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Quasi-bound states in the continuum (quasi-BICs) offer an excellent platform for the flexible and efficient control
of light-matter interactions by breaking the structural symmetry. The active quasi-BIC device has great appli-
cation potential in fields such as optical sensing, nonlinear optics, and filters. Herein, we experimentally dem-
onstrate an active terahertz (THz) quasi-BIC device induced by the polarization conversion in a liquid crystal
(LC)-integrated metasurface, which consists of a symmetrically broken double-gap split ring resonator (DSRR),
an LC layer, and double graphite electrodes. In the process of LC orientation control under the external field, the
device realizes the active control from the OFF state to the ON state. In the OFF state, the LC has no polarization
conversion effect, and the device behaves in a non-resonant state; but for the ON state, the device exhibits obvious
quasi-BIC resonance. Furthermore, we achieve asymmetric transmission based on polarization-induced quasi-
BIC modulation precisely at the quasi-BIC resonance position, and its isolation can be controlled by the external
field. The study on dynamic quasi-BIC by the LC-integrated metasurface introduces a very promising route for
active THz devices, which guarantees potential applications for THz communications, switching, and sensing
systems. © 2024 Chinese Laser Press

https://doi.org/10.1364/PRJ.531952

1. INTRODUCTION

Terahertz (THz, 1 THz � 1012 Hz) waves, typically covering
0.1–10 THz, occupy the transitional region of the electromag-
netic spectrum between electronics and photonics [1]. THz
technology has garnered significant attention due to its unique
characteristics and potential applications in imaging, non-
destructive testing, biomedicine, and next-generation wireless
communications [2–5]. The burgeoning development of THz
technology is impossible without the breakthrough of THz func-
tional devices, such as THz modulators [6,7], polarization con-
verters [8,9], isolators [10,11], filters [12,13], and switches
[14,15]. The performance of these devices commonly depends
on the strength of light-matter interactions, which manifest as
a high-quality (Q) factor resonance. However, natural materials
usually enable a relatively weak interaction with THz radiations,
and the devices are severely limited by the large volume and losses.

The concept of bound states in the continuum (BICs) has
attracted considerable attention in optics and photonics, owing

to their infinite photon lifetime and Q-factors in theory
[16–24]. BICs show great promise for enhancing light-matter
interactions, and they have been widely studied in optical sens-
ing, nonlinear optics, and filters [25–29]. However, BIC is a
state whose energy is completely bound to the resonant system
and thus uncouples to free space. There are two typical catego-
ries of BIC, one is symmetry-protected BIC and the other is
accidental BIC [30,31]. By breaking the symmetry of the struc-
ture, the symmetry-protected BIC shifts to a leaky mode with
limited Q-factor and resonant bandwidth, which is called a
quasi-BIC [32–34]. Metamaterials provide a reliable platform
for the study of quasi-BIC, and different types of unit cells
have been found to support quasi-BIC, such as circular and
square split ring resonators [17,35], tilted elliptic strip pairs
[36,37], and nanodisks with holes [38]. In our previous work,
Cong and Singh [39] demonstrated dual BICs in a symmetry-
protected square split ring metamaterial, and the quasi-BIC
is experimentally observed in the THz spectrum by slightly

Research Article Vol. 12, No. 10 / October 2024 / Photonics Research 2207

2327-9125/24/102207-07 Journal © 2024 Chinese Laser Press

https://orcid.org/0000-0001-5552-5566
https://orcid.org/0000-0001-5552-5566
https://orcid.org/0000-0001-5552-5566
https://orcid.org/0000-0003-2839-5940
https://orcid.org/0000-0003-2839-5940
https://orcid.org/0000-0003-2839-5940
mailto:xustonenk@163.com
mailto:xustonenk@163.com
mailto:fanjx@sustech.edu.cn
mailto:fanjx@sustech.edu.cn
mailto:fanjx@sustech.edu.cn
mailto:conglq@sustech.edu.cn
mailto:conglq@sustech.edu.cn
mailto:conglq@sustech.edu.cn
https://doi.org/10.1364/PRJ.531952


breaking the C2 symmetry with large Q-factors. Nevertheless,
once the structural parameters of these BICs or quasi-BICs are
determined, it is difficult to realize the active control of the
device.

