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Abstract: We theoretically propose and investigate the resonant wavelength-selective
optical filters based on the subwavelength metallo-dielectric nanopatch cavities and the
metal slot waveguides. Using the temporal coupled-mode theory and three-dimensional
finite-difference time-domain simulations, we analyze the optical coupling efficiencies
and filtering characteristics, which are optimized by adjusting the waveguide-cavity
distance to modify the decay rates from the cavity. The proposed optical filters can be
extended to multiport channel-dropping filters while maintaining subwavelength-scale
dimensions including the coupling regions.

Index Terms: Plasmonics, nanocavities, optical interconnects.

1. Introduction
Wavelength-selective optical filters are one of the essential components in optical signal pro-
cessing and multi-channel communications to select/reject particular wavelength components
from incoming wavelength-multiplexed signals [1]–[9]. Resonant optical filters based on dielec-
tric materials, such as distributed feedback resonators [1], micro-ring/disk resonators [2], [3],
and photonic crystal resonators [4], are attractive candidates to achieve precise wavelength se-
lection in the photonic integrated circuit platform because of their well-known design rules and
good optical performances with narrow pass/rejection bandwidths and low insertion losses.
Their device sizes, however, occupy relatively large areas (typically on the order of several
wavelengths in one dimension) mainly because of the diffraction limit. Recently, to implement
ultra-compact optical filtering devices for highly dense photonic/plasmonic circuits, the
wavelength-selective optical filters based on metal-based plasmonic cavities, such as plas-
monic nano-ring/disk [5]–[7] and rectangular-shaped slots [8], [9], have been studied at the
deep subwavelength scales. Although the filter dimensions can be significantly reduced, their
performances, including the insertion losses and filter bandwidths, are usually limited by the
metal absorption losses and inefficient waveguide coupling schemes.

In this paper, we propose a wavelength-selective optical filter based on a metallo-dielectric
nanopatch cavity with metal slot waveguide interfaces. The patch-type cavities with
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metal-semiconductor-metal layers have been intensively investigated theoretically and experi-
mentally for light source applications due to their compact physical/modal volumes and modest
quality factors [10]–[13]. The optical coupling scheme for such subwavelength-scale cavities,
however, has been less studied because of various fundamental and practical issues, including
modal mismatches between the dielectric waveguides and metallo-dielectric resonators as well
as broad radiation patterns from the subwavelength-scale confinement [13]–[16]. As demon-
strated in [13], for example, the nanopatch cavities can be coupled to the conventional dielectric
rectangular waveguides with the coupling efficiency of �22% by placing the cylindrical semicon-
ductor core at the off-axis position from the center of the metallic nanopatch structure to break
the symmetry and thereby to modify the radiation field distribution. In this case, the optical cou-
pling into the dielectric waveguides becomes less efficient because of mismatches in mode sizes
and wavenumbers, and it is difficult to increase the number of input/output ports. To achieve
higher integration densities and better optical filtering performances using the subwavelength-
scale metallo-dielectric nanopatch cavities, a highly efficient and compact waveguide-cavity cou-
pling scheme to overcome the broad radiation patterns is necessary. In this study, we introduce
metal slot waveguides as efficient optical coupling interfaces for ultra-compact metallo-dielectric
optical dropping filters and switches based on the metal-patch-type cavity with the metal-
semiconductor-metal layers. High coupling efficiencies (up to 87%) between the metal-patch
cavity and the slot waveguide result from efficient evanescent wave coupling and mode
matching. The metal slot waveguides are well-known to support the strong subwavelength
confinement of the propagating optical modes in wide frequency ranges with small bending
radii and reasonable propagation lengths, and therefore have been considered as an important
building block for optical/plasmonic signal interconnects and processing elements in high-density
optical circuits [17]–[23].

To quantitatively analyze optical coupling and filtering characteristics based on the metal-
patch cavities and slot waveguides, the temporal coupled-mode theory (CMT) was applied to
account for radiation, absorption, and scattering losses. We also compared the temporal CMT
with three-dimensional finite-difference time-domain (FDTD) simulations, and achieved excellent
agreement. Enhanced coupling efficiencies and narrow-passband optical filtering could be ob-
tained in telecommunication wavelengths. Furthermore, by taking advantages of the circularly
symmetric field profile of the cavity mode ðTE011Þ and low crosstalk between the metal slot
waveguides, the proposed cylindrical metal-patch cavity filter can support multiple input/output
ports within a small footprint, which is difficult with purely dielectric counterparts due to their di-
mensions and non-negligible interferences/crosstalks.

