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Abstract

A multilayer structure of a square ring of graphene with nesting vanadium dioxide (VO,) was investigated in this study. This
structure exhibits electromagnetically induced transparency (EIT), which stems from a bright mode coupling with a dark
mode. The permittivity values of graphene and VO, can be modulated via chemical potential and temperature, respectively.
The EIT effect can be tuned based on the chemical potential of graphene and temperature of VO,, resulting in a dual-tunable
EIT effect. Simulation results confirmed that this dual-tunable EIT phenomenon is insensitive to polarization. These results
may have potential applications in terahertz devices, such as slow light devices, switching devices, and sensors.
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Introduction

As a quantum interference effect of atomic systems, elec-
tromagnetically induced transparency (EIT) yields the
characteristics of low loss, narrow bandwidth, high trans-
parency, and strong dispersion when electromagnetic waves
pass through a medium.'? To realize EIT effects in atomic
systems, experimental conditions with very low tempera-
ture and high laser intensity are required.’ Researchers have
found that design of special structural designs at room tem-
perature can also realize similar EIT phenomena in certain
materials. Such structures include waveguides,* photonic
crystals,®’ and metamaterials.®!” Using metamaterials
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to produce the EIT effect not only can yield electromag-
netic characteristics similar to those of an atomic system,
but also avoid strict experimental requirements. Therefore,
such materials have been widely studied in the field of elec-
tromagnetic technology.!! The EIT effects of metamaterials
have wide application prospects for optical storage,'? slow
light technology,'® and high-sensitivity sensors. !>

The main advantage of metamaterials is that they are able
to provide properties that are not possessed by conventional
materials based on structural changes.16 Howeyver, this can
also be a disadvantage. This is because once a final struc-
ture is developed, results can no longer be tuned. Therefore,
achieving tunability of results has become a major research
focus.!’~2°

There are many types of active or tunable materials in
nature that have been incorporated into metamaterials, such
as ferroelectrics,?! liquid crystals,zz’23 semiconductors,>*%
two-dimensional materials,’*° and phase change materi-
als.’*3! Xiao et al. proposed a graphene-based metasur-
face structure that exhibits a tunable EIT response under
mid-infrared frequencies. This result demonstrated that
EIT responses can be dynamically shifted in the frequency
domain by adjusting the Fermi level of graphene.?® Xiao
et al. investigated a planar terahertz EIT metamaterial to
realize the maximum modulation depths in two perpendic-
ular polarization directions (83.54% and 94.39%, respec-
tively) by tuning Fermi energy.*” Xu et al. proposed a simple
EIT structure composed of a cutting wire and two circular


http://orcid.org/0000-0002-1229-7476
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-020-08692-9&domain=pdf

Dual-Tunable Polarization Insensitive Electromagnetically Induced Transparency in... 3917

split rings. The passive modulation of EIT metamaterials
was realized based on the tunable design of this structure.*?
Liu et al. designed a periodic structure with a special shape
and achieved an obvious plasmon-induced transparency phe-
nomenon based on monolayer black phosphorus (BP). This
tunable plasmon-induced transparency phenomenon can be
obtained by changing the carrier density to adjust resonant
intensity and frequency.**

As mentioned above, a single-tunable EIT response can
be achieved using graphene, VO,, BP, etc. Recently, some
researchers have studied dual-tunable metamaterials to
achieve specific functions. Liu et al. investigated dual-tuna-
ble EIT based on a graphene metamaterial. The transparency
window was altered by mechanically adjusting the incidence
angle and Fermi energy by modifying the gate bias.>> Mao
et al. designed a dielectric metasurface consisting of a VO,
and graphene array to fabricate a broadband absorber in the
mid-infrared range. The maximum absorption reached as
high as 99.41-99.89%.% Wang et al. proposed a dual-tunable
switchable broadband THz metamaterial absorber based on a
hybrid VO, and graphene structure. The peak absorption of
this device can be tuned from 26% to 99.2% and from 9% to
99.2% by modifying the Fermi energy of the graphene and
conductivity of the VO, respectively.®’

Dual-tuning can be achieved by combining two tunable
materials with different characteristics. However, there have
been few reports on dual-tunable EIT effects. A single and
dual-band EIT effect was investigated in a microwave meta-
material, which exhibited high transmission.!® A polariza-
tion insensitive double-band EIT phenomenon is studied
experimentally in the terahertz band.'” These results can be
applied in the fields on filters and sensors. Among these few
reports, dual-tunable polarization-insensitive EIT is the most
common goal.

In this paper, a unit cell with a tri-layer structure is pro-
posed based on the time-domain finite-integral method. The
proposed structure is composed of a square ring of graphene
with nested VO, in an asymmetric T shape, with a magne-
sium fluoride (MgF,) and silicon dioxide (SiO,) substrate.
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VO, is a temperature-tunable phase change material that has
metallic properties at high temperatures and insulating prop-
erties at room temperature. Therefore, the proposed structure
can achieve multiple functions by adjusting temperature and
voltage independently. Polarization-insensitive EIT can be
realized based on numerical calculations. Simulation results
indicate that the proposed structure could be applied to THz
sensors, slow light devices, and switching devices.

