  a  higher-order  BIC  with ,
which  is  supported  by  high  symmetry  groups  or  higher
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Qsuper-BIC ∝ k−2|q|−4
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energy bands.  The  enhancement of the nearby states can
be  generalized  to  77,103.  Interestingly,  by
reducing the system symmetry from  to  (e.g., elliptical
air  holes,  deformed  lattice),  high-order  topological  charges
(e.g., )  at  high-symmetric  points  (Γ-point)  can  split
into few low-order charges (e.g., ) at off-Γ-point103,131,
which can merge with accidental BICs or FW-BICs to form
super-BICs at any point in the reciprocal space.

Qsuper-BIC ∼ k−10 Q

Qsuper-BIC ∼ k−14

Qsuper-BIC ∼ k−6

By considering 5 BICs originated from all 3 different types
(i.e.,  symmetry-protected  BICs,  FW-BICs  and  accidental
BICs),  Liu  et  al. theoretically  proved  the  scaling  rule

137. In order to further improve the -factor,
a  hybrid  system,  consisting  of  extrinsic  Fabry-Perot  BICs
originating  from  a  multilayer  structure  and  three  intrinsic
BICs in an 1D photonic crystals, unlock another symmetry-
independent  parameter  to  manipulate  BICs.  By  tuning  the
gap  distance  between  the  PhC  and  Fabry-Perot  cavity,  5
intrinsic  BICs  of  the  three  types  and  two  extrinsic  BICs
merged.  As  a  result,  the  system  can  acquire  significantly
enhanced  for  merging  at Γ-point  and

 for merging at off-Γ-point 137. The concept of

Q

k
kx ky

supercavities  utilizing  the  topological  nature  of  BICs  has
enabled  the  engineering  of  optical  resonators  for  signifi-
cantly enhanced -factors at  a  broader range of  angles.  An
alternative  approach  to  suppress  the  scattering  loss  and
attain  robustly  ultrahigh Q-factor  for  BIC  cavities  is  by
introducing lattice perturbation that converts guided modes
into  Brillouin-zone  and  significantly  enhances  their Q-
factors78,79.  Additionally,  emerging  half-integer  charges  in
momentum space leads to unidirectional guided resonances
(UGRs) mode as  reported by Yin et  al. for  telecommunica-
tion  regime100.  While  the  conventional  designs  for  UGRs
using mirrors are bulky, complex, dispersive and dissipative,
the  idea  of  using  merged  BIC  modes  results  in  simple,
compact  and  high-efficiency  optoelectronic  devices.  The
system  consists  of  an  array  of  500-nm  high  silicon  grating
structure  (Fig. 3(f)).  When  the  sidewall  is  tilted  from  verti-
cal  direction,  the  two  half-integer  charges  move  in  the -
plane  with  the  same  but  opposite .  When  left-handed
and right-handed photons meet, the output photon becomes
unidirectional  because  the  radiation  cannot  exist  at  both
states  at  the  same  time  (Fig. 3(g)). Figure 3(h) shows  the
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ky = 0.01(2π/a)

|q| = 1
q = −2

comparison  between  the  upward  (top)  and  downward
(bottom)  signal  under  resonant  excitation  for  the  mode  at

. For the resonances at URGs, the downward
radiation is negligible compared with the upward radiation,
while  for  those  off  from URGs,  the  upward and downward
signals  are  comparably  strong.  Not  limited  to  fundamental
BICs  with ,  Yoda  and  Notomi  demonstrated  the
deterministic  manipulation  of  high-order  charges 
into two accidental BICs or into several circularly polarized
states by breaking the C6-symmetry of the system131.

 3.3  Chiral BICs

Chirality  describes the property of  an object  that  cannot be
superimposed  onto  its  mirror  image.  Chirality  in  optical
fields arises due to the rotating electric and magnetic field as
well as orbital angular momenta creating a helical phase front.
The study of  the  chiral  light-matter  interactions  has  practi-
cal  significance  for  biological  and  pharmaceutical  applica-
tions  to  boost  the  detection  of  chiral  enantiomers138,139,
enables  novel  technologies  for  communication  and  optical
computing140,141.  The  most  widely  observed  forms  are  opti-
cal  rotation (OR) and circular  dichroism (CD).  OR charac-
terizes the different phase response for left-circularly polar-
ized (LCP) and right-circularly polarized (RCP) light,  while
CD characterizes the difference in the optical absorption for
different handedness. Furthermore, the nanoscale spin-orbit
interaction gives rise to a plethora of novel phenomena such
as  spin-to-vortex  conversion  and  photonic  spin-Hall
effect142.  Chiral  optical  interaction  is  a  very  broad  topic,
which  has  been  discussed  in  previous  comprehensive
reviews143,144.  Here,  we  focus  on some of  the  latest  develop-
ment related to chiral  effects  using BICs in dielectric  meta-
surfaces.  Indeed,  the  combination  of  BIC  and  chirality  has
been applied in many fields such as nonlinear vortex genera-
tion145,146,147 sensing  and  sorting  enantiomers148,149,  terahertz
applications150,151 and lasing102,134.

The  study  of  symmetry-protected  BIC  shows  the  integer
topological  charge  of V-points  splits  into  pairs  of C-points
with half  topological  charge  (±1/2)  and an L-line  by break-
ing the in-plane C2 symmetry (Fig. 4(a)). Different topologi-
cal  configurations  such  as  "lemon",  "star"  and  "monstar"
were found for different BICs152. Meanwhile, the breaking of
integer  topological  charge  into  a  pair  of C-points  was  also
observed for off-Γ accidental BICs153. The study of a symme-
try-protected BIC with a higher topological number (−2) in
a C6 symmetry  photonic  lattice  shows  the  splitting  of  the
BIC into a more complicated configuration. It  can generate
not only off-Γ BICs with lower topological  charges but  also
C-points  with  opposite  topological  charges  and  the  same
handedness131.  This  was  demonstrated  experimentally  after
that154.  Subsequently,  by  reducing  the  mirror  symmetry
while  keeping the  inversion symmetry in  the  vertical  direc-
tion,  the  pair  of C-points  with  the  same  handedness  but
opposite topological  charges can be generated and manipu-

lated  with  the  geometrical  parameters  (Fig. 4(b)).  Two C-
points  with  the  same  half-integer  topological  charge  but
different  handiness  merge  into  a V-point,  while C-points
with  the  same  handiness  but  opposite  topological  charges
annihilate132.

Q

Q

Q

Extrinsic  chirality  can  be  observed  when  the  incidence
angle coincidence with these C-points,  even if  the structure
itself is achiral156. In contrast, intrinsic chirality refers to the
chiral  optical  effects  at  a  normal incidence.  Intrinsic  chiral-
ity in planar metasurfaces with out-of-plane mirror symme-
try  is  forbidden  by  symmetry  and  reciprocity157.  Therefore,
all  symmetries  must  be  eliminated  to  achieve  intrinsic
chirality.  One such design adopts the stacking of two layers
of  scatterers  (Fig. 4(c)).  By  the  rotation  of  each  layer,  the
eigenpolarization can be arbitrarily elliptical while maintain-
ing high -factor Fano resonances155.  An alternative way to
break the out-of-plane mirror symmetry is the height differ-
ences  in  the  structure.  By  tuning  the  height  difference  and
rotational  angles  of  two dielectric  bars,  the  coupling of  one
handedness  can  be  eliminated  while  the  opposite  handed-
ness  is  critically  coupled,  resulting  in  maximum  CD158.
Subsequently, this idea is realized experimentally by a novel
multi-step  fabrication  process159.  In  a  lossless  medium,  a
similar  method  can  be  used  to  achieve  the  total  transmis-
sion  of  one  helicity  and  the  total  reflection  of  the  opposite
helicity160.  Chiral  BIC  plasmonic  metasurface  were  also
demonstrated numerically by taking advantage of the height
difference in a 3D structure161.  Creating height difference is
challenging for current nanofabrication techniques. A more
practical  way  to  break  out-of-plane  symmetry  is  to  use
slanted  geometry  (Fig. 4(d)).  Experimentally,  the  slanted
side  wall  is  achieved  by  placing  the  sample  on  a  wedged
substrate  and  placing  an  ion  collimator  above  the  sample
during dry etching. By tuning the incline angle as well as the
in-plane geometry,  intrinsic  chirality  with near  unity  CD is
observed while maintaining a high -factor101. A high-index
substrate  can  also  break  the  out-of-plane  mirror  symmetry
implicitly.  Indeed,  by  carefully  optimizing the  planar  struc-
ture  and  engineering  the  interaction  with  the  substrate,  a
chiroptical response can be observed162. Remarkably, a near-
perfect CD (~0.93) was demonstrated by tuning the in-plane
geometries60.  Apart  from breaking the structural  symmetry,
it was postulated circular eigenstates can also be realized by
breaking  the  time-reversal  symmetry.  The  magneto-optical
coupling  cause  Zeeman  splitting,  giving  rise  to  circular
eigenstates163.  The  advantage  of  such  scheme  is  that  the
chirality  of  the states  can be switched by the magnetic  field
while  preserving  the  structural  symmetry,  thus  higher -
factors.

P = [pLCP, pRCP] .

A  unified  framework  for  describing  chirality  in  any  BIC
cavity can be established using coupled-mode theory where
the  cavity  fields  can  be  decomposed  into  two  components

 The  dynamical  evolution  of  these  compo-
nents,  including their  interaction with external  radiation,  is
governed by the coupled-mode equations: 

Do TTH et al. Opto-Electron Adv 9, 250224 (2026) https://doi.org/10.29026/oea.2026.250224

250224 (Page 10 of 33)

https://doi.org/10.29026/oea.2026.250224


dP
dt

=
[
i (ω− ω0)− γ0

]
P+Ma , (7)

 

b = NP+ Ca , (8)
a = [aLCP, aRCP] b= [bLCP, bRCP]

M N

where  and  denote  the  ampli-
tudes  of  the  incoming  and  outgoing  radiation  channels,
respectively. The matrices  and  describe the coupling of
the  incident  waves  into  the  cavity  mode  and  the  radiation
emitted  from  the  mode.  Their  elements  are  constrained  by
time-reversal symmetry and reciprocity.

