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The propagation characteristics of excited surface plasmon polaritons in a plasmonic filter are studied
by controlling the geometric parameters of the waveguide. The proposed filter is composed of two nanoscale
metal-insulator-metal type surface plasmon polaritons based bus waveguide connected through two face to face
concentric semi-rings with different radius placed at the top and bottom sides. Numerical results show that the
wavelengths of the transmission spectra dips have changes of red shift when either the radius of the two semi-
rings or the refractive index of the insulator is increased. This sensitivity is superior to the filter properties,
and thus we believe that the proposed waveguide structure has potential application in the nanoscale photonic
devices integration.
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1. INTRODUCTION

The formation of surface plasmon polaritons (SPPs)
is due to the interaction between the free electrons
in the metal surface and the illuminated electromag-
netic field. Such waves attenuate exponentially in
the direction perpendicular to the interface and they
can propagate along the interface over about tens
micrometers or even longer. Surface plasmon polari-
tons have been considered as energy and information
carriers in nanoscale optics owing to their ability of
overcoming diffraction limit of light in convention-
al optical devices. Because of their potential applica-
tions to guide and manipulate light at deep subwave-
length scales, SPPs are shown to be promising in
highly integrated optical circuits [1-3], of which the
basic structure include surface plasmon waveguides
(SPWs) and filters. As an important plasmonic wave-
guide, the metal-insulator-metal (MIM) structures
have attracted more and more attention due to their
deep-subwavelength confinement of light and longer
propagation length [4]. Several different MIM wave-
guide structures based on SPPs have been numeri-
cally and/or experimentally demonstrated, such as
U-shaped waveguides [5], splitters [6], Y-shaped com-
biners [7], Mach-Zehnder interferometers [8], cou-
plers [9, 10], Bragg mirrors [11], and photonic band-
gap structures [12].

As one of the most prevalent devices in optical
circuits, plasmonic filters based on MIM waveguide
have been studied widely. Recently, some wave-
length-selective and mode-selective structures have
been investigated and utilized to construct plasmon-
ic filters [13—19], including tooth-shaped filter [20—
22], multichannel filter [23, 24], channel drop filter
with disk resonator [25], rectangular geometry reso-
nator [26, 27], and ring resonator [19, 28]. Recently,
Wang and his coworkers [29] have investigated two-
dimensional (2D) compound plasmonic structures
composed of two straight MIM waveguides with a
ring resonator. Their results show that some trans-
mission resonance peaks appear at some specific
wavelengths which meet the resonance conditions in
the ring. The discussed compound structure in their
work is symmetric with a dielectric ring working as
aresonator. Therefore, a question is if the symmetri-
cal distribution of the structure is broken, can the
properties of the optical transmittance through this
kind of asymmetric structure present more novel
features and will the filtering performance be great-
ly improved?

So, in this paper, we propose a 2D-nanoscale struc-
ture which is composed of two straight MIM wave-
guides act as input and output waveguides, which are
connected by two face-to-face concentric semi-rings
with different radius. Compared with the proposed
structure in this paper, most of the reported similar
structures were composed of standard rings of rect-
angular type, circular type and also triangular type.

Through the use of our new structure, one may have
an additional degree of freedom over the reported
standard ring structures to control the propaga-
tion properties. By adjusting the different radius of
the two semi-rings, the propagation characteristics
of the electromagnetic fields can be effectively con-
trolled. These properties can be used to achieve the
band selection capabilities. Due to its subwavelength
scale and very simple configuration, this device can
be easily fabricated and highly integrated with other
micro/nano devices. Below, in Section two of this pa-
per we will give the schematic and simulation method
of the proposed filter structure and in Section three,
the detail discussions of the simulation results are
presented, and then in Section four we give the con-
clusions of the paper.

2. STRUCTURE AND METHOD

The proposed filter structure is shown in Fig. 1a. The
slit widths are all denoted as w = 50 nm to assure
that the considered electromagnetic field mode is
fundamental if there are no special instructions.
The inner radius of the upper semi-ring and bottom
semi-ring are, respectively, r; and ry. The relative
permittivity of the insulator is g5 = n?, n is its
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Fig. 1. (a) Schematic of the proposed filter structure. (b)
Real part of the effective refractive index of an MIM
waveguide versus the slit width at wavelength 1550 nm for
different insulator refractive index. 1 - n=1,2-n=1.05,
3-n=1.1,4-n=1.15,5-n=1.2. (c) The wavelength of
the incident light for different slit width. 7 — w = 30 nm,
2-w=>50nm, 3-w="70nm. Inset in (b) is the basic MIM
waveguide, where the insulator (white) is embedded be-
tween two silver layers (gray).



refractive index. The background material is metal
silver. The frequency-dependent complex relative
permittivity of silver ¢ (») can be given by Drude
model

em(©) =5 — 0 [0(0+i), (1)

where ¢ stands for the dielectric constant at the
infinite frequency. y and o, are the electron collision
frequency and bulk plasma frequency, respectively.
i is imaginary unit, o is the angular frequency of
incident light. Here we have set e, = 3.7, ®_ = 9.1 €V,
y = 0.018 eV, according to the reporteo{) literatu-
res [30].

