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Introduction: Many researchers have explored the bound states in the continuum
(BIC,) as a particular bound wave state which can be used to achieve a very high Q-
factor. High-Q factor devices, typically based on the bound states in the
continuum (BIC,), are well used in the fields of hypersensitive biochemical
sensors, non-linear effects enhancement, plasmon lasers, and hi-performance
filtering. However, symmetrical-protected BIC is difficult to achieve
experimentally high-Q factor because it strongly depends on the geometry
and can be destroyed by any slight disturbance in the potential well.

Methods: Therefore, we proposed a parameter-adjusted Friedrich-Wintergen BIC
based on the analysis model of time-coupled model theory, where the target
system parameters can be tuned to achieve high-Q excitation.

Results: Moreover, considering the tunability and flexibility of the components in
various practical applications, we integrate active materials into metasurface
arrays with the help of external stimuli to achieve modulation of high-Q
resonances. Our results demonstrate that an optical resonator based on FW-
BIC can modulate the BIC state by changing the intermediate gap.

Discussion: The BIC state and the high-Q factor Fano resonance can be
dynamically tuned by adding temperature-sensitive VO, material.

KEYWORDS

FW-BIC, terahertz, metasurfaces, optical switch, high-Q

1 Introduction

With the bound states lying inside the continuum spectrum and coexisting with
extended waves, bound state in the continuum (BIC) was initially proposed in quantum
mechanics and widely used in diverse scientific fields as a particular bound state located in
the radiation region (Lu et al., 2021b; Bogdanov et al., 2019; Hsu et al., 2016). The bound
states lie inside the continuum spectrum and coexist with extended waves (Wang et al.,
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2022a; Kang et al., 2022). Bound states in the continuums (BICs)
differ from conventional wave-binding mechanisms because they
are perfectly bound by the system without any radiation. BIC mode
can be achieved in two methods (Huang et al,, 2021). One is to
construct a symmetry-protected BIC, wherein the capture mode
with a certain symmetry is embedded into an apparent-symmetric
continuum, preventing the capture mode from leaking (Cong and
Singh, 2019). Because even the smallest disturbance may destroy the
potential well, this kind of BIC may be difficult to obtain
experimentally (Sadreev, 2021). Another is to create a Friedrich-
Wintergen BIC (FW-BIC), where the target system parameters are
tuned to achieve high-Q excitation via continuous cancellation
(Zhao et al., 2020; Friedrich and Wintgen, 1985).

Textcolorred with a broad application in highly sensitive
refractive sensors (Meng et al., 2022; Bogdanov et al.,, 2019; Chen
et al, 2022), electric field enhancement (Ren et al, 2018;
electromagnetic induced transparency (Azzam et al., 2018) and
non-linear effects enhancement (Mittleman, 2017; Lu et al,
2021a; Fang et al, 2018) as well as a significant demand in
systems. High-Q
interaction between light and matter, reduce the radiation loss of

photonic resonators greatly enhance the
devices. Be capable of capturing the energy in the resonator in the
BIC mode with little leakage into the continuum, an extremely high-
Q factor could be achieved in the BIC (Lee et al., 2020). Due to the
infinite lifetime and the absence of leakage in an ideal BIC, external
excitations cannot couple to the BIC, and the ideal BIC is
unobservable in the electromagnetic spectrum (Doeleman et al.,
2018). However, by introducing structural perturbations in the
metasurfaces supporting the BIC, the high-Q resonance mode
induced by the two low-Q mode couplings identifies the
emergence of a quasi-BIC in the far-field response (Ren et al., 2021).

When considering the diverse practical applications of the
optical medium’s components in optical switching, optical
sensors, and hyperactivity spetroscopy, their tunability and
flexibility are noteworthy (Ren et al., 2019; Han et al., 2021; Fang
et al, 2021). It can be observed that passively adjusting the
geometrical parameters of the resonance structure allows for a
finite extent of tuning of the resonance frequency, modulation
depth, and linewidth of the Fano resonance. The results have
initially demonstrated that accurate active control of the Fano
resonance can be achieved at additional levels in bringing active
materials into the meta surface arrays, such as semiconductors,
graphene (Xiao et al., 2018; Ren et al,, 2020; Lan et al., 2021; Wang
etal,, 2022a), and VO, (Yang et al., 2022). VO,, as an active material,
(IMT)
characteristics, and its conductivity can rapidly increase by 4-
5 orders of magnitude under external thermal excitation (Fan
et al., 2013; Zhu et al., 2012; Mandal et al., 2011; Liu et al., 2012;
Zhao et al., 2018).

