
Research Article Vol. 27, No. 24 / 25 November 2019 / Optics Express 34731

Metal-graphene hybridized plasmon induced
transparency in the terahertz frequencies

ANQI YU,1,4 XUGUANG GUO,1,4 YIMING ZHU,1,* ALEXEY V.
BALAKIN,1,2,3 AND ALEXANDER P. SHKURINOV1,2,3

1Shanghai Key Lab of Modern Optical System, Terahertz Technology Innovation Research Institute,
Terahertz Spectrum and Imaging Technology Cooperative Innovation Center, School of Optical- Electrical
and Computer Engineering, University of Shanghai for Science and Technology, 516 Jungong Road,
Shanghai 200093, China
2Department of Physics and International laser Center, Lomonosov Moscow State University, Leninskie
Gory 1, Moscow 19991, Russia
3ILIT RAS – Branch of the FSRC “Crystallography and Photonics” RAS, Svyatoozerskaya 1, 140700,
Shatura, Moscow Region, Russia
4These authors contributed equally
*ymzhu@usst.edu.cn

Abstract: In this work, metal-graphene hybridized plasmon induced transparency (PIT) is
systematically studied in the proposed simple metal/dielectric/graphene system. The PIT effect
is the result of the coupling between the bright dipolar modes excited in the graphene regions
under the shorter metallic bars and the dark quadrupolar modes excited in the graphene regions
under the longer metallic bars. The coupled Lorentz oscillator model is used to help explain
the physical origin of the PIT effect. Other than being tuned by the distance and the lateral
displacement of the orthogonal metallic bars, the coupling efficiency can be further enhanced
by the in-phase coupling or quenched by the out-of-phase coupling between the adjacent unit
cells. Reduced barrier thickness will result in the enhancement of the coupling strengths and
the scaling down of the device. Finally, we show that the PIT window can be actively tuned by
changing the Fermi energy of graphene. The proposed structure has potential applications in
actively tunable THz modulators, sensors and filters.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, plasmon induced transparency (PIT) has attracted a lot of attention because of
its potential applications in slow-light devices [1,2], chemical sensing [3,4], active plasmonic
switches [5,6], waveguide modulators [7,8], band stop filters [9] and surface enhanced Raman
scattering [10]. In analogy to electromagnetically induced transparency, PIT is a kind of
interference effect that occurs in a three-level plasmonic metamaterial system. The PIT effect
results from the interference between a bright (radiative) mode (which can be directly excited by
the incident electromagnetic wave) and a dark (non-radiative) mode (which cannot be directly
excited by the incident wave): the incident wave directly excites a bright mode, inducing a dip in
the transmission spectrum and then the bright mode excites a dark mode by near field coupling,
resulting in a transparency window within the dip. A dark mode is “dark” because it has 0
net dipole moment, such as a quadrupolar mode or a circular mode. In the past few years, PIT
effect has been proposed and demonstrated by exciting quadrupolar modes in dolmen structures
[11–15] and orthogonal bar structures [16], circular modes in split-ring resonators [17–20],
non-concentric ring/disk arrays [21,22] and disk/disk arrays [5,10,23–25] both theoretically and
experimentally in metallic structures.

Metallic surface-plasmons-based and spoof-surface-plasmons-based PIT effects, however, has
little post-fabrication tunability. Consequently, the application of metallic PIT devices within a

#376100 https://doi.org/10.1364/OE.27.034731
Journal © 2019 Received 27 Aug 2019; revised 23 Oct 2019; accepted 23 Oct 2019; published 12 Nov 2019

https://orcid.org/0000-0003-1733-6478
https://orcid.org/0000-0002-3631-3522
https://doi.org/10.1364/OA_License_v1


Research Article Vol. 27, No. 24 / 25 November 2019 / Optics Express 34732

broad frequency range requires multiple number of devices. PIT devices with post-fabrication
tunability, on the other hand, can realize the PIT effect with much smaller number of devices,
which is beneficial for integration. Recently researchers try to enhance the post-fabrication
tunability of metal plasmons by the integration with liquid crystals [26–28]. Nevertheless, liquid
crystals will introduce anisotropy in the dielectric environment and complicate the design of the
structure. The direct contact of metal and graphene can also help to tune the metal-plasmon-
caused PIT window within a short range by changing graphene Fermi energy [29,30]. Exciting
plasmons in plasmonic materials whose plasmon dispersions are tunable by changing the carrier
density is an alternate approach. PIT excited in patterned graphene, whose frequency can be
actively tuned by changing the applied gate voltage, has recently been studied [31–36]. However,
patterning graphene into certain structures will probably introduce contamination to graphene
such as photoresist, which will degrade the quality of graphene [37]. The degradation in graphene
mobility will weaken the PIT effect [33–35]. Therefore, it would be better to avoid further
treatment to graphene such as photo-lithography in order to avoid such degradation of graphene.
Xia et. al. proposed to realize graphene-plasmon-based PIT by using two graphene layers that
are composed of an upper sinusoidally curved layer and a lower planar layer [38]. Realizing the
PIT effect in a whole sheet of graphene with patterned metal is another alternative.
In this paper, the PIT effect is systematically studied in the proposed simple split T-shape

