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Abstract
Asymmetry metasurfaces supporting quasi-bound states in the continuum (BIC) have recently
emerged as a powerful platform for enhancing nonlinear optical processes by combining ultrahigh
quality resonances with strong electromagnetic field confinement. Leveraging these unique prop-
erties, asymmetry metasurfaces have enabled significant advances in a broad range of nonlinear
phenomena, including second- and third-harmonic generation, nonlinear chiral effects, high-
harmonic generation, and spontaneous parametric down-conversion. Insights are also provided
into several emerging research frontiers by asymmetry metasurfaces, such as adopting high-
refractive-index materials, exploring novel quasi-BIC regulating mechanisms, and exploiting arti-
ficial intelligence–assisted inverse design for on-demand optimization. Looking ahead, broadband
resonances control and novel material integration are anticipated to transform asymmetry metas-
urfaces into versatile, high-efficiency building blocks for compact and multifunctional nonlinear
photonic devices.

1. Introduction

Nonlinear optical phenomena enable a broad range of applications, including telecommunications and
all-optical data processing and storage [1, 2], spectroscopy [3, 4] and quantum information technologies
[5, 6]. While these applications are promising, conventional nonlinear optical crystals typically exhibit
intrinsically weak nonlinear responses, even under intense coherent excitation and with long interac-
tion lengths [7]. This limitation has motivated extensive efforts to enhance nonlinear optical efficiency,
particularly through nanophotonic platforms that offer stronger light–matter interactions and compact
device footprint. For scalable integration, it is highly desirable for such devices to be compatible with
standard complementary metal–oxide–semiconductor (CMOS) fabrication processes [7]. Metasurfaces
have recently emerged as a promising class of planar nanophotonic platforms, enabling wavelength con-
version and optical switching that can be employed in optical information processing for planar switch-
ing and routing elements [8, 9]. They overcome many limitations of conventional nonlinear materials by
enabling subwavelength light manipulation and enhanced local electromagnetic fields.

Bound states in the continuums (BICs) have attracted particular attention due to their ability to
greatly enhance light–matter interactions and thereby significantly boosting nonlinear optical responses
in metasurfaces [10].The concept of BICs traces back to early studies by von Neumann and Wigner
in 1929 [11], who theoretically predicted bound states with theoretically infinite lifetimes embedded
within a continuum spectrum. Later developments in the 1960 s established BICs as a universal wave
phenomenon arising from destructive interference between resonances, with experimental demonstra-
tions achieved across various systems including electromagnetic, acoustic, and water waves [12–14]. In
photonics, the theory of BICs was proposed in 2008 [15], and first experimentally realized in 2011 [16].
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Figure 1. Synergistic strategy for constructing asymmetry metasurfaces: the left panel (material selection) illustrates representat-
ive materials applicable to second-harmonic generation (SHG) or third-harmonic generation (THG); the right panel (meta-atom
design) presents representative asymmetric meta-atom designs.

While photonic structures such as waveguide arrays and metasurfaces have emerged as a reliable plat-
form owing to the ability to tailor the materials and structures in recent years, they provide novel oppor-
tunities for realizing BICs in photonics, which is usually difficult in quantum system. Among these
structures, asymmetry metasurfaces designed by introducing symmetry breaking can transform ideal
BICs into quasi-BICs. These modified states retain ultrahigh quality factor (Q factor) characteristic
while offering improved controllability. Importantly, quasi-BICs maintain accessibility to external excita-
tion, thereby facilitating strong light-matter interactions that are particularly advantageous for nonlinear
optical processes. Benefiting from their unique physical properties and compatibility with mature nan-
ofabrication techniques, asymmetry metasurfaces have demonstrated their capability to mediate various
nonlinear processes. Their tailored subwavelength architectures not only enhance fundamental nonlinear
interactions but also allow advanced functionalities when incorporating anisotropic or chiral meta-atoms.
These capabilities greatly expand the degrees of freedom for optical system design and offer new path-
ways towards compact, multifunctional photonic devices.

In this invited review, we systematically survey recent advances in asymmetry metasurface support-
ing quasi-BICs for enhanced nonlinear photonics, focusing on both material platforms and structural
designs (see figure 1). The review is organized as follows: first, we introduce the theoretical basis of non-
linear optical processes and the analytical framework for BICs. Building upon these foundations, we then
highlight the latest developments in asymmetry metasurfaces, with special emphasis on second-harmonic
generation (SHG), third-harmonic generation (THG) nonlinear chiral effects, high-harmonic genera-
tion (HHG) and spontaneous parametric down-conversion (SPDC) for quantum applications. In each
section, we compare the characteristics of different materials and discuss how asymmetry metasurface
designs optimize nonlinear efficiency in their respective applications. Lastly, we propose three possible
strategies that can help address the current limitations of Q factors and conclude with forward-looking
perspectives in this field.
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Figure 2. Illustration of theoretical basis: (a), (b) A dipole excitation and possible nonlinear process: (a) An electromagnetic
wave with electric field E passing through an atom and thereby inducing a dipole oscillation P(E). (b) Second- and third-order
nonlinear process drive by χ (2) and χ (3) respectively , showing SHG, SFG, THG, FWM (c)Three families of dynamic multipoles:
the radiation field of meta-atoms can be decomposed into spherical harmonic vector components, with multipole expansion
revealing the complete electromagnetic multipole construction and their far-field radiation patterns. Three rows show charge-
current distributions that give rise to the electric dipoles (EDs), quadrupoles (EQs), octupoles (EOs); magnetic dipoles (MDs),
quadrupoles (MQs), octupoles (MOs); and toroidal dipoles (TDs), quadrupoles (TQs), octupoles (TOs). (c) Reprinted figure
with permission from [17], Copyright (2014) by the American Physical Society.

2. Theoretical background

2.1. Nonlinear principle
Nonlinear optical effects in metasurfaces arise from light-matter interactions, where the electric field of
an optical signal couples with the outer-shell electrons of atoms, leading to a polarization response. As
depicted in figure 2(a), a photon oscillating at frequency ω induces polarization by displacing an electron
orbital with respect to the nucleus [18]. This polarization response can be characterized by the expan-
sion of the non-linear susceptibility tensor [19]:

P = ε0

[
χ (1)E+χ (2) : EE+χ (3)

...EEE

]
≡ P(1) +P(2) +P(3). (1)

Here, ϵ0 is the vacuum permittivity, χ(1) is the linear electric susceptibilities, χ(2) and χ(3) represent the
second- and third-order nonlinear susceptibilities, respectively, and E is the local electric field. Typically,
χ(n) is a (n+1)-rank tensor, which depends on the crystal structure of a material. The first term P(1)

represents the linear polarization response while the remainders are the nonlinear components. The
second term P(2) represents second-order nonlinear processes including SHG and sum frequency gen-
eration (SFG), while the third term P(3) governs third-order nonlinear processes including THG and
four-wave mixing (FWM), as illustrated in figure 2(b). In conventional bulk nonlinear optical materials,
these effects are intrinsically weak and require strict phase-matching conditions to accumulate nonlinear
interactions over extended propagation distances (typically millimeters to centimeters). Phase-matching
is necessary to maintain constructive interference rather than destructive interference of the generated
nonlinear signals during propagation. However, due to material dispersion effects, ideal phase-matching
conditions can generally only be realized within narrow spectral windows. Moreover, the long interac-
tion lengths in bulk crystals introduce transmission losses, further constrain overall efficiency. Together,
these limitations significantly restrict the performance and flexibility of conventional bulk materials in
nonlinear applications.

Metasurfaces have emerged as a powerful platform that fundamentally overcomes the limitations
of conventional bulk nonlinear materials, as their subwavelength thickness inherently relaxes phase-
matching conditions and minimizes transmission losses. Designing efficient nonlinear metasurfaces
requires careful consideration of all terms in equation (1). For χ(n), selecting materials with high non-
linear susceptibilities to fabricate metasurfaces is a direct approach to improving efficiency. For even-
order harmonic generation such as SHG, non-centrosymmetric materials with strong χ(2) are essential.
Gallium arsenide (GaAs)[20–25] and aluminum GaAs (AlGaAs)[26–34] are commonly employed in SHG
process due to their high χ(2). However, their significant absorption in the visible spectrum limits SHG
conversion efficiency. In contrast, gallium phosphide (GaP)[35, 36] has a wide bandgap that can avoid
such absorption, as well as lithium niobate (LiNbO3)[37–40] with bandgap of 3.88 eV. Beyond these con-
ventional bulk nonlinear materials, two-dimensional (2D) materials have emerged as a promising altern-
ative platform for nonlinear optics, such as 3R-molybdenum disulfide (3R-MoS2)[41–45], 3R-tungsten

3
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Table 1. SHG and THG processes in all-dielectric metasurfaces.

