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Metal-Insulator-Metal Surface Plasmon
Polariton Waveguide Filters with Cascaded
Transverse Cavities

Lorena O. Diniz, Frederico D. Nunes, Member, OSA, Euclydes Marega Jr., John Weiner, Member,
OSA, and Ben-Hur V. Borges, Member, IEEE, OSA

Abstract— In this work we propose a new approach for the
design of resonant structures aiming at wavelength filtering
applications. The structure consists of a subwavelength metal-
insulator-metal (MIM) waveguide presenting cascaded cavities
transversely arranged in the midpoint between the input and
output ports. An extra degree of freedom added to this design
consists in tilting the cavities around their midpoints which,
besides effectively increasing the quality factor of the cavity,
helps extending its range of applications by tuning multiple
wavelengths.

Index Terms—Cavity
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. INTRODUCTION

HE rapid development of the field of plasmonics observed

in the past few years has paved the way for the
development of a myriad of devices capable, for example, of
guiding, coupling, or filtering wavelengths at scales below
Abbe's diffraction limit. This remarkable ability has rendered
surface plasmon polariton (SPP) based devices particularly
important for telecom and sensing applications, as it allows
miniaturizations at unprecedented scales. Yet, SPP based
devices can be as simple as the combination of two semi-
infinite materials, i.e., a metal and an insulator. At optical
wavelengths, such an interface can guide transverse magnetic
(TM) surface waves [1], which is possible due to the coupling
of the electromagnetic field to the conduction electrons in the
metal. The disadvantage of this effect is that ohmic losses can
reduce SPP propagation to only a few tens of microns for
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noble metals in the visible or near-infrared wavelengths [2].
Therefore, the choice of the waveguiding scheme plays an
important role on the overall performance of any SPP based
device.

Several SPP waveguiding schemes have been successfully
proposed in the literature, such as metal films of finite width
[3-5], dielectric loaded directional couplers [6], dielectric
stripes on gold [2, 7], straight waveguides coupled to lateral
stubs [8-10], insulator-metal-insulator and metal-insulator-
metal structures [11]. Metal-insulator-metal (MIM) structures
in particular, have become of great interest due to their ability
to provide superior field confinement (or localization) when
compared to the other schemes mentioned above. This better
field localization is obtained at the expense of a higher
propagation loss (reduced propagation distance). It should be
noticed that despite the higher propagation loss, MIM based
SPP structures have been successfully employed in
wavelength filtering applications (the focus of this work),
where high quality factors are desired. Several approaches
have been investigated in the literature for this purpose, such
as teeth-shaped structures [12-17], gap based filters [18-20],
and ring/disk based resonators [21].

As is well known, an important aspect of wavelength
filtering devices is the ability to provide high wavelength
selectivity. This requires a high quality factor Q (Q=A4y5/A4,

where Ay is the peak wavelength and A4 is the half width of
the peak). However, this parameter can be substantially
reduced by the ohmic losses of SPP waveguides, thereby
sacrificing selectivity. In [19], for example, the quality factor
Q is as high as 50, while in [20] it is less than 25. Other
configurations, such as plasmonic ring/disk resonators have
also been suggested for wavelength selection purposes,
resulting in a quality factor Q = 30 [21].

In this context, the present work explores a novel approach
for the design of resonant structures based on cascaded
cavities aiming at wavelength filtering applications. An extra
degree of freedom included in the analysis consists in tilting
the cavities around their central points. Results show this
approach can produce quality factors in excess of 500, which
is extremely high for MIM-based structures. Moreover, we
show that tilting the cavities not only helps to improve the
quality factor, but also allows one to simultaneously select
multiple wavelengths (this effect is not observed for vertical
single cavities).
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I1.MATHEMATICAL BACKGROUND

The top view of the proposed cascaded filter design is
schematically shown in Fig. 1(a). In this approach the
possibility of tilting the cavities (dashed lines) is also
explored. The idea is to investigate how the tilting of the
cavity affects the overall performance of the device. In this
section we describe the simplified mathematical model that
physically describes the resonance condition for a single
cavity [22]. This model is based on the scattering matrix
theory, also adopted in the design of tooth shaped waveguide
filters [12], expanded here to a four port structure. We have
observed that the resonant frequency of cascaded cavities can
also be accurately predicted with this simplified single cavity
analysis. Therefore, and with the help of Fig. 1(b), the
transmittance from Port 1 to Port 2 is obtained as follows,
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In the above equations, r;, tj, and s; (i = 1,2,3,4) are,
respectively, the reflection, transmission, and splitting
coefficients of the incident wave from Port i. E[™° refers to
the incident/output field at the specified port. Expanding the
above system and assuming Eizn =0, one obtains,
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in _ 51E1in i0(4)