C

Ca

The  matrix  represents  the  direct  (non-resonant)  scat-
tering pathway between the incident and outgoing waves. Its
values can be obtained by modeling a uniform slab with the
same average material  properties;  importantly,  the  term

does not introduce any chirality.

M N
Chiral  responses  arise  from  engineering  the  elements  of
 and  such that  one helicity  becomes selectively  decou-

pled  from  the  radiation  channel.  BICs  are  particularly
advantageous  for  achieving  strong  chiral  behavior  because
their modes are naturally decoupled from radiation for both
helicities.  Therefore,  one  only  needs  to  symmetry-breaking
to  enable  coupling  of  a  single  helicity  to  the  radiation
continuum. Table 3 summarizes  recent  experimentally
demonstrated  chiral  metasurfaces  across  different  wave-
length regimes.

A  time-even  pseudoscalar  called  optical  chirality  can  be
used  to  quantize  the  asymmetry  of  the  interaction  electro-
magnetic field with chiral molecules169: 
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C =
ε0
2
EEE · ∇ × EEE+

1
2μ0

BBB · ∇ × BBB , (9)

ε0 μ0
EEE BBB

CCPL = ±2Ueω/c c
ω

Ue = ε0|EEE|2/4

|C/Ue| > 2ω/c

Q

C/CCPL

where  and  are the vacuum permittivity and permeabil-
ity, and  and  are the time-varying electric and magnetic
fields. The optical chirality quantitatively describes the exci-
tation  rate  of  chiral  molecules  when  placed  in  a  chiral  EM
field.  For  plane waves  in free  space,  the maximum chirality
of a circularly polarized light is , where  is
the  speed of  light,  is  the  frequency of  light,  and ± repre-
sents  the  chirality  of  left-handed  and  right-handed  circu-
larly polarized light,  is the time-averaged elec-
tric  energy  density170.  It  is  shown  that  Maxwell's  equation
allows the existence of superchiral fields, whose chiral asym-
metry  is  higher  than  that  of  circularly  polarized  light,  i.e.

170.  Superchiral  fields  can  be  easily  achieved
in  the  near  field  because  the  evanescent  field  allows  much
higher spatial frequencies than in the free space. Quasi-BIC
modes are found to be efficient superchiral near-field gener-
ators  due  to  the  high -factor  which  enhances  near-field
interaction. By exciting x- and y-polarized quasi-BIC modes
simultaneously,  a  strong superchiral  near  field  contributing
to  a  ~59  times  enhancement  of  CD  signal  is  observed  by
numerical  simulation145.  Another  study shows each isolated
BIC  has  a ~10,  and  this  value  can  be  enhanced  by
almost  two orders  of  magnitude when the TE and TM BIC
merge171.

kThe  topological  vortex  in  the -space  also  gives  rise  to
strong  photonic  spin-Hall  effects.  It  is  shown  theoretically
that  the  spin  angular  momentum  (SAM)  can  transfer  to
orbital  angular  momentum (OAM) via  the interaction with
a  BIC  of  a  periodic  array  of  dielectric  spheres172.  Subse-
quently,  this  is  demonstrated  experimentally  by  impinging
circularly  polarized  light  onto  a  photonic  slab  (Fig. 4(e)).
The rotation of the polarization field around a BIC point can
exert a Pancharatnam-Berry phase upon interaction with the
cross-polarized  part  of  the  incoming  circularly  polarized
light126.  In this case, the metasurface is not required to have
chiral  geometry.  Instead,  the  chirality  is  mediated  by  the

k k

σ (n±1) q q
n σ

vortex  in  the -space.  This -space  Pancharatnam-Berry
phase can also manifest in the nonlinear regime. The third-
and fifth-harmonic excited by circular polarization is shown
to have  topological charge, where  is the polariza-
tion charge of the BIC,  is the order of harmonics, and  is
the  polarization  state  of  the  excitation  light173.  The  spin-
polarized  directional  coupling  of  the  evanescent  waves  in  a
BIC  mode  is  also  observed  when  excited  by  a  circularly
polarized beam at normal incidence174. At oblique incidence,
it is found that the spin-dependent beam shift can happen in
both lateral  directions  (Fig. 4(f))  due  to  the  combination of
the Pancharatnam-Berry phase and resonant phase gradient
inflicted on the cross-polarized light127.

 3.4  Flatband BICs

m∗ = ℏ2/
d2E
dk2

The concept of the Moiré superlattice was first developed in
the  context  of  twisted  bilayer  graphene  or  other  van  der
Waals  heterostructures.  These  structures  arise  when  two
layers  of  material  with  similar  periodic  arrangements  are
stacked with a slight twist or misalignment, resulting in new
periodic  patterns  and  unique  properties.  In  a  similar
manner,  Moiré  superlattices  can  be  generated  within
photonic  systems  by  superimposing  two  periodic  photonic
structures  that  have  slight  variations  either  in  their  lattice
constants  or  in  their  orientation175−179.  Under  the  specific
interlayer  coupling  and  twist  angles,  a  flatband  can  be
formed in this system. In the flatband regime, light becomes
highly localized, often concentrated in specific regions of the
superlattice180.  In  addition,  the  effective  mass  of  photons,

calculated  by ,  increases  significantly  in  the
flatband, causing the light to propagate more slowly through
the  structure.  This  slow  light  effect  further  increases  the
light-matter  interactions,  thus  benefiting  the  lasing176−178,
nonlinear  optics181 and  chirality182−185.  In  electronic  Moiré
superlattices, a nondispersive flatband typically forms at the
Brillouin  zone  corner,  originating  from  the  Dirac  cone
under  small  twist  angles.  As  such,  most  Moiré  flatbands  in

 

Table 3 | Summary of chiral dichroism in BIC cavities.
 

CD Q-factor Spectral range References

0.67 938 3–9 μm ref.161

0.85 3.3 μm (~9 GHz) ref.156

0.985 3258 2 μm (~ 0.13 THz) ref.164

0.8 1400–1700 nm ref.165

0.93 1835 1400–1550 nm ref.60

0.812 1560–1620 nm ref.166

0.93 2663 615–620 nm ref.101

0.925 1250 580–640 nm ref.102

0.98 2100 580–588 nm ref.167

0.99 10037 520–560 nm ref.168

0.7 ~50–110 500–1000 nm ref.159

Do TTH et al. Opto-Electron Adv 9, 250224 (2026) https://doi.org/10.29026/oea.2026.250224

250224 (Page 12 of 33)

https://doi.org/10.29026/oea.2026.250224


photonic systems lie below the light line, whereas BIC must
exist above the light line in photonic crystal systems186.

Recently, Huang et al.  introduced the concept of a Moiré
quasi-BIC above the light line186. They demonstrated that as
the  twist  angle  decreases,  the  Moiré  quasi-BIC  flatband
approaches  and  can  eventually  converge  with  a  true  BIC
(Fig. 5(a)): 

HMoiré =

H1 V0 V0

V0 H2 V0

V0 V0 H3

 ,

Hξ =

(
ω0 + b (k− Gξ) U

U ω0 + b (k− Gξ)

)
,

V0 =

(
0 V
V 0

)
. (10)

By  constructing  the  analytical  model  of  Moiré  photonic
crystals at the center of the first order Moiré Brillouin zone,
the authors found that the flatband above the light line can
be  achieved  by  controlling  the  interlayer  coupling  strength
and the twist angle (Fig. 5(b)). The far-field radiation polar-
ization  states  of  twisted  bilayer  photonic  crystals  exhibit
singularities at the Γ-point. Additionally, the Q-factor of the
Moiré band decreases as the twist angle increases, as shown
in Fig. 5(c).  These  characteristics  clearly  indicate  that  the
Moiré flatband is a quasi-BIC.

Γ

Figure 5(d–f) present  theoretical  analyses  and  simulation
results,  demonstrating  that  twisted  photonic  crystals  not
only produce flatbands but also give rise to other intriguing
phenomena, such as optical vortices187. These findings high-
light the broader potential of twisted photonic structures in
manipulating  light  in  novel  ways.  Under  the  zero-twist
angle, BIC modes in each photonic crystal layer are isolated
from  the  free  space  radiation.  When  a  small  twist  angle  is
induced to generate Moiré superlattice, the BIC mode in one
photonic  crystal  can  interact  with  the  guided  mode  in  the
other photonic crystal and couple to far-field radiation. In k-
space,  the  polarization  states  of  the  BIC  band  near  the 
point exhibit a vortex structure. Based on temporal coupled-
mode  theory  (TCMT)  calculations,  the  output  radiation
electric field can be decomposed into left-handed and right-
handed  components.  Both  left-handed  and  right-handed
light  acquire  a  Pancharatnam-Berry  phase,  which  is  oppo-
site  for  each  component  and  depends  on  the  polarization
angle of the guided mode. Thus, the output field will obtain
the spiral phase front at real space whose topological charge
is equal to the BIC mode (the positive and negative topologi-
cal charges for the left-handed and right-handed light basis).
The production of vortex light is robust against the incident
light beam such as incident angle or incident position.

Because of the inherent complexity involved in the fabri-
cation  process,  experimental  investigations  of  Moiré  BIC
cavities have been limited. The intricate nature of the multi-
step  lithography  process  with  high  precision  required  has
posed  significant  challenges,  thereby  limiting  experimental

research  on  Moiré  BIC  cavities.  A  good  strategy  to  experi-
mentally achieve moiré structure is by merging two layers of
nanostructure  into  a  single  layer,  which  can  overcome  this
nanofabrication limitation188. Very recently, Qin et al. exper-
imentally  demonstrated  the  optical  Moiré  BIC  in  the  1D
grating  system  (Fig. 5(g–i))189.  Interestingly,  several  diffrac-
tion  channels  with  different  orders  and  topological  charges
at momentum space are detected. This study claims the high
Q-factors  of  ~6051 and ~1094 at  the angle  of  6.4°  and 8.3°,
respectively  and  attributes  to  the  combined  influence  of
band  folding  induced  by  the  Moiré  potential  and  multiple
topological  charges.  The  ultrahigh Q-factors  of  flatband
Moiré  BIC  span  over  a  much  wider  range  of  angles
compared  to  conventional  BICs.  In  addition,  these  Moiré
superlattice  cavities  offer  an  ultrasmall  mode  volume  while
maintaining a high Q-factor185, making them highly efficient
for laser applications.

