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Subwavelength surface plasmon polariton optical filters based on metal–insulator–metal slot nanoca-
vites are proposed and analyzed by using coupled mode theory and a finite element method. Simulation
results reveal that a single slot cavity coupled with two access waveguides possesses a bandpass-filtering
characteristic with its performance affected by its geometric parameters. To further improve the filtering
performance, we explore coupled slot cavities as high-order plasmonic filters. When the slot cavities are
side-coupled, the bandpass filtering spectrum is dependent on the positions of the access waveguides. The
two slot cavities can also be set orthogonal, leading to strong mutual coupling. With careful tuning of the
relative length between the two cavities, improved filtering spectrum can be obtained. Given the sub-
wavelength footprint of the proposed plasmonic filters, they can be used in an ultradense plasmonic
integrated circuit for optical signal processing. © 2013 Optical Society of America
OCIS codes: 240.6680, 130.7408, 230.4555, 130.3120.

1. Introduction

The integration density of photonic integrated cir-
cuits based on conversional dielectric waveguides
is intrinsically limited by the diffraction limit. In
order to improve the integration density and make
ultradense photonic integrated circuits, plasmonic
waveguides based on surface palsmon polaritons
(SPPs) are one of the promising solutions [1–4].
The electromagnetic field associated with SPPs is
bound at the metal–dielectric interface and decays
exponentially toward both sides. The SPPs hence
can confine light to a subwavelength scale beyond
the diffraction limit. A variety of structures can sup-
port plasmon wave propagation, such as metal strips
[5], metal V-grooves [6], nanowires [7], nanoparticle
chains [8], and metal–insulator–metal (MIM) wave-
guides [9–11]. Among these various structures, MIM
waveguides have attracted considerable research

interest as they have the advantages of high optical
confinement with reasonable propagation length,
zero bending loss, easy fabrication, and flexibility
in tuning optical properties. Using MIM plasmonic
waveguides, multiple discrete devices have been
investigated, including splitters [12], waveguide
couplers [13], Mach–Zehnder interferometers [14],
Bragg reflectors [15–19], switches [20], etc.

Wavelength-selective bandpass (bandstop) filters,
one of the essential elements in optical communica-
tion systems, are used to extract (reject) particular
wavelength channels from incoming wavelength-
division-multiplexing (WDM) data streams. To
implement plasmonic filters, interference and reso-
nance structures can be employed. SPP Bragg grat-
ings have been demonstrated to work as broadband
filters or reflectors. Introducing a defect in the grat-
ing can generate a sharp resonance, which can be
used for narrow-band optical filtering. SPP Bragg
grating can be implemented by alternatively stack-
ing different dielectric materials in MIM waveguides
[16,19], periodically changing the insulator slit width
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[15,18,19], or both. Multiple-channel plasmonic
filters can be implemented by using Fibonacci-
sequence gratings [17]. These grating structures
have a relatively large size and a high transmission
loss. To make more compact plasmonic filters suita-
ble for nanophotonic integration, ring-, disk-, or
rectangle-shaped resonators through various cou-
pling schemes can be employed [21–24]. A simple sec-
tion of MIM waveguide can be used as a Fabry–Perot
(FP) filter when side-coupled with another MIM
waveguide [25]. Multiple-channel WDM filters/
demultiplexers consisting of a series of nanocapillary
resonators with different lengths connected to a com-
mon MIM bus waveguide are proposed and studied
[26]. The nanocapillary resonators can also be re-
placed by an array of plasmonic slot cavities to nar-
row down the filter passband [27]. Recently, MIM
waveguides branched with one or multiple stubs
have been widely explored as optical filters [28–30].
The resonance effect in the stub structures shows
good promise for optical filtering application.

