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1. Introduction
In recent decades, there has been considerable progress in the
field of optics and terahertz frequencies, presenting
promising alternatives to microwave technologies [1].
Terahertz technologies offer the advantages of a flexible and
wide bandwidth range, material penetration capabilities, and
support for device miniaturization [2]. This progress has led
to extensive research on terahertz devices for diverse
applications such as security, biomedicine, medical
spectroscopy, astronomy, molecular detection, and inter-
satellite communications [3,4]. Furthermore, the unique
properties of materials like graphene have significantly
enhanced the development of terahertz technologies. For
instance, graphene's exceptional electrical conductivity and
high thermal stability open new avenues for creating highly
sensitive terahertz sensors and antennas, which can be
utilized in environmental monitoring and hazardous material
detection [5]. Moreover, integrating graphene with terahertz

devices has potential applications in high-speed wireless
communication systems, enabling faster data transfer rates
and improved signal quality [6]. Additionally, research is
exploring the use of terahertz radiation in non-invasive
imaging techniques, which could revolutionize fields like
pharmaceuticals and food safety by allowing for the
detection of counterfeit products and contamination without
damaging the samples [7-9]. Overall, the synergy between
terahertz technology and graphene not only broadens the
scope of applications but also paves the way for innovative
solutions in various disciplines, including
telecommunications, healthcare, and nanotechnology [10-
12]. At terahertz frequencies, conventional metals face
technical challenges at the nano-atomic level. As a result,
noble metals are required to support the propagation of
surface plasmons [13]. Surface plasmons are free electron
oscillations occurring at the metal-dielectric interface
[14,15]. Surface plasmon polaritons (SPP) are particularly
useful in integrated optical circuits due to their ability to
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manipulate electromagnetic waves at the nanoscale [16,17].
Graphene, with its nano-thin atomic structure, has emerged
as an exceptional material in this context [18]. The
hexagonal arrangement of carbon atoms in graphene forms
sp2-bonded lattice structures, offering unique thermal,
optical, and electrical properties [19]. Graphene's negative
permittivity in the terahertz regime enables the propagation
of surface plasmons with low losses. Moreover, by adjusting
the applied voltage to the graphene layer, the material's
permittivity can be altered, providing control over its
conductivity through bias voltage. In addition to supporting
surface plasmon propagation, graphene's excellent thermal,
optical, and electrical properties make it an outstanding
choice for designing devices in the terahertz frequency band
[20-23]. Given the rapid advancements in wireless
communication technology at terahertz frequencies, there is
a growing demand for multifunctional devices such as
antennas, filters, and absorbers [24]. Research efforts have
focused on utilizing graphene in the design of these devices
to operate efficiently at terahertz frequencies [25]. Recent
studies have explored the characteristics of graphene
antennas, tunable absorbers, and various graphene-based
devices, including modulators, sensors, attenuators, power
dividers, optical splitters, and switches [26-34]. This article
introduces a novel plasmonic filtering device that leverages
a distinctive geometric arrangement involving a graphene-
based rectangular ring resonator featuring dual minimal
apertures. The investigation encompasses the examination of
transmission spectra and the distribution of electric fields
within the filtering apparatus. Employing advanced three-
dimensional finite-difference time-domain (FDTD)
simulations with perfect matching layer (PML) absorbing
boundary conditions, the study systematically explores the
influence of both structural parameters and the chemical
potential of graphene on the transmission spectra. Unlike
conventional configurations, this innovative design allows
for the manipulation of the working frequency range and the
transmission peak frequency by dynamically adjusting the
width of graphene nanoribbons (GNRs). Furthermore, the
bandwidth of the filter is finely tunable through the
manipulation of various coupling distances between the
lateral waveguide and the rectangular ring resonator.
Remarkably, the resonant frequencies exhibit facile control
by judiciously altering the chemical potential of graphene.
This intrinsic capability enables the realization of an
electrically tunable pass-band filter without necessitating
modifications to the structural parameters. Notably, the
proposed plasmonic filter demonstrates exceptional
sensitivity to diverse surrounding mediums, underscoring its
potential application as a highly responsive biosensor.
Importantly, this groundbreaking structure contributes to the
miniaturization of plasmonic filters, opening avenues for
their integration into compact plasmonic circuits.

