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We have designed and proposed the edge modes supported by graphene ribbons and the planar band-pass filter consist-
ing of graphene ribbons coupled to a graphene ring resonator by using the finite-difference time-domain numerical method.
Simulation results show that the edge modes improve the electromagnetic coupling between devices. This structure works
as a novel, tunable mid-infrared band-pass filter. Our studies will benefit the fabrication of planar, ultra-compact nano-scale
devices in the mid-infrared region. A power splitter consisting of two output ribbons that is useful in photonic integrated
devices and circuits is also designed and simulated. These devices are useful for designing ultra-compact planar devices in

photonic integrated circuits.
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PACS: 42.79.Ci, 61.48.Gh, 71.45.Gm, 42.79.Fm

1. Introduction

Surface plasmon polaritons (SPPs) are electromagnetic
surface waves coupled to oscillations of free electrons in met-
als; theey propagate along metal-dielectric interfaces,!!! and
guide lightwaves in subwavelength metallic devices. Recently,
different kinds of optical devices based on SPPs have been
proposed and analyzed. >~ However, it is difficult to vary and
control the permittivity functions of noble metals; hence, their
abilities are limited in plasmonic devices.

Graphene, an optical material with one thin layer of car-
bon atom, can be a wonderful material because of its unique
and remarkable optical features such as low losses, long prop-
agation length, extreme confinement of the lightwave, and
tunable conductivity, which is the most important advantage
of graphene compared to the noble metals.[®”! Graphene uti-
lized as a novel material for generating new nano-scale optical
devices. 3]

Recently, a wide variety of researches have promoted the
development of various types of graphene-based plasmonic
devices such as optical waveguides,!'’! nano antennas,!'!]
14151 fgers, [16:17]

terials,'®) metasurfaces,!'”! and gratings.?”) Graphene sup-

switches, 12131 modulators,! metama-
ports two kinds of surface plasmon polariton (SPP) modes:
the waveguide modes that the electromagnetic field is con-
fined in along the whole area of the sheet, and the edge modes
that the field is confined on the rims of the ribbon.[?!=23]

In this paper, we have proposed and analyzed the perfor-
mance of a novel planar graphene based band-pass filter com-

posed of graphene input/output ribbons and a graphene ring
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resonator between them. As an application of our proposed
planar filter, a power splitter is designed and analyzed. We
have analyzed and simulated the performance of the devices
by using the three-dimensional finite-difference time-domain
(3D-FDTD) numerical method to excite the edge mode. [26-27]
In Ref. [26], a planar band stop filter, which is a filter that
passes most frequencies unaltered, but attenuates a specific
frequency range, has been designed and proposed. In this pa-
per, a planar band pass filter, which is a filter that passes fre-
quencies within a certain range and rejects frequencies out-
side that range, has been proposed and simulated. Also in
Ref. [26], a channel add-drop filter is proposed as an ap-
plication of the band stop filter, but, we have proposed and
investigated a power splitter as an application of the band
pass filter. The filter was proposed and investigated with sil-

28.291 and here, we pro-

ver metal or photonic crystal before!
posed it with graphene. The graphene-based structures have
the most important advantage of conductivity tunability com-
pared to the metallic- and photonic crystal-structures.2%2°]
The graphene tunable conductivity gives the opportunity of
altering the resonance characteristics without need for refab-
rication of the device. Our proposed planar graphene based
filter has a minimum full width at half maximum (FWHM) of
110 nm (better than Refs. [30]-[35]) and a maximum trans-
mission ratio of 0.7 (better than Refs. [36]-[39]) which are
newly published as graphene-based filters. In addition, some
other useful novel ultra-compact structures such as mode sep-
arator, multi/demultiplexer, switches, and logic gates and cir-

cuits could be proposed and designed based on the introduced
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novel planar filter. The filter could be a useful functional
structure in future nano devices and circuits. Graphene has
some advantages compared to metals and photonic crystals,
such as tunable conductivity, extreme confinement of plas-
mons, low losses, small size, and long propagation length.[*7]
So, graphene can be considered as a novel plasmonic material
in the infrared region.!*®! The proposed filter exhibits novel
outstanding features and will be utilized in the construction of
ultra-compact nano-scale devices and integrated circuits in the
mid-infrared region for optical communications, processing,
and computing.