In this paper, narrow-band plasmonic filters based
on single or coupled SPP slot resonators are proposed
and analyzed. The finite element method (FEM) is
used to simulate the filter reflection and transmis-
sion spectra along with the resonance mode electro-
magnetic distribution inside the resonators. We first
characterize an optical filter consisting of a single
SPP slot cavity. The passband central wavelength
and bandwidth can be controlled by selecting proper
cavity width and coupling gap size. We then investi-
gate high-order plasmonic filters by using two
coupled SPP slot cavities. Two types of arrangements
of the cavities with side- and cross-coupling are dis-
cussed. The mutual coupling of resonances in the
coupled cavities can effectively broaden and flatten
the passband while making its roll-off faster.

2. Numerical Method

The MIM waveguide is composed of two metal blocks
with a dielectric constant of εm and a dielectric layer
with a dielectric constant of εd sandwiched in be-
tween. The light propagation in the MIM waveguide
results from the coupled SPP waves along the two
metal–dielectric interfaces. The dispersion relation
of a MIM waveguide with a width of W can be
described by the following equation [31]:

εdp
εmk

� 1 − ekW

1� ekW
: (1)

k and p are defined as

k � k0
������������������������
β2spp − εdk20

q
; p � k0

�������������������������
β2spp − εmk20

q
; (2)

where βspp � 2πneff∕λ is the propagation constant
of the SPP wave in the MIM waveguide, neff is the
effective refractive index, λ is the free-space wave-
length of the incident light, and k0 � 2π∕λ is the wave
number.

In our simulations, we assume the dielectric layer
is air and the metal layer is silver (Ag) since silver
has low absorption loss in the telecommunication
range compared with other metals. Silver can be
easily oxidized once exposed to air. For practical fab-
rication, we can deposit a protection layer to cover
the silver surface. The protection layer could be
SiO2, SiN, or other dielectric materials with low
absorption loss in the communication wavelength.
In this paper, we provide a proof-of-principle numer-
ical study of plasmonic filters with three different
structures. In principle, the design method and
structures we proposed can be adopted for other,
more stable metals like Au, Cu, etc. The frequency-
dependent complex relative permittivity of silver is
given by the Drude model

εm�ω� � ε
∞
−

ωp

ω�ω� iγ� ; (3)

where ε
∞
� 3.7 is the dielectric constant at infinite

angular frequency, ωp � 1.38 × 1016 Hz is the bulk
plasma frequency, ω is the angular frequency of
the input light wave, and γ � 2.37 × 1013 Hz is the
damping frequency of the electron oscillations [15].

We use the FEM to simulate the electromagnetic
wave propagation in the plasmonic filter. Because
of our computer limitation, only two-dimensional
(2D) structures are simulated, but the working prin-
ciple and design methods are of no difference with
real three-dimensional (3D) devices. If the metal
layer is thick enough (the third dimension much lar-
ger than light wavelength) in real devices, then the
3D SPP waveguide can be approximated by 2D cal-
culation. The FEM solves the partial differential
equations by meshing a continuous domain into a
set of discrete subdomains. Nonuniform grids are
adopted and the grid size is chosen to be 10 times
smaller than the dimensions of the corresponding re-
gions in order to get good convergence and accuracy
during numerical calculations. The domain of solu-
tion is meshed into triangular elements with quadra-
tic Lagrange functions. The calculation window is
wider than the cavity so that light waves will not in-
teract with the boundary. We use a perfect magnetic
conductor (Hz � 0) as the top and bottom boundary
constraint. The left and right boundaries are set
as input and output ports. We first solve the
fundamental transverse magnetic (TM)-polarized
(magnetic-field perpendicular to the device plane)
SPP waveguide mode and then use it as the excita-
tion source at the input port. The input, transmitted,
and reflected powers are recorded as Pin, Ptr, and Prf ,
respectively. The time-averaged power can be calcu-
lated by integration of the Poynting vector over the
input/output plane:

P �
�Z

Re�E ×H�� • dS
�.

2: (4)

The transmittance and reflectivity are then
expressed as T � Ptr∕Pin and T � Prf∕Pin,

20 January 2013 / Vol. 52, No. 3 / APPLIED OPTICS 481



respectively. The transmission and reflection spectra
are obtained by scanning the input wavelength.

