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Abstract. A plasmonic band-pass ﬁlter based on graphene rectangular ring resonator with double narrow gaps is
proposed and numerically investigated by ﬁnite-difference time-domain (FDTD) simulations. For the ﬁlter with or
without gaps, the resonant frequencies can be effectively adjusted by changing the width of the graphene nanoribbon,
the coupling distance and chemical potential of graphene. In addition, by introducing narrow gaps in the rectangular
ring resonators, it shows the single frequency ﬁltering effect. Moreover, the structure also shows high sensitivity for
different surrounding mediums. This work provides a novel method for designing all-optical integrated components
in optical communication.
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1. Introduction
Surface plasmons (SPs) are coherent delocalized electron oscillations that exist at the metal–dielectric interface [1]. Recently, both theoretical and experimental
studies have shown that surface plasmon polaritons
(SPPs) can also propagate along the graphene surface [2–4]. Compared to the traditional noble metals,
graphene has lots of advantages [5–10]. First, the thickness of the graphene layer is only one atomic scale,
which is less than any metallic ﬁlm. Secondly, graphene
can support graphene surface plasmons (GSPs) from
mid-infrared to terahertz frequencies, which can broaden the application of SPPs at these wave bands. Due
to its high tunability and conﬁnement, and low losses,
GSPs have been investigated on many kinds of devices,
such as optical switches [11], modulators [12], optical
splitters [13], and so on.
Currently, many types of optical devices based on
graphene have been investigated. Most of the devices
are based on graphene nanoribbon (GNR), which can
support both edge mode and waveguide mode [3,14].
If the width of the GNR is a few tens of nanometers,
there will be only the edge mode. Due to the existence
of the edge mode, GNR can realize great ﬁltering effect,
which is one of the most meaningful GSP applications.
Moreover, by using graphene, the property of the ﬁlters

can be tuned ﬂexibly, and the size of the ﬁlters can be
much smaller than that of the traditional optical ﬁlters.
In this paper, an ultracompact plasmonic ﬁlter based
on graphene rectangular ring resonator with double narrow gaps is proposed. The transmission spectra and the
electric ﬁeld distribution in the ﬁlter are obtained by
using the three-dimensional (3D) ﬁnite-difference timedomain (FDTD) method with perfect matching layer
(PML) absorbing boundary conditions. For the ﬁlter
structure with or without gaps, we investigate both the
effects of structural parameters and chemical potential
of graphene on transmission spectra. By changing the
width of GNRs, the working frequency range and the
transmission peak frequency can be changed. The band
width of the ﬁlter can be tuned by changing different
coupling distances between the lateral waveguide and
the rectangular ring resonator. Besides, the resonant frequencies can be easily manipulated by appropriately
changing the chemical potential of graphene, which
enables us to obtain an electrically tunable pass-band
ﬁlter without changing the structural parameters. Furthermore, the structure is highly sensitive to different
surrounding mediums, showing its potential to be a
biosensor. Our proposed structure can decrease the
dimensions of the plasmonic ﬁlter and so can be used to
design plasmonic integrated circuits.
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2. Models and discussion
Figure 1 shows the schematic diagram of the proposed
ﬁlter, which is composed of incoming and outgoing
waveguides as well as a rectangular ring resonator with
double narrow gaps. w is the width of the nanoribbon,
l is the width of the rectangular ring resonator, d is the
coupling length between the lateral waveguide and the
resonator, g is the gap width. As shown in the inset,
the graphene layer is deposited on the SiO2 /Si substrate.
At mid-infrared frequency, the interband transition is
suppressed. So the complex surface conductivity of
graphene can be calculated from the simpliﬁed Kubo
formula [2]:
σg =

−ie2 kB T
π h̄ 2 (ω − i2)



 μc

μc
−
+ 2 ln e kB T + 1 ,
kB T
(1)

where e is the charge of the electron, kB is the Boltzmann’s constant, h̄ = h/2π is the Planck’s constant, ω
is the radian frequency, μc is the chemical potential, 
is the scattering rate and T is the temperature.

