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We suggest a low cross-talk plasmonic cross-connector based on a metal/insulator/metal cavity and waveguides.
We separately investigate the isolated cavity mode, the waveguidemode, and the combination of cavity and wave-
guide modes using a finite-different time-domain method. Due to resonant tunneling and the cutoff frequency of
the odd waveguide mode, our proposed structure achieves a high throughput transmission ratio and eliminates
cross-talk. Furthermore, the proposed structure has a broadband tunability of 587 nm, which can be achieved by
modulating the cavity air gap thickness. This structure enables the miniaturization of photonic integrated circuits
and sensing applications. © 2016 Chinese Laser Press

OCIS codes: (250.5403) Plasmonics; (240.6680) Surface plasmons; (230.5750) Resonators; (230.7370)
Waveguides.
http://dx.doi.org/10.1364/PRJ.4.000272

1. INTRODUCTION
Surface plasmon polaritons (SPPs) are propagating collective
oscillations that are electromagnetic waves coupled with free
electrons between a dielectric and a metallic interface.
Compared to conventional optics, SPPs can manipulate light
beyond the subwavelength regime. This is because the field
confinement of SPPs overcomes the diffraction limit of light
near the surface plasmon frequency [1–15]. Recent studies
have demonstrated the application of plasmonic devices such
as optical switches [2,3], biochemical sensors [4,5], and
advanced displays [6,7]. Plasmonic waveguides [5,8–13] are
another example of plasmonic applications. Due to their sub-
wavelength mode confinement, SPP waveguides are among
the best candidates for compact photonic integrated circuits
(PICs). In SPP waveguides, the trade-off between the lateral
confinement and propagation length is determined by the
geometry. Metal/insulator/metal (MIM) waveguides are suit-
able for optical data transmission in PICs because of their
deep subwavelength modal area, strong confinement, and rel-
atively long propagation length [10–14]. In order to construct
more compact and less complex PICs, it is also necessary to
intersect waveguide devices [13,16–18]. In addition, for effi-
cient signal transduction, SPPs must be able to propagate
in a desired direction. Therefore, elimination of cross-talk
must be achieved.

In photonic crystal waveguides, low cross-talk structures
have been proposed based on the resonant tunneling and
mode symmetry [16,17]. Minimizing cross-talk in the metal slot
waveguides and dielectric ridge waveguides has also been
studied [13,18]. However, previous research was mostly lim-
ited in two-dimensional (2D) simulations, which cannot con-
sider radiation loss. Also, the previous crossing regions to
minimize cross-talk usually had a size of several micrometers

or at least a wavelength. Only a few three-dimensional (3D)
studies on low cross-talk cross-connecting waveguides with
deep subwavelength size have been reported [19].

In order to understand the transmission properties of con-
ventional cross-connected MIM waveguides, we investigated
the transmission properties of a system consisting of two
MIM waveguides that are orthogonally crossed, as shown in
Fig. 1(a). Each MIM waveguide consists of two silver strips
with a width of 290 nm and a thickness of 100 nm; these
are separated by an air gap with a size of 10 nm. In this
MIM structure, the SPP waveguide mode with a target wave-
length of 1550 nm (λ0) is tightly confined inside of the air gap
[side-view of Fig. 1(b)]. The cross-sectional physical mode
area is 290 nm × 10 nm, which is a deep subwavelength size
of 0.0012λ20. In this structure, when the SPP mode is injected
from one of the waveguides, as shown in the top-view of
Fig. 1(b), 53.4% of the mode energy transmits through the
junction to the straight arm waveguide and 46.6% of the mode
propagates to the two orthogonal waveguides. This large
cross-talk (46.6%) will lower the signal to the desired wave-
guide (i.e., the straight waveguide) and cause a large amount
of noise in unwanted waveguides (i.e., the orthogonal wave-
guides). The cross-talk can be suppressed by introducing a
cavity and using resonant tunneling and mode symmetry
[16,17]. In addition, the cutoff frequency of the waveguide
mode will prevent coupling with unwanted waveguides.

