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ABSTRACT
A bound state in the continuum (BIC) is a wave that coexists with a continuous wave but remains localized. In the terahertz band, BIC
can design devices with an ultra-high mass factor (Q factor), which is of great value for terahertz science and technology, so we designed
a terahertz BIC metasurface structure composed of metal split ring resonators (SRRs). According to the symmetric protection principle of
superlattice mode, the leakage process of BIC states to the far field is studied by changing the gap width of SRR. By introducing multiple SRRs
and changing their arrangement, we obtain three superlattice modes and BIC states. The leakage of BIC states into the far field is observed
experimentally, which means that observable quasi-BIC patterns are formed. We verify a feasible method that allows for flexible design and
implementation of BIC.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0147843

I. INTRODUCTION

High-quality factor (high-Q) optical resonators have attracted
much attention due to their rich physical phenomena and potential
applications in enhanced light emission,1 chemical and biological
sensing,2,3 non-linear optics, etc.4 However, the reported Q values
of terahertz devices are mostly in the order of 10, which cannot meet
the practical requirements of applications.5,6 Bound state in the con-
tinuum (BIC) refers to the trapped state in the radiation continuum
of a system, enabling an infinitely high-quality factor and a corre-
spondingly infinite lifetime of the resonance.7–9 The emergence of
BIC provides unprecedented possibilities for the realization of ter-
ahertz functional devices with an ultra-high Q factor.10–12 Among
them, BICs were mainly realized by three methods: structural sym-
metry protection, destructive interference between resonators, and
inverse construction.13,14 So far, BICs have been achieved in coupled

waveguides, gratings, photonic crystals, photonic circuits, meta-
materials/metasurfaces, and so on.15–20 Particularly, because of the
high freedom level in the design of the metasurfaces, the demon-
stration of BICs in metasurfaces is extended to a wide spectrum
from visible light to microwaves21–23 and found in various systems
including perforated dielectric plates,24 double-gap split ring res-
onators,25 semiconductor blocks,26 and free-standing structures.27

Actually, ideal BICs cannot be observed in the electromagnetic spec-
trum because of their infinite lifetime and zero leakage.28 However,
by introducing structural perturbations into the BIC metasurface,
quasi-BICs (identifiable by a high-Q resonant mode induced by the
coupling of two low-Q modes) emerge in the far-field response.29

In 2022, Zhang et al. studied terahertz metasurface BIC com-
posed of metal split ring resonators (SRRs) using the method of
structural symmetry protection.30 On the other hand, terahertz
(THz) technology shows great potential in security imaging, wireless
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communication, and fingerprint spectroscopy,31–33 while THz func-
tional devices with high Q factors, for example, high-sensitive sen-
sors, narrow linewidth filters, and slow light modulators, are in
high demand.34,35 Although the reported BIC is also formed by the
metal SRR, they use the translation symmetry of the SRR array to
obtain the BIC. We experimentally validated the method of obtain-
ing different BICs by arranging classical single-gap metallic rings in
different configurations.

In this paper, we use the classical metal SRR as the basic unit,
break through the symmetry of the SRR’s structure, and combine
multiple SRRs to form a new superlattice. Using CST Microwave
Studio software, numerical simulation and experimental research on
the SRR superlattice were carried out. By changing the gap width of
adjacent SRRs, the existence of BIC states on the metal SRR meta-
surface is verified, and the quasi-BIC (QBIC) resonance formed by
BIC leakage is obtained simultaneously. Research has shown that
breaking symmetry is a reasonable way to achieve BICs on metasur-

faces. The metasurface demonstrated in this paper will promote the
development of high-Q THz devices, and the designed metal SRR
metasurface has a precise mechanism and is easy to prepare.

II. SIMULATION
The shape and size of the metal SRR element structure designed

in this paper are shown in Fig. 1(a). The specific structural para-
meters of the SRR are b = 8 μm, g = 12 μm, and a = 48 μm. The
layer of metallic SRRs has a thickness of 200 nm and is located on
the surface of a highly resistive silicon substrate. By arranging the
two SRRs in different ways, two kinds of superlattices ① and ②,
as shown in Figs. 1(b) and 1(c), are formed. All BIC/QBIC struc-
tures in this paper are composed of SRR units with a period of 68
μm, as shown in Fig. 1(d). Only the gap width g will change in the
discussion, forming a QBIC state with perturbative symmetry. To
determine the existence of BIC modes in different arrays of SRRs,

