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Abstract

We present cut-induced asymmetric split-ring resonator (CASRR) structure that can achieve switchable Fano resonance
based on Dirac semimetals at the terahertz region. By changing the asymmetric geometric parameter from 3 to 13 pm, the
transmission spectrum can be switched from single to dual channel and the Fano resonance can be gradually enhanced,
which is consistent with the two coupled oscillators model. Meanwhile, the Fano effect can also be effectively switched by
adjusting the Fermi energy of Dirac semimetal film (DSF) and it is suitable for practical applications. In the view of sensing
application, the sensitivity based on Fano resonance is up to 69.75 GHz/RIU and 134.25 GHz/RIU with the thickness of
sample 1 pm and 20 pm, respectively. Such manipulation of Fano resonance by using DSF may have potential applications

in terahertz switch, sensor, and multichannel communication.
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Introduction

Fano resonance is a distinct asymmetric linear phenome-
non in the scattering spectrum. It is in 1961 that Ugo Fano
first proposed a reasonable theoretical explanation through
helium and auto-ionization in a quantum system [1]. In
general, Fano resonance is the result of destructive interfer-
ence between the resonance with wider linewidth and the
resonance with narrower linewidth. The wider linewidth is
regarded as bright mode, which is easy to observe and has
high radiation losses. The narrower linewidth is the dark
mode because it has low radiation losses and cannot be
excited directly by the light of normal incidence. Over the
past decades, Fano resonance has received extensive atten-
tion in plasmonic [2—4], waveguide-coupled cavities [, 6],
and metamaterials [7-10]. Fano resonance is not only sensi-
tive to the change of the refractive index, but also to changes
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in the geometry of the structure. Hence, Fano resonance is
widely used in biochemical sensors [8—11], optical switch
[12-17], and nonlinear optics [18, 19].

Moreover, the study of tunability on Fano resonance has
obtained extensive attention, where the property of Fano
can be tuned by changing two-dimensional (2D) materials,
such as doped silicon [12], germanium [13], transition metal
dichalcogenides [14], perovskite [15], lead iodide [16], and
graphene [20, 21]. Among this tunable method, graphene
has excellent optical properties, low losses, and outstand-
ing properties of surface conductivity due to zero-band gap.
More recently, the Dirac semimetal film (DSF) is widely
used to achieve tunable performance, which is known as
“3D Graphene,” where bulk electrons can form three-dimen-
sional Dirac cones and satisfy the linear dispersion relation
[22, 23]. Compared with graphene, DSF is easily manufac-
tured and stable to the environment. The Fermi energy of
DSF can be adjusted by applying a gate voltage/electric cur-
rents (0-50 mA) to the Dirac semimetal layer via the two
metal electrodes/wires connected [24, 25]. The change of
gate voltage/electric currents can vary the temperature of
DSF, resulting in the change of the carrier concentration
in DSF. The Fermi level will be raised with the increasing
carrier concentration of n-type DSF (for example, Cd3As2),
because faster relaxation of excited electrons through elec-
tron—electron (e-e) scattering is facilitated [26]. The Fermi
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energy can also be adjusted by doping the alkaline metal
to change the Fermi energy of the Dirac semimetal layer
[27]. In fact, the charge loss can be over-compensated by
K-doping, and we were observed the upper part of Dirac
cone beyond the Dirac point. With the increasing of K-dop-
ing, the Fermi energy shifts upward. Hence, DSF can be
widely used to tune Plasmon-induced transparency/toroidal
effect [28—32], Fabry—Perot resonance [33], surface Plas-
mon polariton resonance [34], and guided mode [35-37].
But there are few studies on tunable Fano resonance by using
DSF.

In this paper, we propose a method to actively tune Fano
resonance based on cut-induced asymmetric split-ring reso-
nator (CASRR) of DSF metamaterials at terahertz (THz)
frequency. Fano resonance can be controlled by changing the
asymmetric parameter or the Fermi energy of DSF, which
the switch from single channel to dual channels is realized.
Moreover, we make full use of advantages of DSF to realize
sensing application, which can dynamically be changed the
dielectric constant by changing Fermi energy. When Fermi
energy is 90 meV, the sensitivity of Fano resonance can
reach 69.75 GHz/RIU and 134.25 GHz/RIU under the con-
dition of the 1-um and 20-pm thickness of sample, respec-
tively. It is important that the different sensing range can be
determined by modifying the Fermi energy. Our research
has great advantages in applications, such as biochemical
sensors, THz switch, and other THz devices [38].