In this paper, we propose a split-ring resonator based on
Friedrich-Wintergen BIC (FW-BIC). We tune the high-Q factor
Fano resonance of the split-ring resonator by adding temperature

has temperature-sensitive insulator-metal transition

sensitive vanadium dioxide material (VO,). High-Q factor Fano
resonances coupled with significant near-field enhancement in
optical cavities are essential for a wide range of applications in
filtering and sensing, lasers, and non-linear effects enhancement. A
metasurface array with an integrated active material enables active
control of the components, which is beneficial for various practical
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applications such as optical switches, optical sensors, and transitivity
spectroscopy. The proposed metasurface provides a platform for
trapping and manipulating electromagnetic waves provided by free-
space radiation. The employed theoretical model can be generalized
to help design quasi-BIC in other frequency regions.

2 Materials and methods

To experimentally realize the FW-BIC response of the coupled
resonance, we designed a device consisting of a split-ring resonator.
The period P of the metasurface is 200 pm, and the other parameters
are shown in Figure 1. The metamaterial structure consists of an
aluminum device and a silicon substrate. The aluminum thickness is
1 um, and electrical conductivity is 3.74 x 107S/m. The silicon
substrate is 20 um thick, € = 11.7, and 100 um thick glass below.
Our structure is resonant at a terahertz frequency, with both an
inductor-capacitance (LC) mode and a dipole mode. In our
structure, the resonance frequency of the LC mode can be tuned
by changing the intermediate gap (g>) to produce the FW-BIC state
with little effect on the resonance frequency of the dipole mode. The
two-sided gap can affect the resonance frequency of the dipole
mode. The function of regulating the BIC position or quasi-BIC to
BIC conversion is achieved by adding sensitive materials at different
sites, such as temperature-sensitive vanadium oxides. With such a
plateau, we can control the frequency detuning between the two
modes near the ideal BIC. We performed simulations using the finite
element method (FEM) with COMSOL Inc (2020) to obtain the
response.

Here, a two-mode system coupled by two ports is described
using a time-coupled mode theory model to better explain the
principle of Friedrich-Wintergen (Zhao et al., 2019; Suh et al., 2004):

S[ﬁ] _ [dll dlz][P1+]+ -[w1+jT1 d+j712]|:7’1:|
dt | 2 dy dn || par J d+jt wy+ 1y || 12
As given by the formula, the coupling coefficient between mode i
and port j is expressed by d;; (i, j € 1, 2); the input amplitudes of ports
1 and 2 are py, and p,,; w; and w,, 77 and 7, indicate the resonant
frequency and attenuation rate of the two modes, respectively; d is
the direct coupling rate between the two modes; 7y, and 7,, are the
coupling coefficients generated by damping, and finally, the
resonance amplitude of the mode supported by the system could
be expressed by r; and r,. Due to the symmetry of the system, 7;, =
To1 = /T1T2.

In this system, the output wave that excites the resonant mode is
represented as follows:

P | _| T E | P | | Cn ||
pa- t r|| pa Cu € || T2

where p;_and p,_ are the outgoing wave amplitudes at ports 1 and 2;
rand t are the direct reflection and transmission coefficient between
the ports in the absence of the resonant modes; ¢;; is the coupling
coefficient between the port j and the mode 7 r, and r, are the
resonance amplitude of modes supported by the system.

Under the above framework, the transmission coefficients of
uncoupled single mode and coupling mode can be calculated. The
transmission valley in the transmission occurs at the resonant
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FIGURE 1

[llustration of the generation of BIC via coupled resonant modes, model design and measurement of transmission spectra. (A) The transmission
coefficient for different frequency settings. The Q-factor is infinite in the BIC mode. (The red arrows label w; and the black arrows label w,.). (B) 3D
schematic diagram of the metasurfaces. (C) Schematic of the metasurface design. The design dimensions are as follows: period p = 100 pym, the ring
outer diameter D = 120 ym, width W = 10 pm, double seam width g; = 10 um, control the shift of g. (D) The amplitude transmission spectrum of the
metasurface at g, = 2 pm under the Y polarization and the current distribution corresponding to the transmission valley. (E) The amplitude transmission
spectrum of the metasurface of g, = 8 um, and the current distribution corresponds to the transmission valley. (F) The amplitude transmission spectrum
of the metasurface of g, = 14 um, and the current distribution corresponds to the transmission valley. (G) The amplitude transmission spectrum of the
metasurface at g, = 20 um and the current distribution correspond to the transmission valley.