Γ
Γ

Γ

Another promising approach for generating flatband BICs
is engineering strong interaction between photonic bands, as
demonstrated  in Fig. 5(j–k)191.  In  this  one-dimensional
photonic  crystal  system,  vertical  symmetry  is  broken  by
retaining  an  unpatterned  slab,  allowing  odd-like  and  even-
like  modes  to  couple.  Two FW-BICs  emerge  near  the  anti-
crossing  point,  and  a  symmetry-protected  BIC exists  at  the

-point  and  at  the  same  energy.  By  adjusting  the  filling
factor,  FW-BICs shift  toward the -point,  while symmetry-
protected  BIC  remains.  When  the  filling  factor  reaches  a
critical value, the 3 BICs merge, boosting the Q-factor of the
off-  states and resulting in the formation of a flatband BIC.
The  dispersion  surfaces  evolve  from  a  saddle  shape  before
merging,  to  an  ultraflat  band  during  the  transition,  and
finally to a paraboloid surface after merging. Different from
the BIC-merging to form super-BIC, this work can manipu-
late both the real and imaginary parts of the band structure
to achieve a high-Q flatband.

y

Using a similar concept of merging photonic modes with
opposite  curvatures,  very  recently,  Do  et  al. demonstrated
room-temperature  lasing  from  flatband  BIC  by  precisely
controlling  the  interaction  between  counter-propagating
guided  modes  along  the x- and y-directions  with  different
group  velocities190.  This  is  achieved  by  varying  the
anisotropy of  a  two-dimensional  lattice  of  nanopillars.  This
flatband  BIC,  characterized  by  an  extremely  low  group
velocity,  a high density of states,  and the 100-fold enhance-
ment  of  the Q-factor  over  a  wide  range  of  angles  along the
merging  direction  ( -axis)  (Fig. 5(l))  significantly  enhances
the  interaction  between  photons  and  gain  media,  thereby
amplifying the stimulated emission rate.  As the final  result,
the lasing threshold for flatband BIC decreases by a factor of
four  compared  to  symmetry-protected  BIC  lasing  in  the
square lattice (Fig. 5(m)).

 3.5  Strong light-matter interaction and BIC polaritons

Light-matter  interaction  that  modifies  the  properties  of  the
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individual  states,  plays  crucial  roles  in  the  development  of
fundamental  science  and  novel  optoelectronic  devices  and
quantum  applications.  In  the  weak  coupling  regime,  the
fluorescence  is  enhanced  by  Purcell  effects.  On  the  other
hand,  strong coupling leads  to  the  creation of  hybrid  states
of  light  and  matter  since  the  excitons  and  photons  coher-
ently  exchange  energy.  The  new  hybrid  states  are  called
polaritons—a bosonic quasi-particle, energetically separated
by  a  characteristic  Rabi  splitting.  Thanks  to  the  half-light
half-matter  nature,  polaritons  inherit  all  the  properties  of
the excitons  (strong nonlinearity,  strong interparticle  inter-
action) and of the photons (low mass, fast propagation). The
contribution  from  each  component  to  the  polariton  states,
known as Hopfield coefficients, can be controlled that allows
for  the  engineering  of  the  polariton-polariton  interactions.
The exciton polaritons physics  was first  introduced in 1958
by Hopfield for bulk systems192 and for quantum systems by
Andreani  et  al.193,194,  and  has  been  an  active  research
topic  until  now  because  of  the  exciting  physics  such  as
polariton  bistability,  Bose-Einstein  condensation  (BEC),
topological  edge  state,  quantum  vortex,  ultrafast  transport
and superfluidity.

Q

Q

Importantly,  polariton  lasing,  which  works  based  on  the
accumulation  of  polariton  population  in  ground  states  via
relaxation,  does  not  require  population  inversion195 that,  in
principle, leads to thresholdless lasing or even condensation.
However, in practice, the photon loss due to the limited -
factor  of  the  optical  cavities,  the  material  loss  due  to  envi-
ronmental  perturbations  (temperature,  humidity,  pumping
conditions)  increase  the  required  initial  polariton  density.
Therefore, engineering cavity loss is crucial. Compared with,
for  example,  Fabry-Perot,  hemispherical  and  plasmonic
cavities,  BIC cavities  supported by low-loss  dielectric  meta-
surfaces  have  great  advantage  because  of  their  intrinsically
high . More interestingly, via strong coupling, exceptional
properties of BIC photons such as long lifetime (hence, long
propagation)  and  topological  nature  can  be  transferred  to
the  BIC  polaritons,  highlighting  the  advantages  of  BIC
polaritons over standard exciton polaritons.

Exciton polaritons in BIC cavities have been studied both
theoretically  and  experimentally  on  a  wide  range  of  exci-
tonic  materials.  Angle-resolved  spectroscopy  is  the  most
direct  technique  to  probe  the  polariton  branches196.  A
strongly coupled system has been theoretically proposed that
involve  two-dimensional  materials  WS2 on  silicon  nitride
metasurface with the Rabi splitting of 28.4 meV197. Stronger
splitting of  ~160 meV has been calculated in a  WS2 guided
mode resonance with the WS2 grating on top of a WS2 slab39

and a monolithic WSe2 metasurface198.  Koshelev et al. theo-
retically studied a system comprising a monolayer WSe2 on
top of an 1D photonic crystal made of Ta2O5 grating struc-
ture199.  The  Rabi  splitting  is  in  the  range  of  15–100  meV.
More importantly,  due to the long lifetime of BIC photons,
the exciton-polariton lifetime can be enhanced by 100-fold.
The proposed scheme has then been experimentally realized

using the same BIC cavity and MoSe2 where a splitting of 25
meV  has  been  resolved200.  Interestingly,  by  modifying  the
one-dimensional  grating  structure  fabricated  on  top  of  a
WS2 monolayer,  replicas  of  the  BIC  polariton  in  momen-
tum  space  and  their  nonlinear  properties  have  been
observed201.

Monolithic  metasurfaces,  where  excitons  in  a  material
couple  with  the  BIC  mode  supported  by  the  metasurface
made of the same material,  show great potential for achiev-
ing  strong  exciton-photon interaction.  Dang  et  al. reported
the observation of BIC exciton polaritons at room tempera-
ture  on  a  two-dimensional  (2D)  perovskite  subwavelength
metasurface  with  a  giant  Rabi  splitting  of  ~200  meV49.  In
another  monolithic  2D  systems  using  transition  dichalco-
genides,  Weber  et  al. fabricated WS2 nanorods  metasurface
and resolved a Rabi splitting of 116 meV40. The authors also
demonstrated the tunability of  the BIC wavelength across a
wide  range  of  700–850  nm  by  varying  the  WS2 rod  size
(Fig. 6(a, b)).

Inheriting the infinitely long lifetime of BIC photons, BIC
polaritons  has  prolonged  lifetimes  compared  to  the  uncou-
pled  exciton  states  that  can  serve  as  ground  state  for  BEC.
The  first  experimental  demonstration  of  the  BEC polariton
condensation  in  BIC  cavities  has  been  reported  in  an  1D
grating  structure  made  of  multi-quantum-well  GaAs
heterostructure  (Fig. 6(c))68.  The  authors  first  observed  the
polariton  branches  evidenced  by  the  Rabi  splitting  of  ~13
meV at cryogenic temperatures (~4 K). When increasing the
optical pumping, two-lobe emission is revealed that becomes
dominant  at  high powers  (Fig. 6(d)).  The nonlinear  power-
dependent intensity, blueshift are typical signature of a BEC.
The  condensation  threshold  is  only  in  the  range  of  a  few
μJ/cm2 which is an order of magnitude lower than the weak
coupling  limit.  A  similarly  low  threshold  for  polariton
condensation  has  been  observed  in  silicon  metasurface
where  the  silicon  Mie  resonators  strongly  coupled  with
organic  perylene  dye  molecules202.  By  using  perovskite
photonic  crystal  lattice,  Wu  et  al. achieved  room-tempera-
ture BEC of BIC polaritons at the threshold of ~10 μJ/cm2 203.
A large Rabi splitting of above 150 meV, long-range coher-
ent  time  of  ~2.14  ps  have  been  observed  experimentally.
These  BIC  polaritons  generally  have  positive  masses,
strongly  repel  each  other  leading  to  fast  expansion  of  their
polariton condensates.

By creating an attractive potential in the gain area through
structured  pumping  profile,  polariton  condensates  can  be
spatially trapped and evanescently coupled with each other.
The  coupling  between  two  polariton  condensates  results  in
hybridized  modes,  resembling  bonding  and  antibonding
states in molecules (Fig. 6(e)). The mechanism can be scaled
up  to  10  interacting  BIC  polariton  condensates  along  an
one-dimensional  (1D)  array  (Fig. 6(f))  and  in  a  staggered
lattice  that  enables  large-scale  reconfigurable  many-body
systems  and  especially  the  generation  of  multiple  optical
vortices and vectorial coherent light sources204.
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Q

Achieving strong coupling in strong excitonic materials is
relatively  straightforward.  Moving  down  to  the  small
molecules  or  single-photon  emitter  regime  is  challenging.
Here,  the  requirements  for  strong  coupling  become  more
stringent, where not only the cavity needs very high Q-factor
but also the emitter needs to have small decay rate, or equiv-
alently  narrow  linewidth.  Do  et  al. have  demonstrated  that
by exploiting the  fundamentally  high -factor  of  BIC cavi-
ties, strong coupling regime can be reached down to a single
photon emitter level205. Single-photon emitters generated on
a hexagonal boron nitride strongly couple to the BIC mode

originating  from  the  vertical  magnetic  dipole  mode
supported  by  TiO2 nanostructures  (Fig. 6(g)).  A  Rabi  split-
ting  of  up to  ~4  meV has  been observed at  room tempera-
ture  (Fig. 6(h))  which  is  an  order  of  magnitude  larger  than
that  reported  for  the  strong  coupling  regime  using  single
InAs/GaAs quantum dots.

