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Abstract: The electromagnetically induced transparency (EIT) effect realized by metasurfaces
have potential for narrowband filtering due to their narrow bandwidth. In optics, bound states in
the continuum (BIC) can produce strong localized resonances, which means that light can be
trapped and stored for long periods of time to produce very high Q-factors. This has potential
applications in designing highly efficient sensors and narrow bandpass filters. Here, we present
two metal-flexible dielectric metasurfaces consisting of copper structures and polyimide substrates.
Quasi BICs are obtained by breaking C2 symmetry of the metal structures. Resonance-captured
quasi-BICs with ultra-high q-factor resonances satisfy the dark modes required to realize the
EIT and couple to the bright modes in the structure to achieve narrowband filtering. The peak
transmission rates are around 0.9 at 0.29 THz-0.32 THz and 0.23 THz-0.27 THz, respectively. Our
results have practical implications for the realization of low-frequency terahertz communications.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Electromagnetically induced transparency (EIT) has its origins in quantum realm and refers to
the phenomenon of quantum destructive interference between two different excitation paths of a
three-level atomic system, producing a sharp window of transparency in the broad absorption
spectrum [1]. Subsequently, EIT effects were also found in metasurfaces [2–5]. The key to
realizing EIT in metasurfaces is the optical near-field coupling of two resonant modes, including
bright-dark mode coupling and bright-bright mode coupling [6–18]. In order to obtain an obvious
EIT phenomenon, the two resonances need to have small detuning and large Q contrast [19]. In
recent years, bound states in the continuum (BICs) have been shown to be an effective way to
achieve high-Q resonances [20].

BICs are special electromagnetic states with frequencies in the radiative continuum but fully
localized, with infinite Q-factors, uncoupled to free space [21]. The concept of BIC originated
from quantum mechanics and was introduced by von Neumann and Wigner in 1929 [22]. In
recent years, high-Q and multifunctional metasurfaces have attracted more and more attention
[23–25]. Introducing BIC into metasurface design can open up new directions. In general, BICs
can be classified into two types, symmetrically protected BIC (SP-BIC) and parametrically tuned
BIC (PT-BIC) or accidental BIC. SP-BIC is typically located in system with reflection symmetry
or rotational symmetry, where coupling between different modes is prohibited and the modes
are fully localized in the array structure [26]. PT-BIC can be aroused by adjusting the structural
parameters to produce destructive interference between different radiation patterns belonging to
the same channel [27]. In fact, there is no infinite structure of periods. Therefore, affected by
structure, material absorption, and other interferences, BIC is easy transformed into a quasi-BIC
coupled to the radiated wave. In the works utilizing metasurface-supported BICs, SP-BICs are
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easy to implement and widely used. In practical applications, the symmetry of the structures is
usually broken to transform the BICs into quasi-BICs with a high Q-factor [28–32]. Currently,
metasurface-supported BICs have been used in the fields of sensing [33], microantennas [34],
polarization manipulation [35], image-based applications [36,37], micro-lasers [38], nonlinear
optics [39], vortex optics [40,41], and filtering [42]. The reported metasurface filters operate in
infrared frequency range and have a complex design methodology.

Here, we propose an effective design method for terahertz metasurface filters using BIC.
Two types of metallic BIC metasurfaces are designed, one using overall structures to generate
bright and dark modes, and the other using separated structures to generate bright and dark
modes, respectively. The detuning of the bright and dark modes is reduced by modulation of the
structural parameters to allow the coupling of the two modes to produce EIT-like effects. The
designed structures are able to realize the narrow-band filtering function in the low-frequency
terahertz band, and the design method is verified by experiment. Our results can contribute to
the application of metasurfaces in terahertz-band communications.

2. Material and methods

In this paper, CST Microwave Studio frequency domain solver is used for simulations. In all the
simulations, unit cell boundary condition is used in both x and y directions and open boundary
condition is used in z direction, the terahertz wave is positive normal incidence and the spectral
distribution represents the transmission results.

