Plasmonics (2012) 7:435-439
DOI 10.1007/s11468-011-9325-1

Flat-Top Transmission Band in Periodic Plasmonic

Ring Resonators

Jin-Xiong Tan - Yang-Bo Xie - Jian-Wen Dong -
He-Zhou Wang

Received: 22 September 2011 /Accepted: 19 December 2011 /Published online: 10 January 2012

© Springer Science+Business Media, LLC 2011

Abstract Flat-top transmission bands are found in a plas-
monic structure constructed by periodic ring resonators.
Fabry—Perot effects can be suppressed in a set of parameters
determined by an effective medium method. Two kinds of
transmission bands with flat-top profiles can emerge due to
either ring resonance or Bragg scattering. These bands are
both red shifted when the distance of rings increases. Both
transfer matrix method and finite difference time domain
method are utilized to investigate the flat-top bands. The
proposed structure can be employed as a plasmonic band-
pass filter and might be useful in the field of integrated
optoelectronics.
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Introduction

Surface plasmon polaritons (SPPs) are surface electromag-
netic (EM) waves propagating along the interface of metal
and dielectric, and their amplitudes decay exponentially
from the interface [1]. SPPs have drawn considerable atten-
tion in recent years, for the reason that they serve as the
promising approach to overcome diffraction limits, and they
can manipulate light at sub-wavelength scale [2]. This offers
important flexibility in design and fabrication of SPP-based
integrated circuits for optical communications. Various
kinds of plasmonic devices based on metal-insulator—metal
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(MIM) waveguide have been proposed [3—8]. The plas-
monic filter is one of the important devices in the field of
optical integrations. In the transmission band of the MIM
waveguide, there are many plasmonic modes experiencing
multiple interferences. So the transmission spectrum always
has oscillations due to Fabry—Perot (FP) effects. As a result,
a pure MIM waveguide cannot be a band-pass filter, which
has a negative impact on plasmonic integrated circuits. The
aim of this paper is to overcome such disadvantage in the
field of integrations.

In this paper, periodic ring resonators connected by the
MIM waveguide are found to possess flat-top transmission
bands. There are two kinds of flat-top bands which are due
to either ring resonances or Bragg scatterings, respectively.
The flat-top transmission bands will occur when the
distance between two neighboring rings is set to appro-
priate values. Both the transfer matrix method (TMM)
and finite difference time domain (FDTD) method are
utilized to demonstrate such behavior.

Effective Medium Retrieval for Plasmonic Structure

Consider a plasmonic structure constructed by metallic
strips and rings, as illustrated in Fig. 1. The length of the
strips is d. The outer and inner radii of the ring are 7, and ry,
respectively. An air waveguide with the width of w is
used to connect the rings. The structural size in the y
direction is assumed to be infinite. The EM wave with
magnetic field along the y direction propagates along the
positive z direction.

The studied structure can also be viewed as one-
dimensional multilayers constructed by two kinds of meta-
materials with different effective EM parameters. From this
point of view, we mark the strip and the ring as effective
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Fig. 1 Illustration of the periodic plasmonic band-pass filter. Gray and
white represent silver and air, respectively. r, and 7, are the outer and
inner radii of the ring. w = r, — r} is the width of the air core. d is the
length of the strips. M; and M, are two monitors to detect incident
power and transmitted power in FDTD simulation

medium A and B, respectively. The effective parameters of
the strip can be retrieved by the dispersion of purely metallic
waveguide with the following form:

vﬂzjmké VE R LY o—e

where (3 is the longitudinal wave number. ky=w/c and w is
the working frequency. e4=1 for the air core. ¢, is the
permittivity of the metal, characterized by the Drude model
[6], em = €0 — wﬁ/a)(w-l- iy), where ¢ is the dielectric
constant at infinite angular frequency, w,, is the bulk plasma
frequency, and + is the damping frequency. Here, we choose
silver so we have £9=3.7, w,=2,176 THz, and y=4.35 THz
[6, 7]. The effective permittivity of the strip is retrieved by
cettA = (B/ ko)z, and the effective permeability of the strip
equals to one. Figure 2a shows e.g4a as a function of the
working frequency at w=100 nm. It is found that the real part
of e.sr.4 1s @ weakly increasing function of the frequency, and
the imaginary part is close to zero. More calculations show that

both real and imaginary parts of .44 decrease as w increases.

We turn to retrieve the effective parameters of the ring.
The ring can be viewed as a medium whose effective optical
length is ner g - defr,, Where negp is the effective refractive
index, and desr g = 77y is the effective thickness of the ring
[9]. Here ry, is the mean radius. The effective permittivity
and permeability are determined by the standard procedure
[10]. The effective refractive index and the effective imped-
ance are first retrieved from the reflection and transmission
coefficients calculated by the finite element method. Then
the effective permittivity and permeability are obtained by
their ratio and multiplication. The representative frequency
relationships of the effective permittivity and the permeabil-
ity are calculated for the ring with the radii of ,=300 nm
and 7,=200 nm. We find that the effective permittivity
exhibits anti-resonant behavior in the frequency region from
151 to 158 THz. This is shown in Fig. 2b where the real part

@ Springer

a 20 -
1.8 ——Re(epsilon)
16[ —— Im(epsilon)
1.4F
%? 1.2}
= X
g 08 4
5 osf e
o
0.4t
02}
o-o ' 1 ' 1 1 '
100 150 200 250 300 350 400
Frequency (THz)
b
£
=
=
E
e
a -0t ——Re(epsilon)
1.5} —— Im(epsilon)
2.0
-2.5 " 1 i i 1 1 1
100 150 200 250 300 350 400
Frequency (THz)
Cc 16 [
14
L L
12_ w
10 b . '
= 8&r vl—)z
g St
E 4
D 2
o of
2_