The remainder of the paper is organized as follows. In
Section 2, the device geometry and analysis method are de-
scribed. In Section 3, the numerical results are given and dis-

cussed. The paper is concluded in Section 4.

2. Geometry, modeling, and method of analysis

The schematic view of the planar graphene based band-
pass filter is shown in Fig. 1. It consists of two graphene
ribbons as input/output ports and a graphene ring, as the res-
onator, between them. One end of each ribbon acts as the in-
put or output port. The filter must be located on a dielectric

[41 [42] for practical applications.

medium such as Sigz *H or Apo3
For simplicity and without limiting the generality, we have as-
sumed that the background of the filter is air in our FDTD

simulations.
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Fig. 1. (color online) Three-dimensional schematic view of our proposed
graphene-based planar band-pass filter consisting of two graphene ribbons
as input/output ports and a graphene ring between them as a resonator. The
input/output ribbons have a gate voltage value of Vg, and the graphene ring
resonator has a gate voltage value of V.. The inner and the outer radii of
the ring, the graphene ribbons width, the lengths of the input/output ribbons,
the distance between the input/output ribbons, and the distance between the
left end of the output ribbon and the center of the ring are Ry, Ry, W, L, h,
and d, respectively. Two monitors at the points P, and Py, measure the in-
put and output optical powers. One dipole point source is placed 2 nm above
the input ribbon to excite SPPs. Only the resonance wavelengths of the ring
resonator transmit effectively to the output ribbon port. The structure should
be located on a dielectric substrate. In our FDTD simulations, we assume
the substrate is air.

In our simulations, the ultra-narrow graphene ribbon with
a width of 10 nm[?”#3=#71 supports SPPs in the mid-infrared re-
gion. The surface conductivity (o) of graphene is supported

by Kubo’s formula!*?!

o — ie?u. ﬁln 2uc— (0+it ) A
E a2 (w+it!)  4mh | 2uc+ (o+it 1)k
ieszT He
—1 - 1 1
+7rh2(a)—|—ir‘) n[exp( kBT)Jr }’ )

which depends on the momentum relaxation time, 7, temper-
ature, T, chemical potential (Fermi energy), ., and incident
angular frequency, ®. The Kubo optical conductivity formula

at room temperature simplifies to!4"]
o ie’u.
£ (o +it )’

@

which the intraband transition dominates, where the interband
transition is neglected because the photon energy in the simu-

lated wavelength range is always less than 2p..1*°! The carrier
relaxation time is up
T="%, (3)
ev?

where [ and vf are the carrier mobility and the Fermi velocity
of graphene, respectively. In our simulations, the equivalent
dielectric permittivity of graphene is calculated by (4]
. OgMo
Eoq=1+i——, 4

eq koA )
where A is the thickness of the graphene ribbon in the z direc-
tion and is assumed to be 1 nm. kg is the vacuum wavenumber
and 1) is the wave impedance of the air Sspp, and the propaga-

tion constant of SPPs in the graphene ring is calculated by!*°]
2 \2
= konett = ko 1—<) ) &)
Bspp eff —y

where 7. is the effective refractive index of SPPs in graphene.
The theoretical resonance equation of the ring is!?°!

Ty (BsepRa) N, (BseeR2) _ )
J, (BsppR1) N, (BsppR1) ,

where R, and R; = R, — W are the outer and the inner radii of
the graphene ring, respectively. J/, and N/, are the derivations
of the Bessel functions of the first and the second kinds with
order n, respectively. The first and second order resonance
modes, modes 1 and 2, correspond to the first and second order
Bessel and Hankel’s functions, respectively.!?®! The plasmon

wavelength in graphene is given by "
4He
2” = o 7
» = Ao h(e+1)(@+it 1)’ 7
where!#7! )
e 1
®)

0= —~ —
4meohe 137

where &; is the permittivity of graphene.!*"!

The structural parameters are chosen as Ry =30, and W =
10 nm. The material parameters related to the surface conduc-
tivity of graphene are assumed as follows: p = 10* cm?/V s,
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vi = 10% m/s, p. = 0.35 eV. One dipole point source with
transverse electric (TE) polarization, located 2 nm above the
input graphene ribbon in the z direction, is used in our simu-
lations to excite the SPP waves.[2027] Two monitors are used
to measure the input power, P, and the transmitted power,
Pout- The transmittance (normalized transmission) spectrum is
calculated by T = Poy/Ppn.