frequencies (w; and w,) for each individual mode. The transmission  the resonant frequencies of the two resonance modes correspond to
spectrum is represented by a Fano response with two transmission  the transmission valleys, and the coupling between the two modes
valleys and a peak. Once the two modes are coupled to each other,  forms a transmission peak. w; + j7; and w, + j7, demonstrate two
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complex eigenvalues exhibited by the coupled resonator, where the
imaginary and real parts are the resonant frequency and attenuation
rate of the hybrid eigenmode, respectively. Q = w/(27) is expressed as
a quality factor for the eigenmode. The peak transmission coefficient
corresponds to one eigenmode with a high-Q factor, while the other
eigenmode suppressed by the high attenuation rate has a Q value less
than 1. The Fano resonance may shift with the frequency detuning
between the resonant modes (6w = w; — w,) as shown in Figure 1.
One of the eigenmodes is promoted to the BIC state, and the
eigenvalue radiation becomes a pure imaginary number due to a
loss of zero when the Friedrich-Wintgen condition (dw+/717; =
n(t, — 12)) is satisfied.

3 Results

As shown in Figure 1, when the two-sided gap g; is 10 um
unchanged, the peak of quasi-BIC appears when the intermediate
gap g size is 2 um. The current distribution indicates that 0.51 THz
corresponds to the LC mode and 0.86 THz corresponds to the
dipole mode. The transport peak at 0.55 THz results from the
coupling of the LC and dipole mode and act as a quasi-BIC mode.
It has been reported that the Fano resonances can be excited by a
set of antiparallel magnetic dipoles that are weakly coupled to the
free space and emerge as high-Q resonances. Since the LC mode
and the dipole mode are coupled to each other through resonant
and leaky channels, the quasi-BIC mode has been theoretically and
computationally predicted to have Fano line shapes. As the gap g,
increases, the LC mode moves towards a higher frequency, closing
to the dipole resonance frequency. A decrease in the frequency
detuning leads to a decrease in the transmission peak and an
increase in the Q-factor. When the gap size is 14 um, the BIC can
be identified by the vanishing of the Fano transmission peak. As for
the FW-BIC, on the one hand, the surface current is weak,
suggesting that it is barely coupled to free-space radiation and
is entirely confined by bound states in the absence of leaky
channels.

On the other hand, the faint in-phase collective current on the
upper and lower arms of the resonator with the same incident THz
wave direction comes from the dipole resonance of the symmetric
structure. When the BIC condition is broken by increasing the gap
size of g, the transmission peak appears again. At this time, the
surface current is considerably excited, and the current direction on
the resonator surface is rearranged, indicating that the bound state is
coupled with the incident radiation, thus generating quasi-BIC
resonance. Note that unlike symmetry-protected BIC, quasi-BIC
of FW-BIC in this structure is realized by changing the gap size
without destroying the symmetry.

Recently, a few studies have tentatively demonstrated that Fano
resonances enable precise active control at an additional level if specific
active materials are integrated into metasurface arrays, such as
semiconductors, graphene, and vanadium dioxide. As an active
material, VO, has temperature-sensitive insulator-metal transition
(IMT) characteristics. Its conductivity can be rapidly increased by 4-
5 orders of magnitude under external thermal excitation, and it is only
one order of magnitude lower than gold. VO, can be expressed as a
material with dielectric €, = 9 in the terahertz band, and its conductivity
can shift from 10S/m to 100000S/m with the increase of temperature.
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Since the gap on both sides can affect the resonance frequency of
the dipole mode, in order to realize the function of regulating the
BIC position, we designed the Al-VO, hybrid metasurface, as shown
in Figure 2. Interactions between electrons, orbitals, and crystal
structures can cause abrupt changes in the electromagnetic and
thermal properties of VO, near the phase transition temperature.
During the phase transition, VO, dramatically changes the
properties of electromagnetic waves at all wavelengths, especially
in the terahertz band. At temperatures lower than the phase
transition temperature, VO, is in the insulating phase, and the
band gap of VO, is 6eV, which allows THz wave to fully penetrate
the equivalent transparent state. At temperatures higher than the
phase transition temperature, VO, is a metallic phase and its Fermi
level coincides with the 3D band of the V atom, such that the band
gap of VO, becomes 0. At this point, VO, can approximately replace
the metal, which leads to a reduction of the equivalent gap width and
thus affects the position of the FW-BIC. As can be seen from the
simulation results, for the designed Al-VO, hybrid metasurface, we
can easily shift the frequency corresponding to the BIC from
0.64 THz to 0.69 THz by using external thermal excitation to
shift the temperature.