Besides  exciton-polaritons,  the  strong  coupling  between
the  vibrational  mode  of  PMMA  molecules  and  BIC  mode
supported  by  germanium  elliptical  nanopillars  in  infrared
wavelengths (5–6 mm) has been theoretically predicted, with
a Rabi  splitting of  ~5 meV73,206.  By tuning the PMMA layer
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thickness, the BIC resonance can be varied across the vibra-
tional  mode  of  PMMA  molecules,  hence  the  coupling
strength can be controlled.

Notably, in a BIC metatransitor architecture with broken
in-plane  and  out-of-plane  inversion  symmetry  (Fig. 6(i)),
Wang et al. demonstrates the generation and controllability
of  the  BIC  polariton  spin  based  on  the  Rashba  effects  in
perovskite materials  (Fig. 6(j))207.  Under negative bias,  exci-
tons  with  opposite  spins  propagate  along  opposite  direc-
tions, preferentially toward the source electrode (drain elec-
trode)  under  the  S-biased  (D-biased)  condition.  This  work
demonstrates the significant advantages of monolithic meta-
surfaces design, where the unconventional properties of the
active  materials  (e.g.  spin-orbit  coupling,  Rashba  effects)
enable active tuning of the light-matter interaction.

Recent  rapid  progress  on  BIC polaritons  across  a  variety
of  material  systems  has  proved  the  robustness  of  BIC  cavi-
ties  in  achieving  strong  coupling,  polariton  lasing  and
polariton  condensation,  especially  in  quantum-confined
systems and even down to single-photon emitter level.  This
capability enables exploration of novel physics in quantum-
regime.  Together  with  the  development  of  new  quantum
sources,  coherent  energy  exchange  between stable  qubits  at
room  temperature  is  highly  desirable  for  future  quantum
technology  applications  that  could  be  achievable  with  BIC
polaritons.

 3.6  Ultrafast phenomena in BIC cavities

The  ability  to  engineer  high-Q resonances,  enabled  by  the
concept of BIC, has advanced their application in studies of
ultrafast  phenomena,  including  all-optical  switching.  All-
optical switching uses an optical control pulse to modulate a
separate optical signal. The control pulse induces a transient
change  in  the  material  properties  of  the  system,  and  the
signal  passing  through  it  experiences  modulation  as  a
result208.  In  contrast  to  electrically  driven  optical  switching,
which is actuated by an applied voltage or current and oper-
ating  at  GHz  speeds,  optical  triggering  can  support  fully
optical  signal  processing  and  achieve  ultrashort  switching
times defined by the duration of the triggering pulse, which
can be as short as tens of femtoseconds209. However, all-opti-
cal  switching  remains  largely  at  the  research  stage,  since
achieving large modulation depth, low energy consumption,
and ultrafast switching time in the same system is challeng-
ing.  While  electro-optic  modulators  can  reach  modulation
depths of 45 dB210,  ultrafast  all-optical  switching is  typically
limited  to  below  20  dB,  hindering  their  practical  applica-
tions211.  The  modulation-depth  limitation  can  be  mitigated
by  using  high-Q resonances  such  as  quasi-BICs.  When  the
Q-factor  of  a  resonant  structure  is  sufficiently  high,  even
small  changes  in  material  properties  can lead to  substantial
modulation depth at a chosen wavelength211−214.

Mechanisms  for  altering  material  properties  on  picosec-
ond and subpicosecond timescales, commonly referred to as

ultrafast, include optically induced free carrier injection and
third-order  nonlinearities.  Ultrafast  switching  via  free-
carrier  injection  in  BIC  metasurfaces  has  been  experimen-
tally  demonstrated in  various  spectral  ranges,  including the
near-infrared  with  a  GaAs  metasurface215,  the  mid-infrared
with an amorphous Ge metasurface216, and terahertz with Si
and  hybrid  metasurfaces76,217,218.  An  alternative  approach
through  third-order  nonlinearities  offers  faster,  pulse-
limited switching but  generally  results  in  lower modulation
efficiency  compared  to  free  carrier  injection219.  However,  a
recent study employing a pump at an optimized wavelength
to  maximize  the  nonlinear  response  has  demonstrated
competitive  modulation  performance220.  In  this  study,  as
illustrated  in Fig. 7(a),  a  BIC  metasurface  composed  of
amorphous  Si  disks  on  a  mirror  achieved  22%  reflectance
modulation  on  a  pulse-limited  timescale  with  a  pump
fluence  as  low  as  255  μJ/cm2,  highlighting  its  potential  for
fast  and  efficient  all-optical  switching.  While  this  modula-
tion  depth  is  still  significantly  lower  than  that  of  electro-
optic modulators, its ultrafast switching time of 100 fs shows
the  unique  advantage  of  the  all-optical  approach.  By  opti-
mizing  the  material  choice,  the  energy  consumption  and
modulation  depth  can  be  further  improved221.  Finally,  in
addition  to  intensity  modulation,  recent  studies  have
demonstrated the potential of BIC metasurfaces for ultrafast
switching  of  the  polarization  state222 and  orbital  angular
momentum223.

Q

When  the  tuning  of  an  optical  cavity  occurs  on  a
timescale similar to or faster than the photon lifetime in the
cavity, the spectral characteristics of the light captured in the
cavity can change. In quasi-BIC resonances characterized by
high -factors,  optical  metasurfaces  provide  photon  life-
times  long  enough  to  observe  spectral  modification  effects
when  the  structure  is  externally  modulated  on  a  sub-
picosecond timescale. In a recent experimental study, linear
frequency  conversion  was  observed  in  a  GaAs  metasurface
with  a  symmetry-protected  quasi-BIC  when  it  was  rapidly
shifted  due  to  optically  induced  free  carrier  injection224.  In
the  transient  transmission  spectrum,  as  shown  in Fig. 7(b),
frequency  conversion  is  revealed  at  negative  pump-probe
delays,  where  the  probe  arrives  first  and  couples  into  the
metasurface at the unperturbed resonance frequency. When
the pump subsequently arrives, it shifts the resonance, caus-
ing  the  frequency  of  the  light  captured  in  the  resonance  to
change.  Interferometric  fringes  then  arise  due  to  the  inter-
ference  between  the  frequency-shifted  light  and  the  light
that  has  not  coupled  to  the  metasurface  mode.  When  the
light  undergoing  frequency  conversion  is  used  to  generate
harmonics, this effect causes the harmonic frequencies to no
longer be integer multiples of the original  pump frequency.
This  was  experimentally  demonstrated  in  two  scenarios:
first,  when  the  pump  intensity  was  high  enough  to  cause  a
self-induced  shift  in  the  resonance  position227,  and  second,
with  an  externally  modulated  metasurface,  where  the  reso-
nance was rapidly shifted by an additional control pulse228.
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If radiative coupling with the far field can be dynamically
altered to switch between a quasi-BIC and a perfect BIC, an
intriguing  opportunity  arises  to  break  the  time-bandwidth
limit.  This  limit  refers  to  the  constraint  in  any  time-
invariant cavity, where one cannot increase the cavity band-
width  without  proportionally  reducing  the  storage  time  of
light  in  the  cavity.  In  time-variant  systems,  however,  this
limit does not necessarily hold true. One can capture broad-
band light into a long-lived resonance if the resonance band-
width  shrinks  during  the  coupling  process229−231.  This  capa-
bility  can  be  beneficial  for  multiple  applications,  including
energy  harvesting,  harmonic  generation232,233,  and  optical
signal  buffering234.  Theoretically,  it  has  been  shown  that
modulating the properties of a cavity according to a suitable
temporal law allows the capture of up to 100% of the energy
from  a  broadband  pulse  into  the  mode,  which  ultimately
becomes  a  perfect  BIC,  achieving  infinite  photon  storage
time235. Experimentally, this concept has been demonstrated
in  a  system  consisting  of  two  coupled  Si  ring  resonators,
where  the  storage  time  was  limited  only  by  nonradiative
losses236.

When  ultrafast  optical  modulation  of  metasurfaces  is
studied,  they  are  typically  pumped  uniformly.  However,
spatially  extended  BIC  modes  in  optical  metasurfaces  may
exhibit  different  phenomena  when  subjected  to  spatially

Q

non-uniform  modulation.  This  additional  degree  of  free-
dom —control  over  the  spatial  distribution  of  the
pump —could  allow  for  independent  tuning  of  both  the
resonance wavelength and the Q-factor. It has been theoreti-
cally  shown  that  a  structurally  asymmetric  GaAs  grating,
which supports a quasi-BIC resonance, can achieve ultrafast

-factor  boosting  when subjected  to  spatially  non-uniform
optical  pumping237.  In  the  suggested  configuration,  the
pump was aligned with the individual bars, and the geomet-
rical  asymmetry  of  the  structure  was  compensated  through
pump-induced  selective  permittivity  changes,  resulting  in  a
reduction of radiative losses. Recently, Berté R et al. experi-
mentally  demonstrated  the  ability  to  control  both  the  reso-
nance  position  and Q-factor  of  a  BIC  mode  by  pumping  a
featureless  amorphous  Si  film  with  a  periodic  intensity
distribution225.  When  the  film  was  pumped,  the  radiative
channel  opened  on  a  picosecond  timescale,  temporarily
transforming the true BIC state  into a  quasi-BIC,  as  shown
in Fig. 7(c).  The  resonance  position  and Q-factor  of  the
emerging resonance were dictated by the spatial period and
intensity  of  the  pump.  As  an  example  of  an  application  of
this system, Berté R et al. demonstrated the enhancement of
third-harmonic generation at a specific wavelength within a
narrow timeframe.

