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Abstract: In this study, two types of tunable quasi-bound states in the continuum (BIC) based
on Dirac semimetal metamaterial (DSM) in the terahertz (THz) band are proposed in the same
metasurface. The symmetry-protected BICs are achieved by altering the structural symmetry.
The accidental BICs are realized by adjusting the structural parameters, and the quality factor
(Q factor) of the corresponding quasi-BICs can be as high as 175. To better understand the
excitation mechanism of the quasi-BIC, we investigated the magnetic field distribution and current
distribution of the BIC and quasi-BIC, respectively. The results showed that the accidental BIC
and the symmetry-protected BIC have a common resonance mode, and the two LC resonance
modes are coupled with each other, which causes a strong resonance. The dynamic modulation
of the transmission amplitude is achieved by changing the Fermi energy of the DSM at a nearly
constant resonant frequency, and the difference in amplitude modulation is about 46%. Based on
the idea of amplitude modulation, the design of the Dirac semimetal film (DSF) metasurface
array for stereoscopic graphic display is realized.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

A high Q factor is pursued in optical resonators, which must strongly enhance the interaction
between electromagnetic radiation and matter. Resonators with strong interactions have the
ability to excite several specific physical phenomena and are valuable for extremely important
applications in sensitive sensors [1–3], nonlinear enhancement [4,5], filters [6,7], lasers [8,9] and
perfect absorption [10]. The BIC [11,12] is a localized state in the continuous spectrum, that lies
within the light cone and provides perfect localization. Ideally, BIC have an infinite Q factor
and zero resonance linewidth, as well as an infinite lifetime and zero leakage. Therefore, they
are hidden in the normal propagating electromagnetic spectrum and are not detected. However,
the BIC can be coupled to the extended state by adding a perturbation to the resonator structure,
resulting in a finite narrow bandwidth and a high Q factor leakage mode (i.e., quasi-BIC) that
can be identified. Quasi-BIC is usually achieved in two ways: symmetry breaking of the
symmetry-protected BIC [13] and parameter modulation of the accidental BIC [14,15]. In
photonics, symmetry-protected BIC and accidental BIC have been implemented in coupled
waveguides [16], photonic crystals [17], photonic circuits [18,19], and metasurface [20]. In
particular, the BIC based on metasurface can effectively control the radiation damping rate [21],
which paves the way for the exploration of high Q factor.

The application [22–26] of metasurface-based BIC in THz band has been intensively studied in
recent years. Liu et al. [25] achieved quasi-BIC with a high Q factor in metallic resonators. Han
et al. [26] achieved a quasi-BIC by breaking the C2 symmetry of the dielectric metasurface, and
the Q factor was increased by several orders of magnitude. Nevertheless, most of these devices are
consist of metallic or all-dielectric resonators tuned to different bands by careful optimization of
the geometrical properties, which severely restricts certain applications. Recently, much research
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has been done in the field of functional metasurface [27] to achieve dynamic tuning of the working
wavelengths of BICs through optically active materials, including integrated liquid crystals,
temperature-sensitive materials, photosensitive materials, and graphene. Elena Mikheeva et al.
[28] fabricated tunable quasi-BIC devices using photosensitive chalcogenide glass materials,
but they are susceptable to oxidation and require high light intensity. Chen et al. [29] used
graphene and strontium titanate materials to create a THz metasurface that enables tunable
quasi-BIC by independently changing the Fermi energy of the graphene and the temperature of
the strontium titanate material. However, the graphene is thin and interacts only weakly with
the incident radiation. Fortunately, DSM is a topological semimetal, a new type of quantum
material with a similar energy band structure to graphene, also known as “three-dimensional
graphene”. By dynamically altering the Fermi energy with an applied bias voltage, DSM can
change its conductivity from “dielectric” to “semimetallic” to “metallic”. Research exploiting
the tunable properties of Dirac semimetals has also begun to attract considerable interest. In
the THz band, Wang’s group proposed the tunable absorber [30], the bandpass filter [31], and
the tunable BIC in bulk Dirac semimetal metasurface [32,33], etc. Zhang’s group proposed
tunable electromagnetically induced transparency [34,35], polarization converter [36], etc. In
optical applications, the level of the Q factor directly affects the performance of the device.
Although the above work has achieved various tuning functions using active materials, there
are few investigations into the tuning of BICs with naturally high Q factors. Therefore, it is
interesting to incorporate DSM into the metasurface to achieve a dynamically tunable BIC.