Recently, active control of optical resonances has been
highly desired in various THz application scenarios, such as
THz sensing, switching, and wireless communications. The in-
corporation of the tunable materials with metamaterial or meta-
surfaces provides an efficient approach for achieving active THz
quasi-BIC devices. The active control mechanism is mainly
attributed to perturbations induced by phase transition, change
of electrical conductivity, or refractive index, which are induced
by external stimuli. Tunable functional materials can fill in gaps
of resonators or be designed directly as metamaterials, including
graphene [21,40,41], phase-transition materials [42,43], and
semiconductors [44–48]. For example, Hu et al. [49] reported
a BIC-mediated reconfigurable metamaterial for spatiotempo-
ral lineshape tailoring, and the symmetry of the structure was
broken by introducing VO2 into the split ring resonators.
Dynamic control of the device was realized under optical
pumping. In particular, the LC possesses large birefringence
and low absorption loss in the THz regime, and its orientation
can be actively controlled by the external electric field, magnetic
field, or light field, which is a very promising active material in
the THz band. Nowadays, the LC-based metasurface has at-
tracted extensive attention for its superiority in flexible control
of electromagnetic waves [50–52].

In this work, we experimentally demonstrate an LC-inte-
grated metasurface for THz quasi-BIC modulation and asym-
metric transmission induced by polarization conversion. The
quasi-BIC resonance is supported by an asymmetric double-
gap split ring resonator, but behaves as a non-resonant state
in the orthogonal polarization excitation. Therefore, we could
switch on and off the quasi-BIC by manipulating the incident
polarization of THz waves. Here, we propose a configuration
of an LC-integrated metasurface, where dynamic polarization
rotation is realized by the LC layer actuated by an external
voltage. Furthermore, our proposed LC-integrated metasur-
face is capable of asymmetric transmission with the active
isolation degree by changing the external field. This work pro-
vides a new paradigm for active quasi-BIC devices, which could
be applied to THz communication, switching, and sensing
systems.

2. STRUCTURE DESIGN

The radiation properties of BIC have been thoroughly studied
in recent works from symmetry and reciprocal space of the unit
cells. It is indeed helpful to understand the intrinsic properties
of BIC or quasi-BIC; however, the radiation will be fixed once
the structure is fabricated. An effective strategy is thus necessary
to tune the mode properties, and polarization offers an external
freedom. We propose an LC-integrated metasurface supporting
quasi-BIC where LC layers play the role of polarization control-
ler. Figure 1(a) shows the schematic diagram of the configura-
tion where the LC layer is actuated by two graphite electrodes.
A constant magnetic field (M -field) is applied along the u-axis
to anchor the LC molecules, so that the orientation control of

LC molecules is possible in the u–z plane with the electric field
along the z-axis.

The working principles of the LC layer and tunable quasi-
BIC are shown in Figs. 1(b) and 1(c). LC molecules will be
driven by an external electric field along the z-axis when the
actuation voltage is higher than the threshold, and gradually
shifted back to the x-y plane along the M -field direction with
an intermediate state when the actuation voltage decreases. The
shift of LC molecule orientation will lead to the modulation of
the polarization state of light transmitting through the layer.
With a high voltage, incident polarization conserves due to
the isotropic response of the LC layer, while the polarization
state is rotated by 90° without external electrical actuation.
The polarization rotation will lead to the switch ON and
OFF states of quasi-BIC whose response is polarization depen-
dent. As manifested from the schematic diagram of the trans-
mission spectra, the quasi-BIC resonances will experience the
modulation in Fig. 1(c).