2. Models and discussion
In this description, a portrayal of a suggested filter is
presented, constructed based on two graphene rectangular
resonators with double narrow gaps. The structure includes
incoming and outgoing waveguides as well as a rectangular
resonator with two narrow gaps. In this configuration,
parameters such as nanoribbon width, resonator width, the
length of coupling between the lateral waveguide and the
resonator, and gap width are present. The graphene layer is
deposited on a substrate with a dielectric constant of ε =
1.98. Figure 1 illustrates the schematic diagram of the
proposed filter, comprising input and output waveguides
along with a rectangular ring resonator featuring double
narrow gaps. In this context, a represents the nanoribbon
width, b and c stand for the rectangular ring resonator length,
l is the width, d denotes the coupling length between the
lateral waveguide and the resonator, and g corresponds to the
gap width. The suggested filter dimensions are explained in
Table 1.

Table 1. Specifications of Graphene Filter with Two Slit
Resonators

a (nm) 20

b (nm) 85
c (nm) 45
d (nm) 5
l (nm) 5
g (nm) 10
 (eV) 0.2
substrate  = 1.98

f (TZ) 2-14

Figure 1. depicts the schematic illustration of the filter
utilizing two rectangular ring resonators with dual slits.

Here, a denotes the nanoribbon width, b and c are the length,
l is the width of the rectangular resonator, d represents the
coupling length between the lateral waveguide and the
resonator, and g signifies the gap width. The inset provides a
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lateral perspective of the proposed filter featuring a graphene
nanoribbon positioned on the substrat. At mid-infrared
frequencies, the interband transition is minimized, allowing
the use of the simplified Kubo formula for calculating the
complex surface conductivity of graphene [35].

 =
−2

ℏ2(−Γ)
[



+  

−

 + 1]

(1)

where  is the charge of the electron,  is Boltzmann’s
constant, ℏ = h/2π is Planck’s constant,  is the radian
frequency,  is the chemical potential,  is the scattering
rate and T is the temperature. Graphene possesses a
fascinating characteristic whereby its chemical potential can
be adjusted across a broad spectrum (usually ranging from -
1 to 1 eV). This modulation is achieved by the
implementation of a transverse electric field through a dc-
biased structure [36]. If a DC bias voltage is applied to the
graphene layer, it allows for quick control of the chemical
potential (  ) and consequently enables the control of
graphene's electrical properties. An approximate closed-
form expression has been proposed for the relationship
between  and  [37].

 = ℏ√
0


(2)

The symbols  and  in the equation represent the
permittivity of the substrate and vacuum, respectively. The
variable  represents the applied bias voltage, while  and

 correspond to the electron charge and the Fermi velocity

(1.1 × 16 m/s in graphene), respectively. On the whole, as
the bias voltage () increases, the chemical potential ()

increases. This implies an increase in the number of holes (in
p-type) or electrons (in n-type) in the graphene layer. These
changes in the carrier concentration can induce variations in
the conductivity and electronic properties of graphene. The
FDTD method with PML absorbing boundary conditions is
employed to explore the transmission properties of the
structure. Two power monitors are positioned at Port in and
Port out to measure the input power () and the transmitted
power (). Therefore, the transmissivity can be calculated
as:
 = / (3)

First, we examine a regular rectangular ring resonator filter
without gaps [38]. Subsequently, we design a graphene-
based slotted rectangular ring filter [32] and place a source
on the left side to excite the fundamental edge mode in
graphene nanoribbons. Then, the GSP (Graphene Surface
Plasmon) edge mode will be coupled into the rectangular
ring resonator. Eventually, the GSP wave, meeting specific
resonance criteria, can be efficiently coupled to the output
port.

(a)

(b)

(c)

(d)
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(d)
Figure 2. (a) Filter Transfer Diagram, (b) Filter Loss
Diagram, (c) Electric Field Distribution () in f=7 THz,
(d) Electric Field Distribution () in f=8.66 THz, (e)

Electric Field Distribution () in f=9.5 THz

Figure 2 presents the frequency response of the proposed
filter, as described in Table 1. Figure 2a illustrates a unique
mode response at a frequency of 8.66 terahertz, with a
magnitude of 0.99, showcasing the exceptional performance
and efficiency of the filter. The filter's effectiveness in
eliminating unwanted frequencies is underscored by the loss
graph shown in Figure 2b. Figure 2c showcases the
distribution of the electric field (Ex) across frequencies of 7,
8.66, and 9.5 terahertz. Notably, at the resonant frequency of
8.66 THz, the filter rings exhibit the highest level of electric
field.