In this research, we propose a metasurface model for optical modulator-based quasi-BIC using
DSM, in which the unit cell of the metasurface consists of ‘T-I’ shaped resonator pair (T-ISRP).
Due to the special characteristics of this structure with C2 symmetry and parameter modulation,
it can realize two types of BIC in the THz band: symmetry-protected BIC and accidental BIC.
The Q factor of the quasi-BIC and the radiation loss of the system can be controlled if both
zero-leakage BIC can be degraded to quasi-BIC with a high Q factor by modifying the structural
parameters of the metasurface or the asymmetry parameters. On the DSF metasurface, the
resonant mechanism is investigated by simulating the surface current distribution and the electric
and magnetic field distribution. Interestingly, at nearly constant resonant frequency, we achieve
independent control of the transmission amplitude of the quasi-BIC and dynamic modulation
of the Q factor by adjusting the Fermi energy of the DSF metasurface, as well as an amplitude
modulation difference of about 46% at a transmission amplitude of about 80%. Based on the
principle of independent modulation of the quasi-BIC amplitude, we have developed a dynamic
display function for in-plane stereo patterns that dramatically extends the scope of metasurface
applications. The display function is dynamic because the resonance peak of the quasi-BIC state
of each pixel can be adjusted at random. Thus, any desired stereo image can be displayed by the
DSF metasurface array, which is not possible with two-dimensional imaging of the BIC switch
[37].

2. Design and theory

We have designed a unit cell of a tunable DSF metasurface as shown in Fig. 1(a), which consists
of a two-layer structure with a Dirac semimetallic metasurface T-ISRP on the top layer and
lossless high-refractive index silicon on the substrate. Silicon has a dielectric constant of 11.9 and
a thickness t2 of 15 µm. Figure 1(b) shows a top view of the unit cell. The width ω of the T-ISRP
is 18 µm and its thickness t1 of 0.2 µm. The period P of the unit structure in the figure is 150 µm.
The distance between the ‘T’ shaped resonator pair (TSRP) is d, and d is a varying quantity. The
initial length of the ‘I’ bar is l1 = l2= 86 µm, the length l2 of the right ‘I’ bar varies in the range of
59-113 µm, and the T-ISRP always remains symmetrical about the x-axis. Full-wave simulation
of the designed metasurface is performed using the frequency domain solver of CST Microwave
Studio, and the metasurface is calculated numerically using TE wave with y-polarization positive
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incidence. Periodic boundary conditions are applied to the x and y directions of the unit cell, and
open boundary conditions are applied to the z direction.

Fig. 1. Schematic diagram for the proposed DSF metasurface (a) stereo view and (b) top
view.

According to the stochastic phase approximation theory, in the low-temperature limit , the
dynamic conductivity of the 3D Dirac semimetal using the Kubo formula is expressed as [30,38]:
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where, e is the electron charge, ℏ is the approximate Planck constant, kF = EF/ℏvF is the Fermi
momentum, Ω = ℏω/EF + iℏτ−1/EF , EF is the Fermi energy, τ = µEF/ev2

F is the relaxation time,
µ = 3 × 104cm2V−1s−1, θ is the Riemann-Siegel function, vF = 106m/s is the Fermi velocity.
In this study, we have chosen AlCuFe quasicrystals as the 3D Dirac semimetals, g = 40 is the
degeneracy factor. The complex relative permittivity of 3D Dirac semimetals can be expressed
as [39,40]:

ε = εb + iσ/ωε0 (3)

where, εb = 1, ε0 is the vacuum dielectric constant. In the simulation, we calculate the values
of different Fermi’s dielectric constants using MATLAB software at THz band based on the
relationship between the properties of DSM and electromagnetic waves, and then import the
corresponding dielectric constants into the simulation software to achieve the setting of DSM.