metal/dielectric/graphene structure in the terahertz (THz) frequencies. Compared with traditional
metal spoof-surface-plasmon-based PIT, the PIT effect in the proposed structure has post-
fabrication tunability. Compared with patterned graphene structures, the graphene sheet will
experience less quality-degrading processes. The split T-shape metal bars consist of longer
horizontal and shorter vertical metallic bars, as shown in Fig. 1. The metallic bars are used
to excite gated graphene plasmons. Unlike the quadrupolar mode formed by two out-of-phase
dipolar modes in the dolmen structure, the gated quadrupolar mode under a single metallic bar is
demonstrated to work as a dark mode. The dipolar mode excited in the graphene region gated by
the shorter vertical bar functions as the bright mode. If the frequency of the dark quadrupolar
mode is close to that of the bright dipolar mode and the two orthogonal metallic bars are close
enough, PIT will be realized by the interaction between the bright mode and the dark mode. The
PIT effect in the proposed structure can be excited either by center-excitation or edge-excitation.
Therefore, other than being tuned by the distance and the lateral displacement between the
orthogonal metallic bars, the coupling strength between the bright mode and the dark mode can be

Fig. 1. (a) The proposed split T-shape metal/dielectric/graphene structure. (b) The top view
of the proposed structure.
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further enhanced by the in-phase interaction or quenched by the out-of-phase interaction between
two adjacent T-shape structures when the metallic bars are rearranged. Since the gated graphene
plasmons interact with the charges in metal, the enhancement of the coupling strengths and the
scaling down of the device can be realized by simply reducing the spacing between graphene and
the metallic bars. The transmission spectra of the structure are simulated by the finite difference
time domain (FDTD) solutions and theoretically described by the coupled Lorentz oscillator
model. The frequency of the PIT window can be actively tuned after fabrication by simply
changing the Fermi energy of graphene. Such a feature indicates the potential applications such
as active THz switch by changing the applied gate voltage of the proposed structure.

2. Simulation and model

The proposed structure is schematically shown in Fig. 1 and the top view of a unit cell is shown
in the inset. The metallic structure in a unit cell consists of a shorter vertical one with length
of 3µm and a longer horizontal one with length of 4.8µm. All metallic bars have the same
thickness of 100nm and width of 1µm, and are modeled as perfect electric conductor (PEC).
The distance between the horizontal and vertical bars is denoted by d. The lateral displacement
between the central lines of the vertical and horizontal bars is denoted by s. If not specified,
d= 100nm and s= 0nm. The metallic bars and graphene are separated by a thin dielectric barrier
with initial thickness h of 80nm. The refractive indices of the dielectric barrier and the substrate
are 1.4. Generally, graphene should be modeled by the Kubo formula [29,33,35,38], which
consists both the interband and the intraband contributions to the conductivity. However, in the
THz frequencies the interband transition is forbidden according to the Pauli blocking, so that
the interband contribution can be ignored and the intraband transition is the only contribution
to the conductivity. Therefore, graphene is modeled by the Drude model instead of the Kubo
formula with thickness of 1nm. The mobility µ of graphene is assumed to be 40,000cm2/Vs and
the scattering rate γ is estimated by 1/γ=µEF/evF2, with EF the graphene Fermi energy, e the
electron charge and vF=108cm/s the graphene Fermi velocity. If not specified, EF=0.35eV. The
horizontal and the vertical periods of a unit cell are initially set as Px=6.1µm and Py=6.2µm,
respectively. The polarization of the incident radiation is along the y-axis.

