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Abstract We propose in this paper a tunable plasmonic filter
based on graphene split-ring (GSR) resonator. It is found the
resonances could be classified into two categories, i.e., even-
parity and odd-parity mode according to the symmetry of field
profile in GSR. The coupling between graphene nanoribbon
and GSR is GSR-orientation sensitive, and the odd-parity
mode presents a greater sensitivity due to its asymmetric field
profile. The transmission spectrum of the proposed filter could
be efficiently modified by tuning the shape, orientation, and
Fermi level of GSR. The proposed structure can be applied in
the tunable ultra-compact graphene plasmonic devices for
future nanoplasmonic applications.
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Introduction

Surface plasmons (SPs), electromagnetic waves couple to
free-electron excitations at the surface of a conductor, have
attracted increasing research interest in past decades [1]
because it provides the possibility to route and manipulate
light waves at the subwavelength scale which is highly needed
by the nanophotonic technologies. Graphene, a one-atom-thick

carbon layer, has been predicted and demonstrated to sustaining
SPs in infrared to terahertz frequencies [2]. Graphene plasmons
(GPs) have many appealing properties such as extreme con-
finement, tunability by gating or doping, and lowOhmic losses,
rendering graphene as a promising platform to build highly
integrated active plasmonic devices. Many tunable devices
were proposed based on GPs, such as modulator [3], plasmonic
filters [4–6], logic gates [7], and optical antennas [8].

Graphene nanoribbon (GNR) could be applied for efficient
GP waveguiding with small mode size and high mode index
[9]. Despite the large wavevector mismatch between GPs and
free-space photons, several methods have been devised to
excite GPs efficiently, such as grating coupling [10, 11] and
tapered polaritonic slab waveguide [12]. By using randomly
stacked multilayer graphene, the wavevector of GPs can be
substantially reduced as well [13, 14]. Resonator-waveguide-
coupled system is a generic configuration in photonics devices
which is widely used in the field of filtering, switching, and
sensing. Recently, numerous studies have been taken out to
investigate the graphene-based plasmonic resonators, such as
graphene ring [6], graphene disk [5], and graphene resonant
ribbon [15]. The resonator has a strong impact on the trans-
mission and reflection characteristics of the GNR plasmonic
waveguide, and different configurations of resonator have dis-
tinct properties.

Split-ring resonator is a fundamental element in the meta-
materials field and also known as Bmeta-molecule.^Graphene
split-ring (GSR) resonator shows a stronger magnetic re-
sponse than its metallic counterpart in infrared to terahertz
frequencies [16]. In this paper, we propose a plasmonic filter
consisting of a GNR side coupled by a GSR, which could be
realized on monolayer graphene by applying different bias
voltages to different regions. The proposed structure is numer-
ically investigated by 3D finite element method (FEM). We
first compare the transmission spectra of GNRs side coupled
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by graphene ring and by GSR and define two kinds of reso-
nant modes in GSR according to the symmetry of field profile
in GSR. Next, we investigate the influence of the effective
cavity length, the orientation of GSR, and the distance be-
tween GSR and GNR on the resonant wavelength and reso-
nance strength, and reveal that the GSR-GNR plasmonic cou-
pling is dependent on the orientation of GSR and the odd-
parity mode is found to be more sensitive to the orientation
due to the asymmetric field profile. Finally, we study the tun-
ability of the proposed filter by varying the Fermi level of
graphene. The proposed plasmonic filter is electrically tunable
and ultra-compact in size, and our study may provide an al-
ternative way for designing GP-based devices.

Structure and Simulation Method

Figure 1 shows the schematic diagram of the proposed plas-
monic filter. GSR is realized by introducing a split on a
graphene ring with outer radius R and width WR. The split
width corresponds to a sector angle θ, as denoted in Fig. 1.
The orientation of GSR is measured by the angle ϕ between
the center of the gap and x axis. The width of graphene ribbon
is W=50 nm. GP modes on GNR were characterized by the
node number of the mode profiles [17], and we only consider
the fundamental mode (i.e., the even-parity edge mode
depicted in the inset of Fig. 1) as the input due to its strong
interaction with GSR [6]. Single mode operation in GNR can
be realized by reducing the ribbon width W or increasing the
Fermi energy of graphene [9]. Without loss of generality, we
consider the whole structure is embedded in air.