2.1. Double L-shaped metasurface

Figure 1(a) shows the proposed dual L-shaped terahertz narrowband filter structure, which
consists of a copper unit structure deposited on a 20 µm thick polyimide substrate. Figure 1(b)
shows a top view of the unit cell structure containing two centre-symmetric L-shaped metal
strips made of 200 nm thick metallic copper. The dielectric constant of polyimide is 3.3 and
the conductivity of copper is 5.96× 107 S m−1. The geometrical parameters of the unit cell
are period P= 680 µm, lengths L1 = 570 µm, L2 = 290 µm, L3 = 90 µm, metal strip gap d= 60
µm, meta strip width is W= 60 µm and asymmetry parameter g= 40 µm. In the simulation, the
excitation source is set to be a TM electromagnetic wave incident from the Zmax port.

Fig. 1. (a) Schematic diagram of the proposed dual L-shaped terahertz metasurface filter
(b) Front view of the cell structure with structural parameters of P= 680 µm, L1 = 570 µm,
L2 = 290 µm, L3 = 90 µm, d= 60 µm W= 60 µm and g= 40 µm.

The influence of the asymmetry parameter on the transmission of the structure was firstly
investigated, as shown in Fig. 2(a). When the asymmetry influence factor g= 0 µm, the structure
maintains C2 symmetry, at which time there is a clear dip in the transmission spectrum, and the
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Fig. 2. (a) Effect of the asymmetry factor g (b) Transmission spectra from different L1 at
g= 0 (c) Effect from different L1 at g= 40 µm.

lowest point of the transmission dip is located at 0.3040 THz, with a transmission rate of 0.280.
When the asymmetry factor g= 40 µm, the C2 symmetry of the structure is broken, and the BIC
is transformed into q-BIC. At this point, two narrower transmission dips are observed at 0.2989
THz and 0.3190 THz, with transmission rates of 0.310 and 0.256, respectively, whereas a distinct
narrow-band transmission peak with a transmission rate of up to 0.930 is observed at 0.3073 THz.
The full width at half maximum (FWHM) is 0.01208 THz. In order to examine the effect of the
long end of the L-shaped metal strip, we simulate the transmission response of different L1 at the
asymmetry factor g= 0 µm, as shown in Fig. 2(b). Since the structure maintains C2 symmetry
at this point, a significantly wider valley of resonance is observed for the intrinsic coupling
resonance of the metal structure, which we call here the bright mode. The resonance valley of
the bright mode appears red-shifted when L1 is gradually increased from 450 µm to 570 µm.
Further, we examined the effect of different L1 at an asymmetry factor of g= 40 µm, as shown in
Fig. 2(c). When L1 = 450 µm, two transmission dips are generated in its transmission spectrum,
and the transmission dip at the higher frequency originates from intrinsic coupling resonance
of the structure, i.e., the bright mode. The transmission dip at the lower frequency position is
the Fano resonance formed by the BIC leakage (q-BIC) generated by breaking symmetry of
the structure, which is called the dark mode. At this time, the q-BIC occurs far away from the
intrinsic coupling resonance of the structure in the transmission spectrum, and does not exhibit
any obvious transmission peak. When L1 increases, both the q-BIC and the intrinsic resonance
dip positions are redshifted, but the redshift of the bright mode is faster, which can be considered
as the location of the q-BIC occurrences gradually approaching the intrinsic resonance of the
structure. When L1 is increased to 570 ¼m, we consider that the bright mode is close enough to
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Fig. 3. Electric and Magnetic field distributions of double L-shaped metasurface (L1= 570
µm and g= 40 µm) (a)–(c) Electric field distributions at dip I (0.2989 THz), peak I (0.3073
THz), and dip II (0.3190 THz), (d)–(f) Magnetic field distributions at dip I (0.2989 THz),
peak I (0.3073 THz) and dip II (0.3190 THz).

Fig. 4. (a) Schematic diagram of the proposed asymmetric open ring terahertz filter (b) Front
view of the cell structure with structural parameters of P= 680 µm, L1 = 500 µm, W1 = 30
µm, W2 = 40 µm, W3 = 550 µm, d= 60 µm, R1 = 140 µm, R2 = 110 µm and L= 30 µm.

the dark mode, i.e., the detuning of the dark mode to the bright mode is small enough, and a
clear narrow-band transmission peak can be observed at this time.