3. Numerical results and discussion

In this section, the performances of planar filter and
power splitter are proposed, analyzed, and discussed.

Juy
o

0s| @
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3.1. Planar filter

FDTD simulation results of the filter of Fig. 1 are illus-
trated in Fig. 2. In Figs. (2a) and (2b) the input and output
transmittance spectra of the band-pass filter for the first and
the second order resonance modes are shown. Two peaks cor-
responding respectively to the incident wavelengths of 6.1 um
(Aspp = 44 nm: Egs. (7) and (8)) and 10.2 pm (Aspp = 88 nm:
Egs. (7) and (8)) appear in the transmittance spectrum and the
prominent band-pass filtering effect is obtained in the mid-
infrared region.

10 50 90

z/nm

130 170 210

Fig. 2. (color online) (a) Normalized input lightwave signal and (b) the transmittance spectrum of the filter of Fig. 1. Distributions of the H; fields in the
xy cross section of the filter for three different wavelengths of (c) A = 6.1 pum, (d) A = 10.2 um, resonant wavelengths, and (¢) A = 8 pm, non-resonant
wavelength. Only the resonance wavelength of the ring transmits effectively to the output, which shows the filtering effect. Parameters of the ring are set as

R; =30 nm and p. =0.35eV.

The structure is analyzed numerically by using the three-dimensional finite-difference time-domain (3D-FDTD) method
with a 16-layer perfectly matched layer (PML) absorbing boundary condition around it. To reduce the computational time of our

simulations, we have used a non-uniform mesh. In our simulations, the minimum mesh sizes inside the graphene are 0.1 nm and

1 nm in z and y directions, respectively. The minimum mesh sizes in the x direction of graphene ring and input/output ribbons

are 1 nm and 1 nm, respectively. The mesh sizes increase gradually outside the graphene. Simulation parameters are given in

Table 1.

Table 1. Simulation parameters and their values.

Parameter Value Parameter Value

Graphene thickness in z direction (A) 1 nm Number of PML layers 16

Graphene carrier mobility (1) 10* cm? /V-s  Minimum mesh size of graphene input/output ribbons 1 nm
in x direction

Graphene Fermi velocity (V) 106 m/s Minimum mesh size of graphene ring in x and y di- 1 nm
rections

Minimum mesh size of graphene ring in z direction 0.1 nm Chemical potential of input/output graphene ribbons 0.35eV

Minimum mesh size of graphene input/output ribbons 1 nm Velocity of light in vacuum (c) 3% 108 m/s

in y direction

Minimum mesh size of graphene input/output ribbons 0.1 nm Distance between input/output graphene ribbons (1) 76 nm

in z direction

Graphene ribbon width (W) 10 nm Length of input/output graphene ribbons (L) 300 nm

The distance between the left end of the output ribbon 0 nm

and the center of the ring (d)
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Distributions of the H, fields in the xy cross section of the filter of Fig. 1 at the incident wavelengths of A = 6.1 pum

and A = 10.2 um are depicted in Figs. 2(c) and 2(d), respectively. The incident wavelengths of 6.1 wm and 10.2 um, which

satisfy the resonance condition, couple effectively to the ring resonator and finally decouple to the other graphene output ribbon,

demonstrating the band-pass filtering effect.
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Fig. 3. (color online) Simulated transmittance spectra of the band-pass filter of Fig. 1 with (a) three different outer radii (R;) of the graphene ring resonator
with chemical potential of . = 0.35 eV, and (b) three different chemical potentials (1) of the graphene ring with outer radius of 30 nm. (c¢) Comparisons
of the resonance wavelengths of the first order mode of the graphene ring resonator versus its outer radius obtained by the FDTD method and the analytical
resonance Eq. (6) of the ring resonator. The chemical potential of the ring is assumed to be y, = 0.35 eV.