FIG. 1. (a): SRR basic dimension diagram. (b): BIC I electric field x component, current distribution and magnetic field distribution with a frequency of 0.400 THz. (c): BIC II
electric field x component, current distribution and magnetic field distribution with a frequency of 0.450 THz. (d): Schematic of the metallic SRR arrays on a silicon substrate.
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we used the eigenmode solver in the CST Microwave Studio soft-
ware to calculate the eigenmodes of superlattices ① and ②. Among
them, the boundary conditions of x and y are electric walls (Et = 0),
and the boundary conditions of z are open added space. In the cal-
culation, phases x and y were set to 0, corresponding to the mode of

the Γ point in the calculation energy band. The metal material was
set as a perfect electrical conductor (PEC) to eliminate the influence
of ohmic losses, and the substrate was considered non-absorbing
silicon. The simulation results are shown in Figs. 1(b) and 1(c),
where the superlattices ① and ② form their respective bound states

FIG. 2. (a) and (b): Schematic diagrams of the superlattices ① and ② after breaking the structural symmetry. (c) and (d): For the superlattices ① and ②, the transmission
spectra of three different cases of δ = −8, 0, and 8 μm. (e) and (f): Corresponding to BIC I and BIC II, respectively, the pseudo-color map of the transmission spectrum after
changing the asymmetry.
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at 0.400 and 0.450 THz, respectively. Since the Γ point corre-
sponds to the perpendicular incidence and is in the continuum
domain, these two bound states are the BIC states, denoted as BIC I
and BIC II.

The electric field amplitude distribution and current distribu-
tion on SRR shown in Figs. 1(b) and 1(c) indicate that BIC I and BIC
II are based on the LC resonance of SRR, and the current distribution
in SRR belongs to classical LC circulation. The electric fields of the
two SRR structures in the superlattice are antisymmetric. The mag-
netic field distributions of BIC I and BIC II are shown in Figs. 1(b)
and 1(c).

BIC has an infinitely narrow linewidth, which is higher than the
frequency resolution of all systems and cannot be directly observed
in the spectrum, so most of the reported works have indirectly veri-
fied the existence of BIC by introducing perturbations and observing
the process of BIC transformation into QBIC. As shown in Figs. 2(a)
and 2(b), this paper introduces structural perturbation by modifying
the gap of one SRR in the superlattice (upper SRR for superlattice ①
and left SRR for superlattice ②) to break the symmetry of the super-
lattice. The leakage caused by perturbation BIC was simulated by

using the frequency-domain solver in the CST Microwave Studio
software, where the material model was consistent with the charac-
teristic mode calculation. The boundary condition of x and y was
set as a unit cell, and the boundary condition of z was set as an
open added space. The frequency range of the simulation was set to
0.300–0.600 THz, and the simulation results are shown in Figs. 2(c)
and 2(d). We denote the change in structure as δ = g − 12 (μm),
where the gap g takes the values of 20, 12, and 4 μm. It can be seen
from the figures that when δ = 0 μm, there is no narrow-linewidth
resonance in the transmission spectrum of the metasurface com-
posed of superlattices ① and ② at 0.400 and 0.450 THz calculated
by the eigenmode and instead a wide LC resonance of SRR. How-
ever, when δ ≠ 0 μm, asymmetric Fano linear resonance will appear
near 0.400 and 0.450 THz. The asymmetric Fano linear resonance
for superlattice ① [Fig. 2(c)] is formed by the coupling of QBIC
resonance and LC resonance.

The superlattice ② [Fig. 2(d)] is formed by coupling the QBIC
resonance and the non-resonant continuum domain transmission
of the SRR. The sign of δ determines whether the frequency of
the Fano resonance is higher or lower than the BIC frequency. ∣δ∣

FIG. 3. (a): Distribution of the x-component of the electric field for two different resonances. (b): Transmission spectrum of superlattice ① with δ = −8 μm. (c): Variation of
Q value with a degree of asymmetry.
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determines the width of the Fano resonance line. The pseudo-color
diagram is shown in Figs. 2(e) and 2(f), where the vertical axis is the
asymmetry δ of SRR structure, the horizontal axis is frequency, the
vertical dashed line indicates the frequency value of BIC calculated
by simulation, the small circle indicates the position of BIC, and the
horizontal dashed line indicates the section position corresponding
to the transmission spectrum in Figs. 2(c) and 2(d). Pseudo-color
brightness represents the amplitude of the transmission spectrum at
each δ. With the change of δ from negative to positive, the frequency
of Fano resonant disappearance is exactly 0.400 and 0.450 THz. This

BIC state is in perfect agreement with the reported BIC verification
method, which proves the existence of BIC I and BIC II.