The governed transverse magnetic mode dispersion
equation of MIM structure can be written as [31, 32]

€qkm + Emkq tanh((kq /2)w) =0, )

where k4 and &k, are defined as k3 = (Bz - sdkoz)l/z,
and k, =32 — e,ko2)Y2. ko = 2n/) is the free-space
wave vector. The effective refractive index of the
MIM waveguide can be represented as n ., = B/k.
Eq. (2) can be solved numerically by MATLAB.
The results are shown in Fig. 1b, c. It can be seen from
Fig. 1bthat thereal part of n g is quite sensitive to the
width of the insulator layer, and which will decrease
as the slit width increases when the input wavelength
is 1550 nm. Meanwhile, it is also found that the real
part of n will increase with the increase of the
insulator’s refractive index in the slit when the slit
width and input wavelength are the same. Figure 1c
gives the dependences of the incident light on the
input wavelengths for different slit width. It can
be seen that the real part of the effective refractive
index also decrease gradually with the increasing
of the wavelength of the incident light, and when
the wavelength is larger, this change will become
moderate. This result can also be verified through
numerical method. Here in this paper, to investigate
the transmission spectra of the proposed filter
structure, the numerical simulations are carried out
through the finite element method based software
COMSOL with perfectly matched layer boundary
conditions. The module we use is radio frequency
with extreme fine mesh size in the air slit and fine
mesh size in the metal cladding and substrate.

3. SIMULATIONS AND DISCUSSION

The electromagnetic fields are assumed to be incident
from the left side of waveguide, and propagate
along x direction. They will travel clockwise and
anti-clockwise simultaneously in the upper and
bottom semi-rings, and output from the right side
of waveguide. Two monitors are respectively set at
the locations Port-1 and Port-2 to detect the incident
and transmitted field’s powers P;, P5. Then the
transmittance is defined as T' = P,/P;. Simulation
result illustrates that there is a transmission dip at
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about A = 1352 nm when r; = 100 nm, ry = 150 nm.
This result is shown in Fig. 2a. One can find that
the transmission spectra exhibit a gap window with
its center wavelength being about 1352 nm in which
the optical pulse with the given wavelength cannot
propagate. Thus it is believed that the proposed
structurecanactasastop-band SPW filter. Calculation
shows that the full-width at half-maximum (FWHM)
is about 50 nm. In Figs. 2b—d, the distribution of
electromagnetic fields at wavelength 1245, 1352 and
1490 nm are presented, and from which one can surely
find that the electromagnetic field power cannot be
transmitted from input to output port when input
wavelength is 1352 nm. But when the wavelengths
are 1245 and 1490 nm, which are far away from the
stop band, the power can be well transmitted to the
output port, namely, the transmitting of field power
is forbidden in the case of A = 1352 nm. Below we will
study the controlling properties of this band-stop
filter by adjusting the relative geometric parameters.

At first, the influence of the radius r; on the trans-
mission spectra has been studied with a fixed value
of ry = 150 nm. Figure 3a gives the simulation results
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Fig. 2. (a) Transmission spectra of the proposed filter
when w = 50 nm, r; = 100 nm and ry = 150 nm. The dis-
tribution of field component H, is respectively shown
in (b) A = 1245 nm, (c) A = 1352 nm, (d) A = 1490 nm.
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Fig. 3. (a) Transmission spectra of the proposed filter for
different r;. I — r; = 90 nm, 2 — r; = 100 nm, 3 —
ry=110nm, 4 — r; =120 nm, 56 — r; = 130 nm, 6 —
ry =140 nm, 7 — r, = 150 nm, when r,, — 150 nm, w — 50 nm.
(b) Dependences of the dip wavelengths of the transmis-
sion spectra valleys versus ry. I — ry = 130 nm, 2 —
ro=140nm, 3 — ry = 150 nm.
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and as can be seen, the transmission spectra have
similar shapes when r; changes from 90 to 150 nm.
But the stop-band exhibit a trend of red shift with
the increase of ry, and this can be also valid from the
results are shown in Fig. 3b which are the dependences
of the transmission valleys on the value of radius r;.
In addition, the widths of the stop bands tend to be
narrower when r; is increased. Calculation proves
that the FWHM is 55 nm at r; = 90 nm and is 23 nm
at r; = 150 nm. Furthermore, with the increase
of ry, the minimum transmittance will slightly in-
crease owing to the fact that the proposed structure
tends to be symmetrical which will inevitably result
in some field power leaking from the input port to
the output port. And due to the inevitable ohm loss-
es, the maximal transmittance cannot reach 100%.
So far, one can have a freedom to control the center
wavelength of the band stop filter by adjusting r; but
fixing the value of ry.