To further understand the excitation principle of the EIT-like effect here, we analyzed the
E-field distribution and the M-field distribution in the x–y plane under the condition of L1= 570
µm and g= 40 µm at the transmission dip I (0.2989 THz), peak I (0.3073 THz), and dip II (0.3190
THz). As shown in Fig. 3(a)-(f), the localized electric and magnetic fields appear on the left and
right side of the structure at dip I and dip II, respectively. According to Fig. 2(c), We consider
that the localized electric and magnetic fields at dip I is induced by the BIC leakage q-BIC, while
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the localized electric and magnetic fields at dip II is due to the intrinsic resonance of the structure
brought by tuning the parameter L1. At peak I, the destructive interference of the two modes
causes a sharp transmission peak with electric and magnetic fields as shown in Fig. 3(b) and (e).

2.2. Asymmetric open ring metasurface

To further illustrate this narrow-band transmission effect arisen by the coupling of bright and
dark modes, we designed the following structure shown in Fig. 4. The structure consists of
two symmetric metal rods and an asymmetric circular metal open ring. Same as the previous
metasurface, the metal portion is copper and the substrate portion is polyimide. The metal layer
thickness is 200 nm deposited on a 20 µm thick polyimide substrate. The specific parameters are
W3 = 550 µm, P= 680 µm for both x and y directions, metal bar length L1 = 500 µm, metal bar
width W1 = 30 µm, W2 = 40 µm, metal circular ring outer diameter R1 = 140 µm, inner diameter
R2 = 110 µm, and asymmetric parameter of the metal ring L= 30 µm. The height of the metal
structure H2 = 200 nm, and thickness of the polyimide substrate is 20 µm. In the simulation, the
excitation source is set to be a TE electromagnetic wave incident from the Zmax port.

In order to elucidate the formation mechanism of the narrow-band transmission, we simulated
three sets of samples separately, the first sample consists of an array of metal rods, the second
sample consists of an array of asymmetric metal open rings, and the third sample consists of a
combination of metal rods and open rings. The transmissions of the first sample (metal rods
only) and the second sample (metal asymmetric ring only) are shown in Fig. 5(a). The metal
rod array structure exhibits a clear localized resonance transmission dip, reaching a minimum at
0.2458 THz. The transmission from the metal asymmetric ring exhibits a sharper narrow-band
transmission dip with a centre frequency at 0.2494 THz. Further, we examined the effect brought

Fig. 5. (a) Transmission spectra of metal rods (earthy dashes), asymmetric open ring (red
dot-dash line) and combined structure (green soild line) (b) Effect of asymmetry factor
on open rings (c) Surface currents of metal rods (0.2458 THz), (d) asymmetric open ring,
(0.2494 THz), (e) combined structure (0.2455 THz).
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by the asymmetry factor of the metal ring, as shown in Fig. 5(b). When the asymmetry factor is
0, the transmission spectrum is smoother and there is no obvious transmission decline. When
the asymmetry factor is gradually increased from 0 to 30, it can be seen that an obvious sharp
transmission dip, i.e., q-BIC, is formed. Thus, the metal rod and the asymmetric metal open
ring act as the bright and dark modes under excitation, respectively. The destructive interference
of the two modes leads to the formation of a sharp transmission peak at 0.2455 THz with a
FWHM of 0.01519 THz for the combined structure. Figure 5(c)-(e) simulate the surface currents
of the proposed metal rods, metal open rings, and combination structures at their resonances,
respectively. It’s worth noting that the surface current direction of the individual metal open
rings is opposite to the surface current direction of the open rings in the combined structure. It is
due to the coupling of the bright mode of the metal rod to the dark mode of the open ring, which
generates a reverse current and realizes the EIT effect.

A comparison of the two metasurfaces designed in this paper with [43–45] is shown in
Table 1. It is worth noting that although metasurface1 (double L-shaped metasurface) has a larger
Q-factor than metasurface2 (open ring metasurface), there is a more pronounced low-pass effect
in metasurface 2.