To clarify the physical origin of the PIT effect, a coupled Lorentz oscillator model is adopted
to analyze the transmission spectrum. The graphene region which is gated by the vertical bar
is represented by oscillator 1 and the graphene region which is gated by the horizontal bar is
represented by oscillator 2. As the charges y1(t) in oscillators 1 can be directly excited by the
incident radiation and the charges y2(t) in oscillators 2 can only be driven by near field coupling
with oscillator 1, they satisfy the following coupled equations [11,13,18–20,31–33]:

y′′1 (t) + γ1y
′
1(t) + ω

2
1y1(t) + κ

2y2(t) = −
e
m
β21e
−iωt (1)

y′′2 (t) + γ2y
′
2(t) + ω

2
2y2(t) + κ

2y1(t) = 0 (2)

where γ1 and γ2 are the dissipative damping constants in oscillators 1 and 2, respectively; ω1
and ω2 are the angular frequencies of the intrinsic resonance modes in oscillators 1 and 2,
respectively; κ is the coupling strength between the bright mode and the dark mode, β1

2 is the
coupling strength between the bright mode and the incident radiation, m is the effective mass of
graphene plasmons. Then the conductivity of oscillator 1 takes the form [39–43]:

σ1(ω) = σDrude(ω) + σPIT−1(ω) (3)

σDrude(ω) = iσ0
4EF
π

1
~(ω + iγ)

(4)
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where σ0=e2/4� is the universal conductivity of graphene, � is the reduced Plank constant,
σDrude is the Drude background conductivity and σPIT−1 is the conductivity of the 1st coupled
bright-dark mode. (Here the conductivities of the higher order modes are not taken into account
because they are out of our consideration.) The transfer matrix of the graphene layer is [43,44]
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where c is the speed of light in vacuum, ε0 is the vacuum permittivity, n1=1 is the refractive index
of air and n2=1.4 is the refractive index of the substrate. Then the relationship of the incidence,
the reflectance and the transmission can be given as

©­«
Einc

Eref

ª®¬ = G · ©­«
Etran

0
ª®¬ (7)

whereEinc, Eref andEtran represent the incidence, the reflectance and the transmission, respectively.
The transmission spectrum is calculated as

T(ω) =
����Etran
Einc

����2 · n2 (8)

3. Results and discussion

The simulated transmission spectrum of the proposed structure when illuminated by normally
incident y-polarized THz waves is shown in Fig. 2(a) by the red curve. It can be seen that there
are two dips at 3.54THz (denoted by A) and 4.03THz (denoted by C) with a transparency window
peaked at 3.83THz (denoted by B) and the PIT effect is realized. The transmission spectrum
calculated by the coupled oscillator model is also shown in Fig. 2(a) by the red circles. The
simulated transmission spectrum of the vertical-bar structure and the horizontal-bar structure are
also shown in Fig. 2(a) by the black and the blue curves, respectively. The transmission spectrum
of the vertical-bar and horizontal-bar structures are calculated by the single oscillator model
(by setting κ in the coupled oscillator model as 0), as shown in Fig. 2(a) by the black squares
and blue triangles, respectively. It is seen that the vertical-bar structure shows a transmission
dip at 3.81THz while the horizontal-bar structure shows no peaks or dips within the concerned
frequency range. The Re(Ez) distributions of the vertical-bar-only structures at 3.81THz is plotted
in Fig. 2(b). It is obvious that the dip is caused by the dipolar mode excited in the gated graphene
region under the vertical bar. The Re(Ez) distribution of dip A, peak B and dip C are shown in
Fig. 2(c). Apparently, the graphene region under the vertical bar shows dipolar resonance for
dips A and C, which means that the excited dipolar mode leads to transmission dips. For peak B,
however, the dipolar mode is greatly suppressed and the graphene region under the horizontal bar
shows strong quadrupolar resonance.
The PIT effect is known to result from the interaction between a bright mode and a dark

mode [5–7,10–16,18–24,29,30,36,38] or the interaction between two bright modes [9,45,46].
According to the electric field distributions given in Fig. 2, the dipolar mode works as a bright
mode and the quadrupolar mode functions as a dark mode. The PIT effect in the proposed
structure results from the coupling between the bright dipolar mode and the dark quadrupolar
mode. The correspondence between the calculated and simulated spectra also suggests that the
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Fig. 2. (a) The simulated transmission spectra (solid curves) of the proposed spilt T-shape
structure (red), vertical-bar structure (black) and horizontal-bar structure (blue) and the
calculated transmission spectra of the proposed spilt T-shape structure (red circles), vertical-
bar structure (black squares) and horizontal-bar structure (blue triangles). (b) The Re(Ez)
distributions of the vertical-bar-only structure. (c) The Re(Ez) distributions of dip A, peak B
and dip C.