3. RESULTS AND DISCUSSION

A. Experimental Results of Quasi-BIC and LC
Birefringence
Figure 2(a) shows a unit cell of the proposed metallic metasur-
face, which is a typical subwavelength double-gap split ring res-
onator (DSRR). Here, DSRR was fabricated by traditional
photolithography, and it has a uniform period of p � 73 μm;
the inside diameter of the circular ring is r � 25 μm, the width
is d � 5 μm, and the gap is g � 3 μm. In particular, we define
an angle α representing the degree of asymmetry, and α � 0°
means the open ring is located in the middle of the DSRR, in
which case the BIC mode of symmetry protection is supported.
The photonic band and analysis of the BIC mode can be found
in Appendix A. The transition from BIC to quasi-BIC reso-
nance is realized by breaking the C2 symmetry of the structure
with the increased α. Under y-polarization excitation, the BIC
to quasi-BIC responses of DSRR with different α were ob-
tained, and the experimental and simulated THz transmission
spectra are shown in Fig. 2(b) and Fig. 2(c), respectively. In
order to observe quasi-BIC more easily in experiments, we
chose a relatively large asymmetric breaking angle here. An ob-
vious Fano resonance in the THz spectra was observed with

Fig. 1. (a) Schematic diagram of liquid crystal (LC)-integrated
quasi-BIC metasurface. Here LC is filled into the cell between two
graphite electrodes, and a static magnetic field pre-anchors LC mol-
ecules along the u-axis. (b) Schematic diagram of LC orientation evo-
lution with actuation between low and high voltages. (c) Active
modulation of quasi-BIC from OFF to ON states due to polarization
rotation enabled by LC layer.
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α of 15°, 30°, and 45°, while the resonance cannot be captured
for symmetric structure with α � 0°. The experimental results
match well with the simulations. A standard THz time-domain
spectral (THz-TDS) system was employed to conduct the THz
experiments. The detailed experiments and device fabrication
procedures can be found in Appendix B and Appendix C.
The numerical simulations were carried out based on the
finite element method using commercially available software
(COMSOL Multiphysics). In simulations, the silicon substrate
was modeled as a lossless material with a permittivity of 11.7.
The metallic part of DSRR was set as a perfect electrical
conductor (PEC) to calculate the eigenmode and radiative
Q-factors, and modeled as aluminum with a conductivity of
3.56 × 107 S∕m for the frequency-domain solver. Periodic
boundary conditions were set in the x- and y-directions, while
the z-direction was set as a perfectly matched layer (PML).

Based on the analysis of the eigenmode in the simulations,
the Q-factors of the quasi-BIC were extracted in Fig. 2(d).
According to Ref. [53], the total Q tot can be decomposed into
the radiative Q rad and resistive Q res, which follows as Q tot

(1∕Q tot � 1∕Q rad � 1∕Q res). Here, the total Q tot equals
Q res for the DSRR modeled as PEC without the resistive loss,
and it shows a clear diverging trend to infinity at α � 0°. The
extracted Q-factors have a good match with the theoretical fit-
ting of the inverse square equation. According to the Fano line-
shape equation, the experimentalQ tot can be obtained from the
transmission spectra in Fig. 2(b), but the experimental value of
Q-factors is lower than the simulations due to the extra con-
tribution of both radiative and non-radiative losses. In addition,
we show the surface current distributions of DSRR with differ-
ent asymmetry degrees in Figs. 2(e)–2(g). Under the y-linear
polarization excitations, the current distribution of the two
arms of DSRR (α � 0°) is symmetrical with equal intensity
and reversed direction, and then it is an obvious dipole

resonance mode [36]. For the DSRR with α � 30°, a Fano
resonance appears at 0.56 THz with annular current distribu-
tion and symmetry-broken intensity [Fig. 2(f )], which allows
a channel to couple with the incident radiation (quasi-BIC).
In addition, the current distribution at 0.8 THz presents an
inverted but asymmetric intensity distribution, as shown in
Fig. 2(g). As a result, the quasi-BIC mode was achieved by
the symmetry breaking in DSRR, and the evolution can be
clarified from the surface current distributions.

The birefringence characteristics of the independent LC
layer were experimentally probed with external actuation of
electric and magnetic fields [54], as illustrated in Fig. 3(a).
Here, we adopted the LC named NC-M-LC-LDn03 (Nanjing
Ningcui Optical Technology Co., Ltd.) with a thickness of
1 mm. The adjustable voltage is applied through graphite elec-
trodes. The graphite layer has a thickness of 2.4 μm, and it
has a high transmission of nearly 90% [52], so the graphite
electrode has little impact on the overall transmittance of the
device. A constant M -field of 0.17 T is applied to uniformly
orient the LC molecules. We measured the THz time-domain
spectra when LC is oriented along the y-axis or z-axis, and the
effective refractive index of ne and no can be achieved under the
y-linear polarization incidence. Figure 3(b) shows the time-
domain spectra with different LC orientations, and the LC-y
signal lags significantly behind that of LC-z. Based on the
Fourier transform of the time-domain signal, we obtain the re-
fractive index of no � 1.53 and ne � 1.81, as well as the phase
difference spectrum as shown in Fig. 3(c). A specific phase dif-
ference of Δφ � π was realized at 0.56 THz.