3. Theoretical Analysis and Numerical Results

In this part, we present both theoretical analyses
and numerical simulations of our proposed plasmo-
nic filters. Three types of filters based on single,
side-coupled, and cross-coupled SPP slot cavities
are investigated in detail. The dependence of the
optical filtering properties on the device structural
parameters is analyzed.

A. Single SPP Slot Cavity

Figure 1 shows the schematic of the plasmonic filter
consisting of three SPP waveguide sections, with the
central one serving as a slot cavity and the other two
as input and output access waveguides. The slot cav-
ity has a width of Wc and a length of Lc. The slot
cavity is separated from the waveguides by a thin
metal wall with a size of g. When incident light tra-
veling along the input SPP waveguide sees the first
facet of the slot cavity, part of the light is reflected
back into the input SPP waveguide and part of the
light is coupled into the cavity due to the thin silver
wall. The coupled light can be trapped inside the
cavity by the two metal facets to form FP resonances
if the round-trip phase is an integer number of 2π
(phase-matched). The output SPP waveguide couples
the resonance light out of the cavity. Therefore, the
SPP slot resonator only selects particular wave-
length channels to transmit to the output port.

The SPP slot cavity can be modeled by using the
coupled mode theory (CMT) [32]. The amplitudes
of the input and reflected light are denoted by s�1
and s

−1, respectively, and the output light by s
−2. They

are all normalized to the power in the SPP wave-
guide. The amplitude of the mode in the cavity is de-
noted by a, normalized to the energy in the SPP slot
cavity. The evolution of the SPP slot cavity mode is
described by the CMT equation as

da
dt

�
�
jω0 −

1
τ0

−

1
τe1

−

1
τe2

�
a� κ1s�1; (5)

where ωο is the resonant frequency, 1∕τo is the decay
rate due to SPP slot cavity internal loss, 1∕τe1 and
1∕τe2 are the rates of external decay into input and
output waveguides, respectively, and κ1 is the input
coupling coefficient. The decay rates are related to

the unloaded quality factor and the external quality
factors and of the resonator by Qo � ωοτo∕2,
Qe1 � ωοτo∕2, Qe2 � ωοτo∕2. The reflected and trans-
mitted light waves are given by

s
−1 � −s�1 � κ�1a

s
−2 � κ�2a: (6)

The coupling coefficient κi (i � 1, 2) is related to the
delay rate 1∕τei by power consumption and is given
by κi �

�����������
2∕τei

p
e jθi, where θi is the phase change asso-

ciated with the coupling. Using Eqs. (5) and (6) and
assuming input wave s�1 ∼ ejωt, we get the filter
reflection and transmission functions

R � s
−1

s�1
�

−j�ω − ωo� − 1
τo
� 1

τe1
−

1
τe2

j�ω − ωo� � 1
τo
� 1

τe1
� 1

τe2

; (7)

T � s
−2

s�1
�

2���������
τe1τe2

p ej�θ1−θ2�

j�ω − ωo� � 1
τo
� 1

τe1
� 1

τe2

: (8)

It can be seen that the transmission peak has a
Lorenzian lineshape with its bandwidth determined
by the total delay rate 1∕τ � 1∕το � 1∕τe1 � 1∕τe2.
To get higher resonance transmission, the external
delay rate 1∕τei should be higher than the intrin-
sic delay rate 1∕το, which implies that the input
and output coupling should be strong by using a
small gap.

