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Abstract We propose a highly wavelength-tunable multi-
mode plasmonically induced transparency (PIT) device based
on monolayer graphene and graphene rings for the mid-IR
region. The proposed PIT systems explore the near-field cou-
pling and phase coupling between two graphene resonators.
The multi-mode transparency windows in the spectral re-
sponse have been observed in the graphene-integrated config-
urations. By varying the Fermi energy of the graphene, the
multi-mode PIT resonance can be actively controlled without
reoptimizing the geometric parameters of the structures.
Based on the coupled mode theory and Fabry-Perot model,
we numerically investigated the two kinds of coupling in the
graphene-based PIT systems. This work may pave the ways
for the further development of a compact high-performance
PIT device.

Keywords Graphene plasmonic - Plasmonically induced
transparency - Multi-mode transparency windows

Introduction

Electromagnetically induced transparency (EIT) is a special
and fascinating phenomenon in laser-driven atomic systems.
In EIT, the quantum destructive interference between the
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excitation pathways to the atomic upper level gives a sharp
transparency window within a broad absorption spectrum in
the medium [1, 2]. A majority of promising applications are
proposed in quantum information, nonlinear optics, ultrafast
switching, slow light effect, etc. [3, 4]. Recently, the novel
phenomenon analogous to EIT, which is known as
plasmonically induced transparency (PIT), has been identified
in various systems based on metamaterial structures [5—11].
However, in these cases, the ability to actively tune PIT reso-
nance remains a challenge.

A monolayer graphene [12], with remarkable optical prop-
erties, such as extreme confinement, dynamic tunability [13,
14], and low losses [15], has been vigorously researched as a
promising platform for plasmonics during recent years
[16-21]. Particularly, the surface conductivity of graphene
could be dynamically tuned by electrochemical potential via
gate voltage, electric field, magnetic field, and chemical dop-
ing [22]. This increasingly promotes the development of ac-
tive plasmonic devices including absorbers, polarizers, and
transformation optical devices [23-25]. Liu et al. have
researched a graphene-based Fabry-Perot (F-P) microcavity
for plasmon-induced transparency effect [26]. Zi et al. numer-
ically investigated EIT optical response based on graphene
nanostructures [27]. Thus, monolayer graphene, which has
exciting optoelectronic transport properties suitable for dy-
namically frequency tunable PIT planar device, is a building
block for tunable sensors, switchers, and slow light devices.

In this letter, a highly wavelength-tunable multi-mode PIT
device based on monolayer graphene and graphene rings for
the mid-IR region has been proposed. The multi-mode trans-
parency windows in the spectral response have been observed
in our configurations composed of two graphene resonators
side coupled to single-layer graphene bus waveguide. By
varying the Fermi energy of the graphene, the multi-mode
PIT resonance can be actively controlled without reoptimizing

@ Springer



1410

Plasmonics (2015) 10:1409-1415

the geometric parameters of the structure. Based on the
coupled mode theory (CMT) and F-P model, we numerically
investigated the near-field coupling and phase coupling in the
graphene-integrated PIT systems.

Graphene Plasmonic Systems and Theoretical Model

As shown schematically in Fig. 1, the designed tunable multi-
mode PIT device consists of two graphene rings and mono-
layer graphene. The two-dimensional numerical simulations
are carried out in the configurations using the finite element
method (FEM) [28]. The optical conductivity of graphene is
governed by the Kubo formula including the interband and
intraband transition contributions [29]. It depends on temper-
ature 7, Fermi energy E; momentum relaxation time 7, and
photon frequency. In our analysis, the employed incident light
is in the mid-infrared range where the intraband transition
contribution dominates in monolayer graphene [30]. Under
this condition, the optical conductivity is simplified to

71'62Ef/71'ﬁz
CwHirt’

0g(w) (1)
where e is the electron charge, £ represents the absolute value
of the Fermi level and the carrier relaxation time 7= 1Ey/(ev/)
relates to the carrier mobility 1, and Fermi velocity v/= 10°m/s
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Fig. 1 Schematic of multi-mode PIT device consists of two graphene
rings and monolayer graphene. a Three-dimensional model of the PIT
device. b Side view of the PIT configuration: R; and R, are the radius of
the two graphene rings; d is the coupling distance between the graphene
waveguide and graphene rings; w is the separation between two graphene
rings; Vgo, Vg1, and Vg, represent the gate voltages on graphene
waveguide and the two graphene rings, respectively
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in graphene. The equivalent permittivity of graphene is given
by the equation [23] &, ., =1 +iony/(kyA), where 1,=377 is
the intrinsic impedance of air and k,= 27/\ is wavenumber in
vacuum.