In this article, we propose a theoretical tunable cross-con-
nector, which transmits a signal into the desired waveguide
with low cross-talk using resonant tunneling and the sym-
metries of the cavity and waveguide modes. The transmitting
wavelength can be tuned over a broad spectral range (500 nm)
with a center wavelength of 1550 nm. This is done by adjusting
the air gap of the cavity placed at the waveguide intersection.
Broadband light is injected, and the transmitting signal and
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cross-talk are investigated based on a 3D finite-difference
time-domain (FDTD) method. The silver is represented by
the Drude model, which is described as follows:

ε�ω� � ε∞ −

ω2
p

ω2 � iγω
: (1)

The background dielectric constant (ε∞), plasma frequency
(ωp), and collision frequency (γ) are determined by the dielec-
tric constant of silver; these values are set to 3.140, 0.021 eV,
and 9.130 eV, respectively [5,12,14,15,20].

2. MAIN
In order to eliminate cross-talk, a resonant cavity can be used
as a junction for resonant tunneling. We use a rectangular cav-
ity structure [14] that consists of two silver blocks that are
each 250 nm × 250 nm × 100 nm. The two nano-blocks are
separated by a deep subwavelength air gap with a thickness
of t. Figure 2(a) shows the schematic diagram of the proposed
cavity structure without waveguides. In this cavity, a plas-
monic MIM mode with an Ez-dominant field is excited at
1402 nm, as shown in the mode profile of Fig. 2(b). The mode
has one intensity node along the x axis and a degenerate mode
with a node along the y axis. The cavity mode is strongly con-
fined inside the air gap. As shown Fig. 2(b), the cavity has dif-
ferent mode symmetry about the x and y axes. For the x axis,
the cavity has odd mirror symmetry, whereas the cavity has
even mirror symmetry for the y axis. Figures 2(c) and 2(d)
represent the side-views of each mode, respectively.

To investigate spectral properties of the proposed cavity,
we calculate the resonant spectrum of the cavity for different
gap sizes from 6 to 14 nm. Figure 2(e) shows the resonant
spectrum of the cavity for different gap thicknesses. The res-
onant wavelength is strongly dependent on the gap size. As the
gap size decreases, the resonant peak shifts to a longer wave-
length. This is because the effective refractive index of the

cavity increases as the gap thickness decreases [14]. In order
to find the resonant wavelength shift for different gap thick-
nesses, we investigate the resonant peak by changing the gap
thickness between 2 and 20 nm, as shown in Fig. 2(f). As the
gap thickness decreases, the resonant wavelength increases
drastically; this is caused by stronger plasmonic coupling.
For a cavity with t � 20 nm, the cavity mode has a resonant
wavelength of 1161 nm, and for a cavity with t � 2 nm, the
cavity mode has a resonant wavelength of 2669 nm. Upon
an 18 nm change in the air gap thickness, a large wavelength
shift of 1508 nm is observed. This result shows that the
resonant wavelength can be tuned over a broad range by
controlling the cavity air gap thickness.

In plasmonic systems, loss can be divided into radiation
loss and metallic absorption loss. In the proposed MIM wave-
guide, radiation loss is negligible due to the high effective in-
dex of the waveguide mode. On the other hand, in the cavity in
Fig. 2, radiation loss is 20% of the total loss.

To design a low cross-talk cross-connector, the optical
properties of odd and even waveguides are also investigated
for different waveguide widths. The MIM waveguide consists
of two silver strips with a width of w and a height of h. The
strips are separated by an air gap with a thickness of t. In this
article, the height and the thickness of the air gap of the wave-
guide are set to 100 and 10 nm, respectively. There exist two
waveguide modes depending on the symmetry in this MIM
waveguide. Figures 3(b) and 3(c) show the Ez mode profile
of even and odd waveguide modes, which have even and
odd mirror symmetries about the propagation direction, re-
spectively. In these figures, each waveguide mode profile is
obtained at a wavelength of 1550 nm for a waveguide that
is 330 nm wide. The two types of waveguide modes have

Fig. 1. (a) Schematic diagram of two conventional plasmonic MIM
crossed waveguides. (b) Side-view and top-view of the mode profile
(Ez) in the x − y plane at the center of an air gap with a gap thickness
of 10 nm.