PIT effect in this work is the result of the coupling of a bright mode and a dark mode. A detailed
explanation is given as follows. When the y-polarized THz wave is incident upon the proposed
structure, it will directly excite the bright dipolar mode, known as the excitation pathway |0>→
|1> . When the bright dipolar mode is excited, it will interact with the dark quadrupolar mode
|2> of the gated graphene under the longer horizontal metallic bar by near field coupling. Then
there will be another excitation pathway of the bright mode |0>→ |1>→ |2>→ |1> . The two
excitation pathways destructively interact with each other so that the excitation efficiency of the
bright mode is reduced, opening a transparency window in the transmission dip of the bright
mode.

As the interaction between the bright mode and the dark mode relies on near field coupling, the
coupling efficiency should rely on the distance between the bright mode and the dark mode. That
is, the smaller the distance between the horizontal bar and the vertical bar is, the stronger the near
field coupling is, and then the deeper and wider the transparency window is. To further verify
that the transparency window shown in Fig. 2(a) is the result of the coupling between the dark
quadrupolar mode and the bright dipolar mode, the distance d between the horizontal and vertical
bars is gradually increased from 200nm to 1600nm. Py is set as 10µm to avoid the interaction
between the vertical bar and the horizontal bar in the lower adjacent unit cell. The simulated
transmission spectra as shown in Fig. 3(a) show that the transparency peak becomes weaker and
weaker as d increases, which is consistent with the reducing coupling strength κ as shown in
Fig. 3(b). The simulated |Ez | distributions as shown in Fig. 3(c) show that the bright dipolar
mode gets stronger and stronger as d increases. Thus, both simulation and calculation results
indicate that the coupling strength between the bright dipolar and dark quadrupolar modes is
reduced with the increase of d and the transparency window is the result of the coupling between
the bright and dark modes.

The coupling between the bright and dark modes can be tuned not only by d but also by lateral
displacement s. The transmission spectra as shown in Fig. 4(b) show that the transparency peak
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Fig. 3. (a) The simulated transmission spectra of the proposed spilt T-shape structure with
Py=10µm and d changing from 200nm to 1600nm. (b) The coupling strengths κ with d
changing from 200nm to 1600nm with a step of 200nm. (c) The |Ez | distributions with
d= 200nm, 600nm, 1000nm and 1600nm.

becomes weaker and weaker with the increase of s and disappears when s= 1.5µm (Px is set as
10µm to avoid the coupling between the vertical bar and the horizontal bar in the right unit cell).
After that, the transparency peak emerges again. Accordingly, the Re(Ez) distributions are given
in Fig. 4(c) and the change in the coupling strength κ as a function of s is plotted in Fig. 4(d). It
can be seen from the Re(Ez) distributions that the electric field under the horizontal bar is always
nearly symmetric. Because of the symmetry, the coupling between the bright mode and the dark
mode is strongest when the end of the vertical bar is against a “node region”, that is, s≈0µm or
s≈2.4µm; when the vertical bar is against an “anti-node region”, that is, s≈1.5µm, the coupling is
extremely weak.
The translation of the vertical bar shows that the dark quadrupolar mode can be efficiently

excited by the bright dipolar mode through both middle- and side-excitations. Therefore, κ can
be strengthened if the split-T shape bar sets are rearranged from rectangular-like to rhombus-like
by periodically translating some of the split-T shape bars in the y-direction as shown in Fig. 5(a).
Once the rearrangement is done, Px=6.1µm automatically doubles. The transmission spectra
with the decrease in Px is shown in Fig. 5(b). Obviously, the transparency window becomes
wider and wider, indicating the strengthening of κ. The change in κ as shown in Fig. 5(c) directly
shows the enhancement of κ. The Re(Ez) distribution given in Fig. 5(d) shows that the charges in
both coupling regions as denoted by the pink circles show opposite signs. Thus, the dark mode
excited by the bright mode in the same unit cell and the dark mode excited by the bright mode in
the adjacent unit cell (denoted by the pink dashed ellipse in Fig. 5(d)) are in phase, resulting in
the enhancement of the coupling between the bright mode and the dark mode. On the contrary,
if the translated split T-shape bars are rotated around the red point R by 180 degrees as shown
in Fig. 6(a), the dark mode excited by the bright mode in the same unit cell and the dark mode
excited by the bright mode in the adjacent unit cell are out of phase. Then, the excitation of the
dark mode will be suppressed and the transparency window will become narrower and narrower
when Px decreases as shown in Fig. 6(b). In this case, the coupling strength κ monotonously
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decreases with the decrease in Px as shown in Fig. 6(c). When Px≤6.6µm, the transparency
window nearly completely vanishes because the dark quadrupolar mode is nearly completely
suppressed, as shown by the |Ez | distribution in Fig. 6(d).