Nonlinear process Materials Bandgap (eV) Nonlinear susceptibility

SHG GaAs 1.42 [59, 60] |χ(2)
36 | = 340pmV−1 (106 nm)[60, 61]

AlGaAs 1.72 [59, 62] |χ(2)
36 | = 320pmV−1 (1064 nm) [63]

GaP 2.70 [60, 64] |χ(2)
36 | = 318pmV−1 (852 nm)[61]

BaTiO3 (barium titanate) 3.10 [65–67] |χ(2)
31 | = 28pmV−1 (1064 nm)[60, 68]

ZnO (zinc oxide) 3.10 [60, 69] |χ(2)
33 | = 14pmV−1 (1064 nm)[70]

LiNbO3 3.88 [60, 71] |χ(2)
33 | = 51pmV−1 (852 nm)[60, 61]

a-SiCa 4.00 [72] |χ(2)
33 | = 24pmV−1 (1064 nm)[73]

3R-MoS2 1.65 [74, 75] |χ(2)
22 | = 780pmV−1 (1350 nm)[76, 77]

3R-WS2 1.77 [74] |χ(2)
22 | = 500pmV−1 (1058 nm)[78]

ϵ-GaSe 2.30 [79] |χ(2)
33 | = 2400pmV−1 (1210 nm)[79]

THG a-Sia 1.70 [80, 81] χ
(3)
1111 = 0.60nm2 V−2 (1550 nm)[82, 83]

c-Sib 1.12 [60, 80] χ
(3)
1111 = 0.25nm2 V−2 (1550 nm)[84, 85]

a-Ge 0.70 [86, 87] χ
(3)
1111 = 0.57nm2 V−2 (1650 nm)[88, 89]

As2S3 2.22 [60, 90, 91] |χ(3)
eff | = 0.44nm2 V−2 (1550 nm)[90, 91]

TiO2 3.35 [60, 92] χ
(3)
1111 = 0.02nm2 V−2 (1550 nm)[60, 93, 94]

BP 1.60 [95] |χ(3)
eff | = 0.16nm2 V−2 (1560 nm)[96]

Graphene 0 [97] |χ(3)
eff | = 0.10nm2 V−2 (1560 nm)[96]

a a represents amorphous.
b c represents crystalline.

disulfide (3R-WS2)[46–48], ϵ-gallium selenide (ϵ-GaSe)[49–51]. They exhibit strong χ(2) for SHG, and
their atomic-scale thickness necessitates integration with resonant nanostructures to provide sufficient
nonlinear interaction length. For odd-order harmonic generation such as THG, this process is not con-
strained by crystal symmetry, enabling the use of centrosymmetric semiconductors. Silicon (Si)[52–56]
and germanium (Ge)[57] are particularly suitable due to their substantial third-order nonlinear suscept-
ibility (χ(3)) in near-infrared (IR) wavelengths. Titanium dioxide (TiO2)[58] is effective for THG in the
visible and ultraviolet ranges, while arsenic sulfide (As2S3)[46] offers advantages in the mid-IR due to
its strong nonlinearity and broad transparency window. Like in the SHG process, 2D materials such as
black phosphorus (BP) and graphene also exhibit large χ(3) for THG. Apart from materials discussed
above, other commonly used materials and more detailed parameters are listed in table 1. Beyond mater-
ial selection, metasurface designs must also account for the orientation of principal crystalline axes, as
their alignment with the local electric field E will influence the polarization intensity P.

2.2. Enhancement mechanism
Among all parameters in equation (1), the electric field E plays a dominant role in enhancing nonlin-
ear optical processes. This dependence becomes even more critical for high-order processes, as the non-
linear polarization scales with the nth power of E. Therefore, enhancing the local electric field within
metasurfaces is a primary strategy for boosting nonlinear interactions. To achieve this enhancement,
metasurfaces are often designed with subwavelength nanostructures that support resonant electromag-
netic modes, facilitating strong field confinement. The electromagnetic multipole expansion provides a
systematic framework for analyzing such resonances. According to multipolar expansion theory, the elec-
tromagnetic field of a resonance can be decomposed into contributions from electric modes, magnetic
modes, and toroidal modes as visualized in figure 2(c), and each mode includes infinite orders, while
the contribution of high-order modes is usually small enough to be ignored [17, 98, 99]. In Cartesian
coordinates, the multipole response can be described by equations (2)–(7) [100, 101]:

P = − 1

iω

ˆ
jd3r (2)

M =
1

2c

ˆ
(r× j)d3r (3)

T =
1

10c

ˆ [
(r · j)r− 2r2j

]
d3r (4)

4
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Q(E)
α,β =

1

i2ω

ˆ [
rαjβ + rαjβ −

2

3
(r · j)δα,β

]
d3r (5)

Q(M)
α,β =

1

3c

ˆ [
(r× j)α rβ +(r× j)β rα

]
d3r (6)

Q(T)
α,β =

1

28c

ˆ [
4rαrβ (r · j)− 5r2 (rαjβ + rβ jα)+ 2r2 (r · j)δα,β

]
d3r (7)

where P represents the electric dipoles (ED) moment, M represents the magnetic dipole (MD) moment,

T represents the toroidal dipole (TD) moment, Q(E)
α,β represents the electric quadrupole (EQ) moment,

Q(M)
α,β represents the magnetic quadrupole (MQ) moment, Q(T)

α,β represents the TQ moment, c is the
speed of light in vacuum, ω is the angular frequency, and r is the displacement vector from the origin to
any point in space. α, β = x,y,z is the coordinate components. Therefore, the far field can be expressed
as [100]:

I =
2ω4

3c3
|P|2 + 2ω4

3c3
|M|2 + 4ω5

3c4
Im(P ·T)+ 2ω6

3c5
|T|2

+
ω6

c5

∑
|Q(E)

α,β |
2 +

ω6

20c5

∑
|Q(M)

α,β |
2 + o

(
1

c5

)
. (8)

Here, the first term means the far-field scattering energy of ED in the far field, the second term is
the scattering energy of MD, the third term signifies the interference between ED and MD, the fourth
term means the scattering energy of TD, and the fifth and sixth terms are the scattering energies of the
EQ and the MQ, respectively. o

(
1
c5

)
represents the contribution of higher-order modes that are usually

very small. The multipolar expansion theory thus provides an efficient approach for analyzing the scat-
tering energies of the far field. Notably, in many cases these resonant modes will interact with each other
to form a field enhancement mode. For example, when ED and TD satisfy a specific destructive interfer-
ence condition(P = −ikT), their far-field radiation cancels out completely, forming a non-radiating ana-
pole mode [102–104]. This results in significant suppression of far-field scattering while simultaneously
enhancing near-field localization, effectively confining electromagnetic energy within the nanostruc-
ture. Another example arises when the ED spectrally overlaps with MD or TD, such interaction between
bright and dark modes gives rise to Fano resonances characterized by sharp, asymmetric line shapes in
the scattering spectrum [105–108]. These Fano resonances enable the formation of high-Q modes thus
significantly enhance near-field localization.

Among all these Mie-type resonances, BICs stand out as the most intriguing one due to their unique
physical characteristics (figure 3). BICs are non-radiative eigenmodes that exist within the radiation con-
tinuum but remain completely decoupled from it, thereby suppressing radiative losses and achieving the-
oretically infinite Q factors. Thus, they are ideal candidates for enhancing nonlinear optical processes
[16, 111–113]. Furthermore, BICs are also topologically protected states that manifest as vortex singu-
larities in momentum space (k-space)[114]. These singularities, known as V-points, are associated with
far-field polarization vortices and characterized by a topological charge q, which describes the winding
behavior of the polarization vector. The topological charge can be calculated as [115]:

q =
1

2π

˛
C
dk ·∇kϕ (k) , q ∈ Z (9)

where C is a closed loop in k-space that encircles the BIC in a counterclockwise direction, and ϕ (k) =
arg

[
Ex (k)+ iEy (k)

]
is the polarization angle, with Ex and Ey are the complex amplitudes of the radiated

plane waves. The value of q corresponds to the number of times the polarization vector rotates by 2π
along the loop C (see in figure 3(e)).

From a theoretical standpoint, the analysis of BICs requires specialized analytical approaches. Time-
domain coupled-mode theory describes a BIC as a non-radiative resonant state completely decoupled
from radiation channels, exhibiting perfect energy confinement. From the perspective of symmetry the-
ory, BICs occur when the modal symmetry of the resonant state is incompatible with that of the radi-
ation continuum, thus preventing coupling. Alternatively, coupled-wave theory explains BICs as arising

5
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Figure 3. Diagram of BIC Mechanism. (a) Subsection of the metasurface with dielectric meta-atoms, used to illustrate multipolar
characterization. (b) Schematic diagram of the formation of two types of BICs. (c) Far-field radiation pattern of the multipolar
lattice (l = 5,m = 0) with inset showing the polarization of the incident wave. (d) Reflection map for the multipolar X−105 as
a function of the in-plane wave vectors kx and ky . (e) Polarization map of the same lattice X−105 in the far field, revealing that
BICs formatted with specific topological charge. (f) Numerical and analytical results for the asymptotic behavior of Qrad near
the Γ point with different topological charge, q = +1,−2,−3. (a), (b) Reprinted figure with permission from [109], Copyright
(2019) by the American Physical Society. (c)–(f) Reprinted figure with permission from [110], Copyright (2022) by the American
Physical Society.

from either vanishing modal coupling or destructive interference between resonant states. These theoret-
ical frameworks, while offering valuable insights into BIC formation mechanisms from various perspect-
ives, still remain limited in providing a more clear mathematical description. In contrast, the multipole
expansion theory establishes a unified analytical framework that not only characterizes BIC phenom-
ena but also maintains theoretical consistency with conventional Mie-type resonances. In this approach,
the metasurface radiation field is expanded into a basis of vector spherical harmonics, as shown in
figure 3(a), providing a rigorous theoretical framework that simultaneously accounts for both the peri-
odic lattice arrangement and local resonator symmetries. Accordingly, the far-field radiation characterist-
ics of a metasurface array can be formally expressed as [109]:

E(r) = E0
∑

K,pi,pr,m,n

D̃pi,pr,m,n
Vbi−n

2π k1

ˆ ˆ ∞

−∞
dk||δ

(
kb − k|| −K

)
× eikr

kz

[
Ypi,pr,m,n

(
k

|k|

)]
. (10)

Here, K is the reciprocal lattice vector, kz =±
√
k21 − k2||, |k|= k1 =

√
ε1

ω
c . And Vb is the volume of the

first Brillouin zone. The spherical vector functions Ypi,pr,m,n (n) depend on the spherical coordinates of

a unity vector n, where pi,pr,m,n are series of parameters used to present multipoles, and D̃pi,pr,m,n is
the amplitude corresponding to Ypi,pr,m,n (n). Equation (10) rigorously correlates the multipolar radiation
pattern of a single meta-atom with the collective far-field behavior of the metasurface. It offers power-
ful insight into the formation of BICs through multipolar coupling effects. This mechanism not only
establishes fundamental criteria for the existence of bound states in photonic systems but also provides a
novel paradigm for investigating BICs.

