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By patterning graphene on a SiO,/Si substrate, in this paper, we design and numerically investigate double
electromagnetic induced transparency (EIT) windows in a terahertz metamaterial based on a m-like
graphene structure. The surface current distributions reveal that the double EIT windows arise from the
destructive interferences caused by different asymmetric coupling modes. Moreover, the bandwidth of
two transparency windows can be actively controlled by changing the asymmetric coupling strength. By
shifting the Fermi energy of graphene, more interestingly, the bandwidth and frequency modulation
depths of the two transparency windows is 38.4% and 36% respectively, and the associated group delay
and delay bandwidth product (DBP) can also be actively tuned. Therefore, such EIT-like graphene
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1. Introduction

Recently, the metamaterial-based electromagnetically induced
transparency analogue has attracted considerable attention
owing to a promising a variety of potential applications, such as
slow-light devices," sensing,” and novel optical communication
systems, and quantum information storages.® Usually, such
EIT-like effect obtained in metamaterials arises from the
destructive interference between bright and dark modes or
superradiant and subradiant modes.* Currently, different EIT-
like terahertz metamaterials have been reported and experi-
mentally demonstrated through these two approaches.>” By
changing the distance between two resonators of the unit cell or
by exciting active materials integrated into the unit cell utilizing
electricity or light, moreover, their transparency windows can be
actively tuned.*** Unfortunately, most of these EIT-like meta-
materials normally localize the transparency window in
a narrow spectral range, which will significantly limit the scope
of the EIT-like metamaterial applications.'” Therefore, the EIT-
like metamaterials with tunable bandwidth are important for
the future applications in the terahertz frequency regime.
However, only a few broadband EIT-like metamaterials have
been reported so far.”*™**

Since being discovered in 2004, graphene has attracted
extensive interests due to its unique properties.'*'® More
importantly, the graphene conductivity can be dynamically
tuned by doping.*® Currently, different graphene metamaterials
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metamaterials are promising candidates for designing slow-light devices and wide-band filters.

have been designed and demonstrated by patterning or stack-
ing graphene structures to realize various functional or tunable
devices.?*® Therefore, the graphene metamaterials would open
up new approaches for actively controlling the bandwidth of the
EIT window. Motivated by the above fundamental studies, in
this paper, we design and characterize a simple graphene
metamaterial structure to realize two EIT windows. Moreover,
we demonstrated numerically that the bandwidth and working
frequency of the transparency window are dynamically tuned by
changing the strength of the asymmetric coupling or Fermi
energy of graphene. Therefore, such EIT-like graphene meta-
materials designed here are promising candidates for devel-
oping slow-light devices and wide-band filters.

2. Designs and simulations of
structure

In this paper, we designed a double-EIT metamaterial based
on the m-like graphene array patterned on the low-doped SiO,/
Si substrate acting as back gate, as shown in Fig. 1(a). The unit
cell of the designed EIT metamaterial can be decomposed into
two asymmetric T-shaped structures composed of same hori-
zontal graphene wire and vertical graphene cut-wires with
different lengths respectively, as shown in Fig. 1(b) and (c).
Moreover, the horizontal wires of all unit cells are connected
with two metallic pads to form top gate. Thus, the graphene
can be actively doped by applying a bias voltage between the
top and back gates to change the Fermi energy of graphene
(see Fig. 1(a)), as experimentally demonstrated in previous
reports.”** Compared to the traditional metal-based EIT
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Fig.1 The designed double EIT graphene metamaterial: (a) schematic
of graphene metamaterial, (b) 7-like unit cell structure, and (c)
asymmetric T-shaped structure.

structures, therefore, the most arresting feature of this struc-
ture is that the bandwidth and working region of two trans-
parency windows can be actively controlled by changing the
strength of the asymmetric coupling or Fermi energy of
graphene.