Structure Design and Characteristics of DSF

Figure la shows the schematic diagram of the metama-
terials structure for realizing Fano effect. The structure
consists of two layers: a lossy substrate of polyimide with
a permittivity of 3.5+ 0.0027; and cut-induced asymmetric
split-ring resonator based on DSF, where the thickness is
h=25 pm and t=0.2 pm, respectively. One unit cell of
the designed Fano structure is shown in Fig. 1b, where

Fig. 1 (a) Part schematic
tunable Fano effect based on
DSF metamaterials. (b) One (@)
unit of the DSF structure.

The geometry parameters are
as follows: P, = Py =90 pm,
the inner radius is r=24 pm,
the outer radius is R=30 pm,
the thickness of polyimide is
h=25 pm and the thickness of
DSF¢=0.2 pm
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the unit cell parameters are as follows: P,=P; =90 pm,
r=24 pm, R=30 pm, the w is 2 pm, and the asymme-
try parameter S represents the offset length. The incident
waves with magnetic and electric field polarized along
the x and y directions irradiate normally to the surface
of the structure. The Kubo formula controls the complex
surface conductivity of the DSF, and using the random
phase approximation at the long-wavelength limit, the real
and imaginary conductivities of the Dirac semimetal are
expressed as follows [22]:
e* gk

Reo(Q2) = %EQG(Q/Z) (1)
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where G(E) =(—E) — n(E),e=E/Ep,n(E) is Fermi dis-
tribution function, Ej is the Fermi energy,e- = EC/EF,
kp = Ep/hve, vie = 10%m/s vy is the Fermi velocity, k. rep-
resents the Fermi momentum, Q = Aw/Ep, E. = 3 is the
cut-off energy, and g is the degeneracy factor. The permit-
tivity of the Dirac semimetals can be written as follows
[22]:

@
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where ¢, =1 for g=40 (AlCuFe quasicrystals [39]) and & is
the permittivity of the vacuum. According to the above per-
mittivity equation of Dirac semimetals, the real and imagi-
nary parts of permittivity under different frequency were
calculated. Figure 2a, b show that the DSF permittivity is
related to the frequency and Fermi energy. The real part of
permittivity increases with the frequency, and it is below
zero at the 0~2.5 THz as shown in Fig. 2a. It indicates that
the properties of DSF are similar to metal at the 0~2.5 THz.

Unit: pm
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Two Coupled Oscillators Model
and Simulation

Figure 3 shows the transmission spectra of the individual
longer C1-SRR, shorter C2-SRR, and coupled CASRR
system under the condition of asymmetry parameter S=13
pm and E, = 90 meV. The C1-SRR is directly excited by
the external field as a bright mode, and C2-SRR could be
treated as an indirectly excited dark SRR because its eigen
resonance frequency is far from the Fano resonance fre-
quency. The dark C2-SRR is excited by the magnetic flux
of the bright C1-SRR via the near field interaction. In this
CASRR, the Fano resonance phenomenon at smaller reso-
nance comes from the interference between the broadband
coupled dipole mode of longer C1-SRR (as a continuum)
and the leaky mode defined as the difference in the surface
currents between the C1-SRR and C2-SRR arms [7]. To see
this clearly, we also investigated the surface current distribu-
tion at the Fano resonance frequency to verify the coupling
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Fig.3 Simulated transmission spectra of separate C1-SRR, C2-SRR,
and the coupled cut-induced asymmetric SRR system when S=13 pm

effect as shown in Fig. 4. The more different the surface
currents between the C1 and C2-SRR arms are, the stronger
the Fano resonance is. In addition, the strong antiparallel
surface currents in the C1-SRR and C2-SRR form a closed
loop that can be observed at the Fano resonance while the
incident electric field polarizes parallel to the vertical gaps.
This phenomenon is attributed to the magnetic coupling in
the system.