The electromagnetic property of graphene can be charac-
terized by its dynamic conductivity σ, which is related to
temperature, Fermi energy Ef, scattering time τ, and electro-
magnetic frequencyω. Both interband and intraband transition
of electrons in graphene contribute to σ. In the infrared to
terahertz frequencies, the interband transition could be

neglected, and we only need to consider the intraband transi-
tion. σ can be well described by Drude model [16, 18],

σ ¼ ie2

πℏ2
E f

ωþ 1=τð Þ ð1Þ

where e is electron charge and ℏ is the reduced Planck’s
constant. In the 3D FEM simulation, graphene is modeled
as a thin layer with thickness t=1 nm and with effective
permittivity εeq=1+iσ/ωε0t [17], and scattering time τ is
0.5 ps based on recent graphene plasmonic studies [12].
As depicted in Fig. 1, the GP mode is injected at the “IN”
port. Numerical calculation of input mode is implemented
on the IN port face, and only fundamental mode is excited due
to the single mode GNR we choose. The BOUT^ port absorbs
the outgoing energy in the excited modes.

Result and Discussions

Figure 2a shows comparison of the transmission spectra of the
filter structures based on side-coupled GSR and graphene ring
resonators. The radius and width of both resonators are 100
and 50 nm. The distance between resonator and ribbon is
20 nm. The split width θ and orientation ϕ of GSR are 10
and 90 deg, respectively. The Fermi level of graphene is

Fig. 1 Schematic of the proposed filter consisting of a GNR with width
W and a GSR with outer radius R, width WR, and split width
corresponding to a sector angle θ. The orientation of GSR is denoted by
ϕ as indicated in figure. The distance between GSR and ribbon is d. The
insets show the x component (Ex) and normalized (|E|) electric field of
edge mode on GNR

Fig. 2 a Comparison of the transmission spectra of side-coupled GSR
and graphene ring filters. R=100 nm,WR=50 nm, d=20 nm, Ef=0.2 eV,
for both GSR and graphene ring, θ=10 deg and ϕ=90 deg for GSR. m
denotes the order of resonance and the corresponding field profiles are
depicted in the insets. The field profiles are snapshots of the electric fields
Ez at 3 nm above the graphene. b Field profiles of graphene ring resonator
in half an optical period at m=1 resonance, frequency f=50 THz,
nanowire radius R=120 nm, distance d=50 nm, and chemical potential
μc=0.6 eV
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Ef=0.2 eV. As for the graphene ring (red dashed curve),
two transmission dips emerge at λ=22.34 and 13.52 μm.
Figure 2b shows the field profiles at the resonance with
λ=22.34 μm in the graphene ring at different phases in
half an optical period. We can see that the resonant mode
circulates in the ring, indicating the fact that the resonant
mode in graphene ring is travelling wavemode [19]. The GSR
is formed by introducing a split (θ=10 deg, ϕ=90 deg) in the
graphene ring, and a slight blue-shift of the original resonant
wavelength can be observed (λ=22.24 μm, 13.48 μm). New
transmission dips appear at λ=17.70 and 12.07 μm. The

resonant modes in GSR are obviously standing wave modes
[19] due to the introduced split.

The field profiles in graphene ring and GSR at corre-
sponding resonant wavelengths are depicted in the insets
of Fig. 2a. The resonance modes in GSR could be cate-
gorized into two kinds according to the field profile sym-
metry. Even-parity modes are at λ=22.24 and 13.48 μm,
and odd-parity modes are at λ=17.70 and 12.07 μm. The
resonant wavelength of GSR could be obtained by the
Fabry-Perot (F-P) model. The effective F-P cavity length
Leff=(1-θ/360°)2πReff, where Reff=R-WR/2 and θ is in the

Fig. 3 a Transmission spectra of
the side-coupled GSR filter with
different R. b The resonant
wavelengths as a function of GSR
split width θ. c Transmission
spectra of the side-coupled GSR
filter with different WR. dMode
index of fundamental mode in
GNR with different width. The
parameters of the filter are set as
Fig. 2 unless they are changed for
comparison. The numbers in the
figure indicate the order of
resonance