Clarifying the radiation images of different multipoles makes it easy to intuitively understand the
formation of BICs. In subwavelength periodic arrays, the total radiation is a superposition of all multi-
polar contributions. Based on multipole expansion theory, BICs can arise under two distinct conditions
(figure 3(b)):

(i) Accidental BICs: these arise when non-zero multipole components undergo complete destructive
interference along the z-axis, effectively decoupling the system from free-space propagating light. These
modes are referred to as ‘accidental’ because their positions in k-space occur at arbitrary positions, hence
also known as off-Γ BICs. Especially, higher-order multipoles have a larger number of nodal lines that
can form several off-Γ BICs, as illustrated in figure 3(c).
(ii) Symmetry-protected BICs: these arise when no multipolar component contributes to radiation along
z-axis due to symmetry constraints. Specifically, as discussed in [109], multipole analysis reveals that in
the sub-diffractive array, all modes lacking spherical harmonic with m = 1 together form symmetry
protected BICs. Especially, multipoles at the Γ point satisfy m = 0, where far-field radiation comprises
multipoles without z-axis radiation components, hence also known as at-Γ BICs.

6
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Figure 4. The symmetry breaking designs in metasurfaces and their effects on the Qrad. (a) Concept schematic illustrating the
normal incidence condition in asymmetry metasurfaces, and several usually applied asymmetric designs with their definitions of
the asymmetry parameter α. (b) The effect of six types in-plane asymmetric designs on the Qrad, showing that Qrad depends on
the asymmetry parameter α. Reprinted figure with permission from [120], Copyright (2018) by the American Physical Society.

The formation of both types of BICs in k-space is shown in figure 3(d). Notably, when considering the
multipoles with rotational symmetry (m = 0), the accidental BICs (off-Γ BICs) constitute a closed con-
tinuous line in k-space, whereas symmetry-protected BICs (at-Γ BICs) emerges exclusively at the center
as a singular point.

Symmetry-protected BICs formatted at the Γ point are particularly important in this review. In prac-
tical applications, their local Q factor scaling behavior near the Γ point is essential for assessing robust-
ness to structural imperfections. Evaluating how rapidly the Q factor decreases away from the Γ point
provides essential insight into the feasibility of high-Q mode engineering. A key step in this analysis
is to establish a direct correlation between the topological charge q of the BIC and the local asymp-
totic scaling behavior of the Q. For multipolar lattices, the dependence of Q on the Bloch wave vector
kb =

(
kx,ky,kz

)
in the investigated system can be analytically determined through this defining expres-

sion: Q = ωWst/P, where Wst is the stored energy within a unit cell, P is the power radiated by the unit
cell. It can be proved that, the asymptotic behavior of the Q factor near BICs is completely defined by
the topological charge q of the BICs [110]:

Q∼ 1

|Ypi,pr,m,n (k/|k|) |2
∼ 1

|kb|2|q|
(11)

Where Ypi,pr,m,n (k/|k|) is the spherical vector functions mentioned in equation (10), and q is the topo-
logical charge defined in equation (9). This expression implies that the higher value of |q|, the slower
the Q factor decreases with increasing distance from the Γ point in k-space. As illustrated in figure 3(f),
when the topological charge takes values of q = +1,−2,−3 , the system with larger topological charge
shows a more gradual decrease of Q as further away from Γ point. This observed trend directly suggests
that the magnitude of topological charge represents an indicator of structural robustness. This principle
provides an important theoretical basis for a deeper understanding of the physical mechanism of BICs
and the engineering design of high-Q modes on all dielectric metasurfaces.

The exceptional nonlinear enhancement of BICs-based metasurfaces originates from their high-Q
resonance properties. BICs theoretically possess an unbounded Q factor, which stems from their perfect
suppression of radiative losses in far field. However, such complete decoupling from far-field radiation
makes BICs fundamentally inaccessible to external excitation. To overcome this limitation, it is neces-
sary to introduce asymmetry into the system, thereby transforming an ideal BIC into a quasi-BIC. These
quasi-BICs retain the essential features of high field confinement and enhanced light–matter interactions,
while allowing finite but high Q factors. Recent studies have demonstrated that metasurfaces composed
of arrays of symmetry-broken meta-atoms under normal incidence conditions can support quasi-BIC
resonances with Q = Qrad +Qfab, where Qrad is the radiative Q factor and Qfab is the fabrication-induced
Q factor. The maximal field enhancement is achieved for:

Qrad = Qfab (12)

which is often termed as the critical coupling condition [116–119]. Through defining an asymmetry
parameter α, work by Koshelev et al [120]. demonstrated a universal behavior for the Qrad as a function

7
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Table 2. Summary of the experimental Q factor of quasi-BICs in different nanostructures.

Methods Structures λ (nm) Q

In-plane asymmetry perturbation Si tilted-elliptical cylinders [131] 860 144
Si metasurface with hybridization of two lattices [128] 1540 700
GaAs L-shaped pillar [132] 1512 1000
Si nanodisk dimer [133] 1480 3142
Si U-shaped pillar [134] 1548 3534
Si metasurface with hybridization of two lattices [129] 1513 4130
Si off-center hollow square [135] 1500 4990
Si T-shaped pillar [136] 1588 18 511
Si double-holes [137] 1553 36 964
Shallow Si pair-rod [138] 1560 101 486
Si composite slites [139] 1503 110 510

Out-of-plane asymmetry perturbation TiO2 slant bar [140] 613 1250
TiO2 slant square nanohole [141] 618 2663

Permittivity perturbation Si/TiO2 hybridized metasurface [130] 1485 40

of α for all studied asymmetry metasurfaces (figure 4). Figure 4(b) presents a direct comparison of the
Qrad as functions of the asymmetry parameter α in dielectric and plasmonic metasurfaces. Remarkably,
despite their structural diversity, quasi-BICs systems exhibit a clear inverse quadratic scaling that is
[116, 120]:

Qrad = Q0α
−2, (13)

where Q0 is a constant determined by the asymmetry metasurface design being independent of α. For
larger α, Qrad decreases faster because the deviation from the symmetric unit cell can not be considered
as a weak pertubation. thereby validating the universality of this quasi-BIC model across different reson-
ator configurations. Therefore, Qrad can be tuned to match Qfab which is determined by the manufactur-
ing process and material properties to satisfy the critical coupling condition in equation (12).

Such relationship between Q factor and asymmetry offers a powerful and unified theoretical frame-
work for designing high-Q resonant asymmetry metasurfaces via symmetry-breaking engineering.
Among various symmetry-breaking strategies, the most widely adopted approach involves in-plane geo-
metric perturbations to the meta-atom design. Typical types of meta-atoms (figure 4(a)) include asym-
metric pairs of tilted elliptical cylinders [121, 122], square split-ring resonators [123, 124], L-shaped
resonators [125, 126], two parallel nanobars with different lengths. In addition to in-plane symmetry
breaking, another promising strategy involves out-of-plane symmetry breaking, which is realized by
breaking the vertical symmetry. For instance, by varying the height of individual meta-atoms within the
unit cell [127]. This approach allows for enhanced tunability without altering the lateral pattern layout,
and is especially relevant in multilayered or 3D-integrated metasurfaces. Except for regulating geomet-
ric asymmetry, another method is to introduce hybridization of two lattices in the metasurface, which
involves two different size of meta-atoms in each lattice [128] or two lattice hybridizated with different
spacings [129]. More recently, alternative schemes have emerged that utilize permittivity perturbation
wherein different materials are integrated in a unit cell [130]. This approach mitigates the fabrication
challenges inherent to geometric asymmetry while preserving high-Q resonances. A representative sum-
mary of recent studies about breaking symmetry to form quasi-BICs are listed in table 2.

3. SHG

SHG is a second-order nonlinear optical process in which two photons at the fundamental frequency
are coherently converted into a single photon at twice the frequency. This process requires a non-
zero second-order nonlinear susceptibility χ (2), which is intrinsically forbidden in centrosymmetric
media under the electric-dipole approximation. As a result, efficient SHG occurs in materials with non-
centrosymmetric crystal structures. Combining with asymmetry designs in metasurfaces can further
enhance the SHG efficiency by supporting high-Q quasi-BICs. Absolute conversion efficiency of SHG
is defined as the SHG power normalized to the average pump power at the fundamental frequency:
ηSHG = P2ω/Pω .

GaAs and AlGaAs are particularly attractive for resonant SHG due to their high χ (2) values and
compatibility with nanofabrication. A representative work by Vabishchevich et al [126]. reports design
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Figure 5. Nonlinear asymmetry metasurfaces for SHG. (a), (b) Vabishchevich’s demonstration of enhanced SHG from a L-
shaped GaAs metasurface: (a) GaAs asymmetry metasurface, based on a cube with a 300 nm side that has a notch cut form the
corner, with the simulated electric (left) and magnetic (right) intensity profiles in the x–y horizontal plane shown below, and
arrows indicate the directions of electromagnetic field vectors inside the nanoresonator. (b) Reflectivity spectrum of the L-shaped
GaAs metasurface, indicating a high-Q resonance with a∼2 nm spectral width, and the resonantly enhanced SHG at the Fano
resonance wavelengths. (c), (d) Anthur’s realization of highly efficient SHG from a tilted-elliptical cylinder Gap metasurface:
(c) Conceptual illustration of SHG enhanced by quasi-BICs in a GaP asymmetry metasurface with Si substrate comprising a
square lattice of dimers formed by two elliptical cylinders, with inset below showing the formation of the quasi-BICs. A single
in-plane ED is induced in each particle in the dimer, containing x- and y-components pix,y (d) Experimentally measured power
dependences of SHG from the tilted-elliptical cylinder metasurface. Experimental data is shown as dots and fits to the equation
PSHG = aPbpump which is shown as dashed lines. (e), (f) Bernhardt’s work to demonstrate enhanced SHG from a two-bar Si
metasurface combined with a WS2 monolayer: (e) Schematic of SHG from a WS2 monolayer placed on top of the two-bar Si
metasurface hosting BICs, with the unit cell asymmetry design shown below. The paired Si resonators in the cell exhibit MD
momentsm1 andm2, together generate a net MD momentm (f) Measured SH intensity fromWS2 monolayer on the two-bar Si
metasurface (red) and on a reference bulk Si film (black, and magnified 500 times) (g), (h) Liu’s demonstration of a giant SHG
enhancement in a T-shaped Si metasurface coupled by GaSe flake: (g) Illustration of SHG from a GaSe flake laid on the sur-
face of the T-shaped Si metasurface. Inset shows the lattice structure of ϵ-GaSe flake. Diagram below shows the T-shaped meta-
atom with width w and asymmetry parameter a and b (left), and simulated magnetic field distribution (right) of the T-shaped
Si metasurface. (h) Experimentally measured spectra of the SHG intensity from GaSe flake on and off the metasurface. (a), (b)
Reprinted with permission from [126]. Copyright (2018) American Chemical Society. (c), (d) Reprinted with permission from
[142]. Copyright (2020) American Chemical Society. (e, f) Reprinted with permission from [117]. Copyright (2020) American
Chemical Society. (g), (h) Reprinted with permission from [143]. Copyright (2021) American Chemical Society.