2. Structures and Mode Properties
Fig. 1 schematically shows the proposed resonant wavelength-selective filter configuration with
the metallo-dielectric nanopatch cavity and the metal slot waveguide coupling interfaces. The
extended metal-patch cavity consists of a cylindrical dielectric core layer with a high refractive
index non-absorbing semiconductor material (e.g., silicon or compound semiconductor such as
indium phosphide for near infrared wavelengths) sandwiched between two metal (Ag in our sim-
ulations) layers much larger than the cylinder area to minimize the radiation losses as described
in [13]. The resonant frequencies of the cavity modes are dependent mainly on the dielectric cy-
lindrical core geometries. In our computer simulations based on the three-dimensional FDTD
method, the height ðhÞ and radius ðr Þ of the cylindrical semiconductor material are h ¼ 300 nm
and r � 250 nm, respectively, at which the magnetic dipole-like TE011 mode is supported at
�1510 nm and the electrical dipole-like TM111 exists at near 1660 nm. In the following analysis,
we focus our attention on the TE011 mode because its overall quality factor ðQÞ is larger than
that of TM111 [11], which results in better coupling efficiency and narrower bandwidth filtering.
We assume that the thickness of the top and bottom metal layers ðtmetal ¼ 150 nmÞ is thicker
than the skin depth at near-infrared wavelengths to suppress unnecessary out-of-plane radia-
tion. To reduce dissipative absorption losses in the metal layers, low-index dielectric ðSiO2Þ
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spacer layers with the thickness of tspacer ¼ 20 nm are inserted between the cylindrical core ma-
terial and the metal layers [13]. For practical implementation, the cladding layer outside the cy-
lindrical core can be planarized by a low-index dielectric resist such as described in [24].
However, to bring out the essential physics and make our analysis simple, the cladding layer is
assumed to be air. We adopt the known experimental values for the permittivity of silver at room
temperature near 1500 nm [25], and use the refractive index of 1.4 and 3.4 for the dielectric
spacer layer and the core semiconductor materials, respectively, for the whole wavelength
range of interest in our simulation. The perfectly matched layer (PML) boundary conditions are
employed to absorb all outgoing radiation with zero reflection. A nonuniform computational
mesh is used and the minimum mesh grid size in the structure is set to be 5 nm. We found the
unloaded quality factor of �950 for the TE011 mode of the metal-patch cavity without external
waveguiding structures, which has enough photon lifetimes for optical wavelength-selective fil-
tering. The cavity quality factor can be further improved by controlling the spacer thicknesses
and its refractive index.

The optical coupling efficiency between the cavity and access waveguides heavily relies on
the electromagnetic field distributions of the resonant and guided modes [13]–[16]. The electric
field profile of the TE011 mode circulates around the dielectric cylinder with a donut shape as de-
scribed in Fig. 1(e) and (f). The direction of the evanescent electric field from the cavity is there-
fore parallel to the propagating mode of the slot waveguide (in-plane electric field), resulting
efficient mode matching. The evanescent electric field induces charge accumulation at the op-
posite edges of the metal slot waveguides [Fig. 1(d)], and creates a horizontal electric field ðEyÞ
within the slot region [26]. This slot waveguide mode provides reasonable propagation losses
and strong light confinement beyond the classical diffraction limit for high-density photonic inte-
grated circuits [17], [18]. In our work, the metal slot width is set to be w ¼ 50 nm considering
the balance between the propagation loss and fabrication tolerances for, for example, a focused
ion beam milling (FIB) method on the top metal layer [27]. On the top view, the cylindrical core
and the slot waveguides are separated by the gap ðgÞ as shown in Fig. 1(c). According to our
simulation results, the lowest order mode for the metal slot waveguide with w ¼ 50 nm is the
slot surface plasmon polaritons mode with an effective index of �1.32 and propagation loss of
� 0:14 dB=�m around the wavelength range of interest at room temperature. The cross-
sectional slot waveguide mode profile is plotted in Fig. 1(g) and indicates strong field confine-
ment in the slot region. Even though the propagation loss of the metal slot waveguides is much