Fig. 4. (a) The schematics of the change in s with Px=10µm and s increased from 0.3µm
to 2.7µm. (b) The simulated transmission spectra (red solid curves) and the calculated
transmission spectra (blue circles) corresponding to the structures shown in (a). (c) Re(Ez)
distributions of the structures shown in (a). (d) The change in the coupling strength κ as a
function of s.

Once closely gated by metal, graphene or semiconductor plasmons will attractively interact
with the charges in metal and their dispersions will change from a quadratic one to a linear-like
one with ω ∝

√
h [47–49]. As the gated graphene plasmons are excited by metal, the thickness h

of the dielectric barrier which separates graphene and the metal bars will influence the frequency
of the PIT window. The transmission spectra as a function of h is shown in Fig. 7(a). It can be
seen that the frequency of the PIT window shows clear blueshift as h increases. As a result of the
weakened metal-graphene interaction, both β1

2 and the relative coupling strength κ /ω2 decreases
with increasing h as shown in Fig. 7(b). Then it can be inferred that both the enhancement of
coupling strength and the scaling down of the device can be achieved by decreasing h.
Finally, we show that the frequency of the transparency window can be tuned by the Fermi

energy of graphene because the dispersion of graphene plasmons is influenced by the Fermi
energy. As shown in Fig. 8, the center of the transparency window can be tuned from 2.89THz
when EF=0.2eV to 6.16THz when EF=0.9eV. The transmission at the resonance dips becomes
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Fig. 5. (a) The rearrangement of the split T-shape structure. (b) The simulated transmission
spectra of the rearranged spilt T-shape structure with Px reduced from 12.2µm to 6µm.
(c) The coupling strengths κ corresponding to the spectra shown in (a). (d) The Re(Ez)
distribution with Px = 7.4µm. The inset indicates the in-phase coupling between the adjacent
split-T shape structures.

Fig. 6. (a) The schematics of rotating the translated split T-shape bars by 180 degrees around
the point R. The dashed rectangles indicate a unit cell. (b) The simulated transmission spectra
of the rearranged spilt T-shape structure with Px reduced from 12.2µm to 6µm. (c) The
coupling strengths κ corresponding to the spectra shown in (a). (d) The |Ez | distribution with
Px=6.6µm. (e) The Re(Ez) distribution with Px=6.6µm. The inset indicates the out-of-phase
coupling between the adjacent split-T shape structures.
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Fig. 7. (a) The transmission spectra with h= 40nm (black), 80nm (blue), 160nm (red) and
320nm (dark cyan). (b) The change in β1

2 and κ/ω2 as a function of h.

lower while the transmission at the transparency window becomes higher because of the reduction
in γ. Therefore, both the frequency and the peak-to-dip ratio can be changed by tuning up the
Fermi energy of graphene.

Fig. 8. The contour of the transmission spectra by increasing the Fermi energy of graphene
from 0.2eV to 0.9eV.

4. Conclusions

In conclusion, we propose to realize the PIT effect in split T-shape metal/dielectric/graphene
structure. The PIT effect results from the coupling between the bright dipolar mode excited in
the graphene region under the vertical metallic bar and the dark quadrupolar mode excited in the
graphene region under the horizontal metallic bar. The coupling strength between the bright mode
and the dark mode can be tuned by the distance d between the vertical and horizontal bars, the
lateral displacement s between the central lines of the vertical and horizontal bars. Rearranging
the split T-shape metallic bars from rectangle-like to rhombus-like, the coupling strength can be
greatly enhanced with the reduction in Px because the dark mode excited by the bright mode in
the same unit cell and the dark mode excited by the bright mode in the adjacent unit cell are in
phase. By rotating the split T-shape bars in the rearranged structure around the R point by 180
degrees, the coupling strength will be weakened with the reduction in Px because the dark mode
excited by the bright mode in the same unit cell and the dark mode excited by the bright mode in
the adjacent unit cell are out of phase. The reduction in h will lead to the strengthening of the
coupling strengths as a result of enhanced graphene-metal interaction. Finally, it is shown that
the frequency and the peak-to-dip ratio are both tunable by the Fermi energy of graphene. The
results may find applications in slow-light devices, sensing, active plasmonic switches and active
band stop filters.
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