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H-shaped graphene metamaterials”
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We propose and numerically demonstrate a tunable plasmon-induced transparency (PIT) phenomenon based on asym-
metric H-shaped graphene metamaterials. The tunable PIT effect is realized through varying the applied polarization angles
rather than changing the structure geometry. By simply adjusting the polarization angle, the transmission spectra can be
controlled between the switch-on state and switch-off state. The physical mechanism of the induced transparency is re-
vealed from magnetic dipole inductive coupling and phase coupling. Importantly, by varying the Fermi energy of the
graphene or the refractive index of the substrate, the resonant position of the PIT can be dynamically controlled and the
maximum modulation depths can reach up to 60.7%. The sensitivity (nm/RIU) of the graphene structure, which is the shift
of resonance wavelength per unit change of refractive index, is 5619.56 nm/RIU. Moreover, we also extend our research
to the x-axis symmetric H-shaped structure, and the tunable PIT transmission window can also be realized. The physical
mechanism of the induced transparency is revealed from the electric dipole hybridization coupling. Our designed H-shaped
graphene-based structures is a promising candidate for compact elements such as tunable sensors, switches and slow-light

devices.

Keywords: plasmon-induced transparency, graphene, polarization, optical filter
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1. Introduction

Electromagnetically induced transparency (EIT) is a
quantum interference phenomenon in the weak electromag-
netic field under the effect of a strong driving electromag-
netic field in the atomic system.!'=3 This results in a nar-
row window in the transmission spectrum. The plasmon-
induced transparency (PIT), an EIT-like effect, has attracted
attention due to its significant advantages and wide practical

[45] guch as in sensors, 62 10-12]

applications, 1 optical storage,!
optical switches, and so on. 13-16] However, for metal metama-
terials, once the PIT devices have been fabricated, the trans-
mission window is very difficult to tune except by accurately
changing the geometry of structures, which limits the perfor-
mance and repeatability of designated PIT sample. Recently,
graphene has been introduced into the design of PIT devices
due to its unique optical and electrical properties.!!-1°! It ex-
hibits the characteristic of the flexible tunability, the extreme
field confinement and low propagation loss, especially the
gate-voltage-dependent feature that the Fermi energy (Er) of
graphene can be tuned dynamically by using the external elec-
trostatic gating. 20211

Hence, graphene can be considered as a new class of ac-
tive plasmonic material for application in photonic devices. Fu
et al. proposed a novel disk-strip hybrid graphene nanostruc-
ture to achieve PIT resonance that has a large positive group

delay in the vicinity of the resonant transparency window.[>?!
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They also presented two parallel graphene nanostrips that can
be used as a localized surface plasmon resonance sensor in
the mid-infrared region.!*’! Luo er al. achieved PIT effects
based on the strong coupling between localized and propagat-
ing plasmonic mode in layered graphene ribbon-grating and
continuous sheet systems.!?*! Zhang er al. have studied the
tunable PIT with graphene-array metasurface.!”>! Compared
with this research, we have systematically investigated the tun-
able PIT effect through varying the polarization angle and the
fermi energy, which makes manipulating of the PIT system
more effective and contactless. We also compared the applica-
tion of the designed structure in sensitivity with those of other
structures.

In this paper, we propose the self-asymmetric H-shaped
graphene metamaterial to achieve the PIT effect. Interest-
ingly, the modulation of the PIT transparency window can be
achieved by varying the polarization angles rather than chang-
ing the structure geometry parameters. Owing to the unique
properties of graphene, the resonant transparency window can
be dynamically tuned by the Fermi energy. Moreover, the sen-
sitivity of 5619.26 nm/RIU is achieved in the proposed struc-
ture based on the sensitivity measurements with different di-
electric substrates. The physical mechanism of the induced
transparency is revealed with magnetic dipole inductive cou-
pling and phase coupling. We also extend our research to the x-
axis symmetric H-shaped graphene metamaterial, and the PIT
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effect can also be tuned through varying the polarization angle
and the fermi energy. However, the underlying mechanism is
the detuning of two bright modes.

