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Abstract We present the numerical studies of a novel hybrid
graphene-metal Fano metamaterial, which is composed of a
graphene grating (graphene ribbon array) and a square closed
ring resonator (SCRR) separated by a dielectric substrate. The
destructive interference between the narrow and broad electrical
dipolar surface plasmons induced respectively on the surface of
the graphene ribbon and the SCRR leads to the classical analog
of electromagnetically induced transparency (EIT). By decreas-
ing the thickness of the substrate spacer (enhancing the cou-
pling between the two components), a double EIT system could
be achieved. More importantly, the transparency windows in
the hybrid structures can be actively controlled by varying the
applied gate voltage on the graphene ribbon. Large effective
group index and small loss within the transparency windows
suggest the promising slow-light applications.
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Introduction

The electromagnetically induced transparency (EIT) is a
quantum effect that could give rise to a sharp peak
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within a broad transmittance dip in the transmission
spectrum, resulting in a narrow and asymmetric Fano
lineshape [1]. This plasmonic EIT phenomenon, featur-
ing sharp resonance and steep dispersion, has been
widely utilized in the applications of plasmonic
switchers [2], plasmonic rulers [3], slow light [4], bio-
sensors [5], etc. Generally, the analog to EIT could be
explained either as the result of engaging “trapped
mode” resonances [6] or by the destructive interference
between a radiative bright mode and a less-radiative
dark mode [7, 8]. Different types of mode or resonance
can be induced in a metallic subwavelength structure
due to either localized surface plasmon polaritons
(SPPs) or propagating SPPs, which are collective oscil-
lations of electrons at a metal-dielectric interface [9].
EIT and EIT-like phenomenon could then be achieved
by manipulating the coupling or hybridization of these
SPPs. Despite enormous research interest of EIT based
on metallic metamaterials (MTMs), the performance of
the SPPs in metals is greatly limited because of the
difficulty or impossibility in dynamically controlling
the properties of metals and the existence of large ma-
terial losses in the terahertz and far infrared frequency
(THz/far-IR) ranges. Thus, most of the observed EIT
effects based on MTMs have been working at fixed
frequencies, which means the EIT resonances have to be tuned
to work at different frequencies by varying the physical struc-
ture parameters. However, it is difficult if not impossible to
change the geometrical parameters of the structure after fabri-
cation. Therefore, the active manipulation over the subwave-
length constitutive elements of the plasmonic EIT system is of
great importance.

Many approaches to achieve dynamic tuning of the EIT
have emerged by integrating MTMs with optically active ma-
terials, such as nonlinear media [10], liquid crystals [11],
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phase-change materials [12], etc. Especially graphene [13], a
single layer of carbon atoms gathered in a honeycomb lattice,
has attracted tremendous interest due to its unique optical and
electrical properties, such as ultra-high electron mobility, gate-
tunable carrier densities, and ability to support SPPs [14—16].
Graphene manifests strong absorption of light in the near-
infrared and visible range [17]. At lower frequencies such as
THz/far-IR range, the intraband transition of electrons domi-
nates, and graphene behaves like metals but with stronger SPP
confinement to the surface and relatively lower loss. Graphene
appears to be a good candidate for designing and engineering
tunable devices because its conductivity can be controlled by
shifting the Fermi energy levels, which may be potentially
tuned from —1 to 1 eV by chemical doping [18] or electrical
gating [19]. So far, graphene has been extensively studied for
applications in photonics and optoelectronics [20, 21], plas-
monic metamaterials [22, 23], and medical sciences [24].

In this paper, we proposed a highly wavelength-tunable
EIT metamaterial structure composed of a graphene grating
and a gold square closed ring resonator (SCRR) separated by a
Si0, substrate working at THz/far-IR range. Graphene grating
with low loss works as a “quasi-dark” mode with high Q-
factor [25, 26], while the gold SCRR works as a “bright”
mode with low Q-factor [27]. The destructive interferences
between them could result in EIT and generate transmitting
spectra with Fano-like profiles. Interestingly, when the cou-
pling between the graphene grating and SCRR is increased by
gradually decreasing the thickness of the substrate, an extra
transmission peak gradually becomes evident; thus, a double
EIT-like system could be realized. The single EIT and double
EIT resonances are further studied by analyzing the field dis-
tributions. More importantly, the active control of the EIT
resonances is demonstrated by varying the Fermi energy of
the graphene grating without changing any physical struc-
tures. The transparency window could be further manipulated
by changing the width of the graphene ribbon and the sur-
rounding medium as well. Large group index and small loss
could be achieved with the proposed structures, which suggest
potential applications in slow-wave devices.

