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Permittivity-asymmetric chiral
metasurfaces empowered by
bound states in the continuum

Yang Li, Yu Mao, Shenwei Yin, Yi Zhou, Zefa Sun and
Zhixiang Tang*

School of Physics and Electronics, Hunan University, Changsha, China

The intrinsic chirality of natural materials is usually weak or absent. To
enlarge circular dichroism, chiral metasurfaces supporting bound states in the
continuum have been widely investigated. These chiral metasurfaces have
demonstrated considerable potential to achieve high quality (Q) factors but
require ultra-small structure asymmetry and complicated fabrication processes.
Here we propose a novel approach to break the in-plane symmetry of
the structure by introducing refractive index perturbations. Furthermore, we
demonstrate the efficient intrinsic chiral emission from resonant metasurfaces
which are composed of two slant titanium dioxide (TiO2) bars arranged on
a square lattice. Numerical calculations indicate that the intrinsic chirality of
our metasurfaces at normal incidence achieves near-unity circular dichroism
of 0.99 and an ultra-high Q factor exceeding 106. The relationship between
the two perturbations and CD and Q factor has also been studied, offering the
flexibility to enhance and tailor chirality and Q factor simultaneously. Our chiral
metasurfaces may lead to applications in chiral lasers, chiral light detectors,
chiral biosensing, and chiral nonlinear filters.
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1 Introduction

Chirality exists widely in nature and means that an object cannot be coincident
with its mirror image. Chiral materials usually exhibit different optical responses
under different circularly polarized light, which can be measured by circular dichroism
(CD) [1]. CD represents differential absorption or reflection between left-handed
circularly polarized (LCP) light and right-handed circularly polarized (RCP) light.
Chiral optics have shown great importance in the fields of bioscience, chemistry and
medicine [2–5]. For example, Chanda and his colleagues report that they used an
achiral plasma cavity structure to enhance the brational circular dichroism (VCD)
signal, allowing them to distinguish the chirality of thalidomide [6, 7]. Compared
to traditional VCD technology, their system improves detection sensitivity by 13
orders of magnitude. Most naturally occurring chiral materials have very small CD
values, limiting their further application. In recent years, optical metamaterials with
strong optical chirality have been proposed and widely investigated [8–12]. In 2009,
Gansel et al. [8] fabricated a single-axis photonic metamaterial composed of three-
dimensional gold helices. Due to the internal and Bragg resonances, the structure
blocks circular polarization with the same handedness as the helix, while transmitting
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FIGURE 1
(a) Schematic of the proposed intrinsic chiral metasurface empowered by BICs. The geometric parameters are as follows: L = 270 nm, W = 110 nm,
and H = 200 nm. (b) Side view of the unit cell. (c) Simulated band structure of the proposed metasurface near the Г point. The insets show the first
Brillouin zone with high symmetries. (d) Simulated Q-factors of the typical eigenmodes in the k space in the vicinity of the Г point. (e) The
corresponding electric field patterns of the four eigenmodes at the Γ point. The black arrows represent the electric field vectors.

the other. The transmittance difference between LCP and RCP
reaches up to 0.76. Moreover, other three-dimensional (3D)
nanostructures, such as L-shaped and cross-shaped ones have
also demonstrated optical chirality by breaking multiple mirror
symmetries [9–12].

Although 3Dmetamaterials have demonstrated excellent optical
chiral properties, their manufacturing processes are complex
and challenging [13]. Recently, some planar metasurfaces have
experimentally shown strong CD signals through structural
anisotropy under oblique incidence [14–16], which are called
‘extrinsic chirality’. On the other hand, there is another type of
metasurfaces demonstrating chirality at normal incidence, known
as intrinsic chirality. In 2014, Wu et al. [13] suggested the Fano-
resonant all-dielectric metasurfaces that exhibit extreme intrinsic
planar chirality. Each unit cell of the metasurface consists of one
straight and one bent silicon nanorod, where the bend is responsible
for breaking the two mirror inversion symmetries of the cell and
coupling the electric dipole and the electric quadrupole/magnetic
dipole resonances.