of a GaAs metasurface composed of arrays of L-shaped nanoresonators with broken mirror symmetry
to support high-Q Fano resonances, as shown in figure 5(a). The Fano resonance arises from the inter-
ference between a broad scattering continuum and a symmetry-protected dark mode BIC. Specifically,
an out-of-plane MD becomes accessible by breaking the in-plane structural symmetry. This symmetry
breaking enables coupling between the MD mode and free-space radiation, giving rise to a sharp spec-
tral feature with a Q factor of approximately 500 and a linewidth of 2 nm near 0.98µm. At the reson-
ance wavelength, strong field localization occurs inside the GaAs nanoresonators, leading to a dramatic
enhancement of the SHG. Experimentally, the SHG signal under resonant excitation is approximately
300 times stronger than that under off-resonant pumping. A SHG conversion efficiency of ∼6× 10−5 at
pump intensity 3.1 GWcm−2 was achieved, as show in figure 5(b).

Despite these advantages, GaAs and AlGaAs suffer from strong absorption in the visible range
of the spectrum that hinders the generated nonlinear frequencies. In contrast, GaP offers a wider
bandgap and a broad transparency range from the visible to near-IR, making it more suitable for visible-
wavelength SHG. Recent studies have explored GaP metasurfaces to exploit this advantage [144, 145].
Notably, Anthur et al [142]. demonstrated a GaP metasurface composed of a square array of nanodi-
mers comprising two tilted elliptical cylinders to support high-Q quasi-BICs, as illustrated in figure 5(c).
Figure 5(c) schematically depicts the unit cell of the tilted-elliptical cylinder metasurface and the relev-
ant optical modes involved in the formation of the quasi-BIC. The unit cell consists of a pair of ellipt-
ical cylinders rotated by an angle θ relative to the vertical axis. When θ = 0◦, the structure exhibits
a true BIC, resulting from the in-phase collective oscillation of an out-of-plane MD (mz) and an in-
plane electric quadrupole (Qe

xy) . Breaking the symmetry (θ ̸= 0◦) introduces a finite x-directed ED
(px) , which mediates coupling between the localized state and the free-space continuum, thus forming
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a quasi-BIC. Due to symmetry constraints, px is the only component that can couple to the incident
x-polarized plane wave, enabling enabling external excitation of the high-Q resonance. And the metas-
urface was evaluated for SHG using both pulsed and continuous wave (CW) illumination. Remarkably, a
record-high conversion efficiency of 2×10−7 was achieved under pump with intensities of 1 kWcm−2,
see figure 5(d) for SHG power dependence curves at different θ, highlighting the resonant enhance-
ment enabled by symmetry breaking. Another highly nonlinear material with relatively large bandgap
is LiNbO3, which enables SHG in the visible spectrum. A resonant nonlinear metasurface based on thin-
film LiNbO3 attained a high conversion efficiency of ∼10−6 at 4.3 GWcm−2 average power, highlighting
the potential of LiNbO3 for integrated nonlinear optics [146]. Later work further reported an intriguing
polarization behavior of the emitted SH [147], making z-cut LiNbO3 metasurfaces promising tools for
nonlinear holography with polarization encoding. Nevertheless, due to the inherent nanofabrication
complexity of LiNbO3, the realization of quasi-BIC resonances with high Q factors has not yet been fully
achieved. Therefore, further advancements in LiNbO3 nanofabrication techniques are crucial for unlock-
ing the full potential of BIC-enhanced nonlinear metasurfaces based on LiNbO3 platform.

While the discussed noncentrosymmetric materials exhibit strong intrinsic nonlinearities and have
enabled efficient harmonic generation through resonant metasurfaces, their integration into practical
photonic circuits remains limited. A major bottleneck lies in their incompatibility with CMOS fabric-
ation processes. In contrast, centrosymmetric materials like Si are fully CMOS-compatible. However,
the inversion symmetry of Si prohibits bulk second-order nonlinear responses under the electric-dipole
approximation. A promising solution is to integrate 2D materials with Si asymmetry metasurfaces. These
hybrid platforms leverage the strong χ (2) nonlinearity of 2D materials and the field-enhancement cap-
abilities of resonant Si metasurfaces, providing an elegant route to unlock SHG in centrosymmetric
photonic systems.

Monolayer WS2 is a favorable 2D material for SHG due to its strong nonlinear susceptibility, mak-
ing it ideally suited for integration with nanophotonic platforms. A pioneering study by Bernhardt et al
[117], marked a significant step forward by demonstrating the first hybrid metasurface that effective
harnesses the nonlinear properties of a monolayer WS2 through quasi-BIC engineering. Designed meta-
atom comprises two parallel nanobars with a controlled width difference (dL), and the asymmetry para-
meter α is defined as the ratio of dL to the width of the larger nanobar (L) (figure 5(e)). With system-
atically varying dL, the researchers demonstrated precise control over α. As mentioned in equation (13),
Qrad directly depends on α. By fabricating a series of two-bar metasurfaces with varying α parameters,
they achieved optimal SH intensity enhancement under critical coupling condition in equation (12).
Experimental results reveal that the metasurface that features a 140 nm nanobar width (α = 0.22)
exhibits maximal enhancement, demonstrating a remarkable 1140-fold increase in SH generation from
the coupled monolayer WS2 relative to an unpatterned Si substrate as shown in figure 5(f). This work
demonstrated the feasibility of integrating 2D materials with CMOS-compatible metasurfaces for efficient
SHG. Building upon this foundational work, subsequent efforts have explored alternative 2D materials
and symmetry-breaking strategies to further improve SHG performance on Si platforms. Liu et al [143].
introduced a more effective symmetry-breaking mechanism by designing T-shaped Si meta-atoms that
support quasi-BIC resonances with higher Q factors. As illustrated in figure 5(g), the T-shaped metasur-
face incorporates a GaSe flake exhibiting strong nonlinear response. GaSe represents another promising
type of 2D nonlinear materials. The second-order nonlinear response of GaSe increases with their thick-
ness within one coherent length, and its χ(2) can reach ∼1000 pmV−1 [79]. The structural asymmetry,
characterized by width w along with two asymmetry parameters (a and b), effectively breaks rotational
symmetry, enabling quasi-BICs with Q factors exceeding 8900. These quasi-BIC modes exhibit MD
characteristics with its dipole moment along the Z axis, which has been demonstrated to significantly
enhance nonlinear light-matter interactions as shown in inset in figure 5(g). Under continuous-wave
excitation resonant with the quasi-BIC mode, the system achieves a remarkable 9400-fold SHG enhance-
ment compared to GaSe on unpatterned substrates (figure 5(h)). This approach not only surpasses
earlier designs in terms of Q factor and field confinement, but also establishes a CMOS-compatible route
for achieving efficient nonlinear light generation under low-power, continuous-wave operation.

This section presents a concise overview of SHG in asymmetry metasurfaces, with particular focus
on diverse material platforms including GaAs, GaP, and 2D materials integrated with Si-based metasur-
faces, such as monolayer WS2 and GaSe flakes. Despite these advancements, the asymmetry metasurfaces
for SHG applications continues to explore a wide range of promising material platforms, each offer-
ing unique advantages for optimizing nonlinear optical responses. As mentioned in table 1, traditional

nonlinear oxides such as BaTiO3, with their exceptional nonlinear coefficients (|χ(2)
31 | = 28pmV−1),

featuring both wide bandgap (3.1 eV) and intrinsic non-centrosymmetric perovskite structure, provide
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robust foundations for combining with quasi-BIC field confinement effects. Similarly, ZnO features a

wide bandgap (3.1 eV), high nonlinear susceptibility (|χ(2)
33 | = 14.4pmV−1), and the unique ability to

maintain substantial nonlinear responses in the vacuum ultraviolet (VUV) regime. Notably, Semmlinger
et al [148]. have demonstrated a ZnO metasurface designed for nonlinear optical generation of VUV
light, paving the way for compact and efficient VUV sources with potential applications in emerging
technologies. Besides, chalcogenides are promising dielectric materials for nonlinear photonics due to
their compositional tunability, the noncentrosymmetry of certain crystalline phases, and their suitability
for nanostructuring in diverse architectures. As discussed by Das Gupta et al [149], they demonstrated a
significant SHG within selenium (Se)-based metasurfaces, highlighting the potential of chalcogenides for
engineering highly efficient and tailorable nonlinear optical devices.

