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A novel plasmonic waveguide filter design based on three cascaded slot cavities is proposed. The cascaded
nanocavities support a united resonant (UR) mode. Light is trapped in the middle nanocavity at telecom-
munication wavelength (1550 nm) when the UR mode exists. This phenomenon leads to the efficient
transmittance and high @ factor of the plasmonic filter. The resonant wavelength and @ factor can be
easily modulated by the cavity radii and the waveguide width.
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Surface plasmon polaritons (SPPs) are evanescent waves
propagating along the interface between a metal and
a dielectric, thus providing great potential to over-
come the diffraction limit of light!*=3!. Metal-insulator-
metal (MIM) waveguides are examples of typical de-
vices based on SPPs that confine light in subwavelength
dimensions. Numerous plasmonic devices, which are
based on the MIM structure, have been demonstrated;
these devices include beam splitters*, wavelength
demultiplexers!®7 logic gates!®!, all-optical switches!,
Mach-Zennder interferometers!'?, and networks!*!.

Many studies have recently focused on MIM plasmonic
filters. An optical cavity with a high @ factor is a key
component of plasmonic filters. Cavities can be classified
into two types according to the ways they couple light.
The first type of cavity is called coupled cavity, which
is separated from the MIM waveguide, i.e., a gap exists
between the cavity and the waveguide. Coupled cavities
such as ring resonators'?, nanodisk resonators!'3!, slot
cavities!'¥, and rectangular ring resonators'®~18 have
been demonstrated as band-pass or band-stop filters.
The drawback of coupled cavities is their low transmit-
tance, which results from reflection and internal losses
caused by the metal partition between the waveguide
and the cavity. For example, when the gap between a
coupled cavity and waveguide is 10 nm, the plasmonic
filter transmittance is approximately 60%12=18]. As the
gap increases, the transmittance drops sharply. The sec-
ond type of cavity is called connected cavity!'®2%!, which
connects directly to the waveguide, i.e., no gap exists be-
tween the cavity and the waveguide. Direct connection
between the cavity and the waveguide guarantees high
device transmittance. However, the power in such a cav-
ity escapes to the MIM waveguide fairly easily, which
decreases the @ factor. For example, when a connected
cavity is integrated with an MIM waveguide>-2 the Q
factor is only approximately 2, much less than the @ fac-
tor (about several tens) of coupled cavities.

Previous studies focused on MIM waveguide interac-
tions with single cavities, and the interaction between
cavities has received little attention. In the current study,
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a narrow-band plasmonic filter based on three connected
cascade slot cavities is studied. The cascaded slot cavi-
ties interact with each other and generate a new resonant
mode. Our design features a high ) factor, which is at-
tributed to high energy congregation in the cascaded slot
cavities, and high transmittance, which is due to the di-
rect connection between the cavity and the MIM waveg-
uide.

No analytical solution of the resonant mode of cas-
caded slot cavities has yet been published. In this letter,
the eigenmodes of cascaded cavities are analyzed via the
finite-element analysis method (FEM) using commercial
software (COMSOL Multiphysics). Figure 1(a) shows
the geometry of a single circular nanocavity. The junc-
tion between circumscribed nanocavities contains a MIM
waveguide with D=50 nm (Fig. 1(b)). The configuration
yields a convergence result because of our avoidance of
sharp metal corners. The insulator in the cavity is air
(ng=1), and the metal is silver, the frequency-dependent
complex relative permittivity of which is characterized
by the Drude model:

em(Ww) = €00 — W Jw(w + 1), (1)

where e, is the dielectric constant at the infinite fre-
quency, v is the electron collision frequency, wy, is the
bulk plasma frequency, and w is the angular frequency of
incident light. The parameters are e5c=3.7, wp,=9.1 eV,
and v=0.018 eV[?1,