The formation of Fano resonance can be calculated by
two coupled oscillator model. Here the two coupled resona-
tors are the individual longer C1-SRR and shorter C2-SRR.
The vibration displacement of the two oscillators satisfies
the second order partial differential equation:

(1) + 7, %, (0) + 02, (1) + P, (1) = fE @)

Xy() + 74 X4(0) + @xy (1) + Px(1) = 0 5)

where (x,, x,), (@, @,) and (y,, y,) are the scattering ampli-
tudes, angular resonance frequency, and the linewidth of
two oscillators, respectively. 7 represents the coefficient of
coupling between two oscillators. f, is the periodic driving
force applied to the oscillator. After solving for the scatter-
ing amplitudes in the coupled equation, one can arrive at the
susceptibility expression for light-matter interaction given
by the following [40]:

2 2N
(0" — o) + iwy,

X =K( . —) ©)
n* — (w? — wfl + iwy ) (w? — a)i + iwy,)

The real part (Re[y]) represents the dispersion, and the
imaginary part (Im[y]) represents the losses in the system,
where K is the normalizing coefficient. 1-Im[y] is the trans-
mission spectrum, and the coupling strength 7 determines
the intensity of Fano resonance, which is related to the
asymmetric parameter S in the metamaterial structure.

Therefore, we can study the influence of the asymmetry
parameter S on the structure when the Fermi energy is fixed
to 90 meV, both in theory and in simulation. The simulated
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Fig.4 (a) Simulated transmis-
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results are modelled through Computer Simulation Tech-
nology (CST) Microwave Studio software at the frequency
domain solver. The boundary conditions set unit cell in x—y
position and open in the z position, respectively. Moreo-
ver, the simulation and theoretical results obtained by two
coupled oscillators model are shown in Fig. 5a, b. In the
original state, CASRR with § value of 3 pm shows single-
resonance at 1.060 THz as shown in Fig. 5a. When S value
equals to 5 pm, it exhibits dual-resonance at 0.697 THz and
1.075 THz for the first and second resonances, respectively.
When § value is adjusted from 5 to 13 pm, the first reso-
nance is gradually enhanced. We note that the first reso-
nance is Fano resonance and the second resonance is dipole
resonance. In Fig. 5a, b, the strength of the Fano resonance
strongly depends on the asymmetry parameter S. To better
understand the physical mechanism behind this, we use the
two coupled resonators model to analyze it. We find that the
coupling coefficient # in the model is linear to the asym-
metry parameter S, as shown in Fig. 5c. This comparison
further confirms that the Fano resonance is the inductive
coupling in the leaky mode and the coupled dipole mode.
The strength of the coupling is determined by the location
of the eigen resonance frequency of the individual C1 (C2)-
SRR. We also plot the Fano resonance frequency with dif-
ferent asymmetries in Fig. Se, where the black and red lines
represent simulation and theoretical results, respectively. It
demonstrates the relevance between the frequency of Fano
resonance and asymmetry parameter, which illustrates that
the resonance frequency redshifts as asymmetry parameter
increasing. It is concluded that the Fano intensity varies
from 0.02 to 0.267 THz and grows linearly as the asym-
metry parameter S increases in Fig. 5f. To actively describe
the tunable process under different asymmetry parameter S,
we plot the transmission map as a function of asymmetry

@ Springer
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parameter S in Fig. 6. The low-frequency resonance is Fano
resonance; the high-frequency resonance represents dipole
resonance. We can obtain that the Fano resonance can be
excited at around S=5 pm. The Fano intensity is enhanced
with the asymmetry parameter S increasing. The results
indicate that the transmission spectrum though altering the
asymmetry parameter S not only exhibits the tunability from
single channel to dual channel but also enhances the Fano
resonance.

We also study the influence of the width of gaps w on the
stricture. The relationship between different width of gap
and transmission spectra is shown in Fig. 7a. Other parame-
ters are as follows: S=13 pm, and Efz 90 meV. Result illus-
trates that the low resonance frequency (Fano) blueshifts,
and the bandwidth of Fano resonance becomes broad as gap
width increased, resulting in low Q-factor. This is because
the larger the gap width is, the weaker the energy confine-
ment in the gap is. So we chose small gap width to enhance
the energy confinement. Figure 7b shows simulated trans-
mission spectra of CASRR for TE (magnetic field polarized
along the x direction and electric field polarized along the
y direction) and TM (magnetic field polarized along the y
direction and electric field polarized along the x direction)
polarizations. Results demonstrated that Fano resonance can
only be excited for TE polarization. In this situation, the
electric field can be effectively coupled to C1-SRR arm and
C2-SRR arm, which are closely related to Fano resonance.
However, for TM polarization, the electric field is perpen-
dicular to C1-SRR and C2-SRR arms, resulting in dipole
resonance in the transmission spectrum.