Similarly, one can investigate the influence of the
radius r, on the transmission spectra while fixing
the value of r;. As examples, Fig. 4 shows the simula-
tion results when r, is increasing from 100 to 160 nm
while r; = 100 nm. It can be found obviously that the
transmission valleys also exhibit a red shift as the
radius ry increases, and this is indeed in accordance
with the results are shown in Fig. 3. But here the
minimal values of the transmittances for different
values of ry are almost the same due to the smaller
value of both r; and ry. This result also tells people
that to achieve an optimal stop-band, one must make
sure that the value of either r, or r; must be in a prop-
er range to reduce the power leaking. In addition, the
widths of the stop-band have a trend of broaden when
r9is increased which is in contrary to the aforemen-
tioned case. The two results shown in Figs. 3 and 4
can be combined to prove that the narrowest width
of the stop-band is obtained only when the radii of
the two semi-rings are equal. Meanwhile, one can
also find that the maximal values of the transmit-
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Fig. 4. (a) Transmission spectra of the proposed filter for
different ry. 1 — ry = 100 nm, 2 — ry = 110 nm, 3 —
rg =120 nm, 4 — ry = 130 nm, 5 — ry = 140 nm, 6 —
rg = 150 nm, 7 — r, = 160 nm, when r; = 100 nm,
w = 50 nm. (b) Dependences of the dip wavelengths of the
transmission spectra valleys versus ry. I — r; = 100 nm,
2—r;=110nm, 3 —r; =120 nm.

tance are always less than 100% due to the inevitable
propagation losses. Figure 4b shows the dependences
of the transmission valleys on the value of radius r.

At second, though we have fixed the slit width as
w = 50 nm to make the single mode transmitting in
the above simulation, discussions of the influences
slit width w on the transmission spectra are also nec-
essary due to the in-laboratory manufacture error or
other useful purposes. So, we have also studied the
changes of the transmission spectra of the proposed
filter by changing the slit width w. Figure 5a simplify
shows the simulation results. It can be seen that the
transmission spectra would have a blue shift when the
slit width w increases from 30 to 70 nm and this can
also be seen from Fig. 5b. At the same time, it is found
that the width of the stop band has no clear changes
when the slit width is changed. This result provides
another freedom to adjusting the center wavelength
of the proposed filter structure. To be noted is that
one must keep the smaller value of w to make sure that
the studied field mode is fundamental.

At last, it is well known that the refractive index
of the insulator in the slit will play an important role
in the filter processing. So, we have also carried out
a round of numerical simulation by changing the
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Fig. 5. (a) Transmission spectra of the proposed filter
for different w. I — w =30 nm, 2 — w = 40 nm, 3 —
w=50nmnm, 4 —w=60nm, 5 — w = 70 nm, when
r; =100 nm, r, = 150 nm. (b) Dependences of the dip wa-
velengths of the transmission spectra valleys versus w.
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Fig. 6. (a) Transmission spectra of the proposed filter for
different insulator refractive indices. I — n =1, 2 —
n=1053—n=11,4 —n=1.15,5 —n=1.2, when
w =50 nm, r; = 100 nm and r, = 150 nm. (b) Dependences
of the dip wavelengths of the transmission spectra valleys
versus n = (gy) 2,



insulator refractive index from 1.0 to 1.2 with step
of 0.05 while keeping r; = 100 nm, r, = 150 nm and
w = 50 nm. Figure 6 shows the results. One can see
that the central wavelength has a red-shift when the
refractive index increases, and this change is almost
linear as shown in Fig. 6b with a bigger slope. In ad-
dition, calculation results showed that the FWHM
will slightly increase with the increase of insulator
refractive index. This result provides one more way
to control the filter central wavelength. On the other
hand, it provides an application of refractive sensor
to detect the material filled in the wave guide slit.

4. CONCLUSIONS

In summary, a novel SPW based filter composed of
two MIM waveguide contacted by two face to face
concentric MIM semi-rings with different radii is
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proposed. The simulation results indicate that a stop-
band can be formed in the considered wavelength
range, and the filter central wavelength, namely,
the transmission valleys can be tuned by changing
the radii of the two semi-rings, the width of the
slit and the refractive index of the insulator in the
slit. The proposed SPW based MIM filter structure
and the studies of its propagation properties can
be treated as complement of the reported SPW
filter with ring resonator. We hope that the
results can have potential applications in compact
integrating of photonic devices and refractive index
sensors.
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