According to Koshelev et al.,36 the QBIC resonances that
appear when δ ≠ 0 μm originate from the far-field leakage formed
by the antiphase resonances of the adjacent SRRs after the symmetry
break and can no longer fully interfere with the cancellation. Take
the Fano resonance at δ = 8 μm in the superlattice ① as an example;
as shown in Fig. 3(b), two resonant valleys appear in the transmis-
sion spectrum, and the low-frequency resonant valley with a narrow
linewidth is derived from QBIC resonance. It can be seen that the

FIG. 4. (a): Electric field distribution of BIC at 0.380 THz (b): Electric field distribution of BIC at 0.425 THz. (c): Transmission spectrum after symmetry breaking of BIC
structure. (d): Pseudo-color map of the transmission spectrum (e): Schematic diagram of superlattice ③ after symmetry breaking.
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QBIC field distribution [Fig. 3(a)] is similar to the antisymmetric
field distribution of BIC I in Fig. 1(c).

Since the resonant frequency and radiation loss of the two
SRRS are no longer the same, the far-field radiation is no longer
completely cancelable. The larger the difference between the gap of
adjacent SRRs, the more the radiation leakage, the lower the Q value
of the QBIC mode and the Fano resonance formed by its coupling.
In the work of Koshelev, it was proposed that there is a quadratic
inverse relationship between the Q value of QBIC and the degree of
asymmetry of the structure. We can use the Fano formula to fit the
simulation results,37,38

T = t0 ⋅ [a1 + ia2 + b
ω − ω0 + iγ

]
2

, (1)

where a1 and a2 are real numbers, representing the background radi-
ation; b represents the resonance intensity of the Fano resonance; ω0
represents the frequency of the Fano resonance; and γ represents the
total loss of the Fano resonance. According to formula,

Q = ω0

2γ
, (2)

the Q values of Fano resonance under different degrees of asymme-
try can be obtained. In addition, we plot the resulting values as a
graph [Fig. 3(c)], where the x-axis is

Δ = δ/12. (3)

For the QBIC resonance formed by superlattices ① and ②, the
relationship between the Q value and the asymmetry is in good
agreement with the inverse quadratic function.

Obviously, by introducing more SRR, more arrangements are
allowed. Therefore, the method proposed in this paper to form a
superlattice by arranging SRR provides a way to design SRR-based
BIC and QBIC metasurfaces. The following is a simple illustration
of the extensibility of this method by taking four SRR combina-
tions as an example. The superlattice ③ shown in Fig. 4(a) consists
of four SRRs whose opening directions are rotated clockwise in
turn. Using the eigenmode solver of the CST Microwave Studio, it
is calculated that two BIC states formed by LC resonant interfer-
ences of different SRRs exist in the superlattice at vertical incidence
(Γ point); the frequencies are 0.380 and 0.425 THz, respectively, and
are denoted as BIC III and BIC IV. The BIC electric field distribution
of the superlattice ③ is shown in Figs. 4(a) and 4(b). Interestingly, as
more SRRs are added, there are more ways in which the LC reso-
nance between SRRs cancels each other out. Although BIC III and
BIC IV have different electric field distributions, they are both based

FIG. 5. (a): Schematic diagram of THz time-domain spectroscopy. (b): Time domain signal plot. (c): Micrographs of three BIC structures.
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on the LC resonance of the SRR and form an antisymmetric electric
field distribution. Like the previous two superlattices, the frequency
domain solver of the CST Microwave Studio is still used here to
verify the existence of these two BIC states numerically. By chang-
ing the gap width of the top-left SRR in the superlattice, as shown
in Fig. 4(e), breaking the symmetry of the structure allows the BIC
state to transform into a QBIC mode and be coupled with other
resonances or the transmission background to form a Fano reso-
nance. As shown in Fig. 4(c), two different Fano resonances will

appear on the transmission spectrum, originating from two QBIC
resonances.

The pseudo-color map of the transmission spectrum formed
with the gap change, as shown in Fig. 4(d), shows the typical evo-
lution process from a typical BIC to a QBIC, which verifies the exis-
tence of BIC III and BIC IV. However, the Q value of the two types
of QBIC in superlattice ③ is more complex. Although the analysis
of this problem is beyond the scope of this study, it provides a clear
direction for subsequent related research.

