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Abstract: Chiral metasurfaces play critical role in physics, materials science, pharmacognosy, and commu-
nications. To achieve high-performance chiral responses, such as high circular dichroism (CD) and high-
quality factors (Q-factors), BIC-based metasurfaces have been extensively studied as a promising platform.
However, most realized BIC metasurfaces rely on metallic constituents whose high electromagnetic losses
and absence of dynamic chirality tuning together impose a severe limit on their practical potential. This pa-
per presents an all-dielectric chiral BIC metasurface. By illumination symmetry breaking, the metasurface ex-
hibits a CD value of 0.93. Additionally, dynamic tuning of CD is enabled by external optical pumping. This
scheme provides a new avenue for dynamically manipulating the chiral metasurface, which can be used to

achieve more complex dynamic chiral characterization and applications.
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1 Introduction

Chirality is a common symmetry in nature that
plays a key role in physics, materials science, phar-
macognosy, and communication' . However, chir-
al analysis through conventional optical devices is
often difficult, because the chiral signal of natural
materials is usually weak™. Over the past decades,
metasurfaces, a novel type of optical device, have
been established as an important research issue for
light field manipulation. By introducing asymmet-
ric units and tailoring the geometric size of the unit
cells, metasurfaces can exhibit significant chiral re-
spondse, which is regarded as a new research direc-
tion to enhance chirality”. Current chiral metasur-
faces are predominantly based on two approaches:
(1) intrinsic chiral meta-atoms through electromag-
netic dipole coupling’®”, and (ii) achiral meta-atom
arrays with phase matrix design®™. However, both
strategies suffer from limited chirality (CD < 0.4)
that restricts practical implementations™. Con-
sequently, designing metasurfaces with signific-
antly enhanced chirality using novel mechanisms
has become a major focus within the field"*'",

BIC, a special type of quantum state in physics,
refers to the existence of localized states in a sys-
tem whose energy is in the continuous spectral
range!'>"], BIC metasurfaces are optical metasur-
face systems designed based on the BIC mecha-
nism" with a core configuration of periodic
nanostructures with specific symmetry breaking!®,
Since its experimental validation in 2017, it has be-
come a cutting-edge topic in the field of chiral
metasurfaces due to its extremely high Q-factor,
chiral response, high sensitivity, and other charac-
teristics!'”). In 2020, Liang et al. proposed a type of
anisotropic metasurfaces

plasmonic supporting
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high-Q resonances associated with quasi-BIC col-
lective lattice modes!'®. In 2022, Liu et al. proposed
an aluminum-based metasurface utilizing symmetry-
protected BICs, demonstrating exceptional sensitiv-
ity in the THz band!"”. Despite notable advance-
ments in recent years, most of the metasurfaces used
to excite these quasi-BICs with high chirality are

asymmetric metal structures, such as pairs of tilted

20-21] 22-23]

nanobars®*', asymmetric nanorods®?*!, and split
resonant rings™?%, which have significant electro-
magnetic dissipation and suffer from extra scatter-
ing losses from the near-field coupled structures™.
These intrinsic limitations substantially hinder the
practical applicability of such metasurfaces across
diverse photonic systems.

In this study, a strength-tunable all-dielectric
metasurface with giant chirality in the THz band is
proposed. The metasurface employs quartz as the
substrate and patterned high-resistivity silicon as the
periodic resonant meta-atoms. The symmetric meta-
atoms exhibit no extrinsic chirality under normal
conditions. Quasi-BICs are induced by oblique in-
cidence, breaking illumination symmetry and result-
ing in giant CD at the target frequency. Simultan-
eously, by modulating the conductivity of silicon us-
ing a pump beam, the CD value can be dynamically
tuned from its maximum to zero. This scheme
provides a new avenue for dynamically manipulat-
ing the chiral metasurface, which can be used to
achieve more complex dynamic chiral characteriza-

tion and applications.

2 Simulation

2.1 Materials
The substrate is made of quartz (Si0,), and the
square pillars are made of high-resistivity photo-

sensitive silicon (HRPS-Si). All materials are from
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the CST Studio standard material library.
2.2 Simulation configuration

All transmittance simulations of the metasur-
face were performed with CST Studio Suite 2019,
employing a plane-wave excitation and a field probe
positioned at the center above the structure; the
bound-state-in-continuum (BIC) analyses were car-
ried out in COMSOL Multiphysics using the Elec-

tromagnetic Waves interface.

3 Results and Discussion

As illustrated in Fig. 1(a), the all-dielectric
metasurface is composed of periodically arranged
square-slotted structures. The substrate is fabricated
from quartz (Si0O,), while the slotted square pillars
are constructed with high-resistivity photosensitive
silicon (HRPS-Si). Fig. 1(b) and Fig. 1(c) present
the detailed meta-unit configuration with precise di-
mensional parameters: the quartz substrate exhibits
a thickness H, of 100 pum, the structural period (P)
is 150 um, and each silicon pillar demonstrates
a height H; of 100 um with lateral dimensions
L; =120 um. The symmetrical slot positioned along
the central axis of the silicon pillar measures L, =

60 pum in length and L; = 10 um in width.