4 Discussion

Based on the above analysis of the time-domain coupled model,
for an ideal FW-BIC, the decay rate of this mode (7) should be close
to 0, and hence the theoretical Q-factor (Q = w/(27)) should be
approximately infinite. For the lossy BIC in the experiment,
although the energy leakage from the element surface to the port
is 0, the ohmic loss in the metal and the dielectric loss in the
substrate will still lead to a large decal rate, thus leading to a finite
Q-factor. Therefore, we used COMSOL to reduce the imaginary part
of the € to 107° to calculate the Q-factor of BIC with a near-loss-free
metal (the first Brillouin zone of the square lattice is plotted on the
top left in Figure 3). Figure 3 shows the Q factors of eigenmodes
close to 0.56 THz calculated by this method. Figure 3 shows the Q
factors of eigenmodes close to 0.56 THz calculated by this method,
and the Q factor of BIC rises rapidly to a maximum value at the
point of I. The insertion diagram below shows the possible
eigenmodes near 0.56 THz in the M-I direction.

In the BIC state, the energy transfer of electromagnetic waves is
mainly in the z-axis direction, so that the magnetic field is confined
in the x-0-y plane. However, in the case of a quasi-BIC, a part of the
magnetic field arises out of the x-0-y plane due to energy leakage.
Therefore, the energy leakage in the case of a quasi-BIC can be easily
verified by monitoring the magnetic field component in the z-axis
direction. We monitored the z-directional magnetic field strength of
the metal split-ring resonator pair at the Fano resonance, as shown
in Figure 4. Split-ring resonator has nearly no Z-direction magnetic
field in the BIC state, indicating no energy leakage in the split-ring
resonator and an extremely strong Z-direction magnetic field
around the split-ring resonator in the quasi-BIC state. It can be
seen that the magnetic field in the quasi-BIC state is enhanced more
than that in the BIC state, indicating a significant magnetic field
leakage.

By varying the intermediate gap (g,), we can tune the resonant
frequency of the LC mode to switch between the BIC state and the
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FIGURE 2

(A) Schematic diagram of the Al — VO, metasurface. The metal design dimensions are as follows: period p = 100 pm, the ring outer diameter D =
120 pm, width W = 10 pm, double seam width g; = 15 ym, control the change of g,. Vanadium oxide filling both sides seam width to 10 ym. (B) The low-
temperature regime and the amplitude transmission spectrum of the metasurfaces of different g,. (C) High-temperature state, the amplitude

transmission spectrum of the metasurfaces of different g».
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(A) The colour plot of the simulated transmission spectra of the BIC at low temperatures by scanning g, from 2 um to 20 pm. (B) The colour plot of
the simulated transmission spectra of the BIC at the high-temperature state by sweeping g, from 2 pm-20 um. (C) The Q factor and band structure
correspond to the low-temperature BIC (inset) state. (D) The Q factor and band structure correspond to the high-temperature BIC (inset) state. The metal
loss is reduced, and the imaginary part e of the dielectric constant is reduced to 107°S/m. The quasi-BIC we study appears at the T’ point in the first red

Brillouin zone with an extremely high Q factor.
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(A) Z direction magnetic field strength corresponds to the quasi-BIC mode of g, = 2 pm. (B) Z direction magnetic field strength corresponds to the
BIC mode of g, = 8 um. (C) The Z-direction magnetic field strength corresponds to the quasi-BIC mode of g, = 20 pm. (D) The x-o-y plane current
corresponds to the quasi-BIC mode of g, = 2 um. (E) The x-0-y plane current corresponds to the BIC mode of g, = 8 pm. (F) The x-o-y plane current

corresponds to the quasi-BIC mode of g, = 20 ym.

quasi-BIC state, which slightly affects the resonant frequency of the
dipole mode. Therefore, in order to achieve adjustable BIC
resonance and active switch of Fano resonance, we embed VO,
in the middle gap to present the dielectric state and mental state at
different temperatures as well as realize the control by employing
external thermal excitation.