Design and Theory

The electromagnetic properties of a graphene sheet are
described in terms of the surface conductivity ¢, which
accounts for both inter-band and intra-band transitions
based on the Kubo model of conductivity. This conductiv-
ity is defined as**-**
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where o is the radian frequency, # is the reduced Planck
constant, kg is the Boltzman constant, e is the charge of an
electron, T is the temperature, 4, is the chemical potential,
and 7 is the electron—phonon relaxation time.

We assume that the electronic band structure of a gra-
phene sheet is not affected by neighboring structures, so the
effective permittivity e of graphene can be written as™

ee=1+i—2
¢ hywe,’ @
where £ is the thickness of the graphene sheet and ¢, is the
permittivity in a vacuum.
The spectra of graphene permittivity are plotted in Fig. 1
for r=1 ps. An increase in the chemical potential y_ of
graphene can suppress the real part of £; and enhance the
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Fig.1 (a) Real and (b) imaginary part of the permittivity of graphene with different values of u of #3=1 nm.
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imaginary part of e5. This indicates that the permittivity of
graphene can be tuned by altering its chemical potential .

Furthermore, the permittivity of graphene remains
unchanged with changing temperature.*!*?

As a phase change material, the phase transition tem-
perature of VO, is approximately 340 K. It can be consid-
ered to exhibit an insulating state prior to phase transition.
Within the THz range, the relative permittivity of VO, can
be expressed by the Drude model®! as

2
a)p(O' vo,)

__r 3
o(w+iy)’ )

&vo, T €
where e, =12. Experimental results have demonstrated that
the conductivity 6, of VO, varies from 10 to 2 x 10°> S/m,*
where y=5.75x10"s™ and w,,(0,,,) = ®,(6¢)(6,,, /69)*> .7

We propose a tri-layer unit cell consisting of graphene
with nested VO, on a MgF, and SiO, substrate. The VO,
layer is hollowed out in an asymmetric T shape. This unit
cell is depicted in Fig. 2. The finite-integral time-domain
method was utilized to calculate the normal incident angle
(0=0°) of the electromagnetic waves of periodic boundary
conditions for the x and y axes and of open spaces for the
z axis. The electric (E) and the magnetic (H) fields were
polarized along the y- and x-directions, respectively, while
the wave propagation (k) was normal to the structure. The
dielectric permittivity values of SiO, and MgF, are 3.9 and
1.9, respectively. We assume that electromagnetic waves
propagate along the z axis. The thicknesses of the layers in
the proposed structure are denoted as h;, h,, and k5 from
bottom to top. The geometry of the unit cell is defined by
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Fig.2 (a) Front view and (b) side view of the proposed unit cell (tri-
layer metamaterial).
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p=120 ym, Ay =1 pum, hy=2 ym, h;=0.01 ym, /=80 pm,
[,=10 ym, w=2.5 pym, and w; =5 pym.

Figure 3 presents the transmission spectra of structures
with (a) VO, and (b) graphene, and (c) the integrated mul-
tilayer structure. The resonant frequency is generated at
3.388 THz in Fig. 3a (only VO, and a dielectric substrate).
It is worth noting that the transmission level is greater
than 0.92 at the resonant frequency. The dual-resonant
frequencies occur at 3.421 THz and 3.571 THz in Fig. 3b
(only graphene and a dielectric substrate). Compared to
the structure with VO,, the transmission of the structure
with graphene is very small. The transmission of the
integrated multilayer structure containing VO, and gra-
phene differs from those of the separate VO, and graphene
structures. The EIT effect can be observed in the low-
frequency band. According to previous reports, the judg-
ment of bright modes and dark modes can be performed
based on the Q-factor, which is defined as Q =f/Af, where
fo 1s the resonant frequency of the transmission peak and
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Fig.3 Transmission spectra of (a) VO,, (b) graphene, and (c) the
integrated multilayer structure.
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Afis the full width at half maximum of the transmission
peak.** A bright mode is observed in the structure of VO,
at low Q-factor values and a dark mode is observed in the
structure of graphene with high QO-factor values (sharper
transmission valley).