Future research challenges remain in optimizing the interplay between material bandgaps and quasi-
BIC resonances to simultaneously suppress absorption losses and maximize field enhancement. Another
critical direction lies in the development of robust heterogeneous integration strategies that maintain
both the high nonlinearity of the 2D material and the high Q factor of the asymmetry metasurfaces.
Moreover, a deeper understanding of the ultrafast dynamics between the temporal confinement of
quasi-BIC modes and the nonlinear response times of the constituent materials is essential for advan-
cing device performance. Continued investigations along these lines are expected to yield new physical
insights and drive further improvements in SHG efficiency and functionality.

4. THG

THG, a representative third-order nonlinear optical process, involves the frequency upconversion of
incident photons to produce coherent radiation at exactly triple the fundamental frequency via χ(3)

nonlinear interactions. Unlike second-order effects, third-order nonlinearities are not forbidden in
centrosymmetric media, allowing both crystalline and amorphous materials to be explored for THG
applications. High-index and mid-index dielectric materials are already being explored for THG at sub-
wavelength scale, including Si, Ge, AlGaAs. Among them, Si is still more applied in asymmetry metas-
urfaces for THG applications due to its compatibility with standard CMOS fabrication processes, lower
manufacturing costs, and mature nanofabrication techniques that allow precise control of subwavelength
features. Beyond material selection, careful structural optimization of asymmetry metasurfaces is equally
critical for enhancing THG absolute conversion efficiency, that is defined as the radiated THG power
normalized to the average pump power at the fundamental frequency: ηTHG = P3ω/Pω . This can be
achieved by engineering the meta-atom geometry to control multipolar resonances, to suppress radiative
losses and maximize Q factors through BICs. Si metasurfaces exploiting BICs have demonstrated THG
efficiency improvements of several orders of magnitude compared to conventional nanostructures.

A landmark demonstration of THG enhancement in Si metasurfaces leveraging BIC physics was
reported by Liu et al [136], marking the first realization of an ultrahigh-Q quasi-BIC resonance on Si
metasurfaces. In this work, the authors designed a metasurface composed of T-shaped meta-atoms,
formed by selectively removing identical volumes of material from each unit cell (figure 6(a)). Crucially,
the structure preserves mirror symmetry with respect to the XZ plane, which suppresses radiative
losses and enables the formation of a symmetry-protected quasi-BIC mode with a record-high Q factor
of 18 511–the highest ever reported for a Si-based metasurface at the time. Furthermore, this mirror
symmetry-preserving architecture enables significant nonlinear optical effects. The metasurface achieves
a THG conversion efficiency of approximately 10−6 at 0.1 GWcm−2 pump intensity, representing an
enhancement exceeding five orders of magnitude compared to a bare Si film of equivalent thickness,
with a clear comparison shown in figure 6(b). Moreover, the device produces pronounced SHG, despite
centrosymmetric structure of Si typically prohibiting second-order nonlinear effects. The THG and SHG
are further verified by the power-dependent double logarithmic plots, with figure 6(c) clearly showing
the expected cubic and quadratic scaling respectively.

While ultrahigh-Q resonances are critical for enhancing nonlinear processes, Q factor alone does
not fully determine the efficiency of frequency conversion. Koshelev et al [116]. suggest and develop
a novel concept that the interaction of Qrad and Qfab can regulate the THG intensity and optimal fre-
quency conversion efficiency in asymmetry metasurfaces is attained when these two Q factors achieve
balanced contributions through critical coupling conditions in equation (12). In this study, the authors
designed meta-atoms consisting of asymmetric bar pairs with width variations δw (inset in figure 6(d))
and define an asymmetry parameter α as α = δw/w, where w represents the width of the wider bar to
experimentally validate this concept. To further study the matching mechanism between Qrad and Qfab,
a series of six such two-bar Si matasurfaces with different α were fabricated, and they test out that Qrad

shows a direct dependence on α as mentioned in equation (13) (figure 6(e)). The experimental results,
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Figure 6. Nonlinear asymmetry metasurfaces for THG. (a)–(c) Liu’s demonstration of SHG and THG from a T-shaped Si metas-
urface: (a) Schematic of the metasurface composed of Si cubes with asymmetric defects supporting quasi-BIC resonances. Inset:
geometry of the T-shaped meta-atom. (b) Comparison of THG spectra between the T-shaped metasurface and a reference Si
film of the same thickness. (c) Power dependence of SHG and THG signals, exhibiting quadratic and cubic scaling, respectively.
(d)–(f) Koshelev’s investigation of critical coupling–enhanced THG in a two-bar Si metasurface: (d) Conceptual illustration of
THG enhancement in an asymmetric dielectric metasurface. Inset: unit cell design with definitions of the asymmetry parameter
α = δw/w. (e) Dependence of the Q on α, showing experimental results (red dots), numerical simulations (blue line), and ana-
lytical model predictions (black line). The shaded region marks the critical coupling regime. (f) THG power as a function of α,
with maximum conversion efficiency achieved near α≈ 0.2. (g)–(i) Abdelraouf ’s realization of (deep ultraviolet) DUV THG
from a mirrored-trapezoidal c-Si metasurface: (g) Schematic of the c-Si metasurface on a sapphire substrate, pumped at 840 nm
to generate transmitted THG at 280 nm. Inset: geometric parameters of the mirrored rignt-angle trapezoidal cell. (h) Measured
transmission of the mirrored-trapezoidal metasurface with varing α values. (i) Measured THG power dependence for the metas-
urface (black squares, slope = 2.904) and a c-Si thin film of equal thickness (blue circles, slope = 3.064). (a)–(c) Reproduced
from [136]. CC BY 4.0. (d)–(f) Reprinted with permission from [116]. Copyright (2019) American Chemical Society. (g)–(i)
Reprinted with permission from [150]. Copyright (2024) American Chemical Society.

as clearly evidenced in the figure 6(f), shows that the THG enhancement is strongly influenced by α,
and the highest TH intensity is observed at an intermediate asymmetry parameter of α = 0.175, which
is 10−6 under a pump power of 2.6 GWcm−2. This result not only highlights the importance of Qrad

engineering, but also establishes a practical design guideline for achieving critical coupling in nonlinear
metasurfaces.

Studies mentioned above primarily employ metasurfaces with geometrically symmetry-broken meta-
atoms, which makes them exhibit polarization-dependent responses. While this polarization sensitiv-
ity offers advantages for applications such as polarization-selective switching or filtering, it often lim-
its performance in nonlinearity. To address this limitation, Liu et al [128]. demonstrated polarization-
independent THG in Si metasurfaces by leveraging doubly degenerate quasi-BICs. The proposed metas-
urface design features a diatomic unit cell composed of two Si nanodisks with unequal radii arranged
in a square lattice, which breaks translation symmetry while preserving C4v rotational symmetry. Based
on the numerical design, the authors fabricated a series of asymmetry metasurfaces with one nanod-
isk having varying radiis, and as the values of these two radiis approaching, an increasing Q factor is
observed which reveals the existence of quasi-BICs. Besides, the reflectance spectra maintained con-
sistent resonance positions and linewidths under different polarization angles, confirming the linear
polarization-independent nature of the design. The high Q factor and strong field confinement facil-
itate the efficient nonlinear frequency conversion from the near-IR to visible light, achieving a max-
imum conversion efficiency of 1.03×10−5 at a pump intensity of 5.85GWcm−2 with stable perform-
ance maintained under different polarization conditions. This work demonstrates that through the
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disruption of translation symmetry while preserving C4v rotational symmetry can produce quasi-BICs
with polarization-independent responses for both linear and nonlinear optical responses, providing a
valuable design principle for developing robust nonlinear photonic devices.

The above-described studies have successfully demonstrated enhanced THG in the near-IR to vis-
ible spectral range. To extend such efficient nonlinear frequency conversion to DUV regime, Abdelraouf
et al [150]. utilized the interband plasmonic properties of the c-Si in the DUV, to fabricate a c-Si metas-
urface on a sapphire substrate for THG in the deep DUV regime. The designed meta-atom comprises
two mirrored right-angle trapezoidal c-Si pillars. Structural symmetry breaking was achieved through a
length difference (∆L) between the top (L1) and bottom (L2) edges of the trapezoidal pillars, as illus-
trated in figure 6(g), and the degree of asymmetry is quantified by the parameter α = ∆L/L2. This
design enables high-Q factor BIC resonances. Experiments conducted revealed that the increasing α
induces both a blue shift and broadening of the BIC resonance linewidth while reducing the Q factor
as shown in figure 6(h). This effect originates from the modified coupling between EQ and MQ modes
at shorter wavelengths. Power dependence of THG from this mirrored-trapezoidal metasurface is plotted
in figure 6(i), and at an asymmetry parameter of α = 0.22, the system achieved maximum THG con-
version efficiency 5.2×10−8 under 15.5GWcm−2 pump power. Notably, this result represents a 14-fold
improvement over previously reported dielectric metasurfaces operating under comparable conditions in
the DUV, marking a significant advance towards compact and efficient ultraviolet (UV) light sources.

In addition to enhancing nonlinear conversion efficiency, Si metasurfaces can also serve as multifunc-
tional platforms for nonlinear signal modulation. As demonstrated in work by Xu et al [151], by com-
bining the advantages of Mie resonators and BICs, they designed an ultrathin resonant Si disk metasur-
face. The introduction of off-centered holes in each nanodisk breaks the C2 symmetry, opening a radi-
ation channel of the BICs in the system. With the offset value increasing, a clear decrease of Q factor
can be observed, confirming the formation of quasi-BICs. Multipolar decomposition analysis demon-
strates that these states are dominated by MD response, yielding a forward third-harmonic conversion
efficiency of approximately 10−5 at a peak pump intensity of 1.0 GWcm−2. These high-Q MD quasi-
BIC states enable efficient dynamic control of nonlinear emissions. Therefore, for a further application,
the researchers implemented two distinct image-switching mechanisms: polarization-dependent con-
trol through orthogonally oriented nanodisk arrays (encoding↑and↓patterns), and wavelength-selective
switching using spectrally tuned resonators (1325 nm and 1355 nm MD quasi-BIC states). This approach
enables dynamic control over nonlinear image readout, establishing a compact and reconfigurable plat-
form for functional nonlinear nanophotonic devices.