Due to the limitations of the experimental THz testing sys-
tem, it is difficult to capture the BIC modes with extremely
high Q-factors; therefore we choose the symmetry-broken
DSRR with α � 30° as the basic quasi-BIC structure in the
following discussion. The microscope image of DSRR is pre-
sented in Fig. 3(d). To illustrate the effect of polarization con-
version in the LC-integrated metasurface, the transmittance
spectra of DSRR under two orthogonal polarizations are given
in Figs. 3(e) and 3(f ). Different from the Fano resonance that

Fig. 2. (a) Schematic diagram of DSRR as a building block of a
metasurface array. (b) Experimental and (c) simulated transmission
amplitude spectra of DSRR with different rotation angles of 0°, 15°,
30°, and 45° under y-polarization excitations. (d) Q-factors of quasi-
BIC with α. Surface current distributions of (e) DSRR with α � 0° at
0.8 THz, DSRR with α � 30° located at (f ) 0.56 THz and
(g) 0.87 THz, and the arrows indicate the direction of the surface
current.

Fig. 3. (a) Schematic diagram of LC birefringence measurement
under electric (z-axis) and magnetic fields (y-axis). (b) Experimental
time-domain signals when LC orients along the y-axis and z-axis, and
double quartz layer without LC as the reference. (c) Experimental LC
refractive indexes and phase difference. (d) Microscope image of quasi-
BIC structure with an angle α � 30°. (e) Experimental and (f ) simu-
lated transmission amplitude spectra of quasi-BIC structure at x-pol
and y-pol excitations.
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occurs at 0.56 THz and supports a quasi-BIC mode, DSRR
under x-polarization behaves as a non-resonant spectrum at this
frequency (0.56 THz), which brings the possibility of switching
quasi-BIC induced by the LC polarization conversion.

B. Active Control of Quasi-BIC in LC-Integrated
Metasurface
To analyze the polarization-induced THz quasi-BIC modula-
tion in an LC-integrated metasurface, the experimental setup
was designed with two polarizers, as shown in Fig. 4(a). The
first polarizer P1 was fixed to ensure that the incident light
is linear polarization along the x-axis, while the second polarizer
P2 can be rotated to detect the parallel polarization component
(T xx) and the crossed polarization component (T yx). Here, T ij
stands for the polarization components of the i-polarized out-
put induced by j-polarized incidence (i, j � x, y). Figures 4(b)
and 4(c) illustrate the working principle of polarization state
conversion and induced resonance in the decomposed structure
of an LC-integrated metasurface. In the case when LC is along
the z-axis driven by the high voltage, LC has no polarization
conversion effect on the incident light, and the device appears
as a non-resonant state (at 0.56 THz) output from DSRR in
Fig. 4(b), which is consistent with the red line in Fig. 3(e).
When an external voltage is switched off, LC is bound to
the M -field along the u-axis direction with an angle of 45° rel-
ative to incident polarization. Based on classical polarization
optics, the polarization state will be converted to y-linear polari-
zation when Δφ � π. If the frequency of polarization rotation
matches with the quasi-BIC, the quasi-BIC resonance will be
excited, which is depicted in Fig. 4(c).