To help us understand the physical mechanisms behind
the observed EIT effect, we visualize the peak distribu-
tions of the electric field of the proposed structure in
Fig. 4. One can see that the distributions of the electric
field at 3.325, 3.391, and 3.454 THz (Fig. 3a, c, and e,
respectively) are particularly intense. In Fig. 4a, one can
see that at the resonant frequency of 3.325 THz, the elec-
tric field is concentrated in the y direction at the interface
between the T-type VO, and graphene. This indicates that
T-type VO, can respond to incident electromagnetic waves
at this frequency, so it exhibits a bright mode. In Fig. 4b,
energy is coupled between the junction of the T-type VO,
and graphene, and the outer boundary of the square ring-
shaped graphene. In this case, the graphene exhibits a
dark mode and the VO, is coupled in an open mode. In
Fig. 4c, at the transmission valley point of 3.391 THz, the
direction of the electric field at the outer boundary of the
square graphene ring changes. Here, graphene in a dark
mode is coupled with VO, in a bright mode, resulting in
a new resonant frequency point. A similar phenomenon
also occurs in Fig. 4e, but the direction of the electric field
also changes.

Results and Discussion

As mentioned previously, the effective permittivity e of
graphene can be regulated by altering its chemical poten-
tial u.. However, altering the temperature 7 has no effect.
In contrast, the permittivity ey, of VO, can be adjusted
by altering 7. This means that the dielectric constants of
graphene and VO, can be adjusted by altering voltage and
temperature, respectively. Therefore, a structure combining
these two materials can act as a dual-tunable metamaterial.

Regarding this dual-tunable EIT effect, one can see
that transmission varies with the chemical potential y, of
graphene in Fig. 5a. A blue shift can be observed with an
increasing value of p, at T=300 K. This is because the real
part of the permittivity of graphene decreases with increas-
ing p., while the imaginary part increases with increasing y..
Figure 5b presents the transmission with different values of
U, at T=340 K. One can see that the transmission window
exhibits a blue shift as u, increases from 0.1 eV to 0.3 eV.
As p, continues to increase to 0.8 eV, the transmission win-
dow becomes invariant. This is because when the chemical
potential of graphene changes, the conductivity of graphene
also changes, meaning its response to electromagnetic waves
also changes.

We also explored the influence of temperature 7 on
the transmission window. Figure 6 presents the changes
in the transmission window at different temperatures for
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Fig.4 Distributions of the electric field of the proposed structure at various frequencies of (a) 3.325, (b) 3.364, (c) 3.391, (d) 3.436, and (e)

3.454 THz.

@ Springer



3920

(a)

Transmission

Frequency (THz)

R.Ning et al.
(b) —— 4=0.1ev—— 1 =0.3ev
—— 1=0.5ev—— 1 =0.8ev

10
©
1]
£
=)
kel
[2}
2 05
£
[%2]
&
= T=300K

0.0 . L . !

30 35 40

Frequency (THz)

Fig.5 Transmission windows for different p at (a)7=340 K and (b)T=300 K.
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Fig.6 Transmission windows of the proposed structure for different 7'
values at u,=0.3 eV.

#.=0.3 eV. One can clearly observe the effect of tempera-
ture on the EIT window. VO, exhibits metal characteristics
and can couple with graphene in a dark mode when the
temperature 7 is 340 K. However, VO, acts as an insulator
and cannot be coupled with graphene when the tempera-
ture drops to 300 K. This is because the transition of VO,
between an insulator and metal occurs at approximately
340 K. With an increase in temperature, the lattice struc-
ture of VO, transforms from monoclinic to tetragonal, so
its conductivity increases by several orders of magnitude.
In other words it transitions from an insulating state to a
metal state.

In addition to being adjustable based on different param-
eters, this structure also provides polarization insensitivity.
Figure 7 presents the variation in the transmission spectra
with the polarization angle ¢. One can see that the transmis-
sion window remains the same as ¢ changes from 0° to 90°.
Polarization-insensitive EIT can be realized based on the
x/y-axis symmetry of graphene as a bright mode and x/y-axis
asymmetry of VO, as a dark mode.

@ Springer
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Fig.7 Transmission spectra of the multilayer structure for various
polarization angles ¢.

Based on the narrow EIT line width, THz sensors are
one potential application of the EIT effects of the proposed
metamaterial structure. In this context, we analyzed the pro-
posed structure with different background permittivity val-
ues. Figure 8 presents the transmission spectra for different
background permittivity values varying from 1.0 to 1.6. One
can clearly see a red shift in the EIT window with increasing
background permittivity. The EIT peak position keeps mov-
ing to lower frequencies until the background permittivity
reaches 1.6.

Conclusion

In this paper, a tri-layer graphene square ring structure with
nested VO, was proposed to realize and manipulate the EIT
effect. A dual-tunable EIT effect was obtained because gra-
phene and VO, can be regulated by altering their chemical
potential and temperature, respectively. The square graphene
ring provides a bright mode that is coupled with the VO, and
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Fig. 8 (a) Variations in transmission spectra and (b) frequency shift of the transmission dips with different background permittivity values.

substrate layers, which provide a dark mode. Furthermore,
polarization-insensitive EIT can also be manipulated. Based
on these results, potential sensor applications were high-
lighted, which should provide useful guidance for additional
future applications.
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