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Metasurface supporting bound states in the continuum
(BIC) provides a unique approach for the realization of
intense near-field enhancement and high quality factor
(Q-factor) resonance, which promote the advancement of
various applications. Here we experimentally demonstrate a
Friedrich–Wintgen BIC based on the mode coupling in the
terahertz metasurface, which produces BIC by the coupling
of the LC mode and dipole mode resonances. The transition
from ideal BIC to quasi-BIC is caused by the mismatch of
the coupling, and the mode decay rate during this process
is analyzed by temporal coupled mode theory. The Q-factor
and the electric field enhancement of the quasi-BIC reso-
nance are significantly increased, which provides enormous
potential in sensing, nonlinear optics, and topological optics.
© 2023 Optica Publishing Group
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Rapid growth in the field of metasurfaces has led to significant
advances in a wide range of application areas, such as electro-
magnetic wave tailoring [1], optical analog computing [2], and
ultra-sensitive detection [3]. Among the research for metasur-
faces, the pursuit of high quality factor (Q-factor) resonance has
been an active topic, and of great important [4,5]. This is not only
because the high Q-factor resonance provides significant local
field enhancement, which makes more intense light–matter inter-
action [6], but also a resonance peak with narrow full-width at
half-maximum (FWHM) benefits the sensing performance due
to their shift is more evident when detecting [7–9]. To improve
the Q-factor, a general method is reducing the gap width of the
patterns [10]. A narrow gap effectively improves the Q-factor of
the resonance. However, this will bring fabrication complexity
and impose restrictions on design freedom. While this approach
is intuitive, there is a limitation to further increasing the Q-factor
due to the challenge of limited etching resolution.

Recently, the concept of the bound states in the continuum
(BIC) has emerged as an effective means that enables the
metasurfaces to achieve exceptionally high Q-factor resonance
[11–13]. BICs are localized confined modes coexisting with

extended modes, which result in an infinite Q-factor and lifetime.
In theory, an ideal BIC exists in a system with no perturbations or
in which the resonance modes have complete destructive inter-
ference, and is entirely decoupled from the far-field radiation. As
a general physics phenomenon, BICs have enabled ultra-sharp
resonance in various photonics systems [14–17]. In practice,
however, a quasi-BIC with nonzero-linewidth resonance is pre-
ferred, which is at around an ideal BIC and has an observable
resonance in the spectrum.

Quasi-BICs in the metasurfaces are mainly realized by two
universal approaches. When the symmetry of the metasur-
face resonator unit is broken, asymmetric perturbations are
introduced into the system, resulting in the leakage of symmetry-
protected BIC [18,19]. Hence, the vanished radiative channel
deviates from the steady state, leading to the coupling between
the resonators and the incident [20–23]. Moreover, the BIC also
can be transformed into quasi-BIC by mismatching the complete
destructive interference between two resonant modes coupled to
the same radiation channel [24,25]. The quasi-BIC presents a
promising opportunity to further increase the Q-factor of the
metasurface and significantly enhance the field intensity on the
surface. Consequently, BIC metasurfaces have become a hot
research topic and have been demonstrated across various plat-
forms, indicating enormous potential for applications such as
ultra-sensitive detection [26], nonlinear enhancement [27,28],
and topological optical forces [29].

In this study, we propose and experimentally demonstrate
a metasurface for terahertz frequencies that supports BIC or
quasi-BIC resonance, which is associated with the geome-
try parameters of the metallic resonator units with in-plane
symmetry. The quasi-BIC is formed by the mismatch of the
coupling between inductive–capacitive (LC) modes and dipole
modes generated by resonators. Additionally, we apply tempo-
ral coupled mode theory (TCMT) to explicate the underlying
physics and discuss the variation of the decay rates in the
transition process from ideal BIC to quasi-BIC. The Hamil-
tonian eigenvalues of the coupled system retrieve the resonance
frequencies of the two modes during the coupling process. More-
over, the relations between the coupling deviation, Q-factor,
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Fig. 1. (a) Schematic diagram of the metasurface sample com-
posed of an interconnected metallic array. (b) Structure of the
metasurface unit cell. For ideal BIC, w = 5µm, p = 58µm, g =
5µm, h = 4µm, c = 14.5µm, d = 44µm.