Fig. 2. (a) Schematic diagram of a double silver block cavity. Each
block has dimensions of 250 nm × 250 nm × 100 nm. The mode pro-
files of the vertical electric field component (Ez) of the plasmonic cav-
ity mode: (b) top-view of the x − y plane at the center of the air gap,
(c) side-view of the y − z plane, and (d) x0 − z plane at the center of the
blocks. (e) Resonances of the cavity mode for different gap thick-
nesses from 6 nm (black) to 14 nm (green). (f) Resonant wavelength
of the cavity mode as a function of the gap thickness.
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different dispersion relations [12]. In Fig. 3(d), dispersion
curves of the even waveguide mode changed slightly as the
width of the waveguide changed from 330 to 220 nm. In
the even waveguide mode, propagation of SPPs is allowed
for the entire frequency range. Contrary to the even wave-
guide mode, the odd waveguide mode has a strong width-
dependence. As shown in Fig. 3(e), the dispersion curves
of the odd waveguide mode have cutoff frequencies that
changed largely as the width of the waveguide changed.
The SPP waveguide mode, which has a lower frequency
than the cutoff frequency, cannot propagate. Because the
dispersion of the odd waveguide mode moves upward for
smaller waveguide widths, the allowed frequency region for
odd mode propagation can be reduced with smaller wave-
guide widths. In this simulation, cutoff frequencies (cutoff
wavelengths) are calculated as 1744 THz (1080 nm) and
1123 THz (1675 nm) for waveguide widths of 200 and
330 nm, respectively. For λ � 1550 nm (2πf � 1215 THz),
the even waveguide mode can propagate in both of the wave-
guides. However, due to the cutoff frequency of the odd
waveguide mode, SPP with 1550 nm propagates only in the
330-nm-wide waveguide.

In the conventional plasmonic MIM cross-connector, high
cross-talk is observed in Fig. 1. In order to solve this problem,
a resonant cavity is placed at the center of the intersection.
When the cavity is located at the center of the intersection,
and one cavity mode is excited, the coupling between four-
port waveguides and the cavity mode is investigated for differ-
ent cavity and waveguide sizes. As shown in Fig. 2(b), the cav-
ity mode has even mirror symmetry about the y axis and odd
mirror symmetry about the x axis. In Fig. 4(a), the cavity has a
square cross-section (sized by Wc), a height of 100 nm, and
an air gap of 10 nm. The gap between the cavity and the wave-
guides is set to 15 nm.

In order to understand couplings between the cavity and
different waveguide widths, the cavity mode is excited by
placing an Ez dipole source at the antinode of the cavity mode,
and the coupled energy to each waveguide is calculated.
Figure 4(b) represents the Ez profile of the wide waveguides
(Wwg � 330 nm) and the cavity (Wc � 300 nm, t � 10 nm).

When the cavity mode with a wavelength of 1662 nm is ex-
cited, the even waveguide modes are excited in the up and
down waveguides and the odd waveguide modes are excited
in the left and right waveguides. The coupling ratios between
the cavity and the wide waveguide along the y and x axes are
calculated to be 74.8% and 25.2%, respectively. As the next
step to eliminate cross-talk, we modulate the cavity width
and waveguide width to use the cutoff frequency of the
odd mode. Figure 4(c) shows the Ez profile of the narrow
waveguides (Wwg � 200 nm) and the cavity (Wc � 250 nm,
t � 10 nm). In the same manner as shown in Fig. 4(b), we cal-
culate the coupling ratios between the cavity and the wave-
guides. In this structure, a cavity mode is excited with a
wavelength of 1562 nm. The couplings to the odd waveguide
modes of the left and right waveguides are forbidden since the
cutoff wavelength of the odd waveguide mode is 1080 nm in
the 250-nm-wide waveguide. In contrast, the couplings to the
up and down waveguides are allowed due to the absence of a
cutoff in the even waveguide; almost 50% of the energy is de-
livered into each waveguide. Only 0.00025% of the energy is
transferred into the left and right waveguides. It is expected
that the proposed structure can be used as a high transmission
and low cross-talk cross-connector.