As an alternative to pumping with a spatially non-uniform
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profile,  one can design a  BIC structure that,  when optically
pumped,  exhibits  enhanced  absorption  in  specific  regions.
This  leads  to  spatially  non-uniform  free-carrier  generation
and  may  also  alter  radiative  losses.  Such  an  approach  was
used in  a  recent  theoretical  work,  which showed that  when
an  array  of  symmetrical  AlGaAs  nanowires  is  optically
pumped at an inclined incidence, the resulting spatially non-
uniform  injection  of  free  carriers  can  break  the  symmetry
and  transform  a  true  BIC  into  a  quasi-BIC238.  In  a  recent
experimental study, an array of asymmetrical silicon dimers
was  pumped  at  a  wavelength  that  created  a  hotspot  and
enhanced free-carrier generation only in one particle of each
dimer, thereby either enhancing or compensating the asym-
metry initially introduced by geometry and enabling tuning
of the radiative Q-factor239.

When  a  structure  supporting  a  symmetry-protected  BIC
at normal incidence is illuminated at an angle, the BIC turns
into  a  quasi-BIC  leaky  guided  mode  that  is  sensitive  to
spatially  selective  modulation.  In  this  case,  as  recently
demonstrated  for  a  GaAs  metasurface  supporting  such  a
mode,  one  can  achieve  both  frequency  conversion  in  the
pumped areas and momentum conversion at the temporally
introduced  spatial  boundaries  between  the  pumped  and
unpumped regions226. The momentum conversion results in
dynamic  beam  bending:  when  light  arrives  with  a  certain
time  delay  relative  to  the  pump,  it  couples  to  the  metasur-
face mode at  one angle of  incidence and exits  at  a  different
angle, as shown in Fig. 7(d). This experiment clearly demon-
strated the nonlocal nature of the BIC mode, as modulation
was  observed  even  when  the  pump  and  probe  beams  were
directed at different parts of the metasurface.

 3.7  Exceptional points

ε

ε1/N N

Non-interacting and lossless systems such as ideal BIC cavi-
ties  can  be  described  by  Hermitian  operators  that  degener-
ate  at  the  so-called  diabolic  point  and  exhibits  pronounced
topological effects. When an external perturbation  is intro-
duced, the eigenvalue splitting is proportional to the pertur-
bation.  In  contrast,  the  non-Hermiticity  in  open  systems
with radiative losses enables more exotic topological proper-
ties  that  are  not  present  in  the  Hermitian  counterpart.  A
typical  example  is  the  emergent  physics  of  exceptional
points (EPs), when both the eigenvalues and eigenfunctions
collapse  into  an  orthogonal  state  to  itself.  Single  EPs240,241,
multiplets of EPs242 and continuous rings of EPs243 have been
realized in a wide variety of optical systems. Both theoretical
and  experimental  aspects  of  EPs  physics  were  described  in
literature244.  On  the  other  hand,  paired  EPs  and  the  inter-
play between them lead to even more exotic physics of bulk
Fermi  arc245.  The  perturbation-induced  splitting  scale  with

, where  is the order of the EP246. Hence, EPs are more
sensitive  to  small  perturbations  than  diabolic  points,
whereas  higher-order  EPs  even  have  higher  sensitivity.
Experiments have showed that sensing devices based on the

EPs  concept  have  double  sensitivity247,248 and  lower  detec-
tion  limit  by  two  orders  of  magnitude249 compared  to
diabolic-point sensors.

∼ Q2

∼ Q

Exceptional  points  can  be  tailored  via  the  detuning,
coupling  strength  and  gain-loss  ratio  between  the  coupled
states. Interestingly, while loss is generally considered as bad
for  optical  cavities,  it  can  be  engineered  in  non-Hermitian
systems  for  novel  functionalities.  The  concept,  analytical
model and engineering of EPs in different systems have been
discussed elsewhere250−252. However, designing a non-Hermi-
tian system with BICs coalescing into EPs is challenging that
if done, will lead to hybrid EP-BIC states inheriting both the
extremely high Q-factor of BICs and the nonlinearity of EPs.
For  example,  theoretical  simulation  predicted  the  greatly
enhanced  density  of  states  (DOS)  at  EPs  (  or  higher
order)  compared  to  the  Purcell  factor  ( )253−255.  There-
fore, the DOS of the EP-BIC cavities can be orders of magni-
tude larger than the individual EP or BIC systems that facili-
tates a wide range of applications such as sensing, lasing and
light-matter interaction.

f

ε = 0 f = 0.51

Figure 8(a–c) show  the  theoretical  calculation  of  the  EPs
and  band  inversion  of  the  dielectric  guided  modes  in  a
perovskite  metagrating  structures  on  a  metallic  plane  (Fig.
8(a))256. In this system, the interaction between two counter-
propagating  waves  via  diffraction  mechanism  and  radiative
losses  through  the  continuum  gives  rise  to  a  bright  mode
taking  all  the  losses  and  a  dark  mode  with  no  loss  (quasi-
BIC).  By  tuning  the  filling  factor ,  the  coupling  strength
varies  from  positive  to  negative  and  the  band  inversion  is
observed.  When  ( ),  the  two  eigenvalues
degenerate,  forming  two  EP-BICs  separated  in  momentum
(Fig. 8(b)).  Excitons  in  the  active  perovskite  material  can
strongly  couple  to  these  EPs  leading  to  two  pairs  of
dark/bright upper and lower polariton branches that follow
the  behaviours  of  the  photonic  modes  (Fig. 8(c)).  Recently,
polariton  lasing  have  been  experimentally  demonstrated  at
the  EPs  supported  by  a  similar  perovskite  metagrating
structure257.

QIn  order  to  improve the -factor  of  the  EP-BICs,  Qin et
al.  proposed  a  scheme  to  control  the  interaction  between
two BIC modes supported by two waveguide stripes on top
of  a  lithium niobate  thin  film photonic  integrated platform
(Fig. 8(d))258.  By varying the separation between the waveg-
uides,  the BIC modes are distorted resulting leaky channels
and  increased  loss  rates.  Under  a  critical  condition  where
the  eigenvectors  coalesce  and  the  two  BICs  merge,  the  EP-
BIC is formed. The orthogonality of the eigenstates has been
evaluated  to  verify  the  non-Hermiticity  of  the  system.  The
loss  rate  at  EP-BIC  is  5  orders  of  magnitude  smaller  than
that at the individual BICs (Fig. 8(e)).

Furthermore,  the  combination  of  EP and BICs  also  offer
an efficient way to control the propagation and scattering of
light. Deng et al. proposed a metagrating structure compris-
ing  of  metallic  slits  supporting  localized  mode  on  top  of  a
dielectric layer supporting guided modes (Fig. 8(f))259. In the
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Q

k0 ∼ 1

k0 ∼ 0.95
k0 ∼ 1.1

weak coupling regime, a degenerate line is found (Fig. 8(g))
revealing the emergence of two diffractive EPs in the vicin-
ity of the high-  state (quasi-BIC). By tailoring the coupling
strength  between  these  modes,  the  wavefront  can  be
effectively  shaped  as  shown  in Fig. 8(h).  At  the  BIC  reso-
nance  condition  ( ,  middle  panels),  the  reflection
happens  at  the  first-order  diffraction,  whereas  ordinary
reflection  occurs  at  even  slightly  off  resonance  (
and ).

Several designs show the co-existence of BICs and EPs in
the same parameter space; even two pairs (EP + BIC) can be
achieved  in  a  very  thin  ring  resonator242.  Recently,  second-
order and third-order EP-BICs have been predicted theoret-
ically  in  multilayer  dielectric  metasurfaces260.  Nevertheless,
the  theory  and  experiments  for  the  hybrid  EP-BIC  modes
are  still  limited,  partially  due  to  the  critical  conditions  for
matching these  two different  singularities  EP and BIC.  The
connection  between  the  EP  pair  forms  an  isofrequency
contour called bulk Fermi arc that is topologically protected
by the charges  of  the  coupled EPs245.  The study of  EP-BICs
will  bridge  several  fields  of  topological  photonics  and  non-
Hermitian physics, in which balancing the gain and loss is a

new  degrees  of  freedom  to  design  for  lasers  with  better
coherence  properties,  nonlinear  resonators  and  reconfig-
urable  diffraction  surfaces  and  open  up  the  possibility  of
topological energy transfer between two devices.

 4    Applications of BICs and current
progress

 4.1  Lasing

The first BIC laser is demonstrated in an InGaAsP multiple
quantum wells structure with only 8-by-8 nanoresonators20.
Lasing  is  subsequently  demonstrated  with  colloidal  quan-
tum dots35,36, dye materials135, suspended GaAs261, GaN32 and
halide  perovskites262.  These  lasing  experiments  demon-
strated the topological singularity nature of the BIC states by
analyzing  the  far-field  pattern  of  the  emission.  Compared
with  semiconductor  edge-emitting  and  surface-emitting
lasers  which  typically  emit  light  in  the  normal  direction  to
the  mirror  surface,  BIC  lasers  can  be  controlled  with  the
flexibility  to  emit  in  a  wide  range  of  directions  by  deliber-
ately increasing the periodicity in one direction to introduce
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a radiation channel to the BIC mode65, by FW-BIC96,262. It is
also  possible  to  obtain  multiple-beam  output  when  both
symmetry-protected  and  accidental  BIC  resonance  are
involved in lasing42.

Q Q

k

Q

× ×

2λ 3λ

A fundamental limitation of single-BIC cavities is, despite
the high-  at the BICs, the fast decay of -factor as moving
away from BIC conditions due to the scattering to the neigh-
boring -point263,264.  To suppress  the out-of-plane radiation
and  lateral  scattering,  merging  multiple  BICs  into  a  single
super-BIC mode70 and combining BICs with lateral confine-
ment in quantum materials261,265 can boost the -factors by
orders  of  magnitude.  As a  result,  ultra-low threshold lasing
have  been  successfully  obtained  with  the  record  value  of
~0.052  kW/cm2 in  a  7 7  unit  cell  (~3.5 3.5  mm2)  device
under  continuous-wave  (CW)  pumping  that  works  up  to
70  °C265,  and  even  electrically  pumped lasers  with  an  ultra-
compact cavity size (~  to ) have been demonstrated in
the THz range80,266.  The lasing threshold largely depends on
the stability of gain media against high temperature, humid-
ity and strong pumping conditions. Especially for BIC lasers
made  of  soft  materials  such  as  perovskites  and  colloidal
quantum  emitters,  the  material  stability  needs  further
optimization.