In this section, recent advances in Si metasurfaces have demonstrated efficient THG from near-IR
to visible and even DUV wavelengths, also enable dynamic image switching through wavefront con-
trol. Although the inherently lower conversion efficiency of THG compared to SHG restricts its prac-
tical applications, ongoing efforts continue to explore its potential. Beyond existing studies about THG
in metasurfaces, future progress may arise from alternative material platforms and novel physical mech-
anisms. Exploring new nonlinear materials presents a promising avenue for improving THG efficiency
in metasurfaces. For instance, BP has high nonlinear susceptibility (∼30pmV−1) and its lattice orienta-
tion can be designed to align with the polarization direction of quasi-BIC modes to maximize the non-
linear coupling efficiency. Moreover, TiO2 can be used for THG in visible and UV regime, while As2S3
is demonstrated the possibility of THG in the mid-IR by Gao et al [152]. which is enabled by phase-
locking between the fundamental and harmonic waves. The further advances in THG metasurfaces will
likely arise not only from the continued refinement of structural designs, but also from the integration
of unconventional materials and the exploitation of novel nonlinear interactions. Future improvements
will likely come from the integration of such emerging materials with advanced quasi-BIC designs, open-
ing new avenues for THG-based nanophotonic applications.

5. Other effects

5.1. Nonlinear chirality effects
While the preceding sections on SHG and THG have primarily focused on enhancing nonlinear conver-
sion efficiency through high-Q quasi-BIC resonances, another powerful strategy for advancing nonlin-
ear metasurface functionality lies in controlling the polarization state of the generated light. By break-
ing mirror symmetry, asymmetry metasurfaces can be designed to support circularly polarized modes,
enabling spin-dependent light–matter interactions and giving rise to nonlinear chiral effects. Such effects,
including enhanced nonlinear circular dichroism (CD) which refers to the different nonlinear optical
response under left- and right-handed circularly polarized excitation CDn = (InR − InL)/(I

n
R + InL) where

n is the order of harmonics generation. This not only expands the application scope of asymmetry

13



J. Opt. 28 (2026) 023001 WWu et al

Figure 7. Nonlinear asymmetry metasurfaces for THG. (a), (b) Shi’s realization of nonlinear CD in a double-sided scythe (DSS)
shaped Si metasurface: (a) Illustration of planar chiral quasi-BIC metasurfaces comprising unit cell formed by the α-Si DSS
structures on a SiO2 substrate, exhibiting 2D chirality for circular dichroism in transmission. (b) Measured THG intensities
under right-handed polarization (RCP), left-handed polarization (LCP) incidences in the DSS-shaped metasurface, and in a ref-
erence Si thin film, as well as the nonlinear CD spectra. (c), (d) Koshelev’s demonstration of nonlinear chiroptical response from
a L-shaped Si metasurface: (c) Schematic of the Si metasurface with with broken-symmetry L-shaped meta-atoms and its linear
and nonlinear characteristics (d) Measured nonlinear CD spectrum from the asymmetry L-shaped Si metasurface, showing a tun-
able range from−0.771 to+0.918. (e), (f) Tonkaev’s work reporting a strong CD from a non-parallel-bars hBN metasurface: (e)
Schematic image of the hBN chiral nonlinear metasurfaces showing a nonlinear chiroptical response, comsisting of a square lat-
tice of non-parallel asymmetric nanobar dimers. (f) Spectrum of nonlinear CD for full signal (green), copolarized excitation and
collection (pink) from the non-parallel-bar hBN metasurface, and nonlinear CD from a reference unpatterned film (gray). (a),
(b) Reproduced from [154]. CC BY 4.0. (c), (d) Reprinted with permission from [119]. Copyright (2023) American Chemical
Society. (e), (f) Reprinted with permission from [155]. Copyright (2024) American Chemical Society.

metasurfaces beyond efficiency enhancement, but also provide new opportunities for quantum photon-
ics, and chiral sensing [58] . The first theoretical proposal for leveraging quasi-BICs to enhance non-
linear CD in asymmetry metasurfaces was proposed by Gandolfi et al [153]. In this work, the authors
investigated a Si metasurface composed of asymmetric dielectric dimers arranged on a glass substrate,
supporting high-Q quasi-BIC modes in the near-IR spectral range.

The pioneering experimental observations by Shi et al [154] demonstrated how the breaking c2z sym-
metry in BIC-based metasurfaces gives rise to off-Γ C-points, which manifest extrinsic chirality under
oblique illumination or via structural perturbations. This work suggests a design of chiral metasurface
by employing double-sided scythe (DSS) shaped a-Si (α-Si) nanostructures with breaking c2z symmetry
to construct the BIC state. The unit cell of the planar metasurface can be described by a set of paramet-
ers: P, R, L1, L2, W1, W2, and H as depicted in figure 7(a). Such engineered BIC state exhibit strong
birefringent properties that supports a vortex polarization singularity (V-point) enveloped by elliptical
eigenstates with non-zero helicity, providing a convenient way to achieve high-Q chirality by slightly
perturbing the inversion symmetry. Through illumination symmetry breaking, the BIC state under-
goes transformation into a quasi-BIC, exhibiting strong extrinsic chirality with precisely tunable spec-
tral linewidth. Alternatively, the introduction of in-plane structural asymmetries (L1 ̸= L2) facilitates
the emergence of intrinsic planar chirality at normal incidence. Figure 7(b) shows the measured THG
intensity under right-handed polarization (RCP) and left-handed polarization (LCP) incidence, yield-
ing ultra-high nonlinear CD of 0.81. Beyond the chirality based on circular polarization, the authors
also envision the elliptical chirality by varying simultaneously birefringence and axis angle of the meta-
atoms. This metasurface platform thus enables simultaneous control over both linear and nonlinear
chiral optical responses, offering versatile functionality for advanced spin-selective photonic applications.

Building upon this experimental foundation, Koshelev et al [119]. provided a more detailed invest-
igation of the interplay among symmetry perturbations, quasi-BIC resonances, and nonlinear chirality.
In this study, they fabricated Si metasurfaces comprising L-shaped meta-atoms (figure 7(c)) designed
to support resonant quasi-BIC modes in the near-IR wavelength range (1240 to 1500 nm). They firstly
confirmed the linear CD reaching up to 0.3 at the quasi-BIC resonances originating from the inter-
action of modes with the substrate. Furthermore, by regulating the geometric symmetry perturbation
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parameter (∆L), they revealed that certain quasi-BIC modes exhibit significantly enhanced local fields
and nonlinear polarization, surpassing other quasi-BIC resonances by several orders of magnitude.
This enhancement was found to be closely linked to the approaching to critical coupling conditions in
equation (12). Importantly, the nonlinear CD could be continuously tuned across a wide range while
maintaining high THG efficiency. In particular, the nonlinear CD for design of ∆L = 300 nm was
experimentally varied from +0.918± 0.049 to −0.771± 0.004 as shown in figure 7(d), demonstrating
precise helicity control over nonlinear light emission in asymmetry metasurfaces.

Beyond conventional dielectric materials like Si, the integration of van der Waals crystals offers
new opportunities for enhancing nonlinear chiral responses in asymmetry metasurfaces. The non-
linear hBN metasurface developed by Tonkaev et al [155] comprises a square lattice of non-parallel
nanobar dimers as depicted in figure 7(e), with geometrical parameters are L1 = 864 nm, L2 = 744 nm,
W = 240 nm, d = Py/2 = 538 nm, Px = 1025 nm, Py = 1075 nm, on fused Si. The length reduc-
tion and angular offset of one nanobar lead to quasi-BIC resonances in near-IR range (1400 to 1600 nm)
and structural chirality. Through numerical calculations, the linear CD is around +0.01 at the reson-
ance. Besides, experimental results demonstrate resonant nonlinear responses, with quasi-BIC-enhanced
THG showing a 103-fold intensity increase, with a conversion efficiency of 10−6 at a peak intensity of
10GWcm−2. And tunable nonlinear CD ranging from −0.38 to +0.12 (figure 7(f)), while concur-
rent SHG exhibits a nonlinear CD of −0.27. This study introduces a new material platform for chiral
photonics, which can be employed for chiral biosensing in the whole visible and near-UV frequency
ranges.

Taken together, these studies highlight the rapid progress in leveraging asymmetry metasurfaces for
controlling the polarization state of nonlinear emissions, enabling functionalities such as tunable nonlin-
ear CD, spin-selective light generation, and multi-resonant chiral responses [156–159]. These advances
illustrate that, beyond merely enhancing frequency-conversion efficiency, structural symmetry engin-
eering in asymmetry metasurfaces can further unlock additional degrees of freedom in nonlinear light
control. While these chiral effects focus on tailoring the spin and polarization properties of the gener-
ated light, another compelling direction for expanding the capabilities of asymmetry metasurfaces lies in
pushing the frequency of the generated photons to much higher harmonic orders. Such HHG processes
demand extreme field confinement and precise modal control–features that asymmetry metasurfaces are
uniquely positioned to provide.

5.2. High-harmonic generation
Building upon the quasi-BIC-enabled enhancement strategies discussed earlier for SHG, THG, and non-
linear chirality, HHG represents the next step in extending nonlinear optical processes to the extreme
UV and beyond. HHG process involves the nonlinear upconversion of incident photons, leading to the
emission of photons with frequencies exceeding three times that of the fundamental field. Traditionally,
HHG has been associated with extreme nonlinear regimes requiring ultrahigh intensities and long inter-
action lengths, typically realized in atomic gases or bulk crystals. Like relevant researches in THG, Si is
also widely applied in HHG applications. The first article on HHG in Si metasurfaces, authored by Liu
et al [160], reported the measurement of odd harmonics up to the 11th order. Recent theoretical and
experimental studies have demonstrated that the strong field confinement and precise phase matching
enabled by quasi-BIC resonances facilitate efficient HHG at lower input power thresholds.