3. Results and discussion

First, we investigate the accidental BIC’s excitation process and the effect of the structural
parameters on the Q factor by keeping Fermi energy of the DSF (Ef = 0.5 eV) and adjusting the
TSRP spacing d while maintaining the structural symmetry between the T-ISRP. Figure 2(a)
shows the spacing d of the TSRP and the incident wave frequency as a function of the transmission
amplitude. It can be seen that the resonance band becomes narrower as the distance d increases,
and when d= 40 µm, the resonance in the electromagnetic spectrum disappears and shows a dark
state BIC (black circles in Fig. 2(a)) with zero radiation due to the destructive interference of the
modes, and then the resonance band starts to broaden. At d= 40 µm, regardless of whether the
structural parameter d increases or decreases, the phase mismatch between the modes causes the
energy to be radiated, resulting in a quasi-BIC with finite bandwidth and finite lifetime, whose
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resonant frequency gradually blueshifts. The process of continuous tuning of the parameters
confirms that it is an accidental BIC. In Fig. 2(b) the resonant frequency and Q factor are plotted
as a function of the TSRP spacing d. The Q factor is defined as [25]:

Q = fpeak/(fpeak − fdip) (4)

where f peak is the resonant peak frequency and f dip is the resonant dip frequency of the quasi-BIC.
From the figure, it can be seen that the resonant peak frequency of the quasi-BIC gradually
blueshifts as the spacing d increases, the modulation range is about 0.2 THz, and the Q factor
gradually increases. At d= 40 µm, the radiation leakage from the bound state is zero, resulting
in an infinite resonance amplitude and a linewidth of zero. Therefore, the Q factor of this
BIC reaches its maximum and shows an infinite lifetime. Subsequently, the Q factor shows a
decreasing trend, and at d= 42 µm, the BIC degenerates to a quasi-BIC with a Q factor of about
175.

Fig. 2. (a) Transmission amplitude as a function of TSRP spacing and incident THz wave
frequency. (b) Variation of the Q factor and resonant frequency as a function of spacing.

To better understand the excitation mechanism of the quasi-BIC, we investigated the magnetic
field distribution and current distribution of the BIC and quasi-BIC, respectively. Since the
quasi-BIC is more observable with a relatively high Q factor, we chose the magnetic field versus
current distribution at the resonant peak frequency f 1= 0.5724 THz for the quasi-BIC at d= 34
µm versus the resonant peak frequency f 2 = 0.58 THz for the BIC at d= 40 µm, as shown in Fig. 3.
And Fig. 3(b) shows the magnetic field distribution in the z-direction for f 1 = 0.5724 THz and
f 2 = 0.58 THz. Electromagnetic waves transfer energy mainly in the z-axis direction in the BIC
state, therefore the magnetic field direction is in the xy-plane. However, in the quasi-BIC state, the
energy transfer is not limited to the z-axis direction due to energy losses, which means that part
of the magnetic field is generated outside the xy plane. At the resonant frequency of f 1 = 0.5724
THz, a remarkable magnetic field loss is observed due to the magnetic field distribution compared
to the resonance of the BIC in the dark state. Figure 3(c) shows the current density vector
distributions of the quasi-BIC and the BIC in the z-direction of the DSF metasurface. As can
be seen from the figure, the current distribution at f 1 shows two co-directional LC resonant
modes coupled together and causing a strong resonance in the common radiation channel, and the
electromagnetic spectrum shows a quasi-BIC of the Fano linear type [20], which is a radiation
mode with a high Q factor of about 150. When the spacing d of the TSRP varies to 40 µm, the
current distribution at the corresponding f 2 shows an electric dipole resonance mode with three
current directions flowing along the bar from top to bottom, and the blue curve in Fig. 3(a) shows
a dark state BIC with an infinite Q factor due to the destructive interference between the modes,
resulting in radiation elimination.
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Fig. 3. Quasi-BIC and BIC (a) transmission spectrum. (b) Magnetic field distribution in
the z direction. (c) Current distribution in the z-direction.