To further enhance the chiral light-matter interactions,
chiropticalmetasurfacesmediated by bound states in the continuum
(BICs) have been proposed [17–19]. BICs represent specific states
situated within the light cone, allowing for the localization of
light for an infinitely long time [20–22]. Since BICs cannot be

accessed externally, quasi-BICs are introduced by breaking the
in-plane symmetry of the structure. Quasi-BICs exhibit finite but
still very high Q factors by coupling out the resonant mode to
free-space radiation [23–25]. In 2023, by employing the tilted
trapezoidal hollow photonic crystal plate that supports a quasi-
BIC, Chen et al. [26] broke the in-plane geometric symmetry and
out-of-plane symmetry of the metasurfaces and eventually achieved
an intrinsic chiral response with a CD value of 0.93 and a high
quality factor exceeding 2,663 for visible frequencies. Although the
fabrication challenges of metasurfaces have been greatly improved
by superior technologies [27, 28], the realization of small geometric
perturbations in nanostructures remains a great challenge [29].

Here we propose and demonstrate a new paradigm for
designing chiral dielectric metasurfaces. Unlike previous studies
that predominantly break in-plane symmetry by disrupting
geometric symmetry, our metasurface introduces refractive index
perturbations within the plane, enabling it to support quasi-
BIC modes. Subsequently, by incorporating tilted perturbations,
the metasurface is further capable of supporting far-field chiral
light emission. By studying the relationship between the two
perturbations, the CD value, and the Q factor, we reveal a new
method for designing metasurfaces with strong chirality and high
Q factors. We believe that our metasurface may boost applications
such as surface-emitting lasing [30], biomedical sensing [31–33],
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FIGURE 2
(a) OCD distribution in cross section when α ≠ 0 and θ = 0. (b) OCD distribution in cross section when α ≠ 0 and θ ≠ 0. (c) Unbalanced OCD as a
function of slant angle for two different α values. (d) Evolution of C points in momentum space for different α and θ. The black lines represent linear
polarization states. The red and blue ellipses indicate right-handed and left-handed elliptical polarization, respectively. (e) The transmission spectra of
right-circularly polarized light and left-circularly polarized light for different asymmetric parameters.

FIGURE 3
(a) Calculated transmission and CD spectra of the metasurface at normal incidence. (b) CD amplitude as a function of θ when α is fixed at 0.01. (c, d)
Dependence of the Q-factors of the mode1 on the relative asymmetry perturbation (c) α = n1−n2, (d) θ around the chiral q-BIC state. The solid line
represents an inverse quadratic fitting. (e) Relation between ϕ and θ for maximizing CD. (f) Simulated Q-factor (in log scale) of the mode1 chiral BIC as a
function of the cooperative change in perturbations α and θ, where θ = α/0.11.
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polarization converters [34–36] and nonlinear frequency converters
[18, 37].

2 Materials and methods

As shown in Figure 1a, our metasurface consists of a three-
layer structure: the top layer is polymethyl methacrylate (PMMA),
the bottom layer is a glass substrate, and the middle layer of
the metasurface is composed of titanium dioxide (TiO2) bars
surrounded by a polycarbonate (PC) filling medium. The thickness
of both the glass substrate and PMMA is h = 400 nm, with a
refractive index of 1.45 for bothmaterials. Figure 1b shows the cross-
section of the unit cell of our proposed planar metasurface. The two
bars have the samewidth, height, and length.The bars are embedded
in polycarbonate (PC) with a refractive index of 1.63. The lattice
constant and the distance between the centers of the two bars are
fixed at a = 360 nm and d = 150 nm, respectively. As pointed out by
previous research, the key to enabling the chiral BIC is to break all
themirror symmetries of the structure [38–40]. Unlike other studies
that break the in-plane geometry asymmetry,we introduce refractive
index perturbation α to break the in-plane mirror symmetry. The
two bars have different refractive indices. One has a refractive index
of n1 = 2.13 and the other has a refractive index of n2 = n1 - α. Minute
refractive index perturbation α can be finely tuned through carrier
injection, chemical doping or annealing temperature adjustment
[29, 41–43]. Then we introduce slant angle perturbation θ to break
the out-of-plane mirror symmetry. Thus, all the mirror symmetries
are broken.

We conducted numerical simulations using the Wave Optics
Module in COMSOL Multiphysics. Additionally, we utilized the
eigenfrequency solver to calculate the eigenmodes and Stokes
parameters of the planar metasurface, thereby simulating the
splitting and displacement processes of the topological charge.
When no perturbations are introduced, the structure exhibits a
symmetry-protected BIC at the Γ point of the Brillouin zone and
supports a series of Bloch modes. The dispersion curve, calculated
using the finite element method (FEM), is depicted in Figure 1c.
Both the first and second eigenmodes support an infinitely high
Q factor at the Γ point, as shown in Figure 1d. Figure 1e shows
the electric field distribution and electric field vectors of different
eigenmodes at the Γ point. Due to time-reversal symmetry, the
electromagnetic near fields of BICs are always linearly polarized, and
their distributions cancel each other out, blocking far-field radiation.