To investigate in more detail the dependence of fil-
tering performance on various design parameters,
we perform FEM simulations to study the SPP filter.
We first set the cavity width equal to the waveguide
width Wc � W � 50 nm. The cavity length is Lc �
0.52 μm and the total length including the cavity
and access waveguides is 1.5 μm. Figures 2(a) and
2(b) show the reflection and transmission spectra
for various gap sizes of g � 10 nm to 30 nm with a
step of 5 nm. The bandpass filtering feature can be
clearly observed from the spectra. Figure 2(c) shows
the filter central wavelength (resonance wavelength)
changes as a function of coupling gap. As the cavity
length is only 0.52 μm, the resonance mode is corre-
sponding to the fundamental (first-order) longitudi-
nal mode of the slot cavity. It can be seen that the
resonance wavelength experiences a blue-shift from
1610 to 1539 nm with the increase of coupling gap,
which suggests a smaller gap gives more phase shift
upon reflection on the metal wall. Figure 2(d) shows
the insertion loss and bandwidth variation with the
coupling gap. The insertion loss is defined as the
transmittance at the resonance wavelength, which
measures the light transmission efficiency through
the SPP slot cavity. The bandwidth is defined as
the 3 dB width of the resonance peak in the trans-
mission spectrum. At g � 10 nm, the insertion loss
is only 2.54 dB while the bandwidth is relatively
large (65 nm), corresponding to a resonance quality
factor (Q-factor) of 25. When the gap increases to

Fig. 1. (Color online) Schematic structure of the plasmonic filter
based on a single SPP slot cavity.
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g � 30 nm, the insertion loss increases to 12.3 dB
while the transmission peak narrows down to
14 nm, corresponding to an improved Q-factor of
110. The reduced transmittance and narrowed band-
width are owing to the weakened coupling when the
metal wall becomes thicker (larger g). As the metal
skin depth is very small (approximately 20 nm at
1550 nm), the metal wall thickness needs to be com-
parable in order to allow efficient light to couple into
the cavity. A small variation in coupling gap will
change the coupling significantly, which imposes a
challenge for device fabrication.

The filtering performance is dependent on the slot
cavity loss including the reflection loss at the metal
walls and the light propagation loss in the cavity wa-
veguide. One effective way to reduce the SPP propa-
gation loss is to widen the dielectric slot so that more
optical power is located in the slot. We fix the cou-
pling gap at g � 20 nm and vary the cavity width
Wc to study its filtering performance. The other
parameters are the same with the previous case.

Figures 3(a) and 3(b) show the reflection and trans-
mission spectra with the cavity width Wc changing

from 70 to 190 nm with a step of 20 nm. Figure 3(c)
shows the filter central wavelength shift with the
cavity width. Widening the cavity gradually blue-
shifts the central wavelength, since the effective re-
fractive index of the MIM SPP waveguide reduces
with the increasing slot width. Figure 3(d) shows
the insertion loss and the bandwidth change with
the cavity width. When the cavity becomes wider, the
insertion loss first decreases and then slightly in-
creases after reaching the minimum value of
4.4 dB at Wc � 150 nm. There are two factors that
affect the insertion loss: the coupling efficiency
through the metal wall and the propagation loss of
the cavity waveguide, both of which decrease with
the cavity width. The coupling efficiency decreases
because of the larger mode mismatch between the
access and the cavity waveguides. When the cavity
width is small (>150 nm), the propagation loss de-
creases faster than the coupling efficiency, and there-
fore, the transmission sees a net increase in optical
power at the resonance wavelength. The situation
is inversed when the cavity becomes too wide
(>150 nm). The filtering bandwidth monotonically

Fig. 2. (Color online) (a) Reflection and (b) transmission spectra of the plasmonic filter based on a single SPP slot cavity for various
coupling gap sizes. (c) Filter central wavelength versus coupling gap. (d) Filter insertion loss and bandwidth versus coupling gap.

Fig. 3. (Color online) (a) Reflection and (b) transmission spectra of the plasmonic filter based on a single SPP slot cavity for various cavity
widths. (c) Filter central wavelength versus coupling gap. (d) Filter insertion loss and bandwidth versus coupling gap.
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decreases with the cavity width since the light round-
trip loss is reduced. At g � 150 nm, the bandwidth is
13.5 nm, corresponding to a Q-factor of 96.