The excitation process of the accidental BIC has been analyzed above, and we also have
observed a symmetry-protected BIC due to the C2 rotational and mirror symmetry of the DSF
metasurface. To analyze the symmetry-protected BIC, we adjusted the structural parameters by
changing the length l2 (the variation of l2 ranges from 59-113 µm) of the right ‘I’ bar of the DSF
metasurface structure while keeping d= 40 µm constant, which resulted in the breaking of C2
symmetry on the DSF metasurface. The top view of the structure after changing the symmetry of
the DSF metasurface is shown in Fig. 4(a). The asymmetry parameter is defined as:

α = (l1 − l2)/l2 (5)

where l1 is the length of the left ‘I’ bar, l2 is the length of the right ‘I’ bar, α is a dimensionless
parameter. Figure 4(b) shows the transmission amplitude of the DSF metasurface as a function
of the asymmetric parameters and incident wave frequency. When l2 = l1 = 86 µm, i.e., α= 0,
the symmetry of the DSF metasurface structure remains intact, and the transmission spectrum
exhibits the ideal dark state BIC (black circle in Fig. 4(b)) with an infinite Q factor. When α
≠ 0, the C2 symmetry of the structure is broken, leading to energy leakage from the bound
state and coupling with the incident wave resulting in a quasi-BIC. We can see that the type of
BIC is strongly dependent on the symmetry of the structure and can therefore be classified as a
symmetry-protected BIC. When l2 < l1, i.e., α < 0, the transmission amplitude of the quasi-BIC
is relatively small, as shown in Fig. 4(b), but the Q factor is quite high and remains above 100,
as shown in Fig. 4(c) for the relationship between the asymmetry parameter and the Q factor.
When l2 > l1, i.e., α > 0, the transmission amplitude increases significantly with the increase
of the asymmetry parameter, and the resonant frequency gradually red shifts. In general, the Q
factor increases gradually with the decrease of the absolute value of the structural asymmetry
parameter, until l2 is near 86 µm, because the symmetry of the structure has a small perturbation,
resulting in a very small energy loss from the bound state and the corresponding Q factor tends
to infinity. Therefore, we still have difficulty observing the changes in the electromagnetic
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spectrum corresponding to the conversion of the BIC to a quasi-BIC. We also examined the
current distribution between the symmetry-protected BIC and the degenerate quasi-BIC, and
found that the distribution is the same as in Fig. 3(c). When the quasi-BIC is converted to the
BIC, the LC mode disappears completely and the dipole mode remains unchanged.The coupling
between the leaked energy and the incident wave disappears due to the symmetry of the DSF
metasurface structure, which eliminates the sharp resonance.

Fig. 4. (a) Top view of the metasurface unit cell for ‘I’ bar length l2 variation. (b)
Transmission amplitude of the symmetry-protected BIC as a function of asymmetry parameter
and incident wave frequency. (c) Relationship between the asymmetry parameter and the Q
factor.

From the above data analysis, it can be seen that both approaches can achieve dark state BIC
and quasi-BIC with a high Q factor, with the Q factor of the quasi-BIC being slightly higher
after degradation of the accidental BIC. So far, the function of most devices for metasurface
applications is uniquely determined after the structural parameters are set. If we want to change
the performance of the device, we need to modify the parameters and composition form of the
metasurface unit cell, and it needs to be redesigned and reprocessed, which limits the application
of the device. To investigate the amplitude tunability of T-ISRP, we take the accidental BIC as an
example and numerically simulate the transmission spectra of the DSF metasurface at different
Fermi energies.