Fig. 4 a Transmission spectra of the side-coupled GSR filter with
different ϕ. Insets show the Ez profiles at the first two resonances, and
the corresponding |E| profiles are shown in the right column. b The

minimum transmission ratio at the m=1 and m=1.5 resonances as a
function of GSR orientation ϕ. The inset shows the field profile of odd-
parity mode with the lowest transmission ratio (ϕ=27.5 deg)
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unit of degree. In order to achieve the standing wave condi-
tion, the resonant wavelength λm has to satisfy the following
equation,

λm ¼ neffLeff
mþ ϕr=π

ð2Þ

where neff is the effective mode index of GSR and φr is the
phase shift of GPs reflected at either edge of the split in GSR.
m can be regarded as the order of resonance. For even-parity
modes, m=1, 2, 3…, whereas for odd-parity modes, m=1.5,
2.5, 3.5….

The effective F-P cavity length Leff is jointly determined by
split width θ, outer radius R, and widthWR of GSR. Next, we
investigate the influence of these parameters on the transmis-
sion characteristics of proposed filter. The parameters of the
filter (i.e.,WR, R, d, θ, and ϕ) are set as Fig. 2 unless they are
changed for comparison. Figure 3a shows the transmission
spectra of the proposed filter with different R. The whole
spectra tend to red shift with the radius increasing. The θ-
dependent resonant wavelengths of the first four order reso-
nances are depicted in Fig. 3b. The resonant wavelength is

linearly decreased with θ increasing. This is because split
width θ and radius of GSR are both linearly related with Leff,
leading to the linear shift of the resonant wavelength. However,
it can be observed that the resonant wavelength of odd-parity
resonances is more sensitive to the change of split width. For
example, when θ varies from 10 to 45 deg, the resonant wave-
lengths of m=1 and 1.5 modes change by 1.07 and 1.8 μm,
respectively. Figure 3c shows the WR-dependent transmission
spectra with Leff and d kept unchanged. The resonant wave-
lengths of the same order tend to red shift as W decreases,
which results from the WR-dependent neff in GSR. The neff
can be approximated by the mode index of fundamental mode
in GNRwith the same width. Figure 3d depicts the mode index
of GNR with a width of 30, 50, and 70 nm. GNR with a
narrower width has a larger mode index, leading to an increase
of resonant wavelength in order to satisfy the standing wave
condition (see Eq. 2).

As discussed above, the resonant wavelengths are affected
by the effective cavity length and the mode index of GSR. The
GSR orientation ϕ is also expected to influence the reso-
nances. The transmission ratio at the resonant wavelength rep-
resents resonance strength, i.e., a lower (higher) transmission
ratio suggests stronger (weaker) resonance strength. Figure 4a
shows the transmission spectra of the proposed filter with
different GSR orientations ϕ, and other parameters R, W, θ,
d, and Ef are set the same as Fig. 2. The resonant wavelength is
determined by the standing wave condition Eq. (2). Therefore,
the positions of transmission dips are independent on the GSR
orientation ϕ as depicted in Fig. 4a. However, the minimum
transmission at each resonant wavelength, i.e., the resonance
strength, is influenced by the GSR orientation, especially for
the odd-parity mode. For example, at λ=17.70 μm (odd-par-
ity mode), when ϕ=90, 45, 0, −45, and −90 deg, the transmis-
sion ratio are 0.27, 0.22, 0.24, 0.45, and 0.70, respectively. As
for the even-parity resonance, the resonance strength has a
weaker dependence on the GSR orientation. Figure 4b shows
the transmission ratio at the m=1 (λ=22.24 μm) and m=1.5
(λ=17.70 μm) resonances with GSR orientation ϕ varying
from −90 to 270 deg in a counter-clockwise direction. Both
curves for even and odd-parity modes are symmetrical about

Fig. 5 Transmission spectra of the side-coupled GSR filter with different
GSR-GNR distance d. Other parameters of the filter are set as Fig. 2