Once the in-plane C2 symmetry is broken, such as by
refractive index perturbations introduced through carrier injection
or chemical doping [41, 42], the BIC transforms into a quasi-BIC
that generates circular polarization in the near field. We measure
the chirality of a quasi-BIC with the optical chirality density (OCD)
Equation 1 [44]:

OCD = −1
2
ωRe[D ·B∗] (1)

where ω is the angular frequency of light, D is the electric
displacement field and B∗ is the complex conjugate of magnetic flux
density. For the case of α ≠ 0, θ = 0, since OCD is a parity-odd scalar
[45], the presence of mirror symmetry causes OCD to have opposite
values on both sides of the mirror, as shown in Figure 2a. Optical

chirality follows the conservation law, and the relationship between
the optical chirality flux F and the near-field OCD of the relevant
resonance is given by Equation 2:

−2ω∫
V
OCD dv+∫

V
Re(∇ · F) dv = 0 (2)

where V is a finite volume that includes the dielectric bars and the
surrounding background medium. F is directly proportional to the
degree of circular polarization and is defined by Equation 3:

F = 1
4
[E × (∇×H∗) −H∗ × (∇×E)] (3)

The antisymmetric OCD distributions cancel each other in the
near field of the metasurface, so no chiral flux is generated in the
far field. Due to the out-of-plane mirror symmetry, the far field
chiral flux is absent and unaffected by the in-plane geometry. To
break the out-of-plane mirror symmetry, we tilt the dielectric bars
along the y-axis. This results in an imbalance in the near-field OCD
distribution on the metasurface, which in turn causes a non-zero
optical chiral flux in the far field, i.e., circularly polarized radiation,
as depicted in Figure 2b.

3 Results and discussion

The relationship between the unbalanced OCD (equal to
∫VOCDdv) and the slant angle θ of mode1 for two different α
values is calculated using the Wave Optics Module in COMSOL
Multiphysics, as shown in Figure 2c. As the slant angle increases,
the unbalanced OCD reaches the maximum value and then
decreases. This maximum value corresponds to the highest degree
of circular polarization at the Γ point. The metasurface with the
largest unbalanced OCD is suitable for realizing an intrinsic chiral
metasurface with the maximum CD value. We can infer that for any
refractive index perturbation α, there exists a specific slant angle that
makes far field of the metasurface highly circularly polarized.

Furthermore, the evolution of polarization states in momentum
space for the mode1 with perturbations is depicted in Figure 2d.
When no perturbation is applied, the polarization states exhibit
linear characteristics, and a V point corresponding to a BIC is
present at the Γ point. When in-plane refractive index perturbation
α is introduced, the in-plane symmetry is broken. The V point with
an integer topological charge is decomposed into a pair of C points
with half-integer topological charges [22], which are symmetrically
distributed along the ky direction onboth sides of the Γ point.TheC+
and C- points represent right-handed circular polarization (RCP)
and left-handed circular polarization (LCP), respectively. To achieve
intrinsic chirality, the C points should be manipulated and moved
back to the Γ point. By introducing a slant angle perturbation θ to
break the out-of-plane symmetry, the C+ point is moved to the Γ
point. When the dielectric bars are tilted along the ky direction, the
C points also move along the ky direction. It is noteworthy that for
a perturbation α, the perturbation θ that moves the C+ point to
the Γ point is the same as the perturbation θ that maximizes the
unbalanced OCD. For example, when α = 0.01 and θ = 0.09, the
C+ point is located at the Γ point in the momentum space, and the
unbalanced OCD reaches the maximum, leading to the realization
of an intrinsic chiral BIC. Figure 2e shows the transmission peak
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curves of RCP and LCP for different perturbation parameters.This is
consistent with the predicted evolution of the intrinsic polarization
states. When α = 0 and θ = 0, a BIC appears at the Γ point and the
eigenstate is completely decoupled from all normally incident plane
waves, resulting in no radiation loss. When a perturbation α = 0.01
is introduced, the V point splits into two C points symmetrically
distributed on both sides of the Γ point. Due to themirror symmetry
in the z-direction of the metasurface, there is no chiral response.
When a perturbation θ = 0.09 is introduced, the C+ point is moved
to the Γ point, exhibiting intrinsic RCP states in the far field. Thus,
for inclinedmetasurfaces, asymmetric transmission of RCP andLCP
light can be observed.