Figures 1(c)—(e) show the magnetic field |H,| ampli-
tude distribution of different configurations of cascaded
disk-shaped cavities. Figure 1(c) displays the distribu-
tion |H,| of the eigenmode in two cascaded disk-shaped
cavities, thereby revealing the equipartition density of
the magnetic field. In two unequal cascaded disk-shaped
cavities, the density of the magnetic field in the smaller
disk-shaped cavity is greater than that in the larger one,
which is shown in Fig. 1(d). For further enhancement of
the magnetic field in the small disk-shaped cavity, three
cascaded disk-shaped cavities are considered as a candi-
date configuration. The eigenmode of the three cascaded
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cavities is presented in Fig. 1(e). In FEM, the complex-
valued eigenfrequency is f = fre + ifim, @cd = fre/2fim-
The calculated @ factor consists of contributions from
intrinsic metal losses Qetal and geometry- and material-
dependent radiation losses Qraq into free spacel22!:

Qud = Qmetal + Qran- (2)

The @ factors of the cavities in Figs. 1(c)—(e) are
144, 173, and 337, respectively. The cascaded circu-
lar nanocavities produce a new resonant mode, which is
called the united resonant (UR) mode.

Figure 2 shows the geometry of the two-dimensional
plasmonic filter, which is composed of an MIM waveguide
and three cascaded disk-shaped cavities. Three circum-
scribed cavities are embedded into an MIM waveguide.
The cavity centers are kept in the center line of the MIM
waveguide to preserve structural symmetry along the z-
and y-axes. The radii of the bilateral disk-shaped cavi-
ties are the same and denoted as R;. Furthermore, the
radius of the middle disk-shaped cavities is denoted as
Ry, and the waveguide width is D. The input light is
a transverse magnetic (TM) plane wave that excites the
SPPs.

Figure 3(a) depicts the plasmonic filter transmittance
calculated by FEM. The transmittance is defined as T=
|H,out|?/|Hyin|?, where |Hyi,| and [H,ou| are the input

Fig. 1. (Color online) (a) A single disk-shaped cavity. (b)
Schematic diagram of the junction between the cascaded cav-
ities. For visualization, the diagram is not shown in true
proportions. The distribution |H.| of the eigenmode: (c) two
equal cascaded cavities, (d) two unequal cascaded cavities,
and (e) three cascaded cavities (two big cavities and a small
cavity). The wavelengths of the resonance modes in (c), (d),
and (e) are 3300, 2160, and 1550 nm, respectively. Here, the
radius of large cavities is 260 nm while that of the small cav-
ities is 135 nm.
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Fig. 2. Schematic diagram of the proposed plasmonic filter.
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Fig. 3. (Color online) (a) Transmission spectrum of the

plasmonic filter based on three cascaded cavities. Here,
R1=260 nm, R»,=135 nm, and D=50 nm. The |H.| field
distributions at three transmission peaks with wavelengths of
1550, 880, and 595 nm are shown in (b), (c), and (d), respec-
tively.

and output amplitudes, respectively, of the magnetic
field. The parameters of the filter structure are set as
R1=260 nm, Ry=135 nm, and D=50 nm. Three trans-
mission peaks corresponding to wavelengths A of 1550,
880, and 595 nm are observed. Field distributions of
|H.| at incident A of 1550, 880, and 595 nm are depicted
in Figs. 3(b)—(d), respectively, and the resonant mode
transmittances at these wavelengths are 90%, 55%, and
12%, respectively.

In our filter, two types of resonant modes exist, i.e.,
the UR mode and the single-disk resonant (SR) mode.
The UR mode corresponds to Fig.3(b) and originates
from the eigenmode of three cascaded disk-shaped cavi-
ties (Fig. 1(e)). Interestingly, the light is highly localized
in the middle cavities. In FEM, the input light magnitude
is 1 A/m. The average value of the magnetic field in the
middle cavity is 3.5 A/m. Since energy density I oc |H|?,
the energy density in the middle cavities increases by ap-
proximately 10-fold. Therefore, the UR mode produces a
high @ factor. This new resonant mode of the UR system
has a fairly high transmittance (about 90%) and can be
tuned to the telecommunication wavelength (1550 nm).
To the best of our knowledge, the UR mode has never
been explicitly studied in previous research.