The radius of the graphene ring resonator affects the res-
onance wavelength of the structure, which is derived by the
FDTD method and depicted in Fig. 3(a). In Fig. 3(a), trans-
mittance spectra corresponding to the ring resonator with three
different ring resonator radii are shown. As the radius of the
ring increases, the resonance wavelength and the peak values
increase which exhibit a red shift.[!7-2] In Fig. 3(b), transmit-
tance spectra of the ring resonator with three different chemi-
cal potentials are shown. As demonstrated, only the resonance
wavelength of the ring resonator couples effectively to the out-
put ribbon and the structure acts as a band-pass filter. As the
chemical potential of the ring increases the resonance wave-
length decreases, so the peak values increase, which exhibit
a blue shift.['7-?%1 According to Eq. (2), variation of chemical
potential, U, changes the G, so, by substituting Egs. (2) and
6 in Eq. (5), the resonance wavelengths alter by changing L,
as shown in Fig. 3(b). As u increases, transmission peaks in-
crease, since the higher conductivity value results in a higher
transmission peak value and SPP loss decreases. So, Bspp in-
creases and the resonance wavelength decreases. Also, we see
that there is an indirect relationship between . and the res-
onance wavelength (Egs. (6), (7), and (8)). The transmission
peaks exhibit a blue shift as the chemical potential increases.
The analytical results of Eq. (6) are in good agreement with
the FDTD simulation ones, as depicted in Fig. 3(c), where the
first order resonance wavelengths of the transmittance versus
outer radius of the graphene ring resonator are shown. It is
possible to solve Egs. (2), (3), (5), and (6) by using a MAT-
LAB code to get Fig. 3(c). For this approach, first, by using
Eq. (6), where R and R, are known and w = 10 nm, we gain
Bspp. Then, 7 and o, are calculated by using Eqgs. (2) and (3).
Finally, by using Eq. (5), ko and the resonance wavelengths
can be obtained. Thus, the filter transmittance spectrum can

be tuned by variation of the radius or the chemical potential of

the ring resonator.

Transmittance

5 7 9 11 13 15
Wavelength /pm

Fig. 4. (color online) Simulated transmittance spectra of the band-pass fil-
ter of Fig. 1 with four different dielectric substrate refractive indices with
chemical potential of L, = 0.4 eV and outer radius of R, = 30 nm.

By Eq. (6), we realize that there is a direct relationship
between the ring resonance wavelength and its radius, and an
indirect relationship between the resonance wavelengths and
the chemical potential of the ring. If we locate the filter on a
dielectric substrate, its refractive index affects the resonance
wavelength of the ring, which is suitable for designing refrac-
tive index sensors. In theory, it should multiply the wavenum-
ber of the graphene ring. Simulated transmittance spectra for
four different substrates are given in Fig. 4. By variation of the
distance between input/output graphene ribbons, , the reso-
nance wavelength will not change, because only the ring and
its parameters such as its radius and its chemical potential af-
fect the resonance wavelength of the resonator, as it is clear
in Egs. (2), (3), (5), and (6), but the resonance peak values
decrease. By increasing this distance, coupling between the
input/output ports and the ring decreases. The simulated trans-

mittance spectra for three different 4 are illustrated in Fig. 5.
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Fig. 5. (color online) Simulated transmittance spectra of the band-pass filter
of Fig. 1 with three different distances between input/output ribbons () with
chemical potential of (. = 0.3 eV and outer radius of Ry = 30 nm.

If d # 0, Fano resonance, the coupling of two resonances
of different damping rates, produces the narrow and broad
spectral lines. The final spectrum is a sum of these two res-
onances giving the characteristic asymmetry of the Fano reso-
nance peak. This will occur at the left side of the transmittance
spectra. For a metallic ring resonator, Fano resonance and
refractive index sensing was investigated and analyzed care-
fully in Ref. [51]. Fano resonance and refractive index sensing
could also be analyzed and investigated for the graphene-based
planar filter.

Table 2. Minimum FWHM in some work.

Ref. Minimum FWHM/nm
[30] 300
[31] 400
[32] 140
[33] 237
[34] 42
[35] 20
This work 110

Table 3. Maximum transmission ratio in some work.

Ref. Maximum transmission ratio
[36] 0.5
[37] 04
[38] 0.38
[39] 0.25
This work 0.7

The minimum full width at half maximum (FWHM) for
the first and second order resonance wavelengths are 480 nm
and 110 nm, respectively. The minimum FWHMs in some
graphene-based structures are given in Table 2. The FWHM
of our proposed filter is improved compared to them; however,
some articles reached lower FWHMSs. The maximum trans-
mission ratios in some graphene-based structures are given in
Table 3. In our proposed planar filter, the maximum transmis-
sion ratio reaches to 0.7. Our proposed planar filter is a useful

structure in the mid infrared wavelength range.

Also, compared to metallic ring filters, *32° our proposed
graphene based filter has smaller size and tunable conductiv-

ity, which makes it a useful wavelength selective structure.