Based on the structure in Fig. 4(c), we investigated the
transmission properties from one input waveguide to one
of the other waveguides. In the certain positions, 500 nm away
from the air spaces between cavity and waveguides, Poynting
vectors passing through the planes with a size of 1500 nm ×
1500 nm orthogonal to the direction of the waveguide arm
were calculated to estimate power flows to each waveguide
arm. When an even SPP waveguide mode with a wavelength

Fig. 3. (a) MIM waveguide consisting of two silver strips with an air
gap thickness of t. The gray plane represents the x − y plane at the
center of the air gap. The mode profiles of the (b) even and
(c) odd waveguide modes at the gray plane. Dispersion relations of
(d) even and (e) odd modes of waveguides wherew � 200 nm (black)
and w � 330 nm (red). Horizontal black dashed line represents a tar-
get wavelength of 1550 nm (2πf � 1215 THz).

Fig. 4. (a) Schematic of the proposed tunable low cross-talk cross-
connector consisting of a square cavity and four-port waveguides. The
Ez mode profiles of the cavity mode in the cross-connector for differ-
ent geometrical factors: (b) one side (Wc) of the square cavity is
300 nm and the waveguide width (Wwg) is 330 nm and (c) Wc and
Wwg are 250 and 200 nm, respectively. The air gap (t) of the cavity
and the air gap of the waveguide are 10 nm. The cavity is separated
from the waveguides by 15 nm. Dotted lines 500 nm away from the air
spaces between cavity and waveguides indicate the position where
power flows are calculated.
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of 1562 nm (i.e., the resonant wavelength of the cavity) is in-
jected from the bottom waveguide, a high transmission ratio
(75.6%) and a small amount of cross-talk (1%) to the left and
right waveguides are estimated, as shown in the mode profile
of Fig. 5(a). This is because the even waveguide mode excites
the cavity mode with even (odd) mirror symmetry along the
y�x� axis via resonant tunneling. Therefore, the cavity mode
can couple to only the up waveguide due to the cutoff fre-
quency of the odd waveguide mode in the left/right wave-
guides. Alternatively, the strong wavelength dependence on
the air gap of the cavity enables the proposed structure to
be used as a tunable optical filter. Figure 5(b) shows the res-
onant wavelengths of the isolated cavity as shown in Fig. 2(a)
and the proposed structure shown in Fig. 4(c) as a function of
the cavity air gap thickness with a fixed waveguide gap. Here,
the air gaps of four waveguides are fixed to 10 nm. Because
the four waveguide ports surrounding the cavity affect the res-
onant wavelength of the proposed structure, the resonant
wavelengths of the proposed structure are slightly shifted
to longer wavelengths. When the cavity gap thickness de-
creases from 20 to 2 nm, the resonant wavelength of the pro-
posed structure is calculated to shift from 1414 to 2713 nm.
Because SPPs can be transmitted between the waveguide
and the cavity via resonant tunneling, we believe that the pro-
posed structure can be operated in the desired wavelength re-
gime by modulating the cavity gap thickness. Figure 5(c)
shows the transmission and cross-talk spectra of the proposed
structure for different cavity air gap thicknesses ranging
from 4 to 14 nm. The transmission spectrum is a single peak,
and the peak shifts to shorter wavelength as the gap increases.
Indeed, each transmission peak completely matches with the
resonant wavelength of the proposed structure. Compared to
the throughput transmittance, the cross-talk can be ignored