B. Side-Coupled SPP Slot Cavities

The SPP slot cavities can be side-coupled to get a
second-order filtering feature. Figures 4(a) and 4(b)
show the two configurations of plasmonic filters
based on side-coupled SPP slot cavities. The first con-
figuration (type I) has the two access waveguides
connected to one common cavity, and the second (type
II) to individual cavities. The two SPP slot cavities
are separated by a gap of gc. They have the same
widthWc, but their lengths Lc1 and Lc2 are not neces-
sarily equal.

With the CMT, the time rate equations of the two
coupled SPP slot cavities configured with type I are
given by

da1

dt
�

�
jω1 −

1
τ10

−

1
τe1

−

1
τe2

�
a1 � κ1s�1 − jμa2

da2

dt
�

�
jω2 −

1
τ20

�
a2 − jμa1; (9)

where ω1 and ω2 are the resonant frequencies of the
two cavities and μ is their mutual coupling coeffi-
cient. The reflection and transmission CMT equa-
tions are similar to Eq. (6) with only a replaced by
a1. Thus, the filter reflection and transmission func-
tions are derived as

R � s
−1

s�1

� −

h
j�ω − ω1� � 1

τ10
−

1
τe1

� 1
τe2

ih
j�ω − ω2� � 1

τ20

�
� μ2

h
j�ω − ω1� � 1

τ10
� 1

τe1
� 1

τe2

ih
j�ω − ω2� � 1

τ20

i
� μ2

;

(10)

T � s
−2

s�1

�
2���������
τe1τe2

p e j�θ1−θ2�
h
j�ω − ω2� � 1

τ20

i
h
j�ω − ω1� � 1

τ10
� 1

τe1
� 1

τe2

ih
j�ω − ω2� � 1

τ20

i
� μ2

:

(11)

It can be seen that the filter is a second-order filter
with the mutual coupling affecting the separation of
the poles and thus the filter bandwidth. For the type
II configuration, the CMT equations for the coupled
cavities are

da1

dt
�

�
jω1 −

1
τ10

−

1
τe1

�
a1 � κ1s�1 − jμa2

da2

dt
�

�
jω2 −

1
τ20

−

1
τe2

�
a2 − jμa1: (12)

The reflected and transmitted light waves are de-
scribed by Eq. (6) with a replaced by a1 and a2 in the
reflection and transmission equations, respectively.
R and T are then expressed as

R � s
−1

s�1

� −

h
j�ω − ω1� � 1

τ10
−

1
τe1

ih
j�ω − ω2� � 1

τ20
� 1

τe2

i
� μ2h

j�ω − ω1� � 1
τ10

� 1
τe1

ih
j�ω − ω2� � 1

τ20
� 1

τe2

i
� μ2

;

(13)
T � s

−2

s�1

�
2μ���������
τe1τe2

p e j�θ1−θ2−π∕2�h
j�ω − ω1� � 1

τ10
� 1

τe1

ih
j�ω − ω2� � 1

τ20
� 1

τe2

i
�μ2

:

(14)

These are the frequency responses of a second-
order filter, similar to the type I configuration. The
only difference is that the transmission function of
type II has only two poles, but there is an extra zero
in type I.

To numerically analyze the side-coupled SPP filter
performance, we set the intercavity gap gc � 70 nm,
the first cavity length Lc1 � 520 nm, and the second
cavity length Lc2 varied. The length difference be-
tween the two cavities is defined as dLc � Lc2 − Lc1
The other parameters are the same with the previous
case. Figures 5(a)–5(c) show the reflection and trans-
mission spectra for the configuration sketched in
Fig. 4(a). It can be seen that two resonance peaks ap-
pear in the spectra corresponding to the two poles