FDTD method with PML absorbing boundary condition is used to investigate the transmission property of
the structure. Two power monitors are set at Portin and
Portout to detect the input power Pin and the transmitted
power Pout . So the transmissivity can be calculated as
T = Pout /Pin .
First we consider the regular rectangular ring resonator ﬁlter without gaps [15]. A source is put at the
left side to excite the fundamental edge mode in GNRs.
Then, the GSP edge mode will be coupled into the
rectangular ring resonator. Finally, the GSP wave that
satisﬁes certain resonance conditions can be coupled to
the exit port. Figure 2a shows the transmission spectra
with different GNR widths, which proves the ﬁltering
property. The other parameters are set as l = 120 nm,
d = 10 nm, T = 300 K and μc = 0.3 eV. When
the GNR width is 15 nm, it can be seen that there are
three peaks corresponding to the frequencies of 9.97,
18.44 and 23.92 THz. When the GNR widths are 20 and
25 nm, there are peaks corresponding to the frequencies
of 11.35, 20.99 THz and 12.66, 23.57 THz, respectively. The transmission peaks are 0.34, 0.63 and 0.53
at w = 15 nm, 0.44 and 0.78 at w = 20 nm and 0.68

Figure 1. Schematic diagram of the rectangular ring resonator ﬁlter with double slits. w is the width of the nanoribbon, l is
the width of the rectangular ring resonator, d is the coupling length between the lateral waveguide and the resonator, g is the
gap width. The inset is the side view of the proposed ﬁlter with a graphene nanoribbon deposited on the SiO2 /Si substrate.

Figure 2. (a) The transmission spectra of the ﬁlter when nanoribbon width w = 15, 20 and 25 nm. The other parameters are
set as l = 120 nm, d = 10 nm and μc = 0.3 eV. (b–e) E z ﬁeld distribution in the structure at frequencies f = 11.35, 10, 21,
19 THz.
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Figure 3. (a) The transmission spectra of the ﬁlter when chemical potential μc = 0.2, 0.3 and 0.4 eV. The other parameters
are set as w = 20 nm, l = 120 nm and d = 10 nm. (b) The transmission spectra of the ﬁlter with coupling distances d = 5,
10 and 15 nm. The chemical potential μc = 0.3 eV.

and 0.35 at w = 25 nm. When the GNR width is 20 nm,
the ﬁeld proﬁles of the ﬁrst- and second-order peaks
are shown in ﬁgures 2b and 2d. When standing wave
modes form in the resonator, most part of the GSPs can
propagate through it and transmit into the exit port. Furthermore, the E z ﬁeld distribution of two transmission
dips corresponding to the frequencies 10 and 19 THz
are depicted in ﬁgures 2c and 2e, respectively. It shows
that there is no excitation of the resonant cavity mode,
the ﬁeld in the rectangular resonator is very weak and
the waves cannot pass through the ﬁlter.
Figure 3a shows transmission spectra of the GSPs
for the structure for different chemical potentials μc .
When chemical potential is 0.2 eV, there are three peaks
corresponding to the frequencies of 9.28, 17.06 and
21.62 THz. When the chemical potentials are 0.3 and
0.4 eV, there are two peaks corresponding to the frequencies of 11.35, 20.99 THz and 13.30, 24.47 THz.
The transmission peaks are 0.36, 0.71 and 0.58 at μc =
0.2 eV, 0.44 and 0.78 at μc = 0.3 eV and 0.50 and 0.77
at μc = 0.4 eV. The resonant frequencies can be easily manipulated by changing the chemical potential of
graphene.
For transmission calculation, the coupling distance d
is also a very signiﬁcant parameter affecting the transmission efﬁciency at the resonant modes. As shown in
ﬁgure 3b, the transmission peaks at the coupling distance
d = 5 nm are 0.68 and 0.93 at the ﬁrst- and second-order
peaks, 0.44 and 0.78 at d = 10 nm and 0.26 and 0.46 at
d = 15 nm. The peak values decrease with increasing
coupling distance d, because larger coupling distance
can cause more energy coupled out of GNR. In addition, we can see that the resonant frequencies have a
redshift by decreasing the coupling distance d, which is
due to the changes of the phase shifts reﬂected on the
two facets of the resonant GNR as the coupling distance
changes [16].