The resonance can also be excited in disk-shaped cav-
ities, i.e., the SR modes in Fig. 3. The SR mode in
bilateral disk-shaped cavities satisfies the resonant con-
dition, which is given by![!3]

HY (kr) J! (kar)
k — fop, ST 3
CHD (k) I (kar) ®)

where kqm are the wave vectors in the dielectric
disk/metal; r is the radius of the nanocavity; J, and
J;, are the first-kind Bessel functions with the order n

and its derivation, respectively; Hy(Ll) and H,(ll)/ are first-
order Hankel functions with the order n and its deriva-
tion, respectively. The SR mode transmittances, which
correspond to Figs. 3(c¢) and (d), are lower than those
of the UR mode. This phenomenon is attributed to the
mismatch between resonant wavelengths () in the mid-
dle disk-shaped cavities and A; in adjacent cavities in the
SR mode.

To further investigate the UR mode properties of the
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filter, the @ factor of the filter is estimated by!23]

Ar
~ FWHM’ (4)

where A, is the resonant wavelength and FWHM is the
full-width at half-maximum of the UR mode transmission
spectra. When the device parameters are R;=260 nm,
R>=135 nm, and D=50 nm, the UR mode FWHM is
55 nm. The @ factor of the UR mode, which is esti-
mated by Eq. (4), is 28. This @ may be improved
significantly when compared with the theoretical value
(337) of cascaded disk-shaped cavities. The decrease
in @ factor is attributed to radiation losses Q,aq into
the MIM waveguide. Figure 4 depicts the dependence
of Q¢ on Ry/D. When the R;/D value increases, i.e.,
R1=260 nm, Ry=135 nm, and D=25 nm, @ can reach
56. For Qf, the higher the increase in Ry/D value, the
smaller the relative connected area between the cavities
and the MIM waveguide. Thus, more energy is stored in
the cavity and less power is dissipated from the cavity.
Figure 5 displays the influence of the device parame-
ters on the A, of the UR mode. Figure 5(a) shows the
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Fig. 4. Dependence of Q¢ on R1/D under a fixed R1=260 nm
and R>=135 nm.
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Fig. 5. (Color online) Influence of filter parameters on the
UR mode. (a) Transmission spectra with different Rs when
R1=260 nm and D=50 nm. The resonant wavelength A, ver-
sus Ry (b) when R1=260 nm and D=50 nm, versus R (c)
when R>=135 nm and D=50 nm, and versus D (d) when
R1=260 nm and R2=135 nm.
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Fig. 6. Transmission spectrum of the plasmonic filter based
on three cascaded disk-shaped cavities when a 10-nm gap is
found between the MIM waveguide and the cavity.

transmission spectra obtained under different Ro when
R; and D are maintained at 260 and 50 nm, respectively.
Figures 5(b) and (c) show the dependence of the A, on
Ry and R;. The results reveal that A, depends on Ry
(R1) in a linear manner, which is consistent with the case
of a normal cavity. The slope of the linear dependence
of A\, on Ry is 8.6, i.e., when the radius of the middle
disk-shaped cavity Rs increases by 1 nm, the \; has a red
shift of 8.6 nm. The slope of the linear dependence of A,
on R is 1.8, which is smaller than that observed in the
case of Ry. The middle disk-shaped cavity has a larger
impact on transmission response of the UR mode than
the adjacent cavities, which is likely due to high energy
congregation in the middle disk-shaped cavity. Figure
5(d) shows that A, decreases as the D increase. The
junction of the adjacent disk-shaped cavities is a MIM
waveguide. When D increases, the effective refractive
index of the MIM waveguide decreases(?!]. This process
causes a blue shift in the ;.

Finally, the configuration where a gap exists between
the resonator and the MIM waveguide is illustrated. Fig-
ure 6 shows the transmission spectrum of the plasmonic
filter based on three cascaded disk-shaped cavities when
a 10-nm gap is found between the resonator and the MIM
waveguide. The transmittance of this configuration is
8%, much lower than that of our proposed structure.
The gap between the resonator and the MIM waveguide
leads to more energy stored in the cavity and less power
dissipated from the cavity; thus, the @ factor of this
configuration is approximately 260, much higher than
that of our proposed structure.