QBesides  lowering  the  lasing  threshold,  the  high-  BIC
cavities  are  also  used  to  increase  the  coherence  of  micro-
lasers.  By  strategically  placing  the  gain  medium  in  the
waveguide, the photons dwell in the low-loss nanocavity for
a  longer  time,  which counteracts  the  phase  diffusion in  the
gain  medium,  leading  to  a  longer  coherence  time,  up  to  20
times smaller linewidth than the previously reported micro-
laser267. Furthermore, BICs provide huge potential for vortex
beam  manipulation  because  they  inherit  the  topological
polarization  state  that  facilitates  the  generation  of  vector
beams.  Vortex microlasers based on BIC was demonstrated
on  several  systems  such  as  perovskite  photonic  crystal
waveguides134 and  dye-TiO2 lattice268.  Ultrafast  switching
between beam profiles  with the switching time of  ~1 to  1.5
ps  and  a  record  low  power  consumption  are  demonstrated
by  altering  the  pump  configuration.  Due  to  the  uniform
geometry  of  the  BIC  cavity,  spatially  separated  multiple
vortex beams can also be obtained by exciting the metasur-
face  with  multiple  pumping  beams268.  These  multimode
vortex  beam  lasing  show  the  possibilities  for  spatial
multiplexing.

 4.2  Optical sensing

Optical  sensors  are  powerful  analytical  tools  that  detect
molecules  by  monitoring  changes  in  optical  signals.  The
most common type is refractometry sensors, which measure
the shift of resonance wavelengths induced by changes in the
refractive  index  of  the  surrounding  medium,  because  it
enables  simple  and  label-free  detection,  significantly
enhances the efficiency for real-time detection of molecules
at  the  sensor  surface.  The  overall  performance  of  optical

S

Q

sensors  is  characterized  by  a  set  of  parameters  including
sensitivity  ( ),  figures  of  merit  (FOM)  and  detection  limit
(DL).  High  sensitivity,  high  figure  of  merit  and  low  detec-
tion limit are desired. The current major challenges for opti-
cal  sensors  are  pushing  towards  single-molecule  detection
limit  and  high-throughput  detection  for  practical  use.  In
order  to  accomplish  this,  optical  resonances  should  be
designed  to  have  both  high-  and  large  sensing  modality
simultaneously,  which  are  unique  advantages  of  BIC
resonances.

Q

Q

One  of  the  first  attempts  of  utilizing  BIC  resonances  in
sensing  was  led  by  Romano  et  al. in  2018,  in  which  the
dielectric metasurface made of Si3N4 film on SiO2 substrates
was  integrated  into  microfluidic  chamber45.  The  BIC  reso-
nance in visible range with high -factor of ~2000 enables a
bulk  sensitivity  of  ~178  nm/RIU and  FOM of  ~445  for  the
detection of biphenyl-4-thiol (BPT) with ultralow molecular
weight  of  186 Da.  The idea  was  then extended to  IR range,
where  the  detection  of  biomolecules  such  as  breast  cancer
biomarker52,  antigen/antibody43,  peptide  nucleic  acids,
DNA44 and exosome secretion from single cells53 is success-
fully  achieved  with  high  sensitivity  of  up  to  ~720  nm/RIU,
high  FOM  of  ~677  and  low  DL  down  to  ~4×10−7 or  0.2
molecule/mm2.  Moreover,  for  certain  designs,  high-order
BIC modes such as second-order mode, toroidal dipole and
electric  quadrupole  resonances  can  outperform  the  funda-
mental  ones.  The  larger -factor  of  these  high-order  BICs
leading to the improved sensitivity, FOM and lower the DL
of  molecules47,51.  Besides  refractometry  sensing,  small
changes  in  the  refractive  index  also  leads  to  the  significant
phase jump around the BIC singularity that can be used for
sensing269,270.

Q
λi λi

λprobe

A  more  challenging  problem  arises  when  the  sensing
environment  is  not  spatially  and  optically  homogeneous
such as  live  cells.  Romano et  al. developed the fluorescence
imaging  method,  where  the  inhomogeneous  fluorescence
intensity profile over the metasurface area is correlated with
the refractive index map and finally merged with the optical
image.  The  resultant  image  shows  finer  details  of  the  cell
with a resolution of ~10−5 RIU for femtoliter volume of PC3
cell46.  Scaling  up  from  single-pixel  to  multi-pixel  sensors,
Yesilkoy et  al. developed an ultrasensitive label-free sensors
using a hyperspectral imaging technique that provides high-
throughput digital sensing information and allows for multi-
plexed  analyte  detection  in  one  measurement50.  The  idea  is
to  design  a  multi-resonance  sensor  comprising  a  series  of
metasurfaces  with  tunable  high-  BIC  resonance  wave-
lengths .  The  mismatch  between  and  a  fixed  probe
wavelength  determines the characteristic intensity map
for  different  analytes.  The  intensity  map  is  correlated  to
pixel  in  a  CMOS  camera  and  encoded  into  a  barcode  and
decoded using hyperspectral decoder, which maps the spec-
tral  information from each CMOS pixel  to refractive index.
By  using  this  method,  the  authors  obtained  information
from molecules  without  using spectrometers  or  mechanical
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scanning.
Q

Q

Q

Q

The  use  of  high-  BIC  resonances  for  label-free  biosen-
sors  is  still  at  the preliminary stage,  but  it  presents  promis-
ing  opportunities  in  the  field  of  chemical  and  biological
detection.  However,  in  order  to  consistently  attain  high
performance,  the  fabrication  of  the  high -factor  metasur-
faces  approaching  theoretical  limit  should  be  more  repro-
ducible,  since -factors  of  BICs  are  sensitive  to  fabrication
imperfection as well as structural parameters. The choice of
materials  also  plays  an  important  roles.  While  high-refrac-
tive-index dielectric metasurfaces produce high-  and well-
confined field  inside the structures,  metallic  nanostructures
are  lossy  but  strong  field  extended  into  the  sensing  media.
Hybrid dielectric-metallic metasurfaces can be a direction to
leverage the advantages of both materials271.

Q

Q

Furthermore, a large area of high-  metasurface needs to
be  fabricated  in  a  low-cost,  high  reproducibility  and  time-
effective  methodology.  The  structures  fabricated  by  soft
nanoimprinting  lithography  and  reactive  ion  etching  can
achieve the sensitivity of up to ~1703 nm/RIU and the FOM
of  ~65.554.  To  date,  the  performance  of  BIC-based  sensors
has  been  mostly  demonstrated  for  simple  analytes.  The
major  bottleneck  in  optical  sensing  is  the  investigation  of
complex  biological  samples,  such  as  blood,  urine,  cells,
protein  molecules  and  DNA  where  the  media  are  not
spatially and optically homogeneous, that if solved, will lead
to  significant  advances  in  the  field  of  biomedical  research
and diagnosis. Anti-interference strategies of BIC sensors for
complex  real  samples  have  only  recently  begun  to  be
explored.  In  particular,  pixelated  BIC  metasurfaces  have
been  proposed  as  a  promising  route  for  complex  sample
imaging,  where  spatially  resolved  quasi-BIC  pixels  are
combined with hyperspectral or digital barcoding readout to
retrieve  local  refractive-index  maps  in  heterogeneous
media50,55,272.  Each  pixel  support  a  high-  quasi-BIC  reso-
nance with desired properties such as wavelength and polar-
ization,  controlled  via  geometrical  parameters.  Optical
crosstalk  between  adjacent  pixels  originating  from  evanes-
cent  coupling  or  overlapping  far-field  scattering,  can  be
mitigated by introducing sub-wavelength isolation trenches,
increasing  pixel  periodicity,  or  assigning  orthogonal  polar-
ization  states  or  symmetry-protected  BIC  modes  to  neigh-
boring  pixels  so  that  a  resonance  shift  in  one  pixel  is  not
detected in others. Residual cross-interference and illumina-
tion  non-uniformities  can  then  be  further  compensated  by
machine-learning-assisted  decoding,  where  a  deep  neural
network  is  trained  to  deconvolve  the  spectral  response  of
each  pixel  from  the  multiplexed  intensity  map,  which  has
been shown to significantly improve accuracy for heteroge-
neous biological samples.

 4.3  Nonlinear optics

Nonlinear optics describes how intense light interacts with a
medium,  particularly  how the  polarization  density  depends

ω φ∑
ωout =

∑
ωin∑

φout =
∑

φin

Qr = Qnr

on the electric field273.  To enable a nonlinear optical mixing
process,  the  frequencies  ( )  and  phases  ( )  of  the  input
waves and output wave have to match, i.e. 

and .  For  metasurfaces  or  photonic  crys-
tals,  the  phase-matching condition can be relaxed.  In order
to  improve  the  nonlinear  signals,  the  metasurfaces  are
generally  designed  such  that  the  electric  field  distribution
and the pump overlap spatially, while ensuring that the opti-
cal  modes  match  with  both  the  excitation  and  harmonic
wavelengths  simultaneously.  The  optimal  condition  is
achieved  when  the  radiative  and  non-radiative  losses  are
equal, i.e. 57.