Fig. 4. (Color online) Schematic structures of plasmonic filters based on two side-coupled SPP slot cavities. The output waveguide can
either be directly coupled with (a) the first cavity (type I) or (b) the second cavity (type II).
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in Eq. (11). When the two cavities are identical
(dLc � 0), the right main peak is only slightly shifted
away by 5 nm from the original resonance wave-
length (indicated by the dot-dashed curve), while
the left small peak is 18 nm away. The asymmetry
is caused by the unequal resonances from the two
cavities. Inspecting Fig. 2, we see that the access wa-
veguides have a significant impact on the resonance
of the slot cavity, especially the resonance wave-
length. Therefore, the first cavity, end-coupled with
the two access waveguides, has a longer resonance
wavelength than the second one. In order to compen-
sate for the resonance mismatch, we can slightly
increase the second cavity length. The results are
presented in Figs. 5(b) and 5(c). Only when the two
cavities are optically identical (dLc � 5 nm) with co-
incident resonances do the spectra show symmetric
resonance line shapes. The two resonance peaks
are still present when the cavities are balanced due
to the coupling induced resonance splitting. The
splitting level is dependent on the intercavity mutual
coupling strength. Figures 5(d)–5(f) show the spectra
when dLc � 5 nm and gc is increased from 80 to
100 nm. At gc � 100 nm, the transmission spectrum
shows a flat top with an insertion loss of 5.3 dB.
The filter bandwidth is broadened to 16.76 nm. The
electromagnetic fields (Hy and Ex components) at
the filter central wavelength are shown in Figs. 5(g)
and 5(h). The magnetic fields are out-of-phase in the
two cavities. Figure 5(i) shows the time-averaged op-
tical power flow (only magnitude) in the structure.
It reveals that power only flows through the first
cavity without flowing through the second one (apart
from dissipation). The second cavity works like a
reservoir to store optical energy therein.

From the above analysis, it can be seen that the
length of second cavity should be precisely controlled
in order to produce a second-order filter. Alternatively,
we can move the output waveguide to the second cav-

ity to make the two cavities symmetrical, as depicted
in Fig. 4(b). In this case, the cavity lengths are set to
be equal (Lc2 � Lc1). Figures 6(a) and 6(b) show the
reflection and transmission spectra with various cou-
pling gap sizes. As expected, the two cavities are
equally excited, resulting in a symmetrical resonance
line shape. At gc � 70 nm, the passband possesses a
flat-top with an insertion loss of 6.9 dB and a band-
width of 15.2 nm. Figures 6(c)–6(e) show the electro-
magnetic field components and time-averaged optical
power flow distributions at the filter central wave-
length with gc � 70 nm. Optical power flows through
both cavities before reaching the output waveguide as
opposed to the previous case.

C. Cross-Coupled SPP Slot Cavities

The last filter structure that we study is composed
of cross-coupled SPP slot cavities, as shown in Fig. 7.
In this case, the second SPP slot cavity is put verti-
cally across the first one. To simplify our analysis, we
assume they are aligned at the cavity center.

We can use the same set of CMT Eqs. (9) and (10)
as for the side-coupled SPP filter (type I) to describe
the mode evolution. In the cross-coupled SPP cav-
ities, coupling is enabled by the crossing, which is
much stronger than the evanescent coupling through
the metal wall. The resonance generation in the ver-
tical cavity (or the stub) has been discussed in the
literature [18,29,30]. When light encounters the
crossing, partial light propagates through and par-
tial light is coupled into the two stubs of the vertical
cavity. The reflected light from the two stubs could
then interfere with the transmitted light to form re-
sonance at specific wavelengths. A strong mutual
coupling means a large μ in the CMT equations. The
resonant frequencies of the two cavities can be sepa-
rately controlled by their cavity sizes, providing a
means to tailor the transmission passband by
setting proper pole positions.