Substituting (2) into (1), yields
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In the above equations, the phase delay 9(2) is given by
0(1)= (47://1)neff h, +Ag (1), where ng =81k, (Bis the

propagation constant, and ko =27/1,), and Ag(1) is a

phase shift at the air/silver interface. Finally, the transmittance
from Port 1 to 2, can be obtained as
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From (3) one can obtain the wavelength for maximum
transmission, which is given by

4nq# h
lm _ eff lA , (4)
(2m+1)+ =2
T
where the effective index ng; is an implicit function of wy. As
will be discussed in the next section, the width w; influences
only weakly the position of the through wavelength (and also

Q).

- -~ s 3
o N TN (/‘ N4
LT oA h; h
Y LY Y \ Ay
\
“\ \\“\ A\ \‘\ \ \ “\ N R 5 1,72
R ERV N R B\ §\ ]
B e Y \ SR |- S\ \ A
' \ \ \
Air d \‘\‘ \\“ N \\‘ Y o000 5 ‘\‘ %
imm———————f——————— Y SN N 5\ X \\ N e
B\ |1 R 5 \ N
A D SN R
R\ \ AR 1 N \ RO
WY AR \ N SN 2
v R VBN / ‘\v/ ke v
S W2
(a)
" Port3
z X
s I
Port 1 J | | 2l S5¥Sa Port 2
<« S —
— —
— 1 -
S35, v, 4
Port4

Fig. 1: (a) Top view of the slit-based cascaded filter; h; and h; are the heights
of the central cavity and lateral arms (stubs), respectively. The depth of the
slit is assumed as p (not shown in this figure). (b) Schematic diagram utilized
with the Scattering Matrix Formalism for a four-port single cavity structure.

I1l.  NUMERICAL RESULTS

The metal used in the simulations is silver, whose
permittivity is defined here via polynomial fitting of the
experimental data from Johnson and Christy [23]. All
simulations discussed in this section where carried out with
COMSOL Multiphysics® for TM polarized waves [24]. The
waveguide width d is kept constant in all simulations (d = 150
nm), and the operating wavelength is 4, = 1000 nm. The
cavity height, hy, is then obtained from (4) assuming m = 3
and Ag(1)=0, without loss of generality. The effective index

in that equation is obtained via two-dimensional simulation of
the central cavity cross-section assuming a slit width w; = 240
nm and a slit depth p = 400 nm. This slit depth guarantees a
good compromise between loss and field confinement. A
thorough investigation of MIM structures in terms of mode
effective index, propagation distance, and mode confinement

! The identification of the COMSOL Multiphysics software package is not
intended to imply recommendation or endorsement by the National Institute of
Standards and Technology, nor is it intended to imply that this product is
necessarily the best available for the purpose.
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is beyond the scope of this paper, but for the resonant
wavelength of 1000 nm these parameters are, respectively, nNgg
= 1.013306 - i 3.591894x10™*, 221.55 pm, and 37.04, with the
last two obtained according to [25]. The cavity parameters s,
h, , and 6, as well as the number of cascaded cavities, will be

individually analyzed next. By virtue of the large number of
variables to be optimized in the cascaded cavities structure in
Fig. 1(a), we decided first to design a single cavity device and,
afterwards, replicate the obtained parameters to as many
consecutive cavities as desired. We found that this procedure
does not significantly affect the operating point of the
cascaded structure. The single cavity design was explored in
our previous publication in [22], and is now summarized here
for the sake of convenience.