3.2. Power splitter

One of the applications of the filter of Fig. 1 is a power
splitter. The three dimensional schematic view of the power
splitter is depicted in Fig. 6. It is composed of an input
graphene ribbon, a ring resonator, and two output graphene
ribbons. All the simulation parameters are the same as those
in Fig. 2(d) and L’ are assumed to be 12 nm and 268 nm, re-
spectively. Transmittance spectra and distributions of the H.
fields in the xy cross section of the power splitter of Fig. 6 at
the incident wavelengths of A = 6.1 um and A = 10.2 um are

demonstrated in Figs. 7(a)-7(c).

substrate

metallic ground plane

Fig. 6. (color online) (a) Three-dimensional schematic view of our pro-
posed graphene based power splitter. d and L' are assumed to be 12 nm and
268 nm, respectively. Other simulation parameters are the same as those in
Fig. 2.

As illustrated in the field distributions of Figs. 7(b) and
7(c), the second order resonance mode splits equally between
output ports, but the first order resonance mode couples effec-
tively to output port 1. We can verify our simulation results by
the following analytical discussion, which can also be used for
designing optical graphene based logic gates and circuits such
as XOR, XNOR, and NOT. The incident magnetic field for the
ring resonator with an average radius of R = (R + R»)/2 can
be written as!>?!

H = a’*zaie*jﬁsppx =a, Z ai,jf” T, (ﬁsppR> ejn(p7 ®
n=—oo

where ¢ and n denote the azimuth angle and the resonance

mode order, respectively. The transmitted magnetic field to

the ring resonator will be>?!

H' =ade Py =a, Y dj™"I, (BepR) . (10)
Nn——o0

In the y direction, ¢ = +m/2 for the first-order resonance

mode (n = 1), and by considering the relation between Bessel

functions®

| (R) :(_1)n In (R)v (11)
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we can find[?”]
¢ T
H_, (R,(p:j:§> —0. (12)

So, the first order resonance mode cannot propagate in out-
put port 2 (Fig. 7(c)). For the second order resonance mode
(n =2), we can find that

H (R,(p:ig) £0. (13)

So, the second order resonance mode can propagate in output
port2 and its power splits equally between the two output ports
(Fig. 7(b)).

(a)

0.6
IS output 1
[=]
[
£ 04 output 2
g
w0
[=]
£ 02
& .

0
5 7 9 11 13 15

Wavelength /pm

Fig. 7. (color online) (a) Output transmittance spectra of the power splitter
of Fig. 7. Distributions of the H, fields in the xy cross section of the power
splitter for resonance wavelengths of (b) A = 6.1 pm and (c) A = 10.2 um. d
and L’ are assumed to be 12 nm and 268 nm, respectively. Other simulation
parameters are the same as those in Fig. 2.

The proposed planar filter will find many further ap-
plications in the design of some novel nano-scale de-

(531 chan-

vices such as plasmonic multi/demultiplexers,
nel add-drop filters,['®! switches with nonlinear Kerr self-
phase modulation (SPM) and cross-phase modulation (XPM)
effects, 761 sensors, 1?78 logic gates,?”! analog-to-digital

converters,[®1 decoders,[®! n-coders,[%%! flip-flops,®3! delay

lines,[%* plasmonically-induced transparency (PIT), and per-
fect absorptions[®-%7] in photonic integrated circuits. The no-
ticeable advantage of these graphene-based devices is that the
performance wavelength of them can be tuned easily by ap-
plying bias voltage to the graphene waveguides and ring res-
onators.

4. Conclusion

In this paper, the performance of a graphene band-pass fil-
ter is proposed and investigated theoretically and numerically
by using the three-dimensional finite-difference time-domain
(3D-FDTD) method. The proposed structure works in the mid-
infrared wavelength region. The ring resonance wavelengths
can be changed by variation of the radius of the graphene ring
resonator, the dielectric substrate of the device or by variation
of the gate voltage of the graphene ring resonator to change the
graphene chemical potential (Fermi energy). The FDTD sim-
ulation results are in good agreement with the theoretical cal-
culation ones. For an application of our filter, a power splitter
is designed and simulated. Therefore, the proposed filter will
find utility in the design of the ultra-compact, nano-scale de-
vices such as optical multi/demultiplexers, channel add-drop
filters, switches, sensors, logic gates, logic circuits, and delay
lines in photonic integrated circuits.
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