Design and Simulation of the Proposed Fano
Metamaterial

Figure 1a schematically depicts an array of the proposed struc-
ture, which consists of an array of gold SCRR, a SiO, sub-
strate spacer, and a layer of graphene grating (i.e., graphene
ribbon array). The graphene grating is along the y-direction,
and the SCRR is right beneath (along the positive z-direction)
the graphene ribbon. The graphene layer, the substrate, and the
gold SCRR are illustrated in blue, pink, and yellow, respec-
tively. Figure 1b displays the bottom view of a unit cell of the
proposed structure with the detailed geometrical parameters.
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The periodicity P of the unit cell is identical in both x- and y-
direction and fixed at 6 um, and the line width of the SCRR is
fixed at 100 nm. The width of the graphene ribbon, the length
of the SCRR, and the thickness of the SiO, substrate are de-
noted as W, L, and tg,,, respectively, which play important
roles in the resonances of the hybrid structure.

The dielectric constant of the SiO, substrate is taken as 3.9,
and the permittivity of gold is described by the Drude model
with the plasma frequency w,=1.37x 10"~ " and the
damping constant w,=4.08x10"%s"" [28]. In our simulations,
the graphene sheet is treated as an ultrathin film with a thick-
ness of ¢. The well-known Kubo formula [29] is used for
deriving the surface conductivity of the graphene sheet
ag=ai“tm+ai"ter including the intraband and interband transi-
tion contributions. In the THz/far-IR range, i.e., > aw>kpT,
the intraband transition contribution dominates [30] and the
surface conductivity simplifies to a Drude-like expression

ey, i
— (1)

O'g(w,,u,c) :Ww—i—ifl

where e is the electron charge, . is the Fermi energy level of
the graphene ribbon, 7 is the reduced Planck constant, and the
carrier relaxation time is T taking into account impurity, defect,
and electron-phonon scattering process, which is assigned as
7=1 ps at a room temperature in the simulations. As can be seen
from Eq. (1), changing the Fermi energy p. allows one to
change the propagation characteristics of graphene plasmons.
Then, the dielectric constant of graphene can be obtained by

e=1+1%

gow

where =1 nm is a typical value of the thickness
of graphene in modeling and simulation [31].

Results and Analysis of the Proposed Fano
Metamaterial

A plane wave of TM polarization (its magnetic field is per-
pendicular to the x-z plane) impinges normally along the +z-
direction from the bottom of the structure. When excited by
this incident wave separately, the electrical dipolar SPPs can
be induced both on the SCRR and the graphene ribbon.
Figure 2a, b shows the transmission spectra for the SCRR only
with different L and graphene grating only with different W,
respectively. (In these simulations, we fix the ;.=0.7 eV for
graphene grating, and z,,,=0.8 pm for the dielectric substrate).
Note that the dipolar SPPs induced on graphene grating and
the SCRR have narrow (high Q-factor) [25, 26] and broad
(low Q-factor) [27] resonant spectral responses, respectively.
Thus, the graphene grating and the SCRR can be deemed as
the “quasi-dark” mode and the “bright” mode in the classical
analog of EIT, respectively. It is pointed out in [32] that the
EIT could be generated if the two electrical dipolar SPP struc-
tures have close or identical resonances with different Q-
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Fig. 1 a Schematic of the array
of the proposed hybrid structure;
b a unit cell of the proposed
structure

factors. As can be seen from Fig. 2a, b, the SCRR with L=
4.5 pm and graphene grating with #=0.9 pm have almost the
same resonant frequency at around 11 THz and are chosen as
an example, which by no means is the limitation of the pro-
posed structure. As expected, the Fano lineshape and a narrow
EIT window are demonstrated in Fig. 2c. The corresponding
transmission phase is illustrated in Fig. 2d, which reflects the
abrupt phase change.