The conductivity of VO, can be expressed by the effective
medium theory (EMT) formula: (Lu et al,, 2021a).

(1- g)oﬁff +[goi+ go —0i + f,(0; = 0)]0esf — GOi0,m =0

where g is the shape-related parameter controlling the seepage
threshold. o;, 0,, and oy is the conductivity of insulating phase,
metal phase and effective frequency, respectively, f, is the volume
fraction of the metal domain. Wherein, the volume fraction of metal
phase f, can be expressed as: (Ma et al., 2020).

1 >
- T-Tg
1+ear

where fi.x = 095 is the maximum volume fraction of metal

fv=fmax(1

composition at the highest temperature in vanadium dioxide, T is
the regulated VO, temperature, T is the phase transition temperature,
the heating point and cooling point are 68 °C and 64 °C respectively,

Frontiers in Nanotechnology 06

AT =2 °Cis the transition width. From the above equations, it is clear
that tuning the temperature can alter the volume fraction of the
metallic phase and thus the conductivity of VO,. As the temperature
increases from room temperature to above the phase transition
temperature, the VO, embedded in the intermediate gap will
gradually decrease the equivalent intermediate gap width. The
transmission peak at 0.63 THz is the result of coupling between
the LC and dipole mode. As the equivalent gap approaches the
gap corresponding to the BIC mode, the frequency detuning
(I6w[) almost satisfies the Friedrich-Wintgen  condition
(bw~/TiT2 = n(1; — 1)), which will reduce the transmission peak.

The metasurfaces supporting quasi-BIC modes can provide
significant local field enhancement due to high Q resonances.
The electric field is confined to the gap region for metal split-
ring resonator, leading to a substantial electric field enhancement.
The simulation results in Figure 5 show that when g = 2 um, the
quasi-BIC mode achieves a maximum electric field enhancement of
163 at the resonant frequency of the coupled mode compared to the
BIC mode when g, = 9 um. For a metasurface with BIC modes, the
electric field enhancement disappears because the incident wave
does not couple to the coupled modes of the metasurface. For the Al-
VO, hybrid metasurface in Figure 5, as the temperature increases,
the equivalent intermediate gap decreases and the electric field

frontiersin.org
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FIGURE 5

(A)Schematic diagram of the VO, — Al metasurface. The metal design dimensions are as follows: period p = 100 pm, the ring outer diameter D =
120 pm, width W = 10 um, both side seam width g, = 10 um, g, = 8 um. After vanadium oxide filling, the intermediate seam width changes to 2 um. (B)
The amplitude transmission spectrum of the metasurfaces at the corresponding conductivity to different temperatures. High-temperature state, the
amplitude transmission spectrum of the metasurfaces of different g,. (C)Simulated field enhancement of the metasurface center. Electric field
enhancement to quasi-BIC responses distant from the BIC point (red) and close to the BIC point (blue). Field enhancement away from the BIC point (red)

can reach 163.

enhancement gradually increases. It is shown that the closer the
quasi-BIC state is to the BIC state, the higher the quality factor and
the lower the electric field enhancement rate.

In this paper, we propose a split-ring resonator based on the
Friedrich-Wintergen BIC. By changing the parameters and using
magnetic field leakage to confirm the split-ring resonator’s BIC mode,
we are able to generate high-Q resonances. Additionally, we tune the
frequency positions of the temperature-sensitive vanadium dioxide
material at various points in the BIC and high-Q factor Fano
resonance switches. The metasurface supporting the quasi-BIC mode
has been shown to be capable of generating a local electric field increase of
163 approximately, which is critical for a variety of applications in
filtering, sensing, and enhancing non-linear effects. Metasurface arrays
integrated with novel active materials enable active control of components
as a function of optical switches. It provides a platform for capturing and
manipulating electromagnetic waves via free-space radiation.
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