Table 1. Performance comparison of previous filters with our work

Ref f0(THz) Transmission FWHM(THz) Q-Value

[43] 0.481 0.7008 0.1766 2.725

0.931 0.6778 0.2605 3.574

[44] 2.950 0.89 0.19 15.5

[45] 1.43 0.943 0.13 11.0

metasurface1 0.3073 0.93 0.01208 25.4

metasurface2 0.2455 0.895 0.01519 16.2

3. Experiment result and discussion

The samples were fabricated by spin-coating approximately 20 µm thick polyimide on a pre-
prepared silicon substrate using a spin-coater. The preparation of the metallic portion was then
completed by a mask plate. It is noteworthy that in order for the metallic copper to be able to
combine with the polyimide substrate, about 10 nm thick metallic titanium needs to be fabricated
between the copper and the polyimide layers, which will inevitably cause some errors in the
results. Both metasurface structures presented in previous chapters were characterized by a laser
scanning confocal microscope (LSCM), and the obtained microscope scanning structures are
shown in Fig. 6(a) and (b).

A transmission-type terahertz time-domain spectrometer (TDS) was used for the measurements
of the samples as shown in Fig. 6(c). During the experiments, the sample was removed
from the silicon substrate and measured. To minimise the effect of moisture in the air on the
terahertz waves, we filled the TDS system with dry air and kept the air humidity below 5%.
Figures 7(a) and (c) show the comparison of terahertz time-domain and air signals for the double
L-shaped metasurface and open ring metasurface, respectively. It is worth mentioning that the
sample time-domain measurements obtained have almost no delay from the air time-domain
measurements due to the small thickness of both the substrate and the structural part of our
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Fig. 6. Structure of (a) double L-shaped metasurface, (b) open ring metasurface obtained
by LSCM scanning, (c) Schematic diagram of the THz-TDS experimental system.

measurement samples. The transmissions of the samples are obtained after Fourier transform.
The comparison of the transmission obtained from the experiments and the transmission obtained
from the simulations are shown in Fig. 7(b) and (d), respectively. We note a decrease in amplitude
and a frequency shift between the simulated and measured transmission. The reason for this
inaccuracy is the processing accuracy limitation. In addition, there are accuracy limitations in
the TDS measurement system we used. Then, there’s the fact that the metasurfaces operate in the
low-frequency terahertz band, and the TDS system used has a low signal energy in the range of
0.1 to 0.4 THz, which is susceptible to interference. During the experiment, charging dry air will
unavoidably bring airflow disturbance, as well as we can not accurately control the air humidity
during the experiment, all of which will bring discrepancies to the results.
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Fig. 7. Experimental results of the two types of metasurfaces (a) air vs. sample time-
domain signal plots for double L-shaped metasurfaces and (b) experimental vs. simulated
transmission for double L-shaped metasurfaces, (c) air vs. sample time-domain signal plots
for open ring metasurfaces and (d) experimental vs. simulated transmission for open ring
metasurfaces.

4. Conclusions

In summary, we have proposed a metasurface design method for narrow-band filtering using
quasi-BIC, and designed two metal-flexible dielectric metasurface structures. By breaking C2
symmetry, we obtain sharp transmission peaks to achieve the narrowband filtering function.
By changing the length of the metal strips and the opening position of the circular ring, BIC
state becomes quasi-BIC state and a Fano-type resonance with a high Q-factor (dark mode)
is excited at the terahertz frequency. At the same time, by tuning the structural parameters,
the intrinsic coupling vibration (bright mode) of the structure can be modulated so that its
occurrence position in the spectrum coincides with that of the dark mode. Then the further
coupling of the two modes results in distinct narrow-band transmission peaks. Experimentally,
we have characterized the samples by a laser confocal scanning microscope and completed the
measurement of the transmission spectrum by a TDS system. The experimental results are in
good agreement with the simulation results. Our work provides a new simple design method for
realizing narrow-band filters on a super-surface, which has practical potential for using terahertz
waves in communications.
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Natural Science Foundation of China (U2230114).
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