Figure 3a, b demonstrates the characteristic snapshots of
current density at the surfaces of SCRR and graphene ribbon
at frequencies I (10.55 THz), II (11.08 THz), and III
(11.86 THz) in Fig. 2c, respectively. Note that the maximum
current amplitudes in Fig. 3a, b are 1x10' and 8x10'°, re-
spectively. It can be observed that the current strength in the
radiative component (SCRR) is much larger than that in less-
radiative component (graphene ribbon) at all three frequencies
(I, 11, and III). However, at the peak of transmission window

(ID), the current in SCRR is suppressed while relative stronger
surface current is induced in the graphene ribbon, compared to
the ones induced at I and III. Furthermore, it is noted that the
currents (as marked by the black arrows) in the SCRR and
graphene ribbon flow out of phase in x-direction at I but in
phase at frequency III. This current distribution results in the
corresponding near field x-component electric field Ex
(0.1 pm underneath SCRR in x-y plane) presented in
Fig. 3c. As can be seen from Fig. 3c, at the transmission dips
(I and III), the graphene ribbon and the SCRR have very
strong couplings, while the two components have very weak
coupling at II. Thus, the single EIT-like effect could be the
result of the destructive interference between the strongly in-
duced graphene ribbon and the suppressed SCRR.

In order to better understand how the coupling between the
two components changes the transparency window, we con-
duct the parametrical study by varying the thickness of the
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Fig.3 a The current density at the surface of SCRR; b the current density
at the surface of graphene ribbon; ¢ the near field of Ex in x-y plane
0.1 um underneath the SCRR at the three labeled frequencies (I~I1I)
labeled in Fig. 2(c), respectively. (The widths of the arrow show the
relative strength of the current density in (a) and (b): wider line
indicates stronger strength)

substrate f,. Figure 4a displays the transmittances for differ-
ent Zg,. As the thickness decreases from 3 to 1 pm, indicating
the enhancement of the coupling between the two individual

components, a transparency window between two transmis-
sion dips gradually becomes prominent. More interestingly,
when the thickness decreases further, another transmission
dip gradually emerges, which leads to a double EIT-like sys-
tem using the same structure. The characteristic snapshots of
current density at the surfaces of SCRR and graphene ribbon
at five labeled frequencies in Fig. 4a are displayed in Fig. 4b
and Fig. 4c, respectively. And Ex distributions for the five
frequencies are plotted in Fig. 4d. It is noted that the maximum
magnitude I; in Fig. 4c¢ is 20 times smaller than I, (the max-
imum magnitude in Fig. 4b. As can be seen from Fig. 4b, c,
although much more complicated surface currents are induced
at the surfaces of SCRR and graphene ribbon at frequencies II,
II1, and TV, there still exist certain similarities between the
current distributions at frequencies I and V and the cur-
rent distributions at frequencies I and III in Fig. 3a, b.
Once again, we observe that the currents are suppressed
in SCRR, and relatively strong currents are induced in
graphene ribbon at the peaks of the transmission win-
dows (I and IV). In addition, as can be seen from
Fig. 4d, the couplings between these two constituting
components are very weak at frequencies Il and IV
and strong at transmission dips (frequencies I, III, and
IV). Except for the much more complicated surface cur-
rent and Ex distributions, the coupling mechanism of
the double EIT-like system is similar to that of the
aforementioned single EIT-like system.
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Tunability and Slow Wave Characteristic
of the Proposed Fano Metamaterial

Next, we study the tunability of the Fano resonance in the
designed hybrid structures. One of the major advantages of
the graphene-based structure compared with the noble metal-
based structures is the active tunability, which can be achieved
by electrostatic gating. Specifically, the optical response of the
designed structures can be changed by applying different bias
voltages so that they can work at different wavelengths
(frequencies) without re-optimizing or reconstructing the