Fig. 1. Device structures and mode profiles. (a) Perspective schematic as well as (b) front (x-z
plane), (c) top (x-y plane), and (d) side (y-z plane) views of the proposed metallo-dielectric
wavelength-selective optical filter based on the metal-patch cavity and the metal slot waveguide
interfaces. (e, f) The electric field magnitude profiles ðjE�jÞ of the cavity mode ðTE011Þ. (g) The
electric field magnitude profile ðjEyjÞ for the slot waveguide mode.
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higher than that of dielectric waveguides, its propagation length ð�30 �mÞ is reasonable consid-
ering the small device footprints, and it is feasible to form a network of cascaded optical cavities
within the propagation range for more advanced filtering and switching applications.

3. Optical Coupling Scheme
The light coupling of the TE011 cavity mode to/from the metal slot waveguides can be modeled
by the temporal CMT. We assume the one-input and two-output case with two straight metal
slot waveguides [waveguide 1 and 2 in Fig. 1(a)] where the resonant mode is excited by an inci-
dent forward-propagating wave ðSinÞ from the waveguide 1, and the excited cavity mode energy
symmetrically couples out to two waveguides ðS1;S2Þ away from the metal-patch cavity. The dy-
namic equation for the field amplitude, a of the cavity mode is given by [28] and [29]

da
dt

¼ðj!0 � �abs � �rad � �couplingÞ aþ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�coupling

p
Sin

S1 ¼ ej�x ðrSin þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�coupling

p
aÞ

S2 ¼ ej�x ðtSin þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�coupling

p
aÞ (1)

where !0 is the resonant angular frequency, and �abs, �rad , and �coupling stand for the decay rates
from the metal absorption, radiation into free space, and coupling into the waveguides, respec-
tively. The quality factors can be derived from the decay rates, Q ¼ !=2�. For example, the ab-
sorption quality factor is given by Qabs ¼ !=2�abs. � is the complex propagation constant of the
metal slot waveguide mode. r indicates the reflection toward the waveguide 1, and t is the direct
transmission from the incidence to the opposite waveguide 2. Sin, S1, and S2 are the field ampli-
tudes of the incoming and two outgoing waves from the cavity, respectively. To account for the
waveguide loss, S1 and S2 are obtained at the distance x from the end facet of waveguide 1
and 2, respectively.

We used the three-dimensional FDTD method to analyze the coupling efficiencies and
wavelength-dependent transmission characteristics through the metal-patch cavity. The simula-
tion geometry is the same with Fig. 1. The waveguide-cavity coupling efficiency is defined as
� ¼ �coupling=ð�rad þ �couplingÞ, which is the ratio of the waveguide-coupled optical power to the
total radiated power from the cavity. Fig. 2(a) plots the coupling efficiency � and the total loaded
quality factor with two metal slot waveguides as a function of the waveguide-cavity gap, g. The
coupling efficiency monotonically decreases with the waveguide-cavity gap size due to the extra
decay through the evanescent wave away from the cavity core. The coupling efficiency is

Fig. 2. (a) Coupling efficiency � and total quality factor Qtotal of the metal-patch cavity as a function
of the gap g between the cavity and the waveguides. (b) Decay rates of the coupling into wave-
guides ð�couplingÞ, and sum of absorption and radiation decay ð�abs þ �rad Þ. The inset shows the field
intensity distribution ðjEj2Þ along the cross-sectional x-z plane when the total cavity energy is maxi-
mized. A transverse-magnetic polarized incident wave was launched at the metal slot waveguide.
The parameters of the coupling structure were set as r ¼ 240 nm, h ¼ 300 nm, and w ¼ 50 nm.
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enhanced up to �87% as the gap size is reduced, while the loaded quality factor decreases
monotonically because of the electromagnetic energy leakage through the waveguides.