First, the results will be obtained for a cavity tilting angle
6 = 0°. An interesting aspect of this structure is the lateral
arms on each side of the central cavity. These arms (or stubs)
perform an important role in the energy coupling to the
cavities, with a direct influence both on the cavity Q and on
the insertion loss. The frequency response for a single cavity

for three different arm heights, i.e., h, =h,(circles),
h, =3h, /7 (squares), and h, =d (triangles) is shown in
Fig. 2(a). We have fixed the following parameters: s=235nm,
w; =240nm, and w, =50 nm. When the arms are not

present (h, =d) the best Q is obtained (Q = 450). In this

case, the coupling efficiency to the central cavity is sacrificed,
resulting in an insertion loss of -9.81 dB. For
h, =h;(h, =3h,/7), the cavity Q and insertion loss are,

respectively, 63 (170) and -0.99 dB (-3.07 dB). In this case we
have chosen h, =3h,/7=743nm as a good compromise

between selectivity and insertion loss. As will be shown later
on, this corresponds to a total stub height h, that is close to

Aspp (Aspp = A /Nt ). By doing so, the wave pattern inside

the stub closely matches the wave pattern inside the central
cavity, therefore improving energy coupling between them.
Next, we analyze the influence of the cavity mirrors'
thickness s on the frequency response, Fig. 2(b). All remaining
geometrical parameters remain the same as above. As one
would expect, only one resonant peak is obtained for this case.
In addition, as s increases so does the mirrors reflectivity and,
consequently, the cavity Q (at the expense of a lower
transmission).  Therefore, s=35nm is an adequate

compromise between wavelength selectivity and transmission
loss. Now that all pertinent geometrical parameters for the
single cavity are defined, we simulate the influence of
multiple cavities and tilting angle on the filter's overall
frequency response. The simulated results for up to four
cascaded cavities are shown in Figs. 3(a)-(d), for single, two,
three, and four cavities, respectively. The limiting case is the
single cavity (a) for &= 0° (squares), adopted here as a
reference condition for the sake of comparison. Observe that
the resonant peak is blue-shifted by approximately 30 nm from
the desired operating wavelength predicted with (4) (same is
true for all other tilting angles). We believe this difference is
caused by the assumption of ideal metal (perfect conductor) in
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Fig. 2: Frequency response for a single cavity with the height of the
coupling arms /, (a) and mirrors' thickness s (in nm) (b) as parameters.

Each curve has 500 wavelength points. We used only a few symbols on
each curve just to ease its readability.

the analytical model and real metal in the numerical
simulations.

Now, as the tilting angle increases, additional resonant
peaks appear. It is important to remember at this point that
larger tilting angles effectively increases mirror reflectivities,
with a corresponding increase in Q. Therefore, one could
argue that the additional resonant peaks should be attributed to
this effect. But this is not true as can be seen in Fig. 2(b). No
additional resonant peak is observed in that figure for thicker
mirrors. Therefore, the tilting angle does plays an important
role in the device's overall performance. This influence will be
addressed later on.

When two or more cascaded cavities are considered the
overall frequency response of the structure changes
dramatically, see Figs. 3 (b)-(d) for 2, 3 and 4 cavities,
respectively. All resonant peaks observed with the single
cavity case (a) are still present here, but this time with a much
higher Q-factor (as well as transmission loss). This is expected
since the composite response of the cascaded structure is the
product of individual cavities responses (if the cavities do not
interact). Table 1 summarizes the influence of the tilting angle

on the Q-factor and transmission loss for 1, 2, 3, and 4



JLT 12731-2010

—=—0°
-5 —e— 30°|
—a— 60°| |

Transmission (dB)
8 B 8

&

600 700 800 900 1000

Wavelength (nm)
(@)

5

o
(=]
o

1100

0 T T T T

Transmission (dB)
¥
o

-35 o

4
1100

500 600 700 800 900
Wawlength (nm)
©

A
=]

1000

Transmission (dB)
o)
o

: L

500 600 700 800 900

1000 1100
Wanelength (nm)
(b)

Transmission (dB)

500 600 700 800 900

Waelength (nm)
(d)

1000 1100

Figure 3: Frequency response with the tilting angle as a parameter. (a) single cavity, (b) two cavities, (c) three cavities, (d) four cavities. Each curve has
500 wavelength points. We used only a few symbols on each curve just to ease its readability.