2. Metamaterial design and simulation methods

The designed asymmetric H-shaped graphene structure
with a 7 x 7 cell array is shown in Fig. 1(a). The unit cell in-
cludes graphene pattern layer and dielectric layer, as indicated
in Fig. 1(b). The detailed structural parameters are marked in
the diagram, where P, = P, =8 um, [; = 5.6 um, [ = 2.3 um,
wi = 0.6 pm, and #; = 3 pm. The top view of the unit cell
with I3 = 0.8 um and Iy = 1.5 um is shown in Fig. 1(c). The
dashed-line is the symmetry axis of /;. A linearly polarized
plane wave light normally is incident along the z-axis direc-
tion and the angle of the polarization direction with respect
to the x axis is defined as 6. Both the transmission spectrum
and the field distribution are calculated by using COMSOL
Multiphysics software, which is commercial software that is
based on the finite element method. The computation domain
consists of only a unit cell with the perfectly matched layer ap-
plied to the boundary along the propagation direction (z axis)
and periodic condition imposed on the four lateral boundaries
in x and y directions.

Fig. 1. (color online) Proposed H-shaped asymmetric structure along y
axis, showing (a) overview of a 7 x 7 cells array, (b) schematic view of
graphene nanostructure on substrate with dielectric coefficient 3.9, where
P=P,=8um, [} =5.6 um, [, =2.3 um, w; = 0.6 pm, and ¢; =3 pum, and
(c) top view of graphene nanostructure, where /3 = 0.8 um, and /4 = 1.5 pm,
and 0 is the polarization angle.

In the simulations, graphene is modelled as a conductive

surface.17:26.27

I The transition boundary condition is used for
graphene and its thickness is set to be 1 nm. The conductivity
of graphene can be derived in the random-phase approxima-
tion (RPA) in the local limit, and expressed as!!%?82%]
28%kgT i Ep
0(®w) = ———————In|2cosh
(@) = ot “{ o8 <2kBT

! + ! arctan ho - 2E
212 w 2kgT

| i (ho +2Eg)*
2% (hw —2Eg)* 44 (kg T)?

» (D

where kg is the Boltzmann constant, T is the temperature, @ is
the frequency of light, 7 is the carrier relaxation lifetime, and
EF is the Fermi energy. In our simulation, our method mainly
focuses on the material effect in two-dimensional (2D) flat sur-
face while ignoring that in out-of-plane direction. At the room
temperature and low THz frequency (Ep > kgT,Ep > ho),
the in-plane conductivity of the graphene can be represented

by a Drude model:3%-31]

EZEF i
o0 =T oric T @
The intrinsic relaxation time is expressed as T = UEg/ evl%
where p = 10* cm™!.V~1.s7! is the measured DC mobility
and v is the Fermi velocity.3?!

Electron-beam lithography and isotropic plasma etch-
ing are used to pattern graphene nanostructures.>3! To ob-
tain the graphene metamaterial structures, a uniform single
layer of graphene needs to be prepared at first. It can be
obtained through mechanically extracted from bulk graphite
crystals,34! thermal decomposition of Sic,*>! and chemical
vapor deposition method.!*®! The most common method is
chemical vapor precipitation, which produces a graphene layer
with high conductivity and field-effect mobility. For the prepa-
ration of graphene nanostructures, electron beam lithography
is very popular because of its high resolution; usually reach-
ing up to 3 nm to 8 nm.3”) Recently, anisotropic etching has
been proposed as a key technique for controllable graphene
edge fabrication with atomic precision. Yang et al. reported a
dry, anisotropic etching method of preparing the graphite and
graphene. They are able to control the etching from the edges
by tuning etching parameters such as plasma intensity, tem-
perature, and duration. 38 Similarly, the asymmetric H-shaped
graphene can be prepared through the following steps: first, a
graphene layer synthesized with chemical vapor deposition is
transferred to the substrate. Secondly, the H-shaped graphene
array is completed by electron beam lithography. Then, the
ion gel can be utilized as the top gate, while the bottom of
substrate is used as the back gate. Finally, the carrier density
in graphene can be changed by adjusting the voltage, and then

the conductivity of graphene can be dynamically adjusted.