It is also possible to investigate the degree of waveguide-cavity coupling by calculating the
steady-state cavity energy from the temporal CMT. The total cavity energy jaj2 at the resonant
frequency from (1) is given by

jaj2 ¼ �coupling

ð�abs þ �rad þ �couplingÞ2
jSinj2: (2)

The amount of the total cavity energy is proportional to �coupling=ð�abs þ �rad þ �couplingÞ2, which is
maximized when the coupling rate into the waveguides ð�couplingÞ matches with the sum of the
absorption and radiation rates ð�abs þ �rad ¼ �lossÞ. �coupling and �loss are plotted in Fig. 2(b) as a
function of the waveguide-cavity gap, g. We note that �loss is almost constant regardless of the
gap distance, g, because most optical power dissipation occurs within the cylindrical core region
and not at the coupling section, whereas �coupling is strongly dependent on the gap due to the
evanescent wave coupling process. �coupling becomes almost equal to �loss near g � 40 nm. The
maximum cavity energy is calculated to be �0.3 fJ when the input power is 1 mW. The inset of
Fig. 2(b) shows the field intensity profile ðjEj2Þ in the cross-sectional x-z plane at the middle of
the metal slot waveguides to show the amount of energy coupled into the cylindrical cavity core
from the incident wave.

4. Wavelength-Selective Optical Filters

4.1. The Performance of Wavelength-Selective Dropping Filters
The characteristics of the optical dropping filters are demonstrated by analyzing the coupling

of the resonant modes to/from the input and output waveguides in the time domain. According
to the CMT results, the performance of the proposed filter is limited by the intrinsic losses. To
achieve critical coupling where the back reflection from the filter is completely suppressed,
two slot waveguides can be asymmetrically positioned with non-equal spacing from the reso-
nator. However, when the extra out-of-plane coupling losses (i.e., scattering losses, s) result-
ing from the end of the metal slot waveguides as shown in Fig. 1(a) are considered, the
critical coupling condition should be modified and we can get almost zero reflectance by opti-
mizing the coupling structure. The reflection and transmission coefficients as a function of the
input angular frequency ! can be obtained from (1), which represents the fundamental equa-
tions of the optical cavities coupled to the output waveguides. The reflectance in the steady
state is given by

R ¼ S1

Sin

�
�
�
�

�
�
�
�

2

¼ e�2Imf�gd r þ �coupling
jð!� !0Þ þ �abs þ �rad þ �coupling

�
�
�
�

�
�
�
�

2

(3)

where d is the round-trip distance from the input to the output observation point (d ¼ 1 �m in
our simulations) and r is a real number with r 2 þ t2 þ s2 ¼ 1. The transmittance, T ¼ jS2=Sinj2,
can be obtained similarly with the reflectance. At resonance ð! ¼ !0Þ, the reflectance dip
reaches zero when the condition ð�abs þ �rad Þ=�coupling ¼ �ð1þ r Þ=r is satisfied. The transmis-
sion peak is only related to the waveguide-cavity coupling, �coupling , because the direct trans-
mission of the incident wave to the opposite waveguide 2 is found to be very low ðt � 0Þ in
our situation.

Three-dimensional FDTD simulations were carried out to find the transmission and reflection
spectra as well as the decay rates from the proposed optical filtering structure. The FDTD simu-
lation and the corresponding CMT results of the wavelength-dependent reflectance and trans-
mittance are shown in Fig. 3. The theoretical responses of (3) fit very well with the FDTD
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simulation results, and show that the reflection (transmission) spectra exhibit Lorentzian-shaped
profiles with stop (pass) band near the resonant wavelength of the TE011 cavity mode. As the
waveguide-cavity gap g increases, the reflection dip (reflectance minimum) increases and the
transmission peak decreases because of the low coupling rates ð�couplingÞ. The reflectance dip
with the full width at half maximum (FWHM) of �2.5 nm reaches �37% while the transmittance
and scattering losses are estimated to be �7% and �28%, respectively, for g ¼ 100 nm. In
such an under-coupling regime, significant portion of the remained power (�28%) is absorbed
by the metal layers. If the end of the metal slot waveguide is not abruptly finished as in this sim-
ulation, but modified with a more careful design, the out-of-plane scattering can be significantly
reduced. The detailed end facet design to maximize the energy transfer is beyond the scope of
this paper. Nevertheless, we can approach the mentioned condition for better optical filtering
(lower resonant reflection dip and higher transmission peak) by reducing the gap g to increase
the coupling rates ð�couplingÞ, as shown in Fig. 2(b), although the operating bandwidth monotoni-
cally broadens up to �7 nm. As a result, when the gap is g ¼ 0 nm, the reflectance dip reaches
close to zero [the left panel of Fig. 3(a)] and the transmission peak increases to �42% [the left
panel of Fig. 3(b)]. If the metal slot waveguides are positioned even closer to the cavity (i.e., on
top of the cylinder core), the waveguide-cavity coupling rates ð�couplingÞ can be increased much
more and we can achieve almost zero reflection dip and higher transmission peak as shown
in Fig. 3(c).