In the above discussion, we can see that the stronger the
Fano resonance is, the more different the surface currents
between the C1-SRR and C2-SRR arms are (Fig. 4b, c).
This leads to the interaction between dipole mode and leaky
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Fig.5 (a) Transmission spectrum of DSF with different asymmetry
parameter S from 3 to 13 pm. (b) Transmission spectrum of DSF sim-
ulated by theoretical formula. (¢) The coupling coefficient n with dif-

mode. Interestingly, the electric field at the gaps increases
distinctly with the asymmetry parameter S increasing, as
shown in Fig. 8c, d. When $=3 pm, dipole mode can only
be excited and the transmission spectrum are shown in
Fig. 8a; the C1 and C2 resonators generate parallel currents,
the electric field distributes along the arms and is very weak
in the gap (Fig. 8c). As S increases, in addition to the dipole
mode, a Fano mode, which the C1 and C2 resonators gener-
ate a reverse parallel current and form a closed loop current,
shows a magnetic dipole mode (Fig. 4b, ¢). When S=13 pm,
the two gaps behave as effective capacitors and the trans-
mission spectrum is shown in Fig. 8b. We can observe the
accumulation of opposite charges due to the capacitance

S(um)

ferent asymmetry parameters S. (d) Fano resonance frequency with
respect to different asymmetry parameters S. (e) Fano intensity with
respect to different asymmetry parameters S

effect and the electric field are confined in the gaps at the
Fano resonance (Fig. 8d). The more S increases, the stronger
the magnetic dipole mode is, and the more confinement the
electric field is in the gaps.

On the one hand, when the structure we proposed has
been fabricated, it is hardly to change the resonance fre-
quency by adjusted asymmetry parameter. On the other
hand, the resonance frequency can be tuned by varying
the surface conductivity of DSF. Moreover, the change of
Fermi energy leads to the change of surface conductivity.
Therefore, we explored the influence of different Fermi
energy for the transmission spectrum under the condi-
tion of S=9 pm. The relationship between different Fermi
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Fig.6 Transmission spectrum map as a function for asymmetry
parameter S

energy and transmission spectrum is shown in Fig. 9a. It is
clearly observed the tunable process from single channel to
dual channel in the transmission spectrum. In the original
state, the transmission spectrum has only dipole resonance
when the Fermi energy is below 60 meV. When the Fermi
energy is larger than 60 meV, the transmission spectrum
shows dual-resonance, which are dipole resonance and Fano
resonance, respectively. What’s more, the Fano resonance
frequency shifts to the higher frequency (blue shift) with
the Fermi energy increasing as shown in Fig. 9b. The Fano
frequency changes 0.212 THz from 0.568 to 0.780 THz.
In Fig. 9c, the Fano intensity linearly increases with the
increasing of Fermi energy, where the resonance intensity
varies from 0.017 to 0.29 THz. Similarly, we also plot the
transmission map as a function of Fermi energy in Fig. 10.
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Obviously, it can be seen that the Fano resonance can be
excited when Fermi energy is larger 60 meV and the dipole
resonance always exists in the transmission spectrum.

We also obtain the electric field distribution of Fano
resonance under the Fermi energy of 30 meV, 50 meV, and
70 meV, respectively, as shown in Fig. 11. In the original
state, when Fermi energy equals to 30 meV, the transmis-
sion spectrum has only dipole resonance at 0.583 THz
in Fig. 11a. Because there is no capacitance effect in the
structure gaps, which does not lead to Fano resonance in
Fig. 11d, when Fermi energy is 50 meV, the electric field
in the structure gaps is weaker in Fig. 11e. Therefore, the
transmission spectrum shows that Fano resonance is not
excited. When the Fermi energy equals to 70 meV, the elec-
tric field mainly concentrated at the gaps of the structure, as
shown in Fig. 11f. The transmission spectrum shows Fano
resonance at 0.607 THz and dipole resonance at 1.018 THz.
This is because that the gaps in the structure produce the
capacitance effect, where the charges due to the oscillating
current accumulate and enhance the field strength within
the gaps [12]. From the above analysis, we observe that the
electric field at the gaps increases distinctly with the growth
of Fermi energy, which leads to Fano resonance on the trans-
mission spectrum.