100 150 200 250 300 350 400
Frequency (THz)

Fig. 2 (Color online) a Effective permittivity of an infinite-long plas-
monic strip with w=100 nm. b Effective permittivity and ¢ effective
permeability of the plasmonic ring with »,=300 nm and r,=200 nm

of effective permittivity (red) is close to zero, while the
imaginary part (blue) is negative in this frequency interval.
The anti-resonant region for the effective permeability is
from 158 to 165 THz (Fig. 2c). The occurrence of the
anti-resonant behavior is caused by finite spatial periodicity
of the ring, and it is an unavoidable problem in the effective
medium since the spatial periodicity is inevitable in the
metamaterials [11]. We note that the retrieval procedure is
a simple and efficient method to study the EM transport in
the MIM system, although the procedure might have devia-
tions near the resonant frequency region due to the compara-
bility of the working wavelength (around 900 and 2,000 nm in
this paper) and the ring size. We also note that our method can
anticipate novel plasmonic devices using TMM instead of the
complicated full-wave simulation.
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Numerical Simulations and Discussions

With the help of the effective parameters of the strip and the
ring, we now study the flat-top transmission properties in
the plasmonic filter shown in Fig. 1. TMM is used to
calculate the transmission spectra [12]. Transmission spectra
in normal incidence with different values of d are shown in
Fig. 3. There are two passing bands from 100 to 450 THz.
One is near the anti-resonant frequency region (light gray in
Fig. 3), so it is called resonant passing (RP) band. The other
is out of the anti-resonant frequency region (light blue in
Fig. 3), and it is a non-RP band.

When d is small, the FP effects in both bands are clearly
visible; see Fig. 3a. As d increases, it is interesting to find
that the frequency peaks in both bands can either merge
together or split up. For example, as d increases from 10 to
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330 nm, three peaks in the RP band get closer and closer and
finally merge together when d=330 nm. As a result, a flat-
top band emerges from 156 to 184 THz, and its transmit-
tance is as high as 90%. We expect that such a MIM ring
resonator structure is a good candidate for band-pass plas-
monic filters. On the other hand, the FP peaks in the non-RP
band experience a more complicated process. A flat-top
transmission band occurs from 325 to 357 THz when d=
130 nm. But when d increases over 130 nm, the flat-top
band is destroyed and splits into multiple peaks again. The
reason is that a Bragg gap, which is well defined from 350 to
450 THz at d=190 nm, gradually disappears as d increases
from 190 to 330 nm.

In order to demonstrate the flat-top transmission behavior,
we employ an FDTD simulator [13] to do two-dimensional
full-wave simulations. A Gaussian source is placed at the left
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side of the band-pass filter. The boundaries surrounding the
filter are set to be perfectly matched layers. The transmittance
is defined as T = Pyy/Pin, where Py, and P, denote the
incident power and transmitted power, respectively.

Figure 4 shows the FDTD results for the RP band in
Fig. 3f. The flat-top transmission band calculated by the
FDTD method (red) is present and is almost consistent with
the TMM results (blue), although the FDTD bandwidth is a
little larger than that of TMM. Figure 4c and d depicts the
distributed patterns of the magnetic fields (’Hyfz) at the low
and high edge of the flat-top band. The EM wave can
propagate through the whole filter with high transmittance.
For comparison, Fig. 4b illustrates the field pattern out of
the flat-top band. It is clearly seen that the fields at the exit
almost vanish, so that low transmittance is recorded in the
spectrum. Figure 5 shows the FDTD results for the non-RP
band in Fig. 3c. The flat-top transmission band is also
demonstrated. Similar pictures as those in Fig. 4 can be
found. The difference is that the modes in Fig. 5 are higher
order, while the modes in Fig. 4 are lower order.

We also investigate the shift of the flat-top transmis-
sion band with the increase of the strip length. Here, the
edge of the transmission band is defined by 3-dB trans-
mittance. In order to better illustrate the profile of the
transmission band, we introduce the ripple factor R =
(Imax — Imin)/ (Imax + Imin)» Where I, is the maximum
intensity of the peak, and I,;, is the minimum intensity
of the dip [14]. We fix the threshold of the ripple factor
as 0.01 because the ripples within the passing band are
small enough when the factor is less than 1%. Figure 6
shows the relationship between the band edge of the
flat-top RP band and the strip length d. We find that the
RP band possesses a flat-top profile when d is from 250
to 400 nm, and both edges of the RP band exhibit red
shift as d increases. The bandwidth of the flat-top RP
band is nearly unchanged. Similar characteristics are
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Fig. 6 (Color online) Relationship between band edges of the RP band
and the strip length d

found in the non-RP band. The non-RP flat-top band
is present when d varies from 80 to 170 nm, if the
threshold of the ripple factor is fixed to 0.03.

Summary

In summary, we have demonstrated that the plasmonic
structure with ring resonators possesses flat-top transmis-
sion bands. The effective medium method is employed to
determine each unit cell of the plasmonic structure, so that
the simple TMM calculation, instead of the complicated
full-wave simulation, is available in the design procedure.
Two flat-top bands with high transmittance are found in the
MIM ring resonators with appropriate parameters.
Results of FDTD simulations are very consistent with
the TMM prediction. These findings manifest the design
can be utilized as a SPP-based band-pass filter, and has
potential applications in nanoscale photonic and inte-
grated optoelectrical devices.
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