3. Results and discussion

Figures 2(a)-2(e) show the transmission spectra of H-
shaped graphene structure with different values of polarization
angle 6. When 0 = 0°, the electric field is along the x direc-
tion and the transmission spectrum exhibits a significant PIT
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effect. A transparency peak located at position 2 (2.18 THz)
appears between two resonance dips at position 1 (1.91 THz)
and position 3 (2.46 THz). As 6 increases, the transparency
peak gives rise to a minor shift and the intensity decline at
the same time. Finally, a transmission dip at 2.28 THz is ob-
tained and the transparency window disappears at 6 = 90°.
Thus, the transmission peak intensity is able to change from
the switch-on state to the switch-off state with polarization an-
gle 0 varying from 0° to 90°. This actively tunable PIT effect
implies its potential applications in making optical switches at
THz frequencies.
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Fig. 2. (color online) (a)-(e) Transmission spectra of H-shaped graphene
structure at different values of polarization angle 6, where /4 = 1.5 pm and
Ep = 0.5 eV. (f)—(j) Normalized electric field and normalized surface current
distributions at resonant peak position, which are denoted by black arrows
in panels (a)—(e).

To fully dig out the origin of such a PIT phenomenon, the
normalized electric field distribution and normalized surface
current distribution (in arrows) are given in Figs. 2(f)-2(j). For

6 = 0°, the electric field distribution of the upper part and the
lower part are out-phase (similar to a quadrupole). The surface
currents emerge clockwise on both sides. With the increase of
polarization angle 0, the direction of the surface current grad-
ually changes from the crossed distribution (Fig. 2(f)) to the
same direction (Fig. 2(j)). This is a typical dipole mode at
the resonance dip (2.28 THz) due to a parallel electric field to
the arms of the structure. Briefly, the electric field distribution
changes from a quadrupole to a couple of dipoles when the
polarization angle is tuned from 0° to 90°. Namely, the PIT
mode can be excited at @ = 0°. By further enlarging the polar-
ization angle 6, the PIT mode fades gradually and the dipole
mode is enhanced.

To better reveal the mechanism of PIT resonance in our
proposed structure, we investigate the electric field and nor-
malized surface current distributions at 0° polarization angle.
The results are shown in Fig. 3. The low frequency resonance
dip 1 at 1.9 THz dominantly arises from the lower part, which
is in accordance with the excited electric field as shown in
Fig. 3(a). The resonance on the upper part evokes the high
frequency resonance dip 3 at 2.46 THz, because the upper
length is shorter than the lower one. In a sense, the upper
part is regarded as dark-mode due to out-phase electric field
with the excited electric field, while the lower is bright-mode
because of its in-phase electric field with the excited electric
field. At transparency frequency 2.18 THz, the destructive in-
terference occurs between two modes and the electric field in-
tensity is obviously lower than that of single mode excitation
in Fig. 3(b). It can also be explained by magnetic dipole in-
duced transparency mechanism in Fig. 4. The solid arrows
represent the directions of the flowing currents and the marked
U represents the magnetic dipole moment. The circulating cur-
rent is excited by incident field and gives rise to a magnetic
dipole moment perpendicular to the x—y plane.*4%! A single
magnetic dipole moment coupled with the incident wave, and
then a transmission dip is formed, such as 1.9 THz (w;) and
2.46 THz (w3). At transparency frequency 2.18 THz (@), the
currents of the upper part keep constant, while the currents of
the lower flow in the anti-clockwise direction. Thus, the two
dipole moments are aligned to be parallel and repulsive to each
other, giving rise to a magnetic response in the system. Con-
sequently, it enhances the propagation waves passing through
at resonance.