14
Frequency (THz)

physical structure. This is highly desirable in many practical
applications since it is very difficult to change the physical
structure after fabrication. We first study the effect of applying
different Fermi energy levels on the responses of the hybrid
structures. Figure 5a, b shows the transmittances for fg,,=
0.8 um (single Fano resonance) and f4,;,=0.4 pm (double
Fano resonance) with #=0.9 um, respectively. Note that both
the single and multiple transparency windows are enhanced
and blue shifted across a relatively large frequency range as
the Fermi energy increases. This behavior can be interpreted
through the resonance condition. Resonating surface
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plasmons (SPs) in graphene ribbon demand W gpy~N X %,
where N is an integer number and \gsp is the wavelength of
graphene SPs. Considering the property of SPs on graphene,
the resonance frequency can be derived from the quasi-static
analysis [33] and expressed as

e e e
"~ 2
4 ch \/Ufeﬁ'WGRN \/Eeﬁ'WGRN @)

where 1 is a fitting parameter, c is the speed of light, and &4 is
the effective permittivity of the media surrounding the whole
structure.

Equation (2) also indicates that a larger W gy would lead to
ared shift of the transparency window, which is demonstrated
in Fig. 5¢ with #4;,=0.8 pm and p.=0.7 eV. Besides, the
influence of the surrounding media is characterized.
Normally, the whole structure could be exposed in air or im-
mersed in any liquid (or embedded in any other materials). In
these cases, we assume the refractive index of the background
ny in the simulation changes from 1 to 1.4 with £, =0.8 um,
1.=0.7 eVand W=0.9 um. Figure 5d demonstrates the trans-
mittance responses of the hybrid structure with different ;.
Since larger ny, leads to larger €4 a red shift of the transpar-
ency window is expected, which confirms Eq. (2). Therefore,
the resonances and transparency windows of the hybrid struc-
tures can be tuned by merely varying the Fermi energy level of
graphene with fixed geometrical parameters, and the width of
the graphene ribbon and refractive index of the surrounding
media provide extra degrees of freedom to further adjust the
transparency windows.

The “slow wave” [34] propagation is another characteristic
feature of the EIT-like system. In order to demonstrate this
property in the proposed hybrid structure, we calculate the
group index by utilizing the following equation:

on.(w)
e (3)

ng(w) = ne(w) +w

where 7, refers to the effective refractive index, and it can be
extracted from the numerical simulations of the transmission
and reflection coefficients by using the well-established re-
trieval algorithm [35]. Figure 6a, b displays the group index
and the imaginary part of the effective refractive index for
taub=0.8 um and #,,,=0.4 um, respectively, with W=0.9 um
and p.=0.7 eV. It is observed that the group index for z,,,=
0.4 um is much larger than that for #,;,=0.8 um within the
transparency window. Inside the transparency windows for
both structures, there are strong dispersions and a significantly
large group index of over 55 in Fig. 6a and 175 in Fig. 6b. A
group index n, exceeding 227(336) can be observed at the
transmission peak in Fig. 6a, b, implying that the electromag-
netic wave passing through the same thickness of the
metamaterial with a group velocity 227 (336) times slower
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than that in vacuum. Because the intrinsic loss of gold is much
higher than that of graphene, one would expect a larger imag-
inary part of effective refractive index as seen in Fig. 6.
However, inside the transparency windows, the Im(n.p) is
very small, indicating that the losses are suppressed. Thus,
the designed hybrid structures feature large group index and
small loss within the transparency windows.

Conclusions

In conclusion, we have designed and numerically studied a
graphene-based Fano metamaterials that could feature EIT-
like single or double transparency windows in the THz/far-
IR frequency range. For the proposed devices, the SCRR and
graphene grating are treated as the “bright” mode and “quasi-
dark” mode in the classic analogy of EIT, respectively. When
the coupling between the graphene grating and the SCRR is
enhanced, an extra transmission dip emerges in the transmis-
sion spectrum, resulting in a multi-transparency-window sys-
tem. The induced EIT-like windows can be actively shifted
across a large frequency range by varying the Fermi energy
level of the graphene ribbon. In addition, the Fano resonances
could be adjusted by modifying the width of the graphene
ribbon and the surrounding media. Furthermore, the large ef-
fective group index and small imaginary part of the effective
refractive index of the proposed hybrid structure indicate the
capability of slowing light significantly and efficiently. The
proposed structures could find numerous potential applica-
tions in tunable slow-light and sensing devices.
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