and electric field enhancement are discussed. The transmission
spectra of the fabricated devices are measured by a terahertz
time-domain spectrometer (THz-TDS), which reveals the impact
of the material characteristics on the BIC resonance. Our results
provide a convenient approach to achieve quasi-BIC resonance,
which shows significant potential for applications in sensing and
harmonic generation.

As shown in Fig. 1, the designed metasurface is composed
of an interconnected metallic array on the quartz substrate. The
incident electric field is along the y-axis. The geometric param-
eters of the metallic resonator unit are depicted in Fig. 1(b). The
unit cell of the proposed metasurface is composed of T-shaped
resonators and metallic loops between the adjacent unit cells. By
carefully designing the geometric parameters of the resonator
unit, the operating frequency and the coupling strength of the
two modes can be tuned, supporting BIC and quasi-BIC without
breaking the mirror symmetry.

When two resonance dips from different modes are designed
to approach the same frequency, it will induce destructive inter-
ference, resulting in ideal BIC. To analyze the properties of
BIC resonance and the transition from ideal BIC to quasi-BIC,
we investigate the transmission characteristics of the designed
metasurface under lossless conditions. The transmission spectra
are shown in Fig. 2(a) when the gap g between the opposite T-
shaped structures increases from 2 µm to 8 µm. As g increases,
the linewidth of the transmission peak rapidly decreases, and the
transmission peak disappears completely at g = 5µm, showing
the transition from quasi-BIC state to ideal BIC state. Sub-
sequently, as g continues to increase, the transmission peak
reappears, and the linewidth of the resonance peak gradually
increases as the gap g deviates from the dimension of the ideal
BIC condition. Similarly, the linewidth of the resonance peak
gradually increases as the length l deviates from the design
value, leading to an observable transmission peak in the spec-
trum accompanied by a gradual decrease in the Q value, as
shown in Fig. 2(b).

To investigate the underlying physics of BIC, we calculate the
electric field distributions at the resonance dip frequency for two
different lengths, l = 16µm and l = 24µm, as indicated by the
green and pink dots in Fig. 2(b). The electric field distributions
are shown in Figs. 2(d)–2(g). Notably, both metal resonators
with different lengths produce resonance dips at 1.247 THz.
Moreover, the electric field distributions in Figs. 2(d) and 2(f)
show similar characteristics, which are concentrated on the loops

Fig. 2. (a) Transmission spectra of the designed metasurface as a
function of the gap size g, and (b) gap length l. The white solid and
dashed lines indicate the calculated resonance frequencies obtained
from the eigenvalues of the Hamiltonian matrix, where k = 0.01 ×

2π × 1012. (c) Schematic of the two-port system with two coupled
resonance modes. (d)–(g) Electric field distribution of the resonance
dip at l = 24µm and l = 16µm.

of adjacent resonator units, rather than the opposite T-shaped
structure. The current will flow from the loops of adjacent cells,
forming the capacitive part and inductive part of LC resonance.
In contrast, the electric field concentrates on the vicinity of the
opposite T-shaped structure at 1.067 THz when l = 24µm, as
shown in Fig. 2(e), forming a dipole mode resonance between
adjacent unit cells, which is similar to the results in Fig. 2(g)
(at 1.341 THz when l = 16µm). These results indicate that the
resonance frequency of the LC mode does not shift during the
process of changing the length l. The variation of l only affects
the dip frequency of the dipole mode. With the increase of l, red-
shift occurs continuously. The resonance dip in the gray shaded
area of Fig. 2(b) originates from the LC mode, while the reso-
nance dip originating from dipole resonance is marked by the
red dashed ellipse. The resonance of the designed metasurface
and the coupling can be intuitively equivalent to a two-port sys-
tem, which includes the coupling between each mode as well
as the coupling between incident and resonance. In general, the
TCMT can be adopted to analyze the two-port coupled system
[30,31],

dai

dt
= jHai + Ksi+, (1)

where ai = [a1, a2]
⊤ is the positive frequency component of

mode amplitude. Here H is Hamiltonian that represents the res-
onance frequency and the damping rate, and K represents the
coupling coefficient between the resonance and port,