FIG. 6. (a)–(c): Simulated transmission spectra of BIC I, BIC II, and BIC III (BIC IV) in sequence. (d)–(f): The experimentally measured transmission spectra of BIC I, BIC II,
and BIC III (BIC IV) in sequence.
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III. EXPERIMENT

To experimentally verify the above-mentioned numerical
results and the existence of the proposed BIC, we prepared SRR-
based BIC and QBIC samples using copper on silicon wafers with
a gap width of δ = 8, 0 μm (BIC), and −8 μm. Other dimensions of
the SRRs are shown in Fig. 1(a). The thickness of the silicon wafer is
500 μm, and the thickness of the deposited copper is 200 nm. The
total size of the as-prepared samples is 9 × 9 mm2, and Fig. 5(c)
shows the microscopic images of the three BIC structures. In this
paper, the TDS-1008 THz time-domain spectroscopy system is used
to measure the transmission spectrum of the sample, as shown
in Fig. 5(a), the working principle diagram of this measurement
system.

The system consists of a transmitter, a receiver, and two iden-
tical THz focusing lenses. When the THz wave propagates in the
air, dry nitrogen gas is continuously injected to remove the water
vapor. The sample is placed between the two lenses. A measured
time-domain signal is transmitted through the model, and the corre-
sponding air reference signal is shown in Fig. 5(b). The amplitude of
the reference signal is larger than that of the sample resulting from
the reflection and absorption induced by the sample. In addition, the
reference signal is at 50 ps in front of the model, mainly due to the
optical length difference caused by attaching eleven 500 μm thick
high-resistance silicon substrates close behind the sample substrate
to remove the oscillation. The amplitude spectra of the sample and
reference samples are obtained through the Fourier transform of the
time-domain signal. Through the transmission amplitude spectrum
ratio of the loaded signal and the air signal, we can get the transmit-
tance of the sample for the THz wave. The measured time domain
length can be up to 140 ps, corresponding to a frequency domain
resolution of 7 GHz, which can meet the measurement requirements
for the broad QBIC resonance.

To be consistent with the materials used in the experiment,
the material PEC of the structure is changed to copper in the CST
Microwave Studio, and the frequency domain solver is used to simu-
late the three superlattices. The numerical simulation calculated the
transmission spectrum shown in Figs. 6(a)–6(c). The transmission
spectrum results obtained by experimental measurement are shown
in Figs. 6(d)–6(f). It can be seen that the measured transmission
spectrum is consistent with the results of the numerical simulation,
except for some slight differences in details due to experimental
errors such as the purity of the metallic copper silicon wafers, the
polarization of the sample with respect to the THz signal, etc. When
δ = 0 μm, the transmission spectra are the same for all SRRs, and
there is only LC resonance with broad line widths in the mea-
sured transmission spectra. When the gap between adjacent SRRs
in the sample is different, the LC resonance hardly changes, while
the QBIC resonance with a narrow linewidth can be observed at
the lower (δ = −8 μm) and higher (δ = 8 μm) sides of the BIC fre-
quency. The evolution of BIC to QBIC in three different samples
verifies the existence of BIC in the as-prepared metasurface sam-
ples. These structurally symmetric-protected BICs are SRRs based
on simple LC resonance, which not only provides a clear physical
principle for the subsequent research on symmetric-protected BICs
but also provides a relatively simple platform for the design of THz
devices based on BIC or QBIC. In summary, the evolution of BIC-
to-QBIC in the three samples measured experimentally is consistent

with the phenomenon of numerical simulation, which verifies the
existence of different BICs in the metasurface samples.

IV. CONCLUSION
This paper uses the classical SRR structure to construct the

THz BIC metasurfaces. When these metasurfaces break the sym-
metry in the design, the BIC will transform into a QBIC, and the
Q value of the QBIC decreases with the increase in the asymmetry
of the system. In summary, we demonstrated multiple BICs/QBICs
in a THz metasurface composed of SRRs. These bound states are
caused by interference cancellation between neighboring structures.
Numerical simulation and experimental results show a complete
BIC-to-QBIC evolution process, which confirms the existence of
BICs. We prove through experiments that BIC or even double BIC
can be produced under different permutation and combination
modes by introducing more SRR structures rather than being lim-
ited to a single structure. The research results open up a new way
for the design of THz devices with high-quality factors that can be
effectively implemented.
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