Then we introduce double gaps with the width g = 20
nm in the middle of the rectangular ring resonator. Figure 4a shows the transmission spectra of the GSPs for
the structure with different GNR widths from 15 to 25
nm. The other parameters are set as l = 120 nm, d = 10
nm, T = 300 K and μc = 0.3 eV. Unlike the regular
structure, it can be seen that there is only one peak for
each GNR width, which shows the single frequency ﬁltering effect. The resonant frequencies are 18.87, 21.49
and 23.89 THz corresponding to the GNR widths of 15,
20 and 25 nm, respectively, and the transmission peaks
are 0.54, 0.82 and 0.24, respectively. When the GNR
width w is 20 nm, the transmission peak reaches the
maximum value. The E z ﬁeld proﬁle of the peak for
w = 20 nm is shown in ﬁgure 4b. It shows that most of
the GSPs can propagate through the ﬁlter. In addition,
the E z ﬁeld distribution corresponding to 19 THz frequency is depicted in ﬁgure 4c. It shows that the GSPs
cannot pass through the ﬁlter.
Figure 5a gives the transmission spectra for different coupling distances d. There is only one peak for
each coupling distance. As in ﬁgure 3b, the peak values decrease with increase in coupling distance d. We
can also see that the resonant frequencies have a redshift by decreasing the coupling distance d. Figure 5b
shows the transmission spectra of the ﬁlter with different
gap widths. It is obvious that the resonant frequencies
increase as g increases. We also ﬁnd that the transmission peaks have a nonlinear relationship with g. When
the gap width is 20 nm, the transmission peak reaches
the maximum value 0.82.
Figure 6a shows the transmission spectra of the GSPs
for the structure with different chemical potentials μc .
There is only one peak for each chemical potential as
well. The resonant frequencies are 17.37, 21.49 and
24.85 THz corresponding to the chemical potentials 0.2,
0.3 and 0.4 eV, respectively, and the transmission peaks
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Figure 4. (a) The transmission spectra of the ﬁlter when nanoribbon width w = 15, 20 and 25 nm. The other parameters are
set as l = 120 nm, d = 10 nm, g = 20 nm and μc = 0.3 eV. (b, c) E z ﬁeld distribution in the structure at frequency f = 21.5
and 19 THz, respectively.

Figure 5. (a) The transmission spectra of the ﬁlter when coupling distance d = 5, 10 and 15 nm. The other parameters are set
as w = 20 nm, l = 120 nm, g = 20 nm and μc = 0.3 eV. (b) The transmission spectra of the ﬁlter when gap width g = 15,
20, 25 and 30 nm. The other parameters are set as w = 20 nm, l = 120 nm, d = 10 nm and μc = 0.3 eV.

Figure 6. (a) The transmission spectra of the ﬁlter when the chemical potential μc = 0.2, 0.3 and 0.4 eV. The other parameters
are set as w = 20 nm, l = 120 nm, g = 20 nm and d = 10 nm. (b) The resonant frequency as a function of chemical potential.
(c) The peak transmittivity as a function of chemical potential.

are 0.43, 0.82 and 0.97, respectively. Figure 6b shows
the resonant frequency as a function of chemical potential. The frequency range is from 17.37 to 24.85 THz.
So the pass-band centre frequency can be tuned easily

by changing chemical potential without changing the
dimensions of the ﬁlter, which offers greater ﬂexibility
and performance than conventional metallic plasmonic
devices. As shown in ﬁgure 6c, the transmission peaks
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with refractive indices of the surrounding mediums. The
fabrication of our structure is simple and it can decrease
plasmonic ﬁlter dimensions, based on which we shall
ﬁnd potential applications in highly integrated optical
circuits.
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Figure 7. The transmission spectra of the ﬁlter with different
refractive indices of the surrounding mediums. The refractive
index varies from 1.31 to 1.35. The inset shows the linear
regression analysis between resonant frequency and refractive
index of the surrounding mediums.
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At last, we consider the relationship between the peak
location and the nearby dielectric medium. Figure 7
shows the normalized transmission spectra with different refractive indices of the surrounding mediums. The
structural parameters are not changed. From the curves,
it can be observed that the peaks move to the left gradually as the refractive index increases. The inset shows the
linear regression analysis between resonant frequency
and refractive index of the surrounding medium. The
sensitivity is 6.52 THz/RIU, which is much larger than
that in [17,18]. This high sensitivity makes the ﬁlter a
good plasmonic biosensor.

3. Conclusions
In this paper, a compact plasmonic ﬁlter based on
graphene rectangular ring resonator with double narrow
gaps has been proposed. For the ﬁlter, with or without gaps, simulation results based on FDTD method
show that the transmission spectra can be affected by
the width of the graphene nanoribbon, the coupling distance between the lateral waveguide and the rectangular
ring resonator and the chemical potential of graphene.
Furthermore, the structure also shows high sensitivity
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