Fig. 3(d) shows the distributions of electric field intensity ðjEj2Þ at the incident wavelengths of
1478 nm and 1500 nm, respectively. The cavity mode is strongly excited and couples into
the output waveguides at the resonant wavelength (1478 nm). However, at off-resonance
(1500 nm), there is almost no energy in the cavity and the incident wave does not propa-
gate toward the output waveguide 2 as the most input energy is reflected back to the
waveguide 1.

Fig. 3. (a) Reflectance ðRÞ and (b) transmittance ðT Þ spectra of the wavelength-selective dropping
filter with different waveguide-cavity gap sizes. The circles and solid lines indicate the results of
FDTD simulations and CMT, respectively. (c) Reflectance dip and transmittance peak as a function
of the gap. (d) Field intensity distributions ðjEj2Þ for resonant wavelength (1478 nm) and off-
resonant wavelength (1500 nm). The parameters of the filter structure were set as r ¼ 240 nm,
h ¼ 300 nm, and w ¼ 50 nm.
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We also study the effect of the cavity cylinder core radius to control the center wavelength of
the optical passband. Fig. 4 shows the reflection and transmission spectra for different core radii
(240 nm, 250 nm, and 260 nm), revealing that the center wavelengths shift toward longer wave-
lengths with the cylinder core radius because the resonant wavelength of the cavity mode in-
creases almost linearly with the core radius [11] and [12]. Although not shown here, it is also
possible to tune the resonant wavelength by changing the refractive index of the dielectric cylin-
drical core material with electro- or thermo-optic effects. Due to the compact filter dimensions,
we expect to achieve smaller power consumption and/or faster tuning speed when compared to
the conventional dielectric material-based optical filters.

4.2. Wavelength-Selective Dropping Filters With Multiple Ports
As shown in Fig. 5(a), the proposed filter structure can be extended to multiple input/output

waveguides without much increasing the overall device footprints for the coupling regions
(0.037 cubic wavelengths). In the conventional dielectric wavelength add-drop filters, for ex-
ample, based on micro-ring resonators [2] and [3], it is difficult to avoid interferences and
crosstalks between the output waveguides within subwavelength-scale dimensions. Especially
when the resonator dimension approaches the diffraction limit, the waveguide width becomes
comparable to the resonator itself and it is hard to place multiple access waveguides around
the resonator. However, the metal slot waveguides allow more compact fan-in and fan-out in-
terfaces mainly due to the strong localization of light with smaller bending radii. Moreover, from
the rotationally symmetric profile of the TE011 cavity mode, when the output slot waveguides
are symmetrically placed in the radial direction from the cylindrical core as shown in Fig. 5(a),
our proposed structure can function as multi-port channel-dropping filters at the resonant

Fig. 4. Control of the center wavelength. (a) Reflectance and (b) transmittance spectra of the wavelength-
selective optical filters with different cylinder radii (240 nm, 250 nm, and 260 nm). The symbols
(circle, triangle, rectangular) and solid lines indicate the results of FDTD simulations and CMT,
respectively. The parameters of the filter structure were set as g ¼ 0 nm and w ¼ 50 nm.