®
N>

Fig. 1 (a) Schematic diagram of the all-dielectric metasur-
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face. (b) The three-dimensional view and (c) top

view of the unit structure.

This material combination leverages the inher-
ent advantages of HRPS-Si, including its elevated
resistivity and tunable dielectric properties, coupled
with quartz's low-loss characteristics at THz fre-
quency, exceptional thermal stability, and high
mechanical strength. These properties collectively
enhance the metasurface's operational performance
in high-frequency regimes. Moreover, the proposed
structure simplifies design workflows through sym-
metry optimization and minimizes manufacturing
tolerances through structural optimization.

To investigate potential BIC eigenstates within
the structure, wide-range frequency-spectrum scans
are performed with the commercial finite-element
solver COMSOL Multiphysics, seeking eigenstates
that remain decoupled from all radiation channels in
the continuum. As shown in Fig. 2(a) and (b), the
dispersion curves and electric field excitations at the
three characteristic frequencies reveal signatures in-
dicative of BIC. The dispersion curve of Mode 1 lies
between Modes 2 and 3. Moreover, the electric field
distributions indicate that Modes 2 and 3 do not ex-
hibit strong localization, representing normal radiat-
ive states. In contrast, Mode 1 demonstrates intense
electric field localization. Therefore, there are strong
reasons to suspect that Mode 1 represents a BIC.
The most definitive evidence for BIC is the theoret-
ically predicted infinite Q-factor at the center of the
Brillouin zone (I" point). Therefore, the Q-factor of
all three modes was systematically characterized. As
shown in Fig. 2(c), Mode 1 displays a pronounced
Q-factor peak at the I' point, providing conclusive
verification of BIC existence. Furthermore, to valid-
ate the occurrence of the BIC, the polarization topo-
logy map of the eigenmode was calculated. As
shown in Fig. 2(d), a vector polarization singularity
(V-point, indicated by a black dot) is observed at the
I point, confirming the existence of the symmetry-
protected BIC. When in-plane symmetry is broken
by introducing oblique illumination, the V-point
representing the BIC splits into a pair of circular po-

larization singularities (C-points, marked by red and
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Fig. 2 (a) Dispersion curves of the three modes in k-space. (b) The distribution of excited electric fields within the metasur-

face unit. (c) Q-factor profiles of the three modes. (d) Eigenpolarization maps.

Following confirmation of the BIC existence,
oblique-incidence-induced illumination symmetry
breaking was employed to generate quasi-BICs
(q-BICs) and concomitant chirality. As shown in
Fig. 3(a), under normal incidence (incident angle
6= 0°), the metasurface exhibits two resonance

peaks in y-polarized spectra aligned with the slot
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orientations, whereas no resonance peaks are ob-
served in the x-polarized direction. Moreover, in the
circularly polarized transmission spectra shown in
Fig. 3(b), both Ty, and T,, demonstrate equal mag-
nitudes, as do T, and T, indicating that the metas-
urface lacks chirality under normal incidence condi-

tions.
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Fig.3 (a) The linearly polarized transmission spectra and (b) circularly polarized transmission spectra of the metasurface (in-

cident angle 6= 0°). (c) The linearly polarized transmission spectra and (d) circularly polarized transmission spectra of

the metasurface (incident angle 6= 4°).
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Corresponding to the case of oblique incidence
6= 4°, in Fig. 3(c), the linearly polarized transmis-
sion spectra exhibit a significant difference from
those under normal incidence, displaying signific-
ant cross-polarization phenomena. In Fig. 3(d), the
circularly polarized transmission spectra reveal pro-
nounced minima for T,; and T, near the target fre-
quency point, while the opposing components Ty
and T, show maxima. This configuration leads to a
remarkable chiral transmission phenomenon.

To further elucidate this chiral transmission
phenomenon, electric- and magnetic-field excita-
tions at the target frequency are characterized under

both incident conditions, as illustrated in Fig. 4(a)
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and (b). Under normal incidence (incident angle 6=
0°), both field excitations exhibited significant chir-
al insensitivity. In contrast, under oblique incidence
conditions (incident angle 6= 4°), both the electric
and magnetic fields demonstrated predominant right
circular polarization (RCP) excitation, which corres-
ponds to the strong resonant peak of the RCP trans-
mission coefficient at the target frequency point in
Fig. 4(c). Fig. 4(d) further presents the CD values
under both incidence angles. The metasurface main-
tains CD = 0 under normal incidence while achiev-
ing a maximum CD = 0.93 under oblique incidence

conditions.
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Fig.4 The electric and magnetic field excitations at the target frequency under two incident conditions (a) incident angle 6=

0°. (b) incident angle #=4°.(c) Transmission coefficients of the two circularly polarized light (CPL) under oblique in-

cidence. (d) Circular dichroism of the metasurface under two incident angles.