In order to explore electromagnetic response of the
designed graphene-based metamaterial, numerical calcula-
tions based on finite difference time domain (FDTD) method
are carried out. In the simulations, the moderate mesh accu-
racy is adopted to make good tradeoff between accuracy,
memory requirements and simulation time. Thus, a time step
of 1645 fs and the highest mesh accuracy are set in our
simulations. The periodic boundary conditions are used for
a unit cell in x- and y-directions, and the perfectly matched
layer boundary condition is applied in z-plane. The plane wave
polarizing along x-direction is normally incident to the struc-
ture surface along z-direction, as shown in Fig. 1(a). In the
numerical calculations, the structural parameters are as
following: a =100 pm, /=70 pm, d = 28 pm and w = 4 pm. The
relative permittivities of the SiO, layer and Si substrate are
taken as 3.9 and 11.7 respectively, and their corresponding
thicknesses are 30 nm and 300 pm respectively. While, the
graphene is assumed to be an effective medium with thickness
of t; = 0.34 nm and the relative complex permittivity of e,(w) =
1 + jo(w)/(weoty), in which the conductivity ¢(w) can be

described as:**
eszT E]: ( .8 )
j———— | ——=+2In( eksT + 1 1
S0 +70) (kBT nle @

where ¢, is the permittivity of vacuum, w is the frequency of
incident wave, Er is the Fermi energy, I is the scattering rate (I’
= 2.4 THz), T is the temperature of the environment (7 = 300
K), e is the charge of an electron, kg is the Boltzmann's
constant, z = h/2 is the reduced Planck’'s constant. Thus, the
permittivity can be actively tuned by shifting Fermi energy of
graphene.

g(w) =
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Fig. 2 Transmission properties and current distributions of the
asymmetric T-shaped structure for different horizontal displacement
s: (a) simulated transmission curves and (b) simulated surface currents.

3. Results and discussions
3.1 Single transparency window

Before studying the m-like array structure as shown in Fig. 1(b),
we start by investigating an asymmetric T-shaped structure
shown in Fig. 1(c). As observed in Fig. 2(a), a tiny transparency
window can be observed in the transmission spectrum once the
symmetry of the T-shaped structure is broken. If further
enhancing asymmetric coupling by increasing the horizontal
displacement s, a sharp transparency window will appear in the
transmission spectrum, which is the typical EIT window
observed in the EIT system.**** To better understand the
occurrence of the transparency window, the surface currents at
the transmission dip A; and the transparency peak A, marked in
Fig. 2(a) are calculated, and the corresponding calculated
results are shown in Fig. 2(b). For the transmission dip A4, the
inphase currents on the surfaces of two back-to-back L-shaped
structures are excited due to strongly coupling with the inci-
dent wave. Thus, the resonance mode can act as the bright
mode because of large radiative losses. For the transparency
peak A,, however, the antiphase surface currents on two L-
shaped structures are excited due to the asymmetric coupling,
leading to a cancellation of the surface currents in the vertical
graphene cut-wire and a large current oscillation along the
horizontal graphene wire, which indicates that the dark mode is
excited in the horizontal graphene wire. As a result, a sharp
transparency window is induced due to the destructive inter-
ference between the bright and dark modes.

The above EIT behavior can be further understood by the
classical coupled two-oscillator systems,**

(w—wo—é)—l—i%

Y Y
w7w0+z§><w7w076+172) —

2

x(©) = x, + ix; = =
( G

(2)
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Fig. 3 Transmission spectra and fitting parameters for different hori-
zontal displacement s: (a) comparison of the simulated and theoretical
results, and (b) the fitting parameters v4, v», 6 and k as the functions of
the horizontal displacement s.

where v, and v, are the damping factors of the bright and dark
modes, respectively. « is the coupling coefficient between two
modes, w, is the resonant frequency of bright mode, ¢ is
a detuning frequency between two modes. In the eqn (2), x;
shows the dispersion while x; exhibits the absorption within the
graphene metamaterial, thus, the transmission T can be
calculated through T = 1 — gyx;, where g is the geometric
parameter indicating the coupling strength between the bright
mode and the incident wave. The fitting curves of the simulated
transmission spectra for different s are shown in Fig. 3. As
observed in Fig. 3(a), these two sets of results agree very well
with each other except for slight deviations caused by the effect
related to the periodicity of the graphene metamaterial.®
Moreover, the corresponding fitting parameters for different s
are also shown in Fig. 3(b). It is observed that v4, v, and
6 remain almost unchanged with increase in s, whereas the
coupling strength between two modes gets stronger. By
observing the evolution of the transparency window, therefore,
we can further deduce that the sharp transparency window
arises from the destructive interference caused by asymmetric
coupling between the bright and dark modes.