TABLEI

(O-FACTOR AND TRANSMISSION LOSS IN TERMS OF THE TILTING ANGLE FOR 1, 2. 3 AND 4
CASCADED CAVITIES. WE HAVE HIGHLIGHTED THE CASES THAT COULD BE
SUCCESSFULLY EMPLOYED IN WAVELENGTH SELECTIVE APPLICATIONS

Single cavity

Two cavities

Three cavities Four cavities

ﬁlr;gglt; Q Loss Q Loss Q Loss Q Loss

’ (dB) (dB) (dB) (dB)

0 170 -2.5 180 -3.27 210 -4.5 214 -5.6
30 250 -3.8 291 -5.37 335 -9.17 350 -11.04
35 317 -4.77 480 -8.5 525 -15.0 654 -19.46
40 443 -6.8 885 -25.73 1075 -42.75 1327  -60.05
45 388 -12.46 560 -17.32 655 -19.85 692 -25.34
50 550 -47.56 600 -52.68 654 -54.26 792 -57.87

55 365 -11.58 337 -17.52 645 -20.48 684 -23.3
60 255 -4.3 543 -8.7 618 -14.3 752 -19.11

cascaded cavities. We have highlighted some cases we believe
could be successfully applied to wavelength selective
applications. We have also set the upper transmission loss
limit to 11 dB (in absolute value) since this loss magnitude is
not uncommon for slit-based structures [19]. A quick look at
this Table also shows that a good compromise between
wavelength selectivity and transmission loss can be a two
cascaded cavity structure tilted by 60°, resulting in a Q and

transmission loss of 543 and -8.7 dB, respectively. The Q-
factor and transmission losses as a function of the tilting angle
is plotted in Figs. 4(a)-(b), respectively. This figure helps
visualize the role played by the tilting angle on the filter
response. For a filter with two or more cavities one can see a
dramatic response for 6 = 40° and 50°. At these specific
angles, not only the field intensity becomes even more intense
(by a factor of 3), but also the reflectivity of the filter back to



JLT 12731-2010

1400 | '@

—a— 1 cavity
—e— 2 cavities

1200 +

—a— 3 cavities /o Jal
¥— 4 cavities f

Q factor

0 10 0 30 40 50 60
Angle (°)
@)
0+
R R R S e
10k -«
e
— 20} 't
[aa)
T 3l
w2
2
2 40t
-

—a— 1 cavity
-50 —e— 2 cavities
—a— 3 cavities
¥— 4 cavities v

0 10 20 30 40
Angle (°)
(b)

Fig. 4: Influence of the tilting angle on the Q-factor and transmission
losses with the number of cascaded cavities as a parameter. The lines
connecting the points are just to guide the eye.

Port 1 (resulting in a much lower transmission). This increased
field localization in the central cavity contributes to the
extremely high wavelength selectivity observed for these
particular angles. The non-monotonous behavior of the loss
and Q-factor with tilting angle shows that the latter not only
changes the optical path length inside the cavity (helping other
wavelengths to satisfy the resonant condition) but also how the
field interacts with metal. It is important mentioning at this
point that the Q-factors obtained for the single cavity filter is
far superior than those obtained with other slit-based
structures [19-21].

To better illustrate the role played by the tilting angle on the
overall response of the cavity we present in Figs. 5(a)-(c) the
two-dimensional profiles of the real part of the electric field
component normal to the short axis of the cavity for different
tilting angles, i.e,, 0° 10° and 60° respectively. This
component is chosen since it provides information regarding
the oscillating charge distribution created on the edges of the
cavity, and is obtained as follows: Eg =E, cos (0)—E,sin(8).

Similarly, the expression for the component normal to the long
axis is defined as E, =E, sin(9)+E, cos(@). For the sake of

clarity, only the field inside the cavity is shown. Observe that
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Fig. 5: Field distribution for the real part of the electric field component
normal to the short axis of the cavity, Es=E,cos(6)-E,sin(6), for different
tilting angles: (a) 0°, (b) 10°, and (c) 60°, taken at resonance. For the sake
of clarity, only the field inside the cavity is shown. The field distributions
in the right column show the oscillating dipoles (sharp peaks) at each
corner of the cavity.

the electric field clearly shows the presence of sharp peaks at
the four corners of the central cavity as a result of the
accumulation of oscillating electrical charge at these particular
locations. At 0° the oscillating charges (dipoles) on the
left(right) corners have same sign and about the same
intensity, but opposite signs with respect to the charges on the
right(left) corners. The SPP mode launched at this angle
establishes a standing wave along the short length of the
cavity (which is about Agpp/4), and therefore it is referred

here as a transverse SPP mode. At larger angles the symmetry
of the cavity is broken and the SPP mode tends to be launched
along the long axis of the cavity (which is 24gpp ), Fig. 5(b).