(<3% for the whole wavelength region). Figure 5(d) shows
the resonant shifts and throughput transmission ratios for dif-
ferent cavity air gap thicknesses from 4 to 14 nm. The reso-
nant wavelength shift (Δλ) is defined as [resonant
wavelength of a cavity air gap thickness of t �λgap thickness�]
—[resonant wavelength of a cavity air gap thickness of
10 nm �λ10nm�], where λ10nm is 1562 nm. At a cavity gap thick-
ness of 14 nm, the transmission peak wavelength is 1468 nm
(Δλ � −94 nm) and the transmission ratio is 78%. For a
gap thickness of 4 nm, the peak wavelength is 2055 nm
(Δλ � 498 nm) and the transmission ratio is 57%. By modulat-
ing the cavity air gap thickness from 4 to 14 nm, a broad tuning
range of 587 nm with a transmission ratio larger than 57% can
be achieved. The transmission ratio tends to decrease as the
cavity air gap thickness decreases. This is because the metal-
lic absorption loss of the cavity nonlinearly increases as the
cavity thickness decreases [14], which can be reduced by
using hybrid SPP waveguides [15].

3. CONCLUSION
In this article, we proposed a low cross-talk tunable plasmonic
MIM cross-connector that consists of a double silver block
cavity and four MIM waveguide ports. The SPP propagation
mode properties are determined by the cavity and waveguide
mode symmetries and by the cutoff frequency of the wave-
guide mode. Therefore, SPPs propagate into the throughput
waveguide with an even waveguide mode and propagate into
the transverse waveguide with an odd waveguide mode. The
cross-talk, where light propagates to the transverse wave-
guides, is eliminated by the cutoff frequency of the odd wave-
guide mode. Compared with the throughput transmittance
and cross-talk of conventional MIM waveguides, the proposed
structure has a higher throughput transmission ratio and less
cross-talk. Furthermore, the proposed structure has large tun-
ability from 1468 to 2055 nm, which is obtained by modulating
the cavity air gap thickness from 14 to 4 nm. The proposed
structure provides high transmission to the desired waveguide
and low cross-talk to unwanted waveguides at the intersection
of two waveguides. This can be exploited to build high density
PICs. In addition, the large tunability of the operating wave-
length channel and the extreme sensitivity (587 nm/10 nm) to
the air gap thickness of the cavity suggest that the proposed
structure can be used as a tunable optical filter as well as an
angstrom-resolution air gap sensor.

In order to consider the practicality of a real device based
on the suggested architecture, one can take into account sub-
strate, different gap material, and surrounding materials.
Practically, a substrate-supported structure can be considered
while the optical performance of the free-standing structure is
maintained because of strong field concentration between sil-
ver blocks. For the mechanically solid structure, dielectric
material can be assumed for the gap material instead of air.
Therefore, we investigated the optical performance in the
case of SiO2 gap material. Because of the higher index, the
structure in the SiO2 gap system decreases with the cavity size
(Wc) of 200 nm and waveguide width (Wwg) of 180 nm from
Wc � 250 nm and Wwg � 200 nm in the air gap system. Here,
the gap size and air spacing are fixed to 10 and 15 nm. In the
SiO2 gap system, low cross-talk operation is maintained by the
mechanism of cutoff frequency and mode symmetry while
slightly larger coupling energy of 0.10% is transferred into

Fig. 5. (a) SPP waveguide modes pass through the cross-connector
without cross-talk. The side of the cavity and the waveguide width are
250 and 200 nm, respectively, similar to Fig. 4(c). (b) Resonant wave-
lengths of the isolated cavity (black) and the cavity with four-
port waveguides (red) as a function of the air gap thickness (t).
(c) Transmission spectra and cross-talk spectra in the cross-connec-
tor for different air gap thicknesses from 4 nm (violet) to 14 nm
(green). The cross-talk curves are plotted inside the black circle.
(d) Resonant wavelength shifts (black) and transmission ratios (blue)
in the cross-connector as a function of the air gap thickness. The
wavelength shift (Δλ) is defined as the change in the resonance from
the resonant wavelength of the cavity with an air gap thickness of
10 nm.
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the left and right waveguides in the same geometry of
Fig. 4(c). On the other hand, when nonlinear material is ap-
plied as the gap material, the proposed structure can be used
for a low operating power optical switch [21]. If higher index
surrounding material such as water instead of air is assumed,
more radiation loss is caused due to weaker plasmonic
confinement while low cross-talk operation is maintained.
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