Fig. 5. (a) Schematic diagram of the wavelength-selective dropping filters with multiple ports. The
electric field intensity profiles ðjEj2Þ in the cross-sectional x-y plane at (b) on- (1515 nm) and
(c) off-resonant wavelength (1560 nm) are also shown.
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wavelengths. As an example, the electric field intensity profiles of a four-port optical filter at the
resonant and off-resonant conditions are plotted in Fig. 5(b) and (c). They show that the inci-
dent wave efficiently couples toward the output ports through the center cavity at the resonant
wavelength and the input optical power is equally distributed into each output ports due to the
symmetry. The number of output ports can be easily increased by adding more metal slot
waveguides around the cavity structure. Since it can function as a wavelength-selective broad-
casting element for multiple output waveguides by distributing a target wavelength component
from the incoming wavelength-multiplexed signals, the proposed device can be a building block
of wavelength-selective switches based on the broadcast-and-select optical network architec-
ture when multiple devices are cascaded. To separate the backward-propagating off-resonant
wavelength components from the input waveguide, an additional optical circulator at the input
waveguide is required. Recently, there are several experimental efforts to integrate optical cir-
culators and isolators on the integrated photonics platforms [30]–[32], and such techniques can
provide the output port for the reflected wavelength components.

4.3. Fabrication Tolerance
The proposed device can be fabricated as follows. A 20 nm-thick SiO2 and 300 nm-thick a-Si

are first deposited on a silicon substrate. The a-Si cylindrical core is defined by electron beam li-
thography and reactive ion etching. After patterning, the cladding layer is deposited and subse-
quently planarized for the deposition of the top metal patch layer. The SiO2 layer can be
deposited by plasma-enhanced chemical vapor deposition (PECVD) or atomic layer deposition
(ALD), and followed by electron beam evaporation of the metal layer. The sample is then flipped
and bonded to a supporting substrate, and the silicon substrate is removed. The metal layer is
deposited again, and the slot waveguides are defined by FIB. To enhance the refractive index
contrast, the cladding layer can be removed by a wet etch process [22]. The detailed fabrication
process of the proposed filter structure is in progress and will be reported.

To assess the fabrication tolerance, we analyze the effect of the lateral offset �d between
the center of the dielectric cylindrical core and the metal slot waveguide. Fig. 6 shows the top
view of the proposed optical dropping filter with the lateral offset in the output waveguide and
the corresponding transmission spectra. The center wavelengths and bandwidths of the filter
are almost not affected by the lateral waveguide offset �d . The transmittance peak values are
slowly reduced with �d , but we can maintain strong coupling even when the output waveguide
is not perfectly aligned because of the symmetric nature of the TE011 cavity mode. The axial
misalignment corresponds to the variation of the gap distance between the cylindrical resonator
and the end facet of the metal slot waveguide. Since the effect of such gap distance variation
has been studied in previous Sections 3 and 4.1 (Figs. 2 and 3), we omit the detailed analysis

Fig. 6. Fabrication tolerance. (a) Schematic structure (top view) of the wavelength-selective drop-
ping filter with the output metal slot waveguide offset �d . (b) Transmittance spectra for different
lateral offsets ð�d ¼ 0;50; and 100 nmÞ. The parameters of the filter structure were set as
r ¼ 250 nm, g ¼ 0 nm, and w ¼ 50 nm.
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for the axial misalignment here. When misalignments in both directions are simultaneously pres-
ent, the peak transmittance reduction would depend on the overall distance between the reso-
nator and waveguide end due to the evanescent coupling process.

5. Conclusion
We have theoretically demonstrated an optical filtering scheme based on the metallo-dielectric
cavity with the compact waveguide-cavity coupling interfaces using the temporal CMT and
FDTD simulations. The metal slot waveguides can efficiently transfer the electromagnetic en-
ergy from/to the metal-patch cavities without much affecting the important optical properties of
the resonant mode. The similarities of the electric field distribution between the TE011 cavity
mode and the guided mode in the metal slot waveguides results high evanescent coupling effi-
ciencies. The characteristics of wavelength-selective filtering are optimized by adjusting the de-
cay rates, and the center wavelength of the optical passband can be easily modified by
controlling the cylindrical dielectric core dimensions. By taking advantages of the symmetric res-
onant mode profiles and the strong light localization of the metal slot guided mode, it is feasible
to implement the multi-port optical filters within subwavelength scales. We believe that the
optical coupling interfaces and filtering scheme discussed in this study represent important
building blocks that can enable efficient routing of optical signals between highly integrated
subwavelength-scale optical components.
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