In addition, it should be pointed out that the optical prop-
erties of graphene can be substantially modified via doping or
gating since the conductivity of graphene depends strongly on
Fermi energy. We can dynamically tune the transparency win-
dow over a broad wavelength range by controlling the Fermi
energy levels of graphene. The results are shown in Fig. 5.
Figure 5(a) shows the transmission spectra of the proposed
graphene structure under different Fermi energies in the case
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of 6 =0°. It is found that as the Fermi energy increases,
the transparency peak shifts to higher frequency. Meanwhile,
the transmissions of two resonance dips are significantly re-
duced. The relationship between the resonant peak and the
Fermi energy is shown in Fig. 5(b). The linear fit of the res-
onant peak in red line indicates that the larger Fermi energy
causes a blueshift of the resonant peak. When the Fermi en-
ergy of graphene is 0.5 eV, the transmission peak is located
at 2.18 THz. Increasing the Fermi energy to 0.9 eV, the lo-
cation of the transmission peak moves to 2.89 THz. It is re-

A 6.38%x103

v —9.76X103

vealed that the transparency window can be tuned easily over
a broad range in the investigated frequency regime only by a
small change in the Fermi energy. It has a great potential ap-
plication in optical filter. With Er = 0.7 €V, the transmission
intensity can reach 0.89 at 2.55 THz. When the Fermi energy
of graphene increases to 0.9 eV, the transmission intensity de-
clines sharply to 0.35. The maximum modulation depth of
the metamaterial (MD = |Tinax — Tmin|/Tmax) at 2.55 THz is
60.7%.

A 2.87x103 A41.37x103

v —4.06x102 v —1.77X103

Fig. 3. (color online) Electric field and normalized surface current distributions at 0° polarization angle in Fig. 2(a) at three different resonant positions:
(a) the first resonant position 1.9 THz (), (b) the second resonant position at 2.18 THz (@,), and (c) the third resonant position at 2.46 THz (@3).

w1 w2 w3

(a) (b) (c)

Fig. 4. (color online) Surface currents excited by magnetic-dipole cou-
pling with the propagation waves.
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Fig. 5. (color online) (a) Transmission spectra of graphene based PIT struc-
ture under normal incidence at different values of Ef, and (b) relationship of
the resonant PIT peak with Fermi energy Er.

To explore the sensing ability of our proposed structure,
figure 6(a) shows that the PIT spectra are changed with dif-
ferent refractive indexes n of the substrate under normal inci-
dent electromagnetic wave and other material parameters are
unchanged. With refractive index increasing from 1.7 to 2.1,
the transparency window is obviously red-shifted and the res-
onance strength of the PIT window is slightly enhanced. The
relationship between the resonant peak and the refractive in-
dex is shown in Fig. 6(b). It can be clearly found that small
perturbations can result in dramatic shift of the resonance. A
spectral shift relative to the refractive index n of the substrates
is plotted in Fig. 6(c). The sensitivity of the structure can be
calculated with the linear fitting of 5619.26 nm/RIU. This high
sensitivity of the H-shaped graphene structure to the dielectric
substrate is of potential interest for plasmon sensors.

Moreover, we also investigate the PIT effect of the x ax-
ial symmetric H-shaped structure at different values of polar-
ization angles 6, and the results are shown in Fig. 7. The
schematic structure is shown in the inset of Fig. 7(a), where
the left arm is shorter than the right arm and the central bar
is located in the middle. The calculated transmission spec-
tra are shown in Fig. 7(a) and the electric field distribution
and surface current distribution at the resonant peak are shown
in Figs. 7(b)-7(d), when 6 = 90°. From Fig. 7(a), it can be
clearly found that a significant PIT effect can be achieved
when the polarization angle 6 approaches to 90°. With the
increase of the 6, the high frequency transmission window
gradually emerges. The electric field distribution and the sur-
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face current distribution reveal the origin of the PIT effect. For
the resonant frequency at 2.01 THz, only the long arm is ex-
cited strongly by the incident light, whereas the short arm is
excited very weakly, as shown in Fig. 7(b). However, when
the resonant frequency is 2.63 THz, only the short arm is ex-
cited strongly in Fig. 7(d). Both of the two arms are excited
simultaneously on account of the resonance detuning at the
resonant frequency 2.3 THz, as shown in Fig. 7(c). Moreover,
due to the detuning of the resonance frequency, the strength of
the induced electric field of the two arms at the transparency
peak 2.3 THz is smaller than those of the two transmission
dips at 2.01 THz and 2.63 THz. Comparing with the y ax-
ial symmetric H-shaped structure, we can find the difference
between the two structures results in the PIT effect. For the

former, toroidal currents induced by the incident field lead to
two magnetic dipole moments giving rise a magnetic response
in the system when 6 = 0°. For the latter, two arms coupled
with the incident field results in two electric dipoles, but they
are detuned with each other due to the opposite current oscil-
lations of two arms when 6 = 90°.