As demonstrated above, breaking structural symmetry can
induce the transparency window, as shown in Fig. 2. Next, we
would further investigate the effect of the geometrical param-
eter [ on the transparency window. As observed in Fig. 4(a),
when the length of the vertical cur-wire decreases from 70 pm to
40 pm (from top to bottom), the transmission dip at higher
frequency shows obvious blue-shift and the corresponding dip
depth remains almost unchanged, while the transmission dip
at lower frequency shows slight blue-shift, but the corre-
sponding dip depth becomes smaller, indicating a weaker
resonance. As a result, the obvious transparency peak disap-
pears between two transmission dips due to weak near field
coupling between the horizontal wire and vertical cut-wire of
the asymmetric T-shaped structure. This behavior can be
explained by the surface current distributions at four trans-
mission dips A, B, C, and D shown in Fig. 4(a). As shown in
Fig. 4(b) and (c), the transmission dips A, B and D have similar
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Fig. 4 Transmission spectra and surface currents of the asymmetric
T-shaped metamaterial with different (: (a) transmission spectra for
different length, (b) surface currents at transmission dips A and B, and
(c) surface currents at transmission dips C and D.

surface current distributions, which mainly focus on the L-
shaped structure. This result indicates that these resonances
come from the same origin. For the transmission dip C,
however, the surface currents focus mainly on the horizontal
graphene wire, which is similar to the dark mode. Therefore,
the lower resonance gradually weakens with increasing I, as
shown in Fig. 4(a).

3.2 Double transparency windows

For the traditional more EIT-based system, usually, multiple
transparency windows can be obtained by integrating more
dark and bright modes into a unit cell or nesting several
structures with close enough resonance frequency together.***”
Moreover, such system is highly desirable in many practical
applications.®® Here, we demonstrate that two transparency
windows can be achieved in the designed w-like structure
shown in Fig. 1(b). To clarify underlying forming process of the
two transparency windows, the transmission spectra of two
isolated asymmetric T-shaped structures with the vertical cut-
wires of different lengths are also given. As observed in
Fig. 5(a), when two isolated asymmetric T-shaped structures are
combined together to form a w-like structure, a new trans-
parency window appears between two high frequency trans-
mission dips (H and J) of two isolated T-shaped structures due
to introducing new asymmetric coupling, while the positions
and strength of the three original transmission dips (F, H and J)
and the original transparency window (G) generated respec-
tively by two isolated structures remain almost unchanged.

To better understand the occurrence mechanism of two
transparency windows, the surface currents at the transmission
dips and the transparency peaks shown in Fig. 5(a) are calcu-
lated, respectively. As observed, the surface current distribu-
tions at the transparency peak (B) and three transmission dips
(A, C and E) shown in Fig. 5(b) are completely similar to that of
the transparency peak (G) and three transmission dips (F, H and
J) shown in Fig. 5(c) and (d), which indicates that the corre-
sponding resonant behaviour comes from same origin. For the
transparency peak (D), however, the antiphase surface currents

RSC Adv., 2018, 8, 37057-37063 | 37059
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Fig. 5 (a) Calculated transmission spectra of three different graphene metamaterials: isolated shorter asymmetric T-shaped graphene array for (

= 30 um (bottom row), isolated longer asymmetric T-shaped graphene array for [ =70 pm (middle row) and combined 7t-like structure (top row),
(b) surface current distributions of the combined 7c-like structure at three transmission dips (A, D and E) and two transparency peaks (B and D), (c)
surface current distributions of the isolated shorter asymmetric T-shaped structure at two transmission dips (F and H) and the transparency peak
(G), and (d) surface current distributions of the isolated shorter asymmetric T-shaped structure at two transmission dips (I and J).

on two different L-shaped structures are excited due to asym-
metric coupling between two vertical graphene cut-wires,
exhibiting similar field distributions of the quadrupole, thus,
a new dark mode is excited. From the induced surface current
distributions on the w-like structure, therefore, it can be infer-
red that the two transparency windows come from two different
destructive interferences caused respectively by the asymmetric
coupling between the horizontal graphene wire and the vertical
graphene cut-wire and between two vertical graphene cut-wires
with different lengths.