To verify the chirality of the metasurface, we employed the
wavelength domain solver in COMSOL Multiphysics to calculate
the transmission spectrum of the metasurface at α = 0.01.
Figure 3a shows the calculated transmission and CD spectra of
the metasurface at normal incidence. Here, T ij represents the
transmittance of the output polarization i for the input polarization
j. r represents RCP, and l represents LCP. Circular dichroism (CD)
describes the difference in absorption between left-handed and
right-handed circularly polarized light by chiral molecules. It is
defined by Equation 4:

CD =
(Trl +Tll) − (Trr +Tlr)
(Trl +Tll) + (Trr +Tlr)

(4)

Trr exhibits a sharp drop at the q-BIC resonant wavelength
(632.51 nm), while the other three transmittance values remain
basically stable, resulting in a super-sharp spike in the CD
spectrum at this wavelength, with a maximum value exceeding 0.99
(green curve in Figure 3a).

In addition, we investigated the relationship between the CD
amplitude and the slant angle θ when α was fixed at 0.01, as shown
in Figure 3b. As the slant angle θ increases, the CD value first
reaches its maximum at θ = 0.09, and then gradually decreases.
The variation trend of CD is the same as that of the unbalanced
OCD (Figure 2c), which reaches itsmaximumat θ = 0.09, suggesting
that the maximum unbalanced OCD corresponds to the highest
circular polarization at the Γ point. As shown in Figures 3c and 3d,
the Q-factor of symmetry-protected BICs approximately follows the
inverse quadratic law of asymmetric perturbations: Q∼1/(α2+Aθ2),
where A represents the different sensitivities of the Q factor to α and
θ. By fitting, the scale factors for the Q-factor are determined to be
37.7 and 3147.2 for α and θ, respectively. As a result, the parameter
A in the equation is calculated to be A = 37.7/3147.2 = 0.012.

When the two perturbations α and θ are small, the
intrinsic chirality of quasi-BICs, characterized by CD, can be
estimated as [26]:

CD ∼
sin (θ)
α2 +Aθ2

≈ θ
α2 +Aθ2

(5)

As can be seen from Equation 5, when α is fixed, CD first
rapidly increases to the maximum value with increasing θ, and then
gradually decrease. The simulation results reproduce this behavior
well (Figure 3b). By calculating the reciprocal of CD with respect
to θ, we find that CD reaches its maximum at θ = α/ √A. This
provides a new approach tomodulating the perturbations to achieve
the strongest intrinsic chirality. The value of A depends on the
different structures and field patterns of the chiral metasurface. In

our designed metasurface, the maximum chirality is achieved when
θ and α satisfy θ = α/0.11. As shown in Figure 3e, for each fixed α,
we simulate the θ that maximizes the CD value, which is in good
agreement with the theoretical value. As mentioned earlier, the Q
factor decreases as the perturbation increases. Therefore, one way
to increase the Q factor is to decrease α and θ proportionally while
maintaining the maximum CD amplitude. As shown in Figure 3f,
we calculate the Q factor of the chiral BIC as a function of the
cooperative changes in perturbations α and θ, where α and θ always
satisfy the relationship θ = α/0.11. The infinitely high Q-factor can
be precisely tailored by simultaneously adjusting α and θ, and the
maximum Q factor can exceed 106.

4 Conclusion

In summary, using the concept of BICs, we propose a
new intrinsic chiral metasurface with Q factor values over
106 and CD amplitudes up to 0.99. By introducing refractive
index perturbations, we break the in-plane symmetry and avoid
the complex manufacturing process associated with geometric
perturbations. We then break the out-of-plane symmetry by
introducing the slant angle θ and move the C+ point in the
momentum space to the Γ point, achieving the intrinsic chirality.
The relationship between Q factor, CD value, and two kinds of
perturbations has been thoroughly investigated, resulting in a
tunable metasurface. Due to the high Q-factor and CD values of
chiral q-BICs in the metasurface, along with their accessibility and
controllability, our results may have applications in various fields,
including chiral biosensing, chiral lasing, and quantum optics.
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