Now we come to investigate the dependence of the ab-
sorption spectrum on Fermi energy for the x axial symmet-
ric H-shaped structure. The contour of Fermi energy ranging
from 0.5 eV to 0.8 eV versus frequency of the designed struc-
ture is plotted in Fig. 8 with 6 = 90°. It can be observed that
the increase of Fermi energy induces the resonant peaks to be

blue-shifted and the amplitudes of two dips to increase.
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E
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Fig. 6. (color online) (a) Transmission spectra of graphene-based PIT structure at different values of refractive index n, with 6 = 0° and Eg = 0.5 eV, (b)
relationship of the resonant PIT peak and refractive index n, and (c) relation between spectral shift AA of the transparency peak and refractive index n of

substrate.
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Fig. 7. (color online) (a) Transmission spectra of x-axial symmetric H-shaped structure at different values of polarization angle 6, and (b)—(d) electric field
and surface current distribution at 2.01 THz, 2.3 THz, and 2.63 THz with 6 = 90°.
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Fig. 8. (color online) Contour of Fermi energy versus frequency of x-
axial symmetric H-shaped structure.

Graphene is an attractive 2D carbon material.[*!! The
carbon-to-carbon in-plane bond in graphene is very strong,
which makes graphene sheets quite robust. However, carbon
atom vacancies with respect to what would be a perfect arm-
chair around the edge appears difficult to avoid.*>**1 We cal-
culate the transmission spectrum and electric field distribution
of the asymmetric H-shaped graphene structure with rough
edges. The transmission spectrum of rough edge structure is
simulated and compared with that of smooth edge structure
in Fig. 9. The results illustrate that our structure with rough

4 7.16X108

—6
v —5.33X108

edges also achieves a typical PIT phenomenon. It is also found
that the variation trends of the two curves are similar and the
locations of the wave peaks vary slightly. The electric field
and normalized surface current distributions at three different
resonant positions are also presented. Figure 10(a) is the first
resonant position at 1.96 THz. Figure 10(b) shows the sec-
ond resonant position at 2.3 THz, and figure 10(c) displays the
third resonant position at 2.53 THz. The results have similar
distributions to those of the original structure in Fig. 3.
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Fig. 9. (color online) Transmission spectra of smooth H-shaped asymmetric
graphene structure (black line) and H structure with rough edges (red line)
of the graphene-based structure at 0° polarization angle.
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Fig. 10. (color online) The electric field and normalized surface current distributions of the rough asymmetric H shaped graphene structure at 0°
polarization angle at three different resonant positions: (a) the first resonant position at 1.96 THz, (b) the second resonant position at 2.3 THz, and (c)

the third resonant position at 2.53 THz.

4. Conclusions

In this work, we theoretically investigate the dynami-
cally controllable PIT effect with two kinds of asymmetric
H-shaped graphene resonators by varying polarization angles
rather than changing the structure parameters. The transition
from the switch-on state (PIT mode) to switch-off state (dipole
mode) is theoretically demonstrated by simply adjusting the
polarization angle. Importantly, the destructive interference
between a dark mode and a bright mode is employed to an-
alyze the transmission mechanism. The PIT resonance fre-
quency can be dynamically tuned by adjusting the Fermi en-
ergy of the graphene, instead of re-fabricating the structures.
The tunable PIT effect of the x axis symmetric H-shaped struc-
ture by the polarization angle is also investigated. The phys-
ical mechanism of the induced transparency is revealed from
the electric dipole hybridization coupling. Moreover, our pro-

posed asymmetric H-shaped graphene structures with rough
edges can also embody the PIT effect. Based on the observed
phenomenon, our designed H-shaped structures could offer
new opportunities for applications in optical filter, optical sen-
sors, and switches.
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