In conclusion, a novel narrow-band plasmonic waveg-
uide filter design based on cascaded slot cavities is pro-
posed and numerically demonstrated by FEM. The cas-
caded slot cavities support a UR mode, which originates
from coupling among the slot cavities. The UR mode
presents a high @ factor and efficient transmittance
at telecommunication wavelength (1550 nm). The A,
and @ factor can be easily modulated by the slot cav-
ity radii and the MIM D. Our findings indicate that
cascaded cavities are interesting candidate materials for
high-density nanophotonic integrated circuits.

This work was supported by the National Natural
Science Foundation of China (No. 61178004), the Re-
search Fund for the Doctoral Program of Higher Edu-
cation of China (No. 20110031120005), Tianjin Natural

112401-3



COL 11(11), 112401(2013)

CHINESE OPTICS LETTERS

November 10, 2013

Sc

ience Foundation (Nos. 12JCQNJC01100 and 13JC-

QNJC01700), and the Program for Changjiang Scholars
and Innovative Research Team in Nankai University.

References

1

2.

3.

10

. W. Barnes, A. Dereux, and T. Ebbesen, Nature 424, 824
(2003).

X. Wang, P. Wang, C. Chen, J. Chen, Y. Lu, H, Ming,
and Q. Zhan, Chin. Opt. Lett. 8, 584 (2010).

X. Li, Q. Tan, B. Bai, and G. Jin, Chin. Opt. Lett. 10,
052401 (2012).

G. Veronis and S. Fan, Appl. Phys. Lett. 87, 131102
(2005).

J. Chen, Z. Li, M. Lei, X. Fu, J. Xiao, and Q. Gong,
Plasmonics 7, 441 (2012).

. G. Wang, H. Lu, X. Liu, D. Mao, and L. Duan, Opt.
Express 19, 3513 (2011).

F. Hu, H. Yi, and Z. Zhou, Opt. Lett. 36, 1500 (2011).
Z. Chen, J. Chen, Y. Li, D. Pan, W. Lu, J. Xu, and Q.
Sun, IEEE Photon. Technol. Lett. 24, 1366 (2012).

A. A. Reiserer, J. Huang, B. Hecht, and T. Brixner, Opt.
Express 18, 11810 (2010).

. B. Wang and G. Wang, Opt. Lett. 29, 1992 (2004).

11

12

13.

14.
15.

16.

17.

18.

19.
20.

21.

22.

23.

112401-4

. E. Feigenbaum and H. A. Atwater, Phys. Rev. Lett.
104, 147402-1 (2010).

. T. Wang, X. Wen, C. Yin, and H. Wang, Opt. Express

17, 24096 (2009).

H. Lu, X. Liu, D. Mao, L. Wang, and Y. Gong, Opt.

Express 18, 17922 (2010).

F. Hu, H. Yi, and Z. Zhou, Opt. Express 19, 4848 (2011).

A. Hosseini and Y. Massoud, Appl. Phys. Lett. 90,

181102 (2007).

B. Yun, G. Hu, and Y. Cui, J. Phys. D: Appl. Phys. 43,

385102 (2010).

J. Liu, G. Fang, H. Zhao, Y. Zhang, and S. Liu, J. Phys.

D: Appl. Phys. 43, 055103 (2010).

I. Zand, A. Mabhigir, T. Pakizeh, and M. S. Abrishamian,

Opt. Express 20, 7516 (2012).

X. Lin and X. Huang, Opt. Lett. 33, 2874 (2008).

Y. Matsuzaki, T. Okamoto, M. Haraguchi, M. Fukui, and

M. Nakagaki, Opt. Express 16, 16314 (2008).

Z. Han, E. Forsberg, and S. He, IEEE Photon. Technol.

Lett. 19, 91 (2007).

B. Min, E. Ostby, V. Sorger, E. Ulin-Avila, L. Yang, X.

Zhang, and K. Vahala, Nature 457, 455 (2009).

X. Serey, S. Mandal, and D. Erickson, Nanotechnology

21, 305202 (2010).