Fig. 6 a Transmission spectra of
the proposed filter with different
GSR Fermi levels. b
Transmission ratio as a function
of Fermi level at the wavelength
20 μm. Insets show the field
profiles when Ef=0.158 and
0.247 eV
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ϕ=90 deg, i.e., the same resonance strength can be observed
when GSR is oriented symmetrically about y axis, which in-
dicates the fact that same transmission ratio could be obtained
when field is injected from either port of the proposed filter
with a fixed GSR orientation (see Fig. 2). The transmission
ratio of odd-parity mode varies from 0.21 to 0.71 with GSR
rotating, and that of the even-parity mode varies from 0.29 to
0.17. The lowest transmission ratio of even-parity mode oc-
curs at ϕ=−90 and 90 deg, and the highest one is at ϕ=0 deg,
whereas the lowest transmission ratio of odd-parity mode oc-
curs at ϕ=27.5 deg and the highest one is at ϕ=−90 deg. The
field of resonance in GSR forms standing wave pattern which
rotates with different GSR orientation, as depicted in the insets
of Fig. 4. Therefore, when the crest of standing wave in GSR
is close to the GNR, the resonance in GSR is enhanced due to
constructive interference between GSR and GNR. On the con-
trary, when the trough of standing wave is close to GNR, the
resonance is weakened when field minimum of the standing
wave is close to GNR because the fields in GSR and GNR
oscillate out-of-phase.

The resonance strength in GSR is also influenced by the
distance between GSR and graphene ribbon d. Figure 5 shows
the transmission spectra of the proposed structure with d
varying from 10 to 50 nm. The minimum transmission
ratio at each resonance is increased with d increasing,
which is a common phenomenon in resonator-waveguide-
coupled system. A reducing resonance strength at shorter
wavelengths could be observed, and a similar trend could
be observed in Figs. 3 and 4. This is because field is
tightly confined near the graphene structure at short wave-
length range which deteriorates the coupling between GSR
and ribbon.

Due to the unique properties of graphene, the transmission
spectra of the proposed filter can be tuned by changing the
Fermi level of graphene, which can be realized by electrical
gating. Since the filtering characteristics mainly depends on
the resonator, we change the Fermi level of GSR to examine
the tunability of the proposed filter, while the Fermi level of
ribbon is kept at 0.2 eV and other parameters are the same as
Fig. 2. Figure 6a shows the transmission spectra with Fermi
level of GSR set as 0.15, 0.2, and 0.25 eV. The resonant
wavelength exhibit blue shift with Fermi level increasing,
for example, when Ef is tuned from 0.15 to 0.25 eV, the res-
onant wavelength for m=1 resonance is changed from 25.70
to 19.91 μm. The transmission property at certain wavelength
could be modified dramatically by a slight change of Ef.
Figure 6b depicts the Ef-dependent transmission ratio at the
wavelength of 20 μm. When Ef changes from 0.189 to
0.248 eV, the transmission ratio reduces from 0.68 to 0.08.
The resonance type could also be tuned by varying Ef. The
resonance in GSR at Ef=0.247 eV corresponds to even-parity
modes, and at Ef=0.158 eV, the resonance becomes an odd-
parity one (see the insets of Fig. 6b).

Conclusions

In summary, a tunable plasmonic filter consisting of a GSR
resonator side coupled with a GNR is proposed and numeri-
cally analyzed by FEM method. The simulation result shows
the resonances in GSR resonator has even- or odd-parity field
profile, and the resonant wavelength can be predicted by using
F-P model with integer or non-integer number indicating the
mode order. The resonance strength is sensitive to the GSR
orientation and the strength of odd-parity resonance shows a
stronger dependence on due to its asymmetric field profile in
GSR. The transmission spectra of the proposed filter can be
changed by altering the split width, width, or outer radius of
GSR, and the strength of resonance is inversely related to the
distance betweenGSR and graphene ribbon. By increasing the
Fermi level of GSR, the resonant wavelength tends to blue
shift, and the even-parity resonance could be turned into
odd-parity mode by properly changing the Fermi level.
The proposed GSR side-coupled graphene ribbon structure
offers the flexibility to tailor the transmission spectrum by
carefully designing the GSR parameters and could be uti-
lized to realize tunable compact graphene plasmon devices
for future optical communication and processing in the
mid-infrared frequencies.
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