In our simulations, the thickness of monolayer graphene
and graphene ring are modeled as A=0.5 nm, and the carrier
mobility is reasonably chosen to be ;z=20,000 cm® V' s~
from experiment results [12, 24]. The TM-polarized surface
plasmon polaritons (SPPs) supported by single-layer graphene
is only in consideration for the investigation. The dispersion
relation of this TM SPP surface wave follows the equation

B = ko 1—(i)2, @)

Mo0g

where (g, is the propagation constant of graphene SPPs.
Another important parameter derived from the above equation
is the effective refractive index of graphene SPPs Ny, =G/
ko, which shows the ability to confine SPPs on graphene. The
propagation length is defined as Lg,,=1/Im(/y,) featuring the
SPP propagation loss in graphene. Furthermore, it should be
noted that the dispersion relation of SPPs on monolayer
graphene works on graphene rings as well [31]. The depen-
dence of Re(Nyp,p) and Ly, on the Fermi level £yand incident
light wavelength A are shown in Fig. 2. Obviously, from
Fig. 2a, the Re(NVyp,) increases as the Fermi level £, decreases
for a fixed wavelength, which means the SPPs are better con-
fined at a lower Fermi level. Nevertheless, the tendency in
Fig. 2b is evidently opposite to that in Fig. 2a indicating a
lower Fermi level gives shorter propagation length. Thus,
those two important factors should be both taken into consid-
eration for the design of PIT systems. Interestingly, the
Re(Ngpp) varies greatly when the Fermi level is slightly
changed, which is the guidance for active PIT device design.
In this work, two PIT systems, near-field and phase coupling
systems, are proposed to investigate PIT effects.

PIT Response in Near-Field Coupling Systems

At first, the near-field coupling between two graphene reso-
nators is mainly discussed by the CMT model. The separation
w has been set small so that phase coupling has less influence
on the resonant frequency of the near-field coupling system.
According to CMT [32], the electric field amplitudes E; and
E, of the two graphene rings satisfy the following equations:

dE
72‘1 = ilel + il€12E2, (3)
dE
d—tQ = inEz + il€21E1. (4)

Here, k1, and k,; are coupling coefficients depending on
the coupling distance separation w, and w; and w, are the



Plasmonics (2015) 10:1409-1415

1411

a b
60
30 / _
T40. g
P b
20
10 0.4

' (l._S
ESG\‘

10
0.6

Way, 6
elenxlh(ﬂm ) 0.7

4

/\
A

40

30-

20

10

0]
10

0.4
|8 0.5
5"(‘[(-"2"'(‘"'?) ".6EI(e\ \

4 0.7

Fig. 2 a The real part of effective refractive index for graphene SPPs as a function of incident wavelength and Fermi level. b The dependence of

propagation length Lspp on incident wavelength and the Fermi level

resonant frequency of the two graphene resonators. In the
near-field coupling case, the propagation loss on the graphene
waveguide between two resonators has been ignored for sep-
aration w and the Im(f;,p) are small enough. Based on the
above equations, the PIT-resonance frequency of the near-
field coupling model follows:

£ (

It is found that the resonant frequency of individual
graphene resonator is split, when w; equals w,. The splitting
frequency difference is Aw=2|x,|, which is the transparency
band discussed in the following.

To demonstrate the PIT effect in near-field coupling sys-
tem, numerical simulations have been carried out to yield its
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2
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)+ el (5)

transmission spectra with different separation w in Fig. 3a.
The Fermi energy of graphene waveguide and two graphene
rings are fixed at 0.4 and 0.5 eV, respectively. The coupling
distance between graphene waveguide and the ring resonators
is set as d=60 nm. From Fig. 3a, the first spectrum shows
multiple pronounced dips with one graphene resonator. The
resonance wavelength of SPPs on graphene ring should fol-
low the phase-matching equation [33]:

Re(Bpp) 2R = 2m, (6)
where m is a positive integer, resonance mode number. From
the remaining subfigures in Fig. 3a, as w decreases from 80 to
20 nm, the multi-mode PIT windows present and become
increasingly apparent and broad owing to the intensification
of coupling between the two graphene rings. Interestingly, the
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sub-PIT windows have been observed in first- and
second-order resonance mode regions, and the sub-
transparency peaks get more evident with the two cou-
pling rings closer. The Q-factor of the multi-mode PIT
windows is defined as A\o/A)\, where Ay and A\ are
transparency-peak wavelength and full width at half
maximum (FWHM) of the transparent window, respec-
tively. As shown in Fig. 3b, the Q value increases dra-
matically with a growing w. It is obvious that the QO
value of high-mode PIT window is more sensitive to
the coupling separation w. These two important features
can be employed to modulate the Q of PIT resonance.
Since the optical conductivity of graphene can be tuned
by gate voltage, the interference process can be actively
controlled. When one of the graphene rings is biased,
its Fermi energy can be correspondently varied.
Supposing the gate voltage gives a Fermi energy E/=
0.05 eV, the biased graphene ring will no longer support
SPPs because the interband transition of electrons occur
at this Fermi energy [17]. According to the correspond-
ing transmission spectrum, this system works just like
the system with a single graphene ring indicating that
the transparency windows of each mode can be dynam-
ically switched on or off, shown in Fig. 3c.