Here, we take l2 = l1 = 86 µm, d= 25 µm and change the Fermi energy of the DSF metasurface
by applying a gate bias voltage [41] to achieve the active modulation of the quasi-BIC, as shown
in Fig. 5. It can be seen that the transmission amplitude gradually increases with increasing Fermi
energy, while the resonant frequency remains almost constant, as shown in Fig. 5(a). To analyze
the tuning mechanism of the transmission amplitude, we plotted the Fermi energy and incident
wave frequency as a function of the real and imaginary parts of the complex refractive index of
the DSM and the distribution of the electric field of the resonance peak frequency, as shown in
Fig. 5(b) and Fig. 5(c), respectively. From Fig. 5(b), it can be seen that at f = 0.5424 THz, the
real part of the complex refractive index hardly changes with the increase of the Fermi energy, so
the resonance frequency remains almost unchanged, while the imaginary part of the complex
refractive index increases with the increase of the Fermi energy, resulting in an enhancement of
the resonance intensity. The electromagnetic spectrum has a low amplitude of the quasi-BIC
when the total electric field at Ef = 0.05 eV is relatively weak, as shown in Fig. 5(c). When the
Fermi energy increases to 0.55 eV, the total electric field of the T-ISRP is enhanced, leading to
an increase in the resonance current, so that the absolute intensity of the transmission changes
significantly. Essentially, the change in the DSM dielectric constant in Fig. 5(b) causes this
phenomenon, so that the transmission amplitude of the quasi-BIC gradually increases with the
increase of the Fermi energy at an almost constant resonant frequency.
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Fig. 5. (a) The transmission spectrum of DSF as a function of Fermi energy and incident
wave frequency. (b) The real and imaginary parts of the complex refractive index of DSM.
(c) The electric field distribution of Quasi-BIC states at Fermi energies of 0.05 eV, 0.15 eV,
0.25 eV, 0.35 eV, 0.45 eV, and 0.55 eV, respectively.
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To quantify the modulation effect of the variation of the Fermi energy on the transmission
amplitude, we define the amplitude modulation difference as:

∆TMAX = (T − T0) × 100% (6)

where T0 is the amplitude of the resonance peak of the quasi-BIC at Ef = 0.05 eV and T is
the amplitude of the resonance peak of the quasi-BIC at different Fermi energies. Figure 6(a)
shows the amplitude modulation difference and Q factor as a function of the Fermi energy of
the DSM. It can be seen that the amplitude at Ef = 0.98 eV modulates by about 46% compared
to the transmission amplitude at Ef = 0.05 eV. And the quasi-BIC in the red circle in Fig. 5(a)
transmits about 80% of the light, which improves the clarity of the image representation of the
DSF metasurface coded array designed later in this study. Meanwhile, the Q factor increases
with increasing Fermi energy, by approximately 60 in the range of 0.35-0.98 eV change in
Fermi energy. The amplitude of the quasi-BIC is dynamically modulated by the DSM, as shown
in Figs. 5(a) and 6(a). Thus the mechanism of the dynamic modulation of amplitude of the
quasi-BIC can be used to develop a digital encoding-like metasurface. With constant structural
parameters, the modulation range of the Fermi energy of the DSM with amplitude modulation
difference and relatively large Q factor is 0.35-0.98 eV, and the transmission amplitude of the
quasi-BIC is actively modulated by adjusting the Fermi energy of multiple DSF metasurface
unit cells, and different transmission amplitudes can correspond to different chromaticities to
represent the intensity of image colors. Compared to the patterns or digital planar graphics
displayed by switching between quasi-BIC and BIC [37], our DSF metasurface array is more
advantageous because it can dynamically display planar stereoscopic graphics.