Fig. 5. (Color online) (a)–(c) Reflection and transmission spectra of the plasmonic filter based on side-coupled SPP slot cavities (type I) for
various cavity length differences. The intercavity gap is gc � 70 nm. (d)–(f) Reflection and transmission spectra for various intercavity gap
sizes. The cavity length difference is dLc � 5 nm. (g) Magnetic field Hy, (h) electric field Ex, and (i) time-averaged power flow magnitude
Pav distributions at the filter central wavelength with dLc � 5 nm and gc � 100 nm.
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We fix the lateral cavity length at Lc1 � 520 nm
and vary the vertical cavity length Lc2 to study its
filtering performance with FEM simulations. The so-
lid curves in Figs. 8(a) and 8(b) show the reflection
and transmission spectra of a single vertical cavity
(without the lateral one). Total reflection occurs at
894 nm. With a lateral cavity of equal length incor-
porated, the resonances become richer due to the
coupling between these two cavities. There are three
wavelengths (labeled as A, B, and C) worthy of
attention. Comparing the two transmission spectra
in Fig. 8(b), we find the deep notch A comes from
the vertical cavity only. Figure 8(c) shows the
magnetic-fieldHy distribution, confirming light is in-
deed reflected by the crossing. To better understand
the origin of the resonance peaks B and C, we also
plot their magnetic-field distributions in Figs. 8(d)
and 8(e), respectively. It reveals that resonance B re-
sults from both cavities and resonance C is from the
lateral cavity only. The simulation result is consis-
tent with our theoretical analysis. The notch and
peaks correspond to the zero and poles in the trans-
mission Eq. (11), respectively.

From the above analysis, we can see resonance B
can be shifted by altering the vertical cavity length.
Hence, it is possible to get a high-order passband if
resonance B is merged with resonance C. Figures 9(a)

and 9(b) show the spectra when they are close en-
ough with appropriate cavity lengths, together with
the original one (dLc � 0). Because of the mutual
coupling between the lateral and vertical cavities,
the filter bandwidth is increased from 14 to 18 nm
with a relatively flat top (dLc � 124 and 148 nm).
It should be noted that notch A also moves closer,
making the transmittance drop faster at one side
(the other side also a little bit faster than the original
one). The fast roll-off helps to reduce the cross-talk
between adjacent channels. Figures 9(c)–9(e) show
the electromagnetic fields and time-averaged power
flow distributions at the filter central wavelength for
dLc � 124 nm, and Figs. 9(f)–9(h) show the distribu-
tions for dLc � 148 nm. From the wave front of Hy
distribution, it can be seen light travels and reso-
nates between one lateral stub and the other three
in the cross-coupled cavities. In the special case
when resonance A is coincident with resonance C
(dLc � 136 nm), the transmission peak is split into
two due to the strong mutual coupling. The transmit-
tance is reduced to < − 13 dB while the reflectivity
still remains low (−12 dB) at the filter central
wavelength. Most of the incoming optical power is
dissipated in the cross-coupled cavities in this case.

4. Discussion

There are multiple ways to implement plasmonic fil-
ters, as discussed in the introduction. Our filter is
superior to those formed by Bragg gratings in terms
of footprint and transmission loss. For example, in
Han’s plasmonic filter [15], the achievable Q-factor
is 80 with 728 nm defect length and eight 660 nm-
long Bragg cells on both sides. Therefore, the filter
length is longer than 10 um with high transmission
loss. To get a higher Q-factor, even more Bragg cells
are needed, further increasing the length. The long
length of Bragg grating is expected since the
reflection of one Bragg cell is low and multiple Bragg
cells are necessary to enhance the reflection.

Fig. 6. (Color online) (a) Reflection and (b) transmission spectra of plasmonic filter based on side-coupled SPP slot cavities (type II) for
various intercavity gap sizes. (c) Magnetic-field Hy, (d) electric-field Ex, and (e) time-averaged power flow magnitude Pav distributions at
the filter central wavelength with gc � 70 nm.

Fig. 7. (Color online) Schematic structure of the plasmonic filter
based on two cross-coupled SPP slot cavities.