To explore the physics of the observed multi-mode PIT
transmission spectra, the normalized electric field distribu-
tions corresponding to the transparency windows for first-or-
der, second-order, and third-order modes are visually illustrat-
ed in Fig. 4. When the incident wavelength A=7.24, 5.94, and
5.17 um, the two graphene resonators interfere destructively
with each other at some specific wavelength, which results in
the PIT optical response. Moreover, the destructive interfer-
ence is stronger as the separation gets smaller.

Fig. 4 Normalized electric field
distribution corresponding to
transmission peaks and dips in the
transparent region for first-order,
second-order, and third-order
modes. The insets denote the
corresponding Hz distribution of
graphene SPPs in the PIT systems
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PIT Response in Phase Coupling Systems

In this part, the focus is on the phase coupling of two graphene
resonators. To avoid the direct interference between two res-
onators, the separation w has been set large enough and tun-
able. The other geometric parameters are chosen as follows:
R{=R,=60 nm and d=45 nm. Based on the phase-matching
equation, we know the resonance wavelength can be adjusted
via gate voltage. We define the difference between resonant
wavelength of individual graphene ring as 6,=A;— X, (i=1, 2,
3 for each mode). Seeing from Fig. 5a, A1-C1 illustrate the
transmission spectra of the individual graphene resonator. The
Ep of left-hand ring is fixed at 0.52 eV, which yields three
resonance dips (7.86, 5.56, and 4.55 um) corresponding to
first-order, second-order, and third-order resonance modes,
depicted by the red solid line. As Ep of the right-side ring
grows from 0.56 to 0.64 eV, the §; gradually increases leading
to a broader gap between two resonance dips of each mode.
From the other subfigures in Fig. 5a, as the J; grows, the first-
order mode PIT window shows an obvious off-to-on feature
while the second-order and third-order transparency bands are
becoming broader. Another important feature for first-order
mode is that a strong PIT peak is observed only at specific
values of the graphene resonator inter space w. When w is far
from those values, the PIT resonance transmittance peak re-
cedes, which can be explained in the F-P (Fabry-Pérot) reso-
nator model. The two graphene rings can be treated as two
mirrors of the F-P model with respective reflection
(transmission) relating to incident wavelength. The phase re-
tardation in propagating between two graphene resonators fol-
lows Ap=Re(B;,p)w. As we expected, the spectral response
of the PIT systems is well predicted by the simple F-P model
through the individual resonator response. The corresponding
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Fig. 5 a AI-CI represent the transmission spectra of the individual 0.52 eV and Ef2=0.56 eV (42-C2), 0.60 eV (43—C3), 0.64 eV (44—
graphene resonator at different Fermi level. The red solid lines denote C4) for different separation, respectively. b Normalized electric field
the transmission spectrum of the ring with Fermi level Ef1=0.52 eV. The distributions corresponding to transmission peak and dips in the

blue dashed lines show the transmission spectra of the rings with Fermi transparent region for second-order mode in A2. The insets denote the
level Ef2=0.56, 0.60, and 0.64 eV, respectively. Subfigures 2—4 are the corresponding Hz distributions
transmission spectra of the phase coupling PIT systems with Efl=

normalized electric field at the three wavelengths from A2 in ~ of second-order and third-order modes are presented in Fig. 6
Fig. 5a visually illustrates the F-P model, shown in Fig. 5b. ~ where the similar PIT response can be evidently observed.
However, it should be noted that the size of resonator rings ~ From the aforesaid analysis, we find high-order mode PIT
will introduce slight uncertainty in the value of w. window is more sensitive to the difference between resonance

To further illustrate the off-to-on optical response of high- ~ wavelength and high-order mode transparency peak is less
order mode PIT windows, we shorten the resonance difference  sensitive to separation w, which provides guidelines for the
0; and wavelength-sweeping region. The transmission spectra  design of a dynamical control PIT system.
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Fig. 6 a Off-to-on transmission spectra for second-order mode transparency window at different separation. b Off-to-on transmission spectra for third-
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Conclusion

In conclusion, we have numerically demonstrated the multi-
mode PIT optical response based on monolayer graphene
waveguide coupled with graphene rings for the mid-IR region.
From the simulation results, the multi-mode PIT effects have
been evidently observed in both near-field and phase coupling
systems. In near-field coupling system, the multi-mode PIT
spectral response closely depends on the coupling distance,
which is well explained by CMT model. Moreover, the trans-
parency windows of each mode can be dynamically switched
on or off via varying the Fermi energy on one of the graphene
resonators. For phase coupling case, the off-to-on PIT feature
can be actively achieved by adjusting the resonance-
wavelength difference §; through varying the Fermi level of
graphene rings. The F-P model has been well employed to
analyze the corresponding PIT spectra. It is found that high-
order mode PIT window is more sensitive to the difference
between resonance wavelengths and the high-order mode
transparency peak is less sensitive to separation w. All of the
observed PIT spectral features are of great importance to pro-
vide guidelines for the design of a dynamical control PIT
system. Our work may open new ways for the further devel-
opment of a compact high-performance PIT device.
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