H =
[︃
ω1 k
k ω2

]︃
+ j

[︃
γ1 γ12

γ21 γ2

]︃
, K =

[︃
k11 k12

k21 k22

]︃
, (2)

where ω1 and ω2 are the dip frequencies of the two resonant
modes, k represents the near-field coupling between the modes.
Here γ1 and γ2 are the decay rates of the two modes, and γ12 =

γ21 =
√
γ1γ2 is the damping coupling coefficient. Here kij is the

coupling coefficient between mode i and mode j. Importantly, by
calculating the eigenvalues of the Hamiltonian matrix, we obtain
the resonance frequencies of two modes with the influence of
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Fig. 3. (a) Simulations and (b) TCMT-calculated spectra while
g = 2, 3, 4, 5, 6, 7, 8µm. (c) Relation between the Q-value and the
offset of the gap g. The Q-value approaches infinity at ∆g = 0. (d)
Decay rates of the LC and dipole modes with the variation of the
gap g.

the coupling,

ω± =
(ω1 + ω2) − i (γ1 + γ2)

2
±√︂

[(ω1 − ω2) − i (γ1 − γ2)]
2
+ 4

(︁
k − i√γ1γ2

)︁2

2
.

(3)

As shown in Figs. 2(a) and 2(b), the solid and dashed white
lines represent the left and right branches of the resonance
dip, respectively. It is worth noting that one eigenvalue of
the H matrix becomes purely real with zero imaginary parts
when ω1 = ω2, forming an ideal BIC. In this case, the coupling
system satisfies the Friedrich–Wintgen condition: k(γ1 − γ2) =√
γ12γ21(ω1 − ω2) [32,33]. In this framework, the incident is

transmitted through a resonator with two coupled resonance
modes, and then transmitted to port 2. Based on energy conser-
vation, the relationship between output si− and the incident sj+

is given by si− = rsi+ + tsj− + kiiai + kijaj, where r and t are the
direct reflection and transmission coefficient. The transmission
can be calculated by tij = si−/sj+, as shown in Fig. 3(b), which
agrees well with the simulated results in Fig. 3(a).

It is worth noting that the transmission peak disappears at
g = 5µm, resulting in an ideal BIC. However, sharp trans-
mission peaks are observed under other parameter conditions.
Moreover, the dipole resonance gradually redshifts, as gap g
decreases. Eventually, the corresponding resonance dip shifts
from the right branch to the left branch. Based on the TCMT, the
decay rates of the LC mode (γLC) and dipole mode (γdipole) of the
metasurface are obtained, and the difference∆γ between γLC and
γdipole is calculated, as shown in Fig. 3(d). When∆g = 0,∆γ = 0.
Hence, the BIC is forming at the avoided crossing point [34].
Moreover, the Q-value approaches infinity at this point, as shown
in Fig. 3(c). The results show the quadratic relationship between
the offset of the gap g and Q-value, as reported in many previous
works [35]. Figure 4(a) shows the electric field distributions at
BIC frequencies for g = 2, 3, 4, 5, 6, 7, and 8 µm, respectively.
It is obvious that the electric field is concentrated in the gap and
becomes more intense as the gap g approaches 5 µm. It should
be noted that the electric field enhancement sharply decays at
g = 5µm (ideal BIC condition). The maximum enhancement

Fig. 4. (a) Electric field distribution of the BIC and quasi-BIC
resonance. (b) Dependence of the electric field enhancement on the
offset ∆g.

factor extracted from Fig. 4(b) provides a clearer representa-
tion of the variation in the electric field enhancement factor. A
quadratic increase, analogous to the Q-values, is observed. How-
ever, the electric field enhancement is nearly disappearing when
the ideal BIC condition is achieved, as the resonance modes of
the metasurface are unable to couple with the incident. Notably,
we obtain a more intense localized electric field in a large gap
value g. This implies that electric field enhancement can be
achieved using a simple fabrication process and increasing the
spatial extent of light–matter interaction.