(a)

(b)

(c)
Figure 3. Electric Field Distribution () in f=8.66 THz

(a) Input (b) Center of rings (c) Output

Based on the propagation characteristics of the wave in the
transverse cross-section of the proposed filter, which
illustrates the distribution of the electric field  at a
frequency of 8.66 terahertz at three points: input, output, and
center of the square loops, it can be observed that at this
frequency, nearly the entire input electric field is present at
the output of the filter. (Figure 3)

3. Results and Descriptions
Based on the observed results in Figure 2(a), the proposed
filter demonstrates a unique transmission mode with the
maximum output magnitude. To explore the potential of the
filter further, the dimensions of the filter structure were
varied by manipulating different parameters. The obtained
results were then compared to evaluate the effects of these
changes. In the initial phase, the widths of the input and
output ports were varied from 16 nanometers to 24
nanometers. The results of this variation in the filter's
performance can be observed in Figure 4. The best output is
achieved when a=20 nm.

Figure 4. illustrates the impact of varying the input and
output port widths on the filter's transfer function.
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In the next step, we changed the width of the inner and outer
square loops from 4 nanometers to 7 nanometers, as shown
in Figure 5. The best filter response in the time domain
occurs when the value of l is 5 nm.

Figure 5. illustrates the effect of changing the width of
the inner and outer square loops on the filter transfer

plot.

After determining the optimal dimensions of the rings and
input/output ports, it is necessary to find suitable gap
distances that would yield the best results in the output of the
designed filter. To achieve this, we initially consider the rings
without any gaps (g=0), and then we gradually introduce gap
distances of 5, 10, and 15 nanometers between the rings,
respectively (see Figure 6).

Figure 6. The effect of the gap between loops on the
filter transfer function graph.

In the configuration depicted in Figure 6, when the loops are
devoid of gaps, the filter exhibits multimodal behavior. The
optimum performance of the filter occurs when there is an
air gap distance of precisely 5 nanometers.

In the following step, the impact of the spacing between
input and output ports on the performance of the proposed
filter was examined (Figure 7). Initially, the input and output
ports were connected to the first loop (d=0), and
subsequently, the spacing between the input and output ports
was varied to 3, 5, and 8 nanometers, respectively.According
to Figure 7, the optimal performance of the filter was
observed when the value of dd was set to 5 nm.

.
Figure 7. Effect of changing the distance between the
input and output ports on the proposed filter structure's

performance.

After optimizing the dimensions of the structure, we now
investigate the frequency response of the graphene bias
voltage ranging from 0.18 to 0.4 electron volts. The results
of this analysis can be observed in Figure 8.

Figure 8. shows the effect of changing the graphene bias
voltage from 0.18 to 0.4 electron volts on the transfer

characteristic of the filter.

As seen in Figure 5, changing the graphene voltage alters the
operating frequency of the filter from 8.2 terahertz to 12.2
terahertz. In various proposed structures for graphene filters,
adjusting the graphene bias voltage not only changes the
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operating frequency of the structure but also significantly
affects the passband range of the filter, potentially leading to
a drastic decrease in filter efficiency. However, frequency
response analysis of such filters, compared to similar
graphene filters, indicates that changing the graphene bias
voltage does not cause significant variations in the passband
range of the filter, and the filter operates effectively within
the studied frequency range. A comparative analysis of
different types of graphene filters published in previous
articles is presented in Table 2. Compared to different
structures, the proposed structure not only has the smallest
dimensions and is single-mode, but it also exhibits the best
frequency response.

4. Conclusion
In this article, a plasmonic filter based on two rectangular
slotted graphene rings is presented. The simulation results
using the FDTD method demonstrate that the transmission
spectrum of the filter can be influenced by the width of the
graphene nanowire, the bandwidth of the input and output
ports, and the chemical potential of graphene. One advantage
of this structure is its single-mode nature in the proposed
frequency band, as well as the unchanged range of the filter
transmission curve with variations in the chemical potential.
Considering these advantages and the small dimensions of
this structure, it finds attractive applications in integrated
photonic circuits and optical sensors.
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