As demonstrated above, two transparency windows are
excited due to introducing different asymmetric coupling
modes. Next, we further investigate the effect of the asymmetric
coupling on the bandwidth of two transparency windows by
changing the geometrical parameters of the unit cell structure.
The transmission spectra for different structural parameters Al
and d shown in Fig. 1(b) are calculated respectively. As observed
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Fig. 6 Effect of the structural parameters on the transmission spectra:
(a) different length deviation between two vertical cut-wires and (b)
different separation between two vertical cut-wires.
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in Fig. 6(a), with the increase of the length deviation Al between
two vertical cut-wires (from bottom row to top row), two trans-
mission dips at lower frequencies are slightly blue-shifted and
the corresponding resonant depths become larger, indicating
stronger resonances, while the third transmission dip at the
highest frequency is obviously blue-shifted and the corre-
sponding dip depth remains almost unchanged, as a result,
leading to two sharp transparency windows. Moreover, the
bandwidth of two transparency windows gradually widens with
increase in Al. This can be attributed to the strong asymmetric
coupling between two vertical cut-wires, as demonstrated in the
surface current distributions of Fig. 5(b). As increasing the
separation d between two vertical cut-wires (from bottom to
top), in addition, the first transmission dip remains almost
unchanged, the middle transmission dip is slightly blue-shifted
and the corresponding resonant depth becomes gradually
larger, while the third transmission dip exhibits obvious blue-
shift (as shown in Fig. 6(b)). Thus, the bandwidth of two
transparency windows gradually widens. Once again, this can
be explained by strong asymmetric coupling between the hori-
zontal wire and the vertical cut-wire. Therefore, the bandwidth
of two transparency windows induced in this structure can be
actively controlled by changing asymmetric coupling strength.

3.3 Tunability

Compared with the traditional metal-based metamaterials, the
most obvious advantage of the graphene metamaterials is active
reconfiguration and tuning, which is highly desirable in many
practical applications.®® To further explore the modulation
capacity of the designed graphene metamaterial, the trans-
mission spectra of the designed w-like structure with different
Fermi energy are calculated. As shown in different colour
regions of Fig. 7(a), two transparency windows show obvious
blue-shift as increase in Fermi energy of graphene, and the

This journal is © The Royal Society of Chemistry 2018
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Fig.7 (a) Blue-shift and (b) bandwidth of two transparency windows in

the proposed m-like metamaterial with various values of Fermi energy
from 0.08 eV to 0.3 eV.

similar change has been experimentally demonstrated in
previous reports.***® As a result, it can be found that the
frequency modulation depth (finoa = Aflfmax) Of both two
transparency peaks is about 36% when the Fermi energy
changes in the range of 0.08-0.3 eV. If the Fermi energy further
increases, better tunable properties can be obtained, as
observed in the previous results.*** Simultaneously, it is also
noted that the resonant strength of the m-like structure is
enhanced as the Fermi energy increases. These behaviors can be
attributed to change in resonant frequency of graphene cut-
wire, in which the resonant frequency can be written as
f o \/Eg .3*% During the blue-shift, moreover, the amplitude of
the transparency peak is almost unchanged, while the corre-
sponding bandwidth gradually widens, as shown in Fig. 7(b). In
another word, when Fermi energy changes from 0.08 eV to
0.3 eV, the bandwidth of two windows (different colour region of
Fig. 7(a)) increases from 202 GHz to 328 GHz, and the corre-
sponding bandwidth modulation depth is 38.4%. Based on the
blue-shift response, in addition, the designed m-like structure
can realize the switching function in the interested frequency
range. Such as, the transmission amplitude can switch between
0.263 and 0.947 at 0.32 THz as the Fermi energy changes
between 0.08 eV and 0.12 eV, or between 0.945 and 0.082 at 0.40
THz as Fermi energy changes between 0.2 eV to 0.3 eV, and the
corresponding magnitude modulation depths are 72% and
91%, respectively. Therefore, the working frequency and band-
width of two transparency windows can be actively controlled by
varying Fermi energy of graphene.