Fig. 6. (a) The amplitude modulation difference and Q factor as a function of the Fermi
energy of the DSF metasurface, respectively. (b) Normalized transmission chromaticity
plate for 8× 8 DSF metasurface array. (c) The process of displaying the chroma intensity in
the DSF metasurface pixel array.
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First, normalize the transmission amplitude of the quasi-BIC by setting the value of the
resonance amplitude at Ef = 0.98 eV to 1 and the amplitude at Ef = 0.35 eV to 0. For every 0.01
eV difference in the Fermi energy, the electromagnetic spectrum produces a resonance peak
corresponding to chromaticity, and the normalized transmission amplitude is defined as:

tnormal = (t − ta)/(tb − ta) (7)

where ta is the amplitude of the resonance peak at a Fermi energy of 0.35 eV, tb is the amplitude
of the resonance peak at a Fermi energy of 0.98 eV, and t is the amplitude of the resonance peak
at different Fermi energies. In this way, a chromaticity diagram is obtained in Fig. 6(b), where
the Fermi energies of 0.35-0.98 eV correspond to 64 normalized chromaticities, respectively. It is
theoretically possible to create three-dimensional graphics. The actual implementation is done by
treating each unit cell of the DSF metasurface array as a pixel, with each pixel controlled by an
applied bias voltage independent of the dielectric constant of the DSM. External circuits control
the bias signal, and the bias signal controls each pixel. Figure 6(c) simulates a digital coding
with 4× 4 pixels. The pre-selected pattern is digitally encoded and then a set of bias signals
are generated by the driver circuit. Since the transmission amplitude of the DSF metasurface
is controlled independently by the Fermi energy, Fig. 6(c) depicts the simulated display of the
chromaticity gradient square ring for the DSF metasurface array with different Fermi energies.

To obtain the dynamic display of the three-dimensional pattern, we investigate the resonance
intensity in the near field of the metasurface using the quasi-BIC transmission amplitude after
degeneracy from the accidental BIC. The pattern is finally displayed on the receiver plate by
irradiating the previously designed composite metasurface array with a THz radiation source,

Fig. 7. (a) Dynamic illustration of the transmitted signal model using a THz wave incident
on the DSF metasurface array. (b) Numerical simulation of a 30× 30 pixel cube (left) and a
normalized cube (right). (c) Near-field distribution of the DSF metasurface array simulation
experiment.
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as shown in Fig. 7(a). Based on the above principles, we encode a 30× 30 DSF metasurface
pixel array, write a specific graphics program into a driver circuit that can generate a bias signal,
and the driver circuit transmits the bias signal to each metasurface pixel, resulting in each pixel
having a specific transmission amplitude and resonance intensity. Figure 7(b) shows the specific
stereoscopic squares excited by the numerically simulated DSF metasurface array. On the left is
the unnormalized chromaticity diagram, which is closer to the dynamic representation of a real
image, and on the right is the normalized chromaticity diagram, which makes discrimination
of chromaticity clearer. Figure 7(c) shows the near-field distribution when an electromagnetic
wave of 0.5424 THz is incident on the DSF metasurface. The electric field intensity of the
quasi-BIC state exhibits significant differences depending on the different Fermi energies of the
DSFs. For better observation, we have drawn green lines to indicate the positions of the cubes
and their shadows. We can see that each partition has a unique transmission resonance intensity,
resulting in a unique chromaticity. Thus, the in-plane cube is clearly shown in the figure, and this
research extends the dimensionality for the image representation of the digital encoding of the
metasurface.

4. Conclusions

In this study, we propose two types of tunable BICs based on Dirac semimetallic metasurface in
the THz band. The symmetry-protected BIC is achieved by breaking the structural symmetry, and
the accidental BIC is achieved by tuning the parameters, and the Q factor of the corresponding
quasi-BIC can be up to about 175. To better understand the excitation mechanism of the
quasi-BIC, we investigated the magnetic field distribution and current distribution of the BIC and
quasi-BIC, respectively. The results showed that the accidental BIC and the symmetry-protected
BIC have a common resonance mode, and the two LC resonance modes are coupled with each
other, which causes a strong resonance. It is significant that the active Q tuning and dynamic
amplitude modulation of the quasi-BIC are achieved by adjusting the Fermi energy of the DSM,
and the difference in amplitude modulation can reach 46%. Moreover, the transmission amplitude
modulation of the DSF metasurface-supported quasi-BIC can be used for the dynamic display of
planar stereo images in the THz band, and different stereographies can be achieved by applying
bias signals to each structure without varying the parameters of the metasurface structure.
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