Following the initial demonstration, Zograf et al [118] brought the concept of BICs to the field of
HHG by employing asymmetry metasurfaces to generate efficiently high optical harmonics. In this paper,
they carried out a design of asymmetry metasurfaces comprising complex meta-atoms in the form of an
asymmetric pair of rectangular Si bars on a sapphire substrate as shown in figure 8(a). The two bars
in each pair have the widths w and w− dw, respectively, and the asymmetry parameter is defined as
α = dw/w. This geometric asymmetry influenced the loss characteristics of quasi-BICs, with optimal
field enhancement occurring at α = 0.2 under critical coupling conditions in equation (12), which is
important for the observation of high-order harmonics. Through conducting experiments, they observed
a distinct transition to the nonlinear regime for harmonics up to the 11th order with enhanced gen-
eration efficiency at specific pump wavelengths and polarization states (figure 8(b)). While even-order
harmonics are typically forbidden in centrosymmetric media, surface effects and symmetry breaking
in the metasurface design can enable their emergence. To further explain the mechanism in this asym-
metry metasurface discussed above, a later work by Tonkaev [163] used a same metasurface design, and
demonstrated optical harmonics up to fourth order generated under the normal incidence driven by
BICs and guided-mode resonances.

The HHG in above asymmetry metasurfaces are fundamentally constrained to a narrow spectral
range near one or a few resonant frequencies. To overcome this limitation, Jangid et al [161] proposed
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Figure 8. Examples of enhanced HHG in Nonlinear asymmetry metasurfaces. (a), (b) Zograf ’s demonstration of HHG in a
two-bar Si metasurface: (a) Conceptual diagram of 3rd to 11th optical harmonics generation from the two-bar metasurface.
Metasurface is pumped by a focused mid-IR laser beam and generate harmonics in near-IR and visible range. (b) Spectrum of
HHG from the two-bar metasurface by 100 fs laser pulses. (c), (d) Jangid’s realization of spectrally tunable HHG in a bone-like
resonance-gradient metasurface: (c) Illustration of the bone-like metasurface, showing that varying wavelength exciting with
a pulsed laser in mid-IR range at varying lateral coordinates of the metasurface can produce enhanced and tunable generation
of the third and fifth harmonics in near-IR and visible range. (d) Continuous spectral tuning of 3rd and 5th harmonic genera-
tion from the bone-like metasurface. (e), (f) Shcherbakov’s realization of HHG in a GaP metasurface: (e) Concept diagram of
the HHG process in the GaP metasurfaces. Visible high harmonics emit from the metasurfaces driven by a mid-IR pump, the
odd harmonics are observed co-polarized with the pump while the even harmonics are elliptically polarized. (f) 4th to 9th order
harmonics generation spectrum from the GaP metasurface, 8th harmonic is not observed due to the onset of indirect interband
transitions in GaP. (a), (b) Reprinted with permission from [118]. Copyright (2022) American Chemical Society. (c), (d) [161]
John Wiley & Sons. © 2023 Wiley-VCH GmbH. (e), (f) Reproduced from [162]. CC BY 4.0.

a novel approach involving resonance-gradient metasurfaces with varying geometric parameters, which
induces a coordinate-dependent shift in resonant frequencies. As illustrated in figure 8(c), the metas-
urface consists of a series of bone-shaped Ge resonators fabricated on a calcium fluoride (CaF2) sub-
strate. Compared with Si, Ge possesses a higher χ(3) and refractive index in mid-IR region, enabling
stronger field confinement and highly efficient HHG. Its compatibility with state-of-the-art large-scale-
fabrication methods further meet the precise requirements for manufacturing gradient metasurfaces. To
enable tunable harmonics generation, this design was proportionally scaled by factors ranging from 0.8
to 2, to match the tuning range of the main mode of the bone-like Ge resonator with the available spec-
tral bandwidth of the tunable laser. Critically, the metasurface’s parameter gradient was carefully optim-
ized to be sufficiently gradual, such that the localized laser excitation at any given position. Based on
such asymmetry metasurfaces, the researchers demonstrated spectrally tunable and resonantly enhanced
third- and fifth-harmonic generation by systematically varying the excitation spot position in accord with
the laser wavelength (figure 8(d)). This approach achieves broadband resonant enhancement of tun-
able HHG within a single metasurface, offering new possibilities for diverse nanophotonic designs and
material platforms.

Moreover, beyond individual demonstrations of either even- or odd-order HHG, Shcherbakov et al
[162]. have demonstrated their simultaneous generation using an ultrathin GaP metasurface platform
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driven by intense mid-IR laser pulses (figure 8(e)). The metasurface comprises densely packed domino-

shaped dielectric resonant antennas that support ED modes at a nominal resonant wavelength of λ(0)
res =

3.95µm. The non-centrosymmetric zincblende crystal structure, wide bandgap, high refractive index,
and mid-IR transparency of GaP collectively enable efficient generation of both even- and odd-order
harmonics across 1.3–3 eV photon energies while minimizing reabsorption losses and enhancing non-
linear effects through strong electromagnetic field localization in the metasurface. Driven by the femto-
second pulse, visible high harmonics from 4th order to 9th order emit from the metasurfaces as shown
in figure 8(f), while the conversion efficiency of the seventh harmonic reaches a value of ∼2×10−9 at
pump intensity of 80GWcm−2. Notably, the observed lower efficiency of even-order harmonics is attrib-
uted to suboptimal alignment of the GaP crystal axes within the antennas. This work establishes a prac-
tical platform for investigating parity-mixed harmonic generation in solid-state nanophotonics, paving a
new avenue for ultracompact light sources across a broad spectral range.

Apart from the materials already mentioned, LiNbO3 is also a material that has drawn great interest
in nonlinear optics because of its large second-order nonlinear susceptibility and broad optical trans-
parency. Recent work by Zhao et al [164] demonstrated the implementation of a LiNbO3 metasurface
with guided-mode resonances can be used to achieve a SHG efficiency of 8.6×10−3 at peak pump power
intensity of 170GWcm−2 and HHG up to the 7th order in the DUV spectral region. Additionally, in
metasurface-enhanced HHG, a wide range of materials with potential applications still remain unex-
plored, offering opportunities for improved functionality and higher conversion efficiency. Altogether,
these studies suggest that future advances in HHG-enabled asymmetry metasurfaces may emerge from
new architectural concepts such as spatial resonance engineering, and from the exploration of novel
material platforms beyond the conventional semiconductors, enabling expanded functionality, higher
conversion efficiency, and broader spectral tunability in compact nonlinear photonic systems.

5.3. Photon pair generation
In addition to harmonics generation processes such as SHG, THG and HHG, SPDC represents another
fundamental nonlinear optical process. SPDC is a second-order nonlinear optical process in which a
single pump photon is spontaneously converted into two lower-energy photons, satisfying both energy
and momentum conservation. When these photons exhibit quantum correlations in degrees of free-
dom such as polarization, momentum or energy, they form an entangled photon pair [165–169]. The
coincidence rate and the coincidence-to-accidental ratio (CAR) serve as two key metrics for evaluating
the performance of photon pair sources. The coincidence rate quantifies the generation rate of photon
pairs, representing the brightness or yield of the source, while CAR characterizes the ratio of true cor-
related events to accidental coincidences, reflecting the purity and signal-to-noise quality of the gen-
erated quantum correlations. This property makes SPDC a cornerstone technique in quantum optics,
particularly for the generation of entangled photon pairs [170]. Recent advance by Santiago-Cruz [132]
has demonstrated that asymmetry metasurfaces based on highly nonlinear materials can significantly
enhance SPDC efficiency by relaxing traditional phase-matching constraints and leveraging resonant field
enhancement as illustrated in figure 9(a). Due to high-Q resonances and mode overlap control, these
systems enable efficient generation of entangled photon pairs with tunable polarization states and fre-
quency correlations. significant two-photon coincidence counts are observed as shown in figure 9(b),
confirming the high efficiency of photon pair generation. Meanwhile, the fundamental properties of
both ED and MD resonances from quasi-BICs are preserved, with Q factors reaching ∼330 and ∼1000,
respectively.

To investigate multiplexed entangled photon generation via this quantum optical metasurfaces
(QOMs) design, the researchers fabricated three distinct QOMs (QOM-A, QOM-B, and QOM-C) with
different resonator sizes and spacings, thereby tuning the ED and MD quasi-BIC optical modes to dif-
ferent resonant wavelengths. In QOM-A, pumping at 723.4 nm resulted in degenerate photon the pair
emission at 2λp = 1446.8nm, with a single narrow peak overlapping with the ED quasi-BIC resonance
in the spectrum shown in figure 9(c). For QOM-B, when the pump wavelength was off-resonance from
the ED quasi-BIC resonance, the SPDC spectrum in figure 9(d) revealed two narrow peaks, correspond-
ing to non-degenerate biphoton emission with one photon ωs appearing at the resonance wavelength,
and the conjugate photon ωs at the wavelength defined by the energy conservation law: ωi = ωp −ωs.
More interestingly, when pumping QOM-C at 725.4 nm, with 175◦ polarized radiation, the MD quasi-
BIC resonance can be activated. This multi-resonant configuration enables simultaneous excitation of
multiple SPDC processes, resulting in a more complex emission spectrum with four peaks. As evident
in figure 9(e), this spectrum reveals two pairs of non-degenerate entangled photons, with signal photons
emitted at the ED quasi-BIC (1359.4 nm) and MD quasi-BIC (1429.4 nm) resonances, along with their
respective idler partners. Based on these studied QOMs, they proved that these asymmetry metasurfaces
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Figure 9. SPDC using symmetry-protected quasi-BICs in a L-shaped metasurface. (a) Concept diagram of multiplexed entangled
photon generation in the L-shaped semiconductor metasurface. Metasurfaces is pumped with linearly polarized CW, and gen-
erate photon pairs. The experimental results below are based on the metasurface shown in (a). (b) Typical distribution of the
photon arrival time difference for two detectors, indicating the presence of photon pairs from the metasurface. (c)–(e) Show
measured transmission spectra (top) and SPDC spectra (bottom) for three QOMs, QOM-A, QOM-B and QOM-C: (c) QOM-A
generating degenerate photon pairs at wavelength 2λp = 1446.8 nm. (d) QOM-B generating nondegenerate photon pairs with
signal photon is emitted at λ = 1390.9 nm. (e) QOM-C generating two types of nondegenerate photon pairs, where two sig-
nal photons are emitted at λ = 1359.4 nm and at λ = 1429.4 nm respectively. (f) Coincidence rate versus wavelength detuning
∆λ = 2λp −λ(ED) (λ(ED) is the wavelength of quasi-BIC resonance) of five different QOMs. Error bars denote the statistical
uncertainty. From [132]. Reprinted with permission from AAAS.

can produce degenerate and nondegenerate photon pairs across a broad spectral range while maintain-
ing high coincidence rate (figure 9(f)). Especially for QOM-A, this configuration has the highest rate
∼868 pairs s−1W−2. Furthermore, by adding multiple coherent pump beams at different wavelengths,
and matching the pump wavelength separation and the optical resonances of the QOM, photons at mul-
tiple wavelengths can be entangled via pairwise coupling. This opens the door for scalable generation of
entangled cluster states, a critical resource for implementing one-way quantum computation on integ-
rated photonic platforms.