3.4 Group delay

As well known, a remarkable characteristic of EIT-like response
is strong phase dispersion in transparent window region, which
can reduce the group velocity.** As observed in Fig. 8(a), the
designed -like structure exhibits a sudden phase jump in two
transparency window regions, in which a steep slope can be
obtained. Meanwhile, we also notice that the transmission
phase spectrum has two frequency segments: normal phase
dispersion and abnormal phase dispersion. The normal
dispersion, which leads to a significantly enhanced group delay,

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Phase dispersion and group delay of the proposed graphene
metamaterial for various Fermi energy Eg: (a) simulated transmission
phase and (b) corresponding group delay.

occurs in the transparent window, while the abnormal disper-
sion (not discussed here) occurs around the plasmonic reso-
nance. As increase in Fermi energy, moreover, the
corresponding normal phase dispersion experiences a strong
change and becomes more and more obvious. This phenom-
enon can be attributed to the change in the coupling strength
between graphene cut-wires.*>*® Therefore, these results indi-
cate that our structure can actively control slow light.

To examine the capacity of controlling slow light, the group
delay is calculated by the expression: 1, = —d¢/dw, where ¢ and
w = 2mf are the phase shift and frequency of transmission
spectrum, respectively.*”** Fig. 8(b) shows the calculated group
delays of the designed w-like structure with different Fermi
energy. As expected, the large positive group delay can be ach-
ieved in the sharp dispersion region due to the excitation of the
transparency window, which leads to strong slow light effect. As
increase in Fermi energy from 0.08 eV to 0.3 eV, moreover, the
region of the group delay exhibits clear blue-shift over a fairly
wide frequency range and widens obviously, which is similar to
the change in the transmission spectrum shown in Fig. 7(a). In
addition, we also notice the negative group delays at the nearby
regions of the two transparency windows, indicating fast light
effect, as experimentally observed in atomic EIT systems or EIT-
like metamaterials.*

For the practical application in slow light device, however,
only talking about group delay is meaningless. Meanwhile, we
should also consider the bandwidth of group delay. Generally,
the delay bandwidth product (DBP) is used to describe the
highest slow light capacity range that the device potentially
provides.>® Here, the DBP is defined as the product of the
maximum group delay and spectrum bandwidth (DBP = 7, x
Af), where Af is the full width at half maximum bandwidth
(FWHM), 1, is the maximum group delay at the transparency
window.** For the designed m-like metamaterial structure, we
find that as increase in Fermi energy from 0.08 eV to 0.3 eV, the
DBPs of two transparency windows increase from 0.357 to 0.571
and from 0.536 to 0.948, respectively. Therefore, the DBP and
working region of the slow light effect can be also actively
controlled by changing Fermi energy of graphene.

RSC Adv., 2018, 8, 37057-37063 | 37061
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4. Conclusions

In summary, the actively controlled bandwidth and working
region of two transparency windows in a terahertz metamaterial
based on the m-like graphene array have been numerically
demonstrated in this paper. The surface currents reveal that two
transparency windows arise from the destructive interferences
caused by two different asymmetric coupling modes. Further
investigations demonstrate that the bandwidths of two trans-
parency windows can be dynamically controlled by changing
the asymmetric coupling strength. As increase in Fermi energy
of graphene from 0.08 eV to 0.3 eV, more importantly, two
transparency windows can realize the bandwidth modulation
depth of 38.4% and the frequency modulation depth of 36%. In
addition, the associated group delay and DBP can be also
actively tuned. Therefore, the designed EIT metamaterials are
promising candidates in a variety of applications for developing
tunable slow-light devices and wide-band filters.
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