Sensing Application

In order to realize the sensing application, we add a layer
of sample with different refractive indices on the CASRR
structure. First, we define that the asymmetry parameter
of structure equals to 9 um, the Fermi energy equals to
90 meV, the thickness of the sample equals to 1 pm, and
the sample covers the whole structure (90 pm X 90 pm), as
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Fig.7 (a) Simulated transmission spectra with respect to different gap width when S=13 um. (b) Simulated transmission spectra with respect to

TE mode and TM mode
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Fig.8 (a) Transmission spec-
trum with asymmetry parameter
S is 3 pm. (b) Transmission
spectrum with asymmetry
parameter S is 13 pm. (¢) When
asymmetry parameter S is 3 pm,
electric field distribution of the
dipole resonance at 1.060 THz.
(d) When asymmetry parameter
S is 13 pm, electric field distri-
bution of the Fano resonance at
0.666 THz

shown in Fig. 12a. Figure 12b exhibits the transmission
spectrum with different refractive indices of sample from
1 to 1.8. These results show that the frequency of Fano

Fig.9 (a) Transmission spectra
with different Fermi energy.
(b) The frequency of Fano
resonance with different Fermi
energy. (c¢) Fano resonance
intensity with different Fermi
energy
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resonance shows red-shift with the increasing of refractive
index. Moreover, we plot the relationship between the res-
onance shift and different refractive indices and calculate
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Fig. 10 Transmission spectra as 130
a function for Fermi energy
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the sensitivity, as shown in Fig. 12¢, where the sensitivity ~ of sample thickness on sensitivity as shown in Fig. 12d.
is defined as Af/An (f and n are the resonance frequency It is obvious that the sensitivity becomes larger with the
and refractive index of sample). The Fano resonance sensi-  increasing of sample thickness. When the thickness of
tivity can reach 69.75 GHz/RIU. We next discuss the effect ~ samples equals to 20 pm, the Fano sensitivity can reach
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Fig. 11 Transmission spectra at the Fermi energy is 30 meV (a), 50 meV (b) and 70 meV (c), respectively, and the electric field distribution of
Fano resonance at the 0.481 THz (d), 0.544 THz (e) and 0.607 THz (f), respectively
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Fig. 12 (a) The sample
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134.25 GHz/RIU. Therefore, we can adjust the thickness
of sample to realize enhancement of sensitivity.

We also find that the Fano resonance sensitivity is
69.75 GHz/RIU and the dipole resonance sensitivity can
reach 67.2 GHz/RIU when the whole area (90 X 90 pm) of
the sensor is covered with the sample, as shown in Fig. 13.
The sensitivity of Fano resonance is a little higher than
dipole resonance. However, the physical origin behind
these two modes is different. The frequency shift of the
dipole mode is caused by a slight change in the optical

length of the C1-SRR and C2-SRR split resonators. To
see this clearly, we do the simulation where the sample is
only coated near two gaps (covering the two spots, each
is 9X 9 pm) [41], as shown in Fig. 14. The sensitivity
of Fano resonance is 51 GHz/RIU, and the sensitivity of
dipole resonance is 45.75 GHz/RIU in the case of the sam-
ple covering two spots only at the CASRR. The sensitivity
of Fano resonance is higher than that of dipole resonance.
We note that the volume of the sample in Fig. 14 is much
less than that in Fig. 13.

Refracive index
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Fig. 13 (a) The sample covers the whole area (90 x 90 pm). (b) Fano frequency shifts with different refractive indices at the whole area. (¢) The
dipole resonance frequency shifts with different refractive indices at the whole area
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Fig. 14 (a) The sample covers the two spots at the SRR gaps (9x9 pm). (b) Fano frequency shifts with different refractive indices at the SRR
gaps (99 pm). (¢) The dipole resonance frequency shifts with different refractive indices at the SRR gaps (9 X9 pm)

Conclusion

In conclusion, we have successfully proposed CASRR struc-
ture based on DSF, which can be effectively tuned at the tera-
hertz region. The transmission spectrum not only is related
to the asymmetry of structure but also can be tuned by Fermi
energy of DSF. In terms of asymmetry, results show that the
transmission spectrum can show dual channel, which are
Fano resonance and dipole resonance. Moreover, Fano reso-
nance enhances with the increasing of asymmetry, which is
basically consistent with the theoretical results. We also dem-
onstrate that the transmission spectrum can be dynamically
tuned by changing the Fermi energy of DSF. Meanwhile,
we realize the sensitivity of 69.75 GHz/RIU with Fano reso-
nance under the condition of 1 pm thickness of sample and
can reach 134.25 GHz/RIU by changing sample thickness.
Hence, this results may provide a new method in designing
THz sensing, active switching, and other THz devices.
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