Based on the polarization testing setup, the experimentally
measured T xx and T yx under different actuation voltages were
obtained as shown in Figs. 4(d)–4(g). At forward incidence
[�z direction, expressed as → LC-DSRR →, the same con-
figuration as shown in Fig. 4(a)], the unconverted T xx compo-
nent first appears as a flat non-resonant state at a high voltage

of 170 V, and then drops off with the decreased voltage, finally
forming a transmittance valley, as shown in Fig. 4(d). On the
contrary, the transformed T yx component gradually increases
with the decreased voltage, and it results from the polarization
conversion during the LC-orientation changes from the z-axis
to the u-axis. Notably, the resonance valley (quasi-BIC state) is
still retained in the transmittance spectra, which is consistent
with the diagram in Fig. 4(c). Therefore, the active modulation
of quasi-BIC is achieved in the LC-integrated metasurface. In
addition, we studied the T xx and T yx in the situation of back-
ward incidence (−z direction, expressed as← LC-DSRR ←) in
Figs. 4(f ) and 4(g). We can observe that the unconverted T xx
component in Fig. 4(f ) basically coincides with Fig. 4(d), but
the transformed T yx component differs greatly compared with
Figs. 4(e) and 4(g). Based on the difference of the converted
T yx component in forward and backward incidence, the
LC-integrated metasurface is expected to achieve asymmetric
transmission. The perturbation in the transmittance spectrum
is primarily influenced by the dispersion of the introduced LC
material and the machining accuracy of the DSRR metasurface.

C. Asymmetric Transmission in LC-Integrated
Metasurface
As mentioned above, the LC-integrated metasurface exhibits
completely different T yx transmission spectra between the for-
ward incidence and backward incidence. To clearly illustrate
the physical mechanism of asymmetric transmission in the
LC-integrated metasurface, here we show the transmission
schematic diagram of the device in Figs. 5(a) and 5(b). For
the forward incidence, a linear polarization incident along the
x-axis will be converted to the cross-polarization along the
y-axis at the frequency of Δφ � π, and then induces Fano res-
onance by DSRR, which is shown as the quasi-BIC state in
Fig. 5(a). As to the backward incidence, the linear polarization
along the x-axis first excites DSRR and appears as a non-
resonant state, and then is transmitted through the LC layer,
but the polarization conversion of the LC layer does not change
the resonance state, only the amplitude modulation. Therefore,
a non-resonant spectrum was observed from backward inci-
dence, as shown in Fig. 5(b). The measured transmittance spec-
tra from forward and backward incidence with different
voltages are depicted in Figs. 5(c)–5(f ). In our design, a voltage

Fig. 4. (a) Schematic diagram of measurement setup for LC-inte-
grated metasurface. The first polarizer (P1) ensures the incident light
is linear polarization along the x-axis, and the transmitted parallel
(T xx) and crossed (T yx) polarization components are detected by ro-
tating the second polarizer (P2). Schematic diagram of polarization
state conversion and transmission spectra when LC is along the
(b) z-axis and (c) u-axis. Experimentally measured (d) T xx and (e) T yx
polarization components under different voltages at forward incidence
(�z direction). Experimentally measured (f ) T xx and (g) T yx polari-
zation components at backward incidence (−z direction).

Fig. 5. Analysis of asymmetric transmission of LC-integrated meta-
surface. Polarization conversion and transmittance spectra at (a) for-
ward incidence and (b) backward incidence. Amplitude transmission
(dB) at forward and backward incidence under the voltage of (c) 0 V,
(d) 70 V, (e) 110 V, and (f ) 150 V.
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equal to zero indicates the strongest polarization conversion
ability of the LC layer, and the maximal isolation of 9.8 dB
is achieved at 0.56 THz when no voltage is applied to the
device, as shown in Fig. 5(c). Here, the isolation of
asymmetric transmission is defined: ΔT isolation � T forward −
T backward. With the increase of voltage, the device gradually
loses the polarization conversion effect, which then results in
the decrease of asymmetric transmission. The isolation of
1.9 dB is realized when the voltage is 150 V, which could be
regarded as symmetric transmission at this state. Therefore,
the active control of asymmetric transmission was achieved by
adjusting LC orientation under the external field in the LC-
integrated metasurface. In this work, the insertion loss of
the device primarily originates from the LC layer, and reducing
the thickness of the LC layer may result in a decrease in inser-
tion loss. It is possible to adjust the structural parameter of
DSRR to a smaller scale to match the thinner LC layer. In ad-
dition, the isolation of asymmetric transmission is correlated
with the Q-value of the symmetric broken DSRR; therefore,
employing a smaller symmetry broken angle with a higher
Q-value can effectively enhance device isolation.