Q

Q ×

The  potential  of  BIC  cavities  has  been  realized  across  a
wide  range  of  materials  for  second  harmonic  generation
(SHG),  third  harmonic  generation  (THG)  and  high
harmonic  generation  (HHG),  with  orders  of  magnitude
enhancement  compared  with  a  pure  film.  For  example,  at
the  single-particle  level,  Mie-BIC modes  lead  to  two orders
of  magnitude  enhancement  of  SHG  using  a  single  AlGaAs
nanodisk274,  whereas  by  using  high-order  Mie  mode,  SHG
conversion  efficiency  of  1.3×10−6 W−1 have  been  achieved,
which is two orders of magnitude higher than other types of
optical resonances69. On the other hand, using BIC metasur-
faces composed of arrays of nanoantenna can boost the SHG
coefficients  to  10−4 W−1 275 due  to  greater  flexibility  to  engi-
neer the optical resonances and -factors via more parame-
ters  such  as  pillar  size  and  shape,  periodicity,  tilting  angle
and array  size.  In  addition to  passive  BICs,  combining  BIC
metasurfaces  and  other  materials  is  a  promising  route  to
amplify  the  advantages  from  both  platforms.  The  SHG
signals  could  be  greatly  enhanced  by  up  to  two  to  three
orders  of  magnitude  compared  with  the  bare  film75,276,277.
Furthermore,  by  breaking  the  centrosymmetry  of  the
nanoparticles,  strong  SHG  signal  can  be  obtained  in
centrosymmetric materials such as Si56,61, which is more than
two  orders  of  magnitude  compared  with  the  metasurfaces
made of symmetric Si nanoparticles. The successful demon-
stration of  SHG in Si  metasurfaces  opens  up the  possibility
of  integrating  Si  photonic  devices  into  optoelectronic
circuits.  A  remarkable  achievement  is  the  realization  of
continuous-wave (cw) SHG using the metasurface of elliptic
cylindrical  GaP  nanoantennas63.  The  SHG  signal  increases
with  decreasing  the  asymmetric  parameters.  With  the
obtained -factor of ~2000, the SHG signal reaches 2 10−7

W−1 for  the  cw  pump  intensity  of  1  kW/cm2.  This  result
brings  metasurface-assisted  SHG  closer  to  the  demand  for
cw-SHG.

Quasi-BICs  have  also  shown  great  potential  for  enhanc-
ing  THG  by  orders  of  magnitude  as  demonstrated  in  vari-
ous studies on Si metasurfaces by breaking the symmetry of
the  nanoantenna57,61,278.  Interestingly,  employing  multiple-
BIC resonance in a single design has shown orders of magni-
tude  enhancement  in  the  efficiency  of  the  nonlinear
processes  compared  with  single-BIC  design,  not  limited  to
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SHG,  THG  but  applicable  to  four-wave  mixing
processes279−282.  The  large  enhancement  of  odd  harmonic
generation  up  to  the  11th order  was  achieved  by  satisfying

 as  well  as  manipulating  the  near  field  enhance-
ment via the asymmetry parameter of the metasurfaces. The
HHG  efficiency  and  linewidth  strongly  depend  on  the
temporal profile of the pump; hence, the critical asymmetric
parameter  for  achieving  the  critical  coupling  condition

 is  different  under  different  pumping  condition59.
Currently,  the  record  high  conversion  efficiencies  of
3.9×10−4 W−2 and 4.8×10−10 W−4 have been reported for THG
and  fifth-harmonic  generation  (FHG),  respectively  by  Xiao
et al. that will be useful for generation of X-ray and XUV62.

 4.4  Wavefront shaping and Imaging

Nonlocal  metasurfaces  supporting  quasi-BIC  resonances
provide  a  versatile  framework  for  wavefront  shaping  with
spectral  selectivity  and  nonlinear  imaging,  leveraging  their
high Q-factor  and  strong  field  localization  and  the  angle-
dependent  transmission  characteristics.  Furthermore,  this
platform  strikes  an  effective  balance  between  local  phase
modulation  governed  by  individual  response  of  each  meta-
atom and nonlocal behaviour arising from coupling between
meta-atoms,  which  has  been  a  long-standing  challenge  for
nonlocal  meta-lenses.  The  underlying  mechanism  is  intro-
ducing geometric  phase to exclusively  control  the local  and
nonlocal  interactions  by  spatially  tailoring  the  polarization
response of the quasi-BIC resonance, while leaving the non-
resonant light unchanged.

In  this  regard,  quasi-BICs  exhibit  unique  advantages  to
design  multifunctional  nonlocal  metasurfaces  by  enabling
simultaneous  control  of  band  structures  and  narrow-band
high-Q resonances.  A variety of  design strategies have been
explored  theoretically  and  experimentally  to  spatially  tailor
wavefronts at multiple wavelengths, such as applying multi-
ple  symmetry  perturbations  in  a  single  nonlocal  metasur-
faces283,  and  cascading  multilayers  nonlocal  metasurfaces
supporting distinct resonant modes284. Beyond passive meta-
surfaces,  increasing efforts have focused on actively tunable
and reconfigurable  metasurfaces.  To this  end,  thermo-opti-
cal  materials  (e.g.,  TiO2285,  Si286),  mechanically  stretchable
system  (e.g.,  pillars  embedded  in  a  flexible  matrix286),  or
phase-change  material  (e.g.,  Sb2S3287),  whose  resonance
wavelength  shifts  with  external  stimuli  such  as  thermal,
mechanical,  electrical  and  optical  excitations,  can  be
employed  to  achieve  wavefront  shaping  at  switchable
wavelengths.

Enabled  by  high-Q resonances,  efficient  high-harmonic
generation,  angular  dispersion,  inherent  polarization
vortices,  BIC  metasurfaces  offer  multiple  degrees  of  free-
dom for processing image and optical signals. These capabil-
ities  establish  BIC  metasurfaces  as  a  powerful  platform  for
advanced  imaging  applications,  including  nonlinear  imag-
ing288,  polarization  conversion289,  ultracompact  high-pass

filters for edge detection and analog optical computing290−293.
Such  BIC-based  filters  can  achieve  edge  enhancement  and
spatial  differentiation  solely  through  metasurface  designs,
without the need for bulky or complex optical components,
making  them  highly  attractive  for  miniaturized  and  inte-
grated  imaging  systems.  Continued  progress  is  anticipated
toward achromatic  BIC optics  and programmable,  adaptive
imaging  platforms.  Moreover,  the  integration of  BIC meta-
surfaces with computational and quantum imaging architec-
tures  further  represents  a  promising  direction  for  expand-
ing their functionality and impact.

 5    Conclusions and perspectives
 5.1  Conclusions

In  summary,  this  Review  provides  a  comprehensive
overview  of  the  fundamental  mechanisms  underlying  the
formation of  different types of  BICs and their  unique char-
acteristics  including  ultrahigh Q-factors,  light  trapping  and
topological  properties.  Notably,  BICs  have  been  demon-
strated  across  a  wide  range  of  material  systems,  covering
wavelengths  from  deep  ultraviolet,  visible,  infrared  to
microwave.  Beyond  conventional  analytical  models  and
parameter  sweeping  techniques,  inverse  design  algorithms
utilizing  iterative  methods  and  machine  learning  have
emerged as powerful tools for designing multifunctional and
complex  optical  nanostructures  with  improved  time- and
cost-efficiency,  though further improvement is  required for
on-demand BIC control in more intricate systems.

This Review also delves into the exotic physics enabled by
BIC  cavities.  The  ability  to  manipulate  topological  charges
and  system  symmetry  has  led  to  the  realization  of  super-
BICs and chiral BICs, significantly expanding their function-
alities.  Both extrinsic and intrinsic chiral  BICs can generate
optical vortex beams in momentum space. Additionally, BIC
cavities  present  exciting  opportunities  for  enhancing  light-
matter interactions, especially in the realm of single-photon
emitters. The demonstration of BIC-polariton condensation
and  the  evanescent  coupling  of  up  to  10  BIC-condensates
has  enabled  continuously  reprogrammable  many-body
Hamiltonians  in  the  strong  coupling  regime.  However,
despite  having  theoretically  infinite Q-factor,  BICs  experi-
ence quadratic decay when moving away from BIC singular-
ities.  This  limitation  can  be  mitigated  by  employing  super-
BIC through merging  individual  BICs  in  momentum space
or  using  flatband-BIC  via  engineering  the  interactions
between photonic modes or Moiré BICs.

Q
Furthermore,  BICs  hold  promise  for  ultrafast  optical

phenomena,  as  their  high-  nature  makes  them  highly
sensitive  to  small  perturbations  in  the  material  properties,
enabling  rapid  and  efficient  all-optical  switching,  spectrum
conversion  and  dynamic  beam  bending.  Physics  of  excep-
tional  point  BICs  with  high Q and  strong  nonlinearity,
achieved  in  non-Hermitian  system  has  shown  potential  in
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various applications due to their  higher sensitivity to exter-
nal perturbation compared to Hermitian systems. Moreover,
the integration of active materials into BIC cavities enriches
the  physics  and  functional  capabilities,  unlocking  more
advanced  functionalities  and  enabling  interactions  with
external factors such as magnetic, electric field and acoustic-
optic  interactions,  fostering  the  development  of  dynamic
and reconfigurable devices. We also discuss key applications
of  BIC  cavities,  including  lasing,  sensing  and  nonlinear
optics.  The  combination  of  BICs  with  emerging  materials
has  driven  paradigm-shifting  advancements,  offering
distinct advantages over conventional photonic cavities and
unravelling  new  opportunities  for  next-generation  optical
technologies.

 5.2  Perspectives

There  remain  a  great  number  of  exciting  challenges  and
opportunities  for  further  studies  on  BIC  metasurfaces.  In
this section, we discuss some key challenges for BIC cavities
and  envision  potential  solutions  and  future  research  direc-
tions,  spanning  fundamental  physics,  innovative  design
strategies, advanced fabrication techniques, engineering and
enhanced tunability. The ultimate goal is developing practi-
cal  optical  and  optoelectronic  devices,  where  BIC  cavities
play a central role in the operational core.