We fabricated the devices with the gap length l of 16, 20,
24 µm. The 200 nm-thick gold layer is deposited on the quartz
substrate, which is subsequently patterned into a periodic array
of resonators by using ion beam etching. By using THz-TDS,
the transmitted time-domain signals of the metasurface samples
and the quartz reference are obtained. The transmission spectra
are obtained by |T(ω)| = |Esample(ω)/Eref (ω)|. Due to the mate-
rial loss resulting from the metal resonators and the substrate,
the intensity of quasi-BIC transmission peak decreases as shown
in Fig. 5(a), which is in good agreement with the simulations
shown in Fig. 5(b). Additionally, it is observed that despite offset
from the ideal BIC condition being the same (∆l = 4µm), the
amplitudes and Q-factors of the resonant transmissions at 16

Fig. 5. (a) Measured and (b) simulated transmission spectra. (c)
Micrograph and (d) photograph of the fabricated device. (e) Trans-
mission spectra with the variation of the gap length l from 10 µm to
30 µm. (f) Transmission spectra of the individual dipole resonator
as a function of the gap length l. (g) Impact of the resonator material
and the loss tangent on the BIC transmission, respectively.
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µm and 24 µm are different. This is evident in the transmission
spectra as the gap length l varied from 10 µm to 30 µm, as
shown in Fig. 5(e). The quasi-BIC transmission peaks exhibit
larger variation as l increased from 10 µm to 20 µm, while
the changes are relatively smaller as l increased from 20 µm to
30 µm. To get an in-depth understanding of this phenomenon,
the simulations of the individual dipole resonator with varied
gap length l are carried out, as depicted in Fig. 5(f). As the l
increased, the resonance frequency of the dipole mode gradually
redshifts, and the slope of the redshift continuously decreased,
as shown in the inset of Fig. 5(f). Therefore, this leads to differ-
ences in the coupling with the LC mode, which in turn results in
differences in the transmission characteristics. In addition, the
experiment results reveal that material loss has an impact on
the transmission spectrum. Therefore, we investigate the trans-
mission properties of the designed metasurface using various
metal materials while keeping the gap length l at 16 µm, as
shown in Fig. 5(g). Compared with the lossless, the amplitude
of the transmission peak has a significant attenuation. It can be
observed from the zoomed inset in Fig. 5(g) that as the material
conductivity increases, i.e., the loss decreases, the amplitude of
the transmission peak rises (σSilver>σCopper>σGold>σAluminum). We
also investigate how the loss of the dielectric substrate affects
the transmission (gold resonator). As shown in Fig. 5(h), the
amplitude of the transmission peak attenuates as the increase
of dielectric loss tangent, and the resonance frequency has little
effect.

In summary, we have experimentally investigated a terahertz
metallic metasurface with in-plane mirror symmetry, which pro-
duces the LC mode and dipole mode resonance. The high-Q
transmission peak and the intense electric field enhancement
are obtained when the geometric parameter deviates from the
ideal BIC condition, and the quadratic relationship with the
offset is validated. Based on the TCMT, we have investigated
the coupling between the intrinsic LC mode and dipole mode.
When the coupling satisfies the Friedrich–Wintgen condition,
two different intrinsic modes are tuned to the same frequency
and destructive interference occurs. Further, the transmission
peak of the quasi-BIC attenuates when inducing loss into the
coupling system. This study provides an in-depth understanding
of BIC based on metallic metasurfaces and presents a convenient
approach to realize high-Q resonances, which have significant
potential for applications in the fields of bio-optics, topological
optics, and nonlinear optics.
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