486 APPLIED OPTICS / Vol. 52, No. 3 / 20 January 2013



Another type of plasmonic filters is based on ring-,
disk-, or rectangle-shaped resonators [21–23]. Our
single slot nanocavity performance is similar to these
structures, as essentially the resonances are all
formed by back reflection on cavity metal sidewalls.
However, in the existing literature, only plasmonic
filters made up of one single nanocavity are investi-
gated, where the resonance spectral profile is a
Lorentzian lineshape with a relatively slow roll-off.
For practical filtering applications, however, the pass-
band should be flat and the roll-off should be fast to
suppress interchannel crosstalk. Therefore, a single
cavity based plasmonic filter is not enough. To this
end, we proposed cascaded plasmonic nanocavities
as higher-order bandpass filters. As discussed in
the previous section, the filter spectral profiles of the
side-coupled and cross-coupled slot cavities are closer
to an ideal box-like shape. The circular-shape nano-

cavities could also be cascaded, but the intercavity
coupling is muchmore difficult to control than the slot
SPP nanocavities due to the curved cavity sidewall.

Our proposed SPP filters have the key merit of
small footprint in the order of hundreds of nano-
meters, several orders smaller than conventional
approaches based on dielectric waveguides. This fea-
ture makes them very attractive for optical signal
processing in ultradense nanoscale plasmonic inte-
grated circuits. The nanoscale SPP filters are really
comparative in size with today’s high-end transistors
(tens of nanometers size). Therefore, they hold the
potential for hybrid integration with nanoelectro-
nics. They can also work as a bridge to link photonic
and microelectronic worlds. Like other plasmonic de-
vices, loss is always inevitable due to themetal ohmic
loss. Actually, there is a trade-off between loss and
size of plasmonic devices, as high confinement means

Fig. 8. (Color online) (a) Reflection and (b) transmission spectra of the plasmonic filter based on cross-coupled SPP slot cavities (Lc1 � Lc2)
and a single vertical cavity. (c)–(e) Magnetic-field Hy distributions in the filter corresponding to three wavelengths of interest: (c) notch A,
(d) peak B, and (e) peak C. Their spectral positions are indicated in (b).

Fig. 9. (Color online) (a) Reflection and (b) transmission spectra of the plasmonic filter based on cross-coupled SPP slot cavities. The
vertical cavity length is varied. (c) Magnetic-field Hy, (d) electric-field Ex, and (e) time-averaged power flow magnitude Pav distributions
at the filter central wavelength indicated by the dotted curves in (a) and (b) for dLc � 124 nm. (f)–(h) are the distribution for dLc � 148 nm.
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more interaction of light with metal, thereby leading
to a higher absorption loss. In our devices, apart from
the metal absorption loss, the return loss due to in-
complete resonant tunneling is another source for
the low passband transmission (5–10 dB loss). This
return loss can be further reduced by enhancing the
waveguide-resonator coupling, i.e., decreasing the
gap size to 10 nm or even less. However, it should
be noted such a small gap makes a great challenge
for device fabrication.

5. Conclusions

In summary, subwavelength plasmonic filters based
on SPP slot cavities were modeled using the CMT
and numerically studied using FEM simulations.
Three types of resonant structures composed of
single, side-coupled, and cross-coupled SPP slot
cavities were investigated. The single slot plasmonic
filter has a Lorenzian lineshape passband with its
central wavelength, bandwidth, and insertion loss
dependent on the cavity size and coupling gap. The
side-coupled slot cavities broaden and flatten the
passband resulting in a second-order filter. In parti-
cular, we considered two configurations to position
the output waveguide, either connecting to the first
cavity or the second one. It revealed that the latter
arrangement can ease the design because the two
cavities are equally balanced. We also explored
cross-coupled slot cavities as an optical filter. With
properly designed cavity dimensions, the resonators
can be mutually coupled to also work as a second-
order filter. Owing to their very compact sizes in
the order of hundreds of nanometers, the plasmonic
filters can be used as a basic building block for future
nanophotonic integrated circuits.
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