This effect becomes more evident at 60°, Fig. 5(c), where one
can see a standing wave completely formed along the long
length of the cavity. Therefore these modes are referred to
here as longitudinal modes. Another consequence of tilting the
cavity is that the field amplitude inside the cavity becomes
considerably higher than that for a straight cavity. Particularly
for 6 = 60°, Fig. 5(c), the field amplitude is about 29 times
higher than that for 6 = 0° (or about 7 times higher if both
complex field amplitudes are considered in absolute value).
This stronger field localization helps explain the improved
quality factor observed for tilted cavities. Moreover, since the
tilting angle changes the launching condition of the SPP mode,
it is therefore expected that additional wavelengths resonate
inside this cavity. This helps explain why additional resonant
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Fig. 6: Real part of the electric field distribution for the Ex component
(V/m) for (a) single, (b) two, (c) three, and (d) four cascaded cavities. The
tilting angle 6 = 0°. The resonant wavelengths respective to (a)-(d) are
969.5 nm, 965.3 nm, 969.5 nm, and 965.1 nm.

peaks only appear for tilted cavities, as shown in Figs. 3(a)-
(d). Observe, for example, the cases for = 30°, 45°, and 60°.
Besides the main peak at = 971 nm (which is the desired
peak), one can clearly see three additional peaks at
approximately 570 nm, 650 nm, and 770 nm. Except for the
peak around 650 nm (more pronounced for angles between
40° and 55°), all other peaks are approximately separated by
200 nm. In any case, the results also show that these
"unwanted" resonances can be eliminated by a proper choice
of angles, if desired.
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Fig. 8: Real part of the electric field distribution for the Ex component
(V/m) for (a) single, (b) two, (c) three, and (d) four cascaded cavities. The
tilting angle 6 = 60°, and the resonant wavelengths respective to (a)-(d)
are 969.5 nm, 969.5 nm, 967.3 nm, and 967.3 nm. The cavities appear
distorted because the x and y axes are not in proportion.

Finally, we compare the electric field distribution (real part
of the E, component) and its corresponding phase map for the
cascaded cavities at two distinct tilting angles, namely, 6= 0°
(Figs. 6 and 7) and 60° (Figs. 8 and 9), taken at resonance.
One can see from the field distributions in Figs. 6 and 8 that
the height of the cavities are equal to 2Aspp, While the total
height of the stubs is approximately equal to Aspp. This
stub/cavity height configuration is nearly optimum as it
provides a better wave coupling to the central cavity(ies). As
mentioned previously, the wave pattern inside the stub closely
matches the wave cycle inside the cavity. Higher stubs
improve wave coupling into and out of the cavity, therefore
reducing transmission losses, but they do sacrifice the quality
factor Q. The increased coupling into and out of the cavity
reduces the energy stored inside the cavities, causing the
quality factor Q to be reduced. The phase map distribution
helps provide insight into the resonance condition for all SPP
structures. The phase pattern shows that the phase is constant
except at the nodal points where the signs change abruptly,
which is the signature of a standing wave. Regarding the
additional peaks at 570 nm, 650 nm, and 770 nm, their phase
maps (even though not shown here) present precisely the same
behavior. Therefore, we can clearly state that these extra
wavelengths also resonate inside the cavities.
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IV. CONCLUSION

We have proposed a novel design for metal-insulator-metal
SPP-based structures aiming at wavelength filtering
applications. The structure consisted of a subwavelength MIM
waveguide with transversely arranged tilted cavity. We have
carried out an analysis of pertinent geometrical parameters of
the structure aiming at finding optimum configurations.
Simulation results have shown that single and double cascaded
cavities are a good compromise between wavelength
selectivity and transmission losses. In addition, we have
shown that the extra degree of freedom provided by the tilting
of the cavity not only improved the quality factor of the
structures, but also allowed for tuning multiple wavelengths.
These additional resonant wavelengths, not observed for
single and not tilted cavities, can clearly extend the range of
applications for these structures.
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