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We present three-dimensional numerical modeling of an active electronically controlled switching
element for fully-functional plasmonic circuits based on dielectric-loaded surface plasmon polariton
waveguides. It has been demonstrated that the transmission of the guided mode through a highly
wavelength-selective waveguide ring resonator 共WRR兲 can be efficiently controlled with very small
refractive index changes of the order of 10−3, achievable through the electro-optic effect in nonlinear
materials. Furthermore, we have introduced a figure of merit for such active plasmonic elements and
optimized the active WRR performance in terms of its sensitivity and size. These results shows the
potential to create high performance 600 nm radius plasmonic WRR switches. © 2010 American
Institute of Physics.
关doi:10.1063/1.3464552兴
Dielectric-loaded surface plasmon polariton waveguides
共DLSPPWs兲 have proved to be an efficient means to localize
and guide photonic signals in a form of SPP waves. SPPs are
electromagnetic excitations coupled to free electron oscillations propagating in a wave-like fashion along a flat
dielectric-metal interface or a waveguide.1 DLSPPWs are
produced by a dielectric 共e.g., polymer兲 stripe placed on a
metal surface 关Fig. 1共a兲兴. Two-dimensional eigenmode numerical simulations show that at the telecom wavelength a
600⫻ 600 nm2 polymer/gold DLSPP waveguide is singlemode for SPP waves, supporting only a fundamental transverse magnetic 共TM00兲 SPP mode. Recently, an exhaustive
variety of efficient DLSPPW passive elements have been
demonstrated both theoretically and experimentally.3–9 DLSPPWs are extremely robust to fabricate using a standard
photo- or electron beam lithography,4 nanoimprint,7 or twophoton polymerization.8 However, to construct a fullyfunctional circuitry able not only to guide but also to process
photonic signals, active components should be
introduced.5,10,11 Here, using full three-dimensional 共3D兲 numerical modeling we demonstrate a compact and efficient
SPP switch based on a waveguide ring resonator 共WRR兲 and
controlled by an external voltage through the electro-optic
effect. Its performance may lead to the realization of fullyfunctional plasmonic circuitry for hybrid information processing devices, which combines both electronic and optical
components.
A distinct advantage of DLSPPWs among other types of
waveguides is that the dielectric core of the waveguide can
be easily functionalized to be an active medium. Exploiting
this, we propose an active plasmonic component on the basis
of a WRR 共Fig. 1兲, which has been shown to possess strong
wavelength selectivity, and therefore, sharp resonant transmission features.6 To this end, the transmission of an SPP
signal through the WRR 共from port A to port B兲 is defined by
interference between the SPP mode passed along the straight
section and the mode coupled to the ring. Using an electrooptic polymer for the waveguides and an electrode on top of
a兲
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the ring allows the effective refractive index of the ring mode
to be controlled by an external voltage. Thus, the phase shift,
and therefore, interference will be controlled modulating the
SPP transmission through the WRR. In order to take advantage of the electro-optic effect, the polymer should be poled.
This can be done using the same control electrode.
Despite small SPP field near the top surface of the waveguide 关Fig. 1共a兲兴, the mode pattern is completely changed
when the metal electrode at the top is introduced. The plasmonic modes on the top and the bottom metal-polymer interfaces are no longer degenerated, producing two waveguide
modes with symmetric and antisymmetric distributions of the
vertical component of the electric field 关Fig. 1共c兲兴. For a
600⫻ 600 nm2 waveguide cross-section, in the telecom
wavelength range, the antisymmetric mode is very close to
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FIG. 1. 共Color online兲 共a兲 Cross-section of 600⫻ 600 nm2 polymer
共n1 = 1.493兲 / gold 关n2 = 0.55– 11.5i at  = 1550 nm 共Ref. 2兲兴 DLSPP waveguide and 兩Ez兩 field profile of a fundamental TM00 SPP mode. 共b兲 Active
element based on a waveguide ring resonator: a waveguide ring made from
electro-optic polymer placed in the vicinity of the main waveguide, which
enables coupling to the ring SPP mode. A 100 nm thick metal electrode is
placed on the top of the ring to control the WRR transmission from the input
port A to the output port B. The field map shows 兩Re共Ez兲兩 cross-section 10
nm above the bottom metal interface. 共c兲 Field profiles of symmetric and
antisymmetric modes appearing when the metal electrode is placed on the
waveguide.
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achieved, where small changes in wavelength lead to dramatic changes in the transmission.
The comb-like shape of the transmission through the
WRR element can be described by a formula, based on the
interference model, as follows:12,13
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FIG. 2. 共Color online兲 共a兲 兩Re共Ez兲兩 cross-section of the fields in the WRR,
taken 10 nm above the bottom metal surface. The arrow sketch shows the
redistribution of the power flow and interference of the modes in the WRR
output. 共b兲 Transmission of the WRR as a function of the wavelength: solid
black curve represents numerical simulation results, dashed red curve represents the analytical fit using Eq. 共1兲. Red dotted line marks the wavelength
 = 1545 nm with the highest gradient of the WRR transmission. 共c兲 Field
maps corresponding to the maximum and the minimum transmission at
 = 1528 nm and  = 1550 nm, respectively. The radius of the ring and
the gap between the ring and the straight waveguide are adjusted to be
R = 5.436 m and d = 128 nm.

the cut-off 共neff ⬃ 1.02兲, and its field is essentially pushed out
of the gap between the ring and the waveguide. Thus, it can
be expected that while passing the region adjacent to the ring
the main DLSPPW mode should be mainly coupled to the
symmetric mode. Performing full 3D numerical simulations,
it was confirmed that the coupling process is very efficient
with negligible scattering in the coupling region.
The performance of the WRR can be briefly explained in
the following way. The incident SPP mode passing through
the waveguide region adjacent to the ring is partly coupled to
the mode in the ring 关Fig. 2共a兲兴. The latter starts to circulate
around the ring, after each cycle being partly decoupled into
the WRR output.12 There it interferes with the mode in the
straight waveguide which passed through the coupling region. The result of interference is defined by a phase delay
acquired by the ring mode or, in other words, by the number
ring
along the optical path of the
of mode wavelengths  / neff
ring. Thus, at a fixed ring radius while scanning through the
wavelengths, the oscillations between minimum and maximum WRR transmission are observed, with sharp resonances
in the minimum transmission 关Figs. 2共b兲 and 2共c兲兴. The particular wavelengths at which the minima occurs are determined by the ring radius and the mode effective refractive
index. The ring radius R = 5.436 m was adjusted so that the
minimum transmission is at the telecom wavelength region
 = 1550 nm. On the other hand, the gap distance d defines
partial amplitudes with which the mode is divided in the
coupling region and eventually interfere, thus being responsible for the transmission modulation contrast. This distance
was optimized to be 128 nm so that the transmission in the
minima is zero. This way, sharp resonances and, therefore,
steepest slopes in the transmission spectrum have been

2
neff ⫻ 2R + 


共2兲

is the phase shift acquired by the mode traveling a complete
circle around the ring. Here, t is the amplitude transmission
coefficient 共a2 = teia1兲 for the mode in the straight waveguide and ␣ is the amplitude loss coefficient of the ring
共b2 = b1␣ei兲, as shown in Fig. 2共a兲. The additional phase  is
the coupling-induced phase shift13 which takes into account
shift of the resonance of the isolated waveguide ring due to
the presence of the main waveguide coupled to it. We estimated its value by increasing the gap d to the range where
the ring is practically isolated and monitoring the change in
the minimum transmission wavelength. These