 5.2.1  Fundamental research
While the majority of the previous BIC research focused on
single-layer metasurfaces, multilayer BIC metasurfaces offer
additional degrees of freedom that can significantly improve
the Q-factors,  field  localization  and  enable  controllability
over  polarization  states.  In  the  simplest  scenario,  a  pair  of
identical  metasurfaces can act  as  meta-mirrors,  introducing
a  phase  delay  to  form  a  Fabry-Pérot  (FP)  cavity.  In  this
configuration,  the  electric  field  is  more  strongly  confined
near the metasurfaces rather than being localized inside the
FP cavity294.  Notably,  the Q-factors  associated with singular
points in frequency space can exceed those of traditional FP
cavities,  despite  having  shorter  cavity  lengths.  Multilayer
metasurfaces  also  hold  significant  promise  for  generating
chiral and arbitrarily polarized emissions155,295.  For instance,
by  precisely  manipulating  the  spacing  between  bi-layer
metasurfaces,  where  each  individual  layer  exhibits  linear
polarization, high-purity chiral  emission can be achieved296.
In the future, BIC or quasi-BIC lasing with arbitrarily polar-
ized  emission  may  become  feasible  through  micro-elec-
tromechanical systems (MEMS), enabling precise control of
the  interlayer  distance  and  twisting  angle  of  bi-layer  struc-
tures. In another direction, Moiré BIC metasurfaces capable
of  supporting  flatbands  with  high Q-factors  over  a  wide
wavevector  range  could  improve  coupling  efficiency  espe-
cially with diffusive light sources and provide greater angu-
lar control in optoelectronic applications such as light-emit-
ting  devices.  However,  experimental  studies  of  multilayer

BIC metasurfaces remain limited, primarily due to the need
for multistep lithography with precise nanoscale alignment.
Patterning  metasurfaces  on  two  sides  of  a  substrate297,  or
embedded  nanostructures  in  a  cladding  layer298 have  been
proposed that  often lead to  compromised performance due
to  the  reduced  the  index-contrast  between  the  meta-atoms
and surrounding environment, optical losses and unwanted
scattering.  Very  recently,  two-step  electron  beam  lithogra-
phy followed by selective development process have demon-
strated  the  feasibility  of  free-standing  stacked  bilayer  TiO2
metasurfaces299.  Overcoming  these  challenges  will  inspire
more  innovative  designs  for  high-performance  photonic
cavities.  For  scalable  Moiré  BIC  metasurfaces,  large-scale
and  low-cost  fabrication  techniques  for  3D  metasurfaces
such as nanoimprint lithography300,  self-assembled colloidal
crystals301 or  high-resolution  3D  printing  via  two-photon
polymerization302 could  offer  promising  routes.  To  extend
the library of compatible materials with these methods, criti-
cal factors such as material quality, controllable domain size,
chemical,  thermal  and  mechanical  stability  should  be  engi-
neered on demands. Motivated by the recent achievement of
strong  coupling  between  BIC  photon  and  single-photon
emitters at elevated temperatures205, the integration of multi-
ple  quantum  emitters  with  BIC  cavities  will  represent  a
major milestone in quantum photonics. Such systems could
unlock a range of quantum phenomena including quantum
entanglement,  subradiance  and  superradiance  at  elevated
temperatures, paving the way toward scalable quantum tech-
nologies.  A  key  advantage  of  BIC  cavities  lies  in  their  high
Q-factor  and  large  mode  volume  with  field  hotspots
distributed across the metasurfaces,  offering multiple  active
sites  for  positioning  quantum  emitters.  The  primary  chal-
lenge remains the deterministic positioning of indistinguish-
able quantum  emitters  in  a  cavity.  The  fabrication  must
ensure  the  long  coherence  time,  long-term  memory  and
high-fidelity  operation.  While  atomic  force  microscope
indentation  and  electron  beam  irradiation  have  demon-
strated their potential in generating arrays of quantum emit-
ters  in  van der  Waals  materials303,304,  the  generated emitters
have varying characteristics (emission wavelength, polariza-
tion,  spin).  Further  effort  along  the  line  of  developing
advanced fabrication methods will be critical to establish the
entanglement between two or more cavity quantum electro-
dynamics  (cQED)  units  that,  subsequently,  can  be  inte-
grated into a more complex quantum system. An alternative
route  is  via  BIC  polariton  condensation,  where  polaritons
condensate  into  the  same quantum state,  resembling  quan-
tum  systems.  The  realization  of  polariton  lasers  and  Bose-
Einstein condensates have inspired a range of applications in
quantum  information  processing  and  quantum  optics,
including  polariton  simulators,  neuromorphic  computing
and  polariton  qubits305,306.  In  this  regard,  BIC  polaritons
offer  big  advantages  in  scalable  quantum photonic  applica-
tions  due  to  their  long  lifetime  inherited  from  the  BIC
photons  that  promotes  long-range  propagation  and  long-
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range interaction between BIC polaritons.
Last  but  not  least,  the  concept  of  BIC  polaritons  is  not

only limited to excitons but can be extended to other quasi-
particles  such  as  phonons,  magnons  and  polarons  that  are
fundamentally interesting. Another promising direction lies
in  the  development  of  dynamically  tunable  BIC  metasur-
faces  using  novel  material  platforms  that  will  be  beneficial
for modulators and photodetectors. Achieving active control
on  the  BIC  resonances  postfabrication  is  crucial  for  realiz-
ing  reconfigurable  BIC  devices.  Phase-change  materials,
such as vanadium dioxide307, antimony trisulfide308,309, halide
perovskites310 with temperature-dependent refractive indices
when transitioning between phases, and electro-optic mate-
rials,  such  as  lithium  niobate311,  are  potential  candidates.
Alternatively,  2D  transition  metal  dichalcogenide  materials
provide a promising material platform to electrically control
the BIC resonances in energy and momentum space via their
charge  density312.  Current  challenge  to  be  resolved  is  their
low Q-factor  attributed  to  the  material  surface  quality  after
fabrication  or  after  phase  transition.  Additionally,  embed-
ding liquid crystals,  whose refractive indices  depend on the
alignment  of  LC  molecules,  into  metasurfaces  provides  a
versatile  route  for  tuning  resonance  wavelength  and  polar-
ization state through external electric field313.  These tunable
platforms could play a key role in the next-generation opti-
cal  devices  such  as  programmable  optics,  tunable  lasers,
tunable filters and optoelectronic modulators.

 5.2.2  Advanced fabrication techniques
Despite  the  promising  potential  of  optical  BIC  cavities,  the
scalability  and  practical  deployment  in  realistic  photonic
applications  remain  constrained  by  current  limitations  in
nanofabrication technology. Realizing ultrahigh Q-factors in
a  consistent  and  reproducible  manner  demands  fabrication
processes with nanometer precision, ensuring that the fabri-
cated  geometries  precisely  match  the  theoretical  designs.
This  challenge  becomes  particularly  critical  for  quasi-BICs,
where structural asymmetries are deliberately introduced to
turn  BICs  into  quasi-BICs,  whose Q-factors  are  strongly
sensitive to fabrication imperfections. Indeed, at the current
stage, Q-factors  of  quasi-BIC  cavities  are  experimentally
determined to be in a broad range between 102 and 104, lead-
ing  to  inconsistent  performance  of  BIC devices  reported  in
the literature.

Currently,  most  metasurfaces  are  fabricated  using
conventional  lithography  techniques  followed  by  reactive-
ion  etching.  While  being  effective  for  two-dimensional
designs,  these  techniques  face  limitations  when  being
applied  to  multilayer  metasurfaces  (e.g.,  PT  symmetry,
Moiré  metasurfaces),  structures  with  broken  vertical
symmetry  or  with  multi-height  profiles  that  will  open  a
plethora  of  possibility  for  design  BIC  with  peculiar  func-
tions.  The primary challenge is  achieving precise alignment
across multiple lithography steps,  as  well  as  ensuring mate-
rial  compatibility  throughout  the  fabrication  process.

Addressing  these  constraints  calls  for  the  development  of
novel  fabrication  strategies  beyond  the  standard  procedure
of  using  electron-beam  lithography  and  dry-etching.  For
instance, slanted etching methods101 and multi-step lithogra-
phy processes159 have been demonstrated for the fabrication
of vertical-symmetry broken metastructures to realize chiral
quasi-BICs.  Alternatively,  3D  laser  printing  may  offer
advantages,  providing greater degrees of freedom for build-
ing multifunctional BIC devices. The development of a low-
heat  temperature  fabrication  process  or  etchless  approach
will  be  also  necessary  to  integrate  metasurface  with  active
soft  materials,  such  as  2D  materials  or  colloidal  quantum
dots  or  directly  fabricate  metasurface  from  these  material
platforms.  Overcoming  these  obstacles  will  be  crucial  for
unlocking  the  full  potential  of  BIC-based  photonic  systems
in next-generation optical technologies.

Finally, to extend beyond the lab scale, advancing scalable
nanopatterning  techniques,  which  are  compatible  with
industrial  standards, is essential.  Photolithography methods
utilizing interference of UV photons, deep UV and extreme
UV  can  meet  the  deep-subwavelength  resolution  demands
for wafer-scale production, but at very high operational cost
especially  for  very  large  area  patterning.  Soft  lithography
approaches  such  as  nanoimprint  lithography,  colloidal
lithography  could  be  promising  alternatives.  Towards
commercialization,  numerous  issues  should  be  fully
addressed  to  ensure  defect-free  high-resolution  patterning,
fabrication of complex 3D nanostructures and compatibility
with  complementary  metal-oxide  semiconductor  (CMOS)
technology.

 5.2.3  BIC metadevices
BICs offer  exceptional  promise for  next-generation devices,
owing  to  their  extraordinary  performance  demonstrated  in
low-threshold  lasers,  vortex  microlasers,  high-sensitivity
low-detection-limit  sensors,  photonic  integrated  circuits,
ultrafast  optical  switching,  high-dimensional  communica-
tion  and  quantum  photonic  interfaces  for  strong  light-
matter interaction at the single-photon level. Realizing these
opportunities  requires  thoughtful  designs  that  account  for
the  material  compatibility  and  the  integration  of  metasur-
face with active  electronic  layers  to  optimize both photonic
and  electronic  performance.  While  critical  challenges
remain  to  be  overcome,  BICs  will  continue  to  be  an  active
and rapidly  evolving  research  area,  with  immense  potential
in  future  applications.  We  anticipate  that  many  exciting
developments  in  optics  and  photonics  lie  ahead,  with  BICs
well positioned to play a central role in shaping that future.
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