Simultaneously, the chirality of the BIC metas-
urface exhibits a strong correlation with the angle of
incident light. This behavior originates from sym-
metry-protected BICs and is governed by two prin-
cipal factors:

(1) Symmetry-Breaking-Induced Chiral Re-
sponse: At normal incidence, the mirror symmetry

of the structure is preserved, resulting in CD = 0.

Under oblique incidence at an angle 0, the mirror in-
version symmetry is broken, effectively introducing
a tilted chiral potential to the system. This creates a
differential coupling strength between the LCP and
RCP light to the same resonant mode, generating a
CD signal that varies with 6 and reaches an extrem-
um at a specific angle. (2) BIC-to-Quasi-BIC Trans-

ition and Radiative Control: At normal incidence,
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the BIC is symmetry-protected and decoupled from
radiation channels, exhibiting an extremely high Q
factor with negligible radiative loss. Oblique incid-
ence breaks this symmetry, converting the BIC into
a quasi-BIC with substantial radiative loss, which
scales approximately with 6*. Consequently, the res-
onance depth, linewidth, and peak position become
continuously tunable with the incident angle. As the
chiral resonance is primarily dominated by magnet-
ic dipole modes that are highly sensitive to the

angle, the CD peak position and intensity exhibit
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(d)
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significant variation with 6.

Fig. 5(a) illustrates the angular dependence of
maximum CD with incident angle 6, where the peak
CD value occurs at 6 = 4°. Fig. 5(b) demonstrates
the spectral evolution of CD as 6 varies, showing a
gradual enhancement of CD from zero to the max-
imum values. The observed symmetrical crescent-
shaped patterns demonstrate the system's transition
from a non-chiral BIC to a quasi-BIC exhibiting

pronounced extrinsic chirality.

CD

(b) 1080 0.93

1070 ¢

1060 [

— \
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—— mode 1
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10° |
e
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-0.1 0 0.1
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Fig. 5 (a) Maximum values of CD at various incident angles. (b) CD spectra under different incident angles. (c) Dispersion

and (d) Q-factor curves of metasurface units under pumping conditions.

Subsequently, we investigate the chirality tun-
ing mechanism through photoconductive modula-
tion. This mechanism arises from the photoexcita-
tion of free carriers in silicon, which alters the con-
ductivity from 0 S/m to 12 S/m. The change in con-
ductivity perturbs the BIC state, which is highly
sensitive to such variations, leading to the destabil-
ization and consequent degradation of the chiral re-
sponse. Eigenmode analysis with Q-factor calcula-
tions was performed under 4° oblique incidence.
Figs. 5(c-d) present the corresponding eigenmode

dispersion and Q-factor near the target frequency,

where the disappearance of pronounced Q-factor
peaks confirms the BIC annihilation.

Upon optical pumping, the carrier density in
photosensitive silicon surges, leading to a marked
increase in its electrical conductivity. This sub-
sequently perturbs and ultimately extinguishes the
delicate BIC mode. We aim to leverage this mech-
anism to achieve active switching and tuning of
chirality.

Fig. 6 systematically characterizes the chirality
modulation through conductivity variation. The cir-

cular dichroism (CD) value is calculated using



% x

YANG Yue, ef al. : Tunable terahertz chiral response in all-dielectric BIC metasurfaces 7

Eq. (1). The transmission coefficients for RCP and
LCP under different conductivity states are com-
pared in Figs. (a)-(b), revealing progressive attenu-
ation of chiral response as conductivity increases.
The corresponding evolution in Fig. 6(c) reveals a
reduction in the steepness of the CD peak with in-

creasing conductivity. Fig. 6(d) reveals a decline in
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the CD peak at the target frequency with rising con-
ductivity, demonstrating complete chirality annihila-
tion at 12 S/m conductivity. These observations col-
lectively confirm the feasibility of chirality switch-

ing from maximal to minimal states.

CD =T, ~Te = (1l +16al) = (1 +167) . (D
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Fig. 6 Transmission coefficients for (a) LCP and (b) RCP at various conductivities. (¢) CD Spectra of the metasurface at dif-

ferent conductivities. (d)Peak CD values of the metasurface at various conductivities.

4  Conclusion

In summary, this work presents an all-dielec-
tric chirality-tunable metasurface based on the BIC
mechanism, consisting of a quartz substrate and an
array of photosensitive silicon pillars. The proposed
metasurface exhibits significant chirality (CD =
0.93) under 4° oblique incidence. Crucially, the
chirality can be dynamically switched by modulat-

ing the conductivity of the photosensitive silicon us-
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