Expect for spectral entanglement, spatial or angular entanglement also plays a crucial role in
quantum applications, such as quantum communication and quantum imaging. In this context, Zhang
et al [165]. demonstrated the ability of nonlinear metasurfaces to generate spatially entangled photon
pairs through SPDC in a LiNbO3 metasurface covered by a silica meta-grating. Their results showed the
metasurface enhanced SPDC efficiency by approximately 450 times compared to unpatterned films, while
achieving a CAR of around 5000 and a coincidence rate ∼249 pairs s−1W−2, representing a an order of
magnitude higher then previous works. Spatial correlation measurements further confirmed the nonclas-
sical correlations between photons emitted from different spatial modes, verifying their entangled nature.
Another emerging material platform for SPDC is AlGaAs, valued for its strong second-order nonlinear-
ity. Mazzanti et al [171] demonstrated angle correlated photon pairs using a metasurface consisted of an
AlGaAs grating on a glass substrate.

The field of nonlinear quantum metasurfaces is rapidly emerging, and its future developments are
expected to explore several promising directions. One major avenue for progress lies in the investigation
of alternative material platforms. While current researches primarily focus on nonlinear semiconduct-
ors, the inclusion of 2D materials can open up new opportunities for controlling quantum properties
at the nanoscale [172–174]. Furthermore, more sophisticated structural designs will likely be developed
to support topological states, which may enable robust confinement and propagation of quantum states
in QOMs. In addition, the integration of additional photonic degrees of freedom, such as polarization
states [175] and orbital angular momentum modes, will provide the necessary tools for multidimen-
sional quantum state engineering and high-dimensional quantum information processing. These com-
bined advancements will likely enhance the versatility of metasurfaces, enabling novel applications in
quantum communication, sensing, and computation that extend beyond current technological limits.
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Table 3. Summary of the conversion efficiency of different structures.

Process Structures Efficiency
Pump
(GWcm−2)

Coincience Rate
(pairs s−1 W−2)

SHG GaAs L-shaped pillar [126] 6× 10−5 3.1
GaP tilted-elliptical eylinders
[142]

2× 10−7 1× 10−6

LiNbO3 thin film [146] 10−6 4.3

THG Si T-shaped pillar [136] 10−6 0.1
Two-bar Si metasurface [116] 10−6 2.6
Si metasurface with
hybridization of two lattices
[128]

1.03×10−5 5.85

Mirrored-trapezoidal c-Si
metasurface [150]

5.2×10−8 15.5

Si disk metasurface [151] 10−5 1.0
Non-parallel-bars hBN
metasurface [155]

10−6 10

HHG GaP metasurface [162] 2× 10−9a 80

SPDC GaAs L-shaped pillar [132] 868
Silica meta-grating [165] 249

a Conversion efficiency of seventh order harmonics.

6. Conclusion

This review has provided a comprehensive overview of recent advances in asymmetry metasurfaces, with
particular focus on their enhancement effects in nonlinear applications. Relevant nonlinear efficiencies
are listed in table 3. Beyond these processes, asymmetry metasurfaces have also shown potential for SFG
and FWM under dual-pump configurations [176, 177]. Fundamentally, the enhancement of nonlinear
effects in asymmetry metasurfaces arises from their unique structural design, which enables the excit-
ation of quasi-BICs. These high-Q resonances dramatically confine local electromagnetic field, thereby
boosting nonlinear conversion efficiencies. In addition, material selection also plays an important role
in optimizing nonlinear performance. Employing materials with high nonlinear susceptibility can dir-
ectly improve conversion efficiency. Further improvements can be achieved through advanced fabrication
techniques or by incorporating novel mechanisms, such as the integration of 2D materials with asym-
metry metasurfaces, offering additional degrees of freedom for engineering nonlinear responses and pav-
ing the way towards multifunctional, highly efficient, and compact photonic platforms.

Despite extensive research efforts devoted to optimizing asymmetry metasurface designs for higher Q
factors, the Q factors of symmetry breaking induced quasi-BICs in current experiments generally remain
limited to around 10 000, substantially lower than those achieved by microring or microdisk resonators.
This limitations arises from fundamental constraints in both material properties and fabrication preci-
sion. On one hand, intrinsic material limitations, particularly optical absorption losses and finite non-
linear susceptibilities impose boundaries on device performance. On the other hand, the precise control
of structural asymmetry faces implementation hurdles due to the exacting demands of nanoscale fabric-
ation tolerances. These persistent challenges continue to motivate extensive research efforts into the field
of high-Q asymmetry metasurface designs. Based on the current state of the field, we suggest several dir-
ections for researchers to explore solutions.

First, asymmetry metasurfaces with high refractive index can enable stronger light-field localiza-
tion, effectively suppressing radiative losses which is a critical factor for achieving high-Q resonances.
As mentioned recently [178], increasing the refractive index by a modest factor with modern methods
of growth, fabrication, and subwavelength patterning can significantly boost the Q factor of asymmetry
metasurfaces. Another promising approach is to employ high-index materials to construct asymmetry
metasurfaces that can still support optical modes. For example, TMD-based metasurfaces have been
shown to support BICs, enabling high-Q modes in the visible and parts of the IR spectrum. However,
despite its high-index characteristics, research progress in this area still remains limited with only a
handful of studies reported to date [179]. The main challenge lies in the fabrication of few-layer TMD
metasurfaces, as such 2D materials with extreme thickness demand highly precise fabrication to realize
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necessary structural control. Further advancements in this emerging field are expected to overcome these
challenges and yield novel insights into the design and applications of TMD-based metasurfaces.

Second, exploring new schemes to regulate the quasi-BICs to achieve higher Q factor provides
another perspective on the solution. Novel designs of asymmetry metasurfaces provide new opportunities
to excite quasi-BICs with higher Q factors. In contrast to traditional symmetry breaking method used to
form symmetry-protected quasi-BICs, recent research proposes a more precisely controlled asymmetric
design, achieved through angular perturbation engineering [138] . This technique enables accurate tun-
ing of structural asymmetry while maintaining both high Q factor precision and excellent reproducibil-
ity, thereby establishing a new design paradigm for high-Q asymmetry metasurfaces. In addition, most
BICs reported so far correspond to low-order multipolar BICs, such as MD BICs and TD BICs. Future
research could explore higher-order multipolar BICs, which offer greater flexibility in tailoring far-field
scattering properties. Finally, although quasi-BICs have also been demonstrated in individual dielec-
tric nanoparticles, their Q factors remain moderate. It is reasonable to expect that engineering coupling
effects among multiple dielectric nanoparticles could further boost Q factors.

Third, artificial intelligence (AI) offers a powerful route for optimizing asymmetric metasurfaces
[180, 181]. The high design freedom in asymmetry metasurfaces for nonlinear applications makes them
particularly suitable for optimization through advanced computational methods. By employing AI-
assisted parameter optimization and structural layout refinement, researchers can systematically achieve
target nonlinear efficiencies in metasurface designs. Among various AI tools, machine learning has
become one of the dominant approaches in AI to solve complex data-driven problems which can be
employed in asymmetry metasurfaces as a powerful way to obtain mapping between the topology and
their associated functional features. Well-trained neural networks can further facilitate inverse design
processes, effectively bypassing the need for computationally intensive electromagnetic simulations [182].
With the rapid development of AI, the on-demand design of asymmetry metasurfaces is foreseeable in
the near future.

Through the above solutions ranging from material innovation and novel quasi-BICs engineering
schemes to AI- assisted design, it is possible to significantly advance the performance of asymmetry
metasurfaces in nonlinear applications. By employing these approaches, the conversion efficiency of
asymmetry metasurfaces could potentially be enhanced to the order of 10−1 under a pump intensity
of 10−3 GWcm−2, reaching a level comparable to that achieved in periodically poled lithium niobate.
Moreover, the operational spectral range can be extended to DUV, even extreme UV range, enabling
broader nonlinear optical responses. Additionally, integrating multiple nonlinear mixing mechanisms
within a single platform or coupling the metasurface with optical microcavities can provide additional
flexibility for wavefront control and enhanced field confinement [183]. These advances open prom-
ising avenues for practical engineering applications. In particular, quasi-BICs in asymmetry metasur-
faces hold strong potential for integrated laser systems, optical communication, quantum light gener-
ation, and nonlinear imaging. The combination of high efficiency, broadband operation, and on-chip
integrability offers a viable pathway toward the next generation of ultracompact, multifunctional, and
high-performance nonlinear photonic devices.
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