4. CONCLUSION

In conclusion, active modulation of quasi-BIC resonance has
been experimentally demonstrated through polarization rota-
tion without reconfiguring the structural parameters of resona-
tors. An LC-integrated metasurface was proposed where the LC
layer behaves as the polarization conversion and a DSRR meta-
surface supports a symmetry-broken quasi-BIC resonance. Due
to the anisotropic properties of the metasurface, orthogonal
polarization of incident light will induce contrasting transmit-
ting responses that form the basis of active modulation via elec-
trically and magnetically actuated LC layers. The combination
of polarization rotation and quasi-BIC resonance also enables
the asymmetry transmission with a maximal isolation of 9.8 dB
between forward and backward incidence, which is also adjust-
able by external voltage. The isolation of asymmetric transmis-
sion of the device can be further improved if a high-Q structure
with smaller perturbations is used. Moreover, the metallic
metasurface in the composite device also can be substituted
by other asymmetry-broken structures. The proposed LC-
integrated metasurface configuration offers a powerful platform
to study the functional devices in THz applications, which
would benefit the next-generation wireless communications
and single-pixel imaging.

APPENDIX A: PHOTONIC BAND ANALYSIS
OF BIC

Based on the eigenmode analysis in simulations, the photonic
band and intrinsic radiative Q of DSRR at α � 0° are depicted
in Fig. 6. The eigenmode is excited at y-polarization along
the symmetry axes [see Fig. 2(a)], and it possesses the features
of a symmetry-protected bound state. The subwavelength
DSRR array supports a symmetry-protected BIC with infinite
Q-factors at Γ point that are unstable against perturbations
of wavevector k. Hence, the introduction of perturbations
such as oblique incidence and symmetry breaking in the design

of BIC-metasurfaces enables the achievement of a high
Q-factor [55].

APPENDIX B: SAMPLE FABRICATION

The metallic metasurface was fabricated on a 500 μm thick
high-resistivity (>10 kΩ · cm) silicon substrate based on con-
ventional lithography. Initially, a 2 μm layer of photoresist (RZJ
304.50) was spin-coated onto the cleaned and polished high-
resistance silicon at a speed of 5000 r/s for 30 s, followed by
baking at 100°C for 180 s. Subsequently, the DSRR pattern
from the mask plate was transferred to the photoresist using
conventional ultraviolet lithography (SUSS-MA6) and then
developed with the RZX3038 developer for 30 s. The DSRR
structure photoresist was removed and the patterned sample
was cured by baking it at 120°C for 90 s. Finally, an aluminum
layer with a thickness of 200 nm was deposited on the silicon
surface through electron beam evaporation (TF500), and any
remaining photoresist was eliminated by soaking the sample in
acetone solution at a temperature of 60°C for 30 min. For the
LC-integrated metasurface, LC is filled between the metallic
metasurface and the SiO2 substrate. To realize the orientation
of the electrically controlled LC, the upper and lower surfaces
that were directly in contact with the LC were coated with a
2.4 μm thick graphite electrode layer, and the device was finally
packaged by UV adhesive.

APPENDIX C: EXPERIMENTAL MEASUREMENT

A commercial terahertz time-domain spectroscopy (THz-TDS)
system was employed to conduct the THz experiments at room
temperature with humidity at less than 5%. The THz pulse was
generated by a low-temperature grown InGaAs/InAlAs photo-
conductive antenna (PCA), and a detector antenna was used for
detection. The excitation source was an erbium-doped fiber la-
ser with a central wavelength of 1550 nm [17]. In our THz-
TDS system, the scanning step of the delay line is 5 μm, and
the corresponding time interval is 0.033 ps. The scanning range
of the experiment is 540 ps and the spectral resolution is
1.83 GHz. To reduce background noise, each experimental
data is averaged with 200 scans, and the signal-to-noise ratio
of the system is over 90 dB. In addition, a 3D-printed mold
is used to hold the NdFeB permanent magnets to apply a static
M -field, and the longitudinal voltage is applied by wires that

Fig. 6. Band diagram and radiative Q of BIC mode in DSRR
(α � 0°).
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are connected to the front and rear graphite electrodes. The
sample is vertically fixed to the hollow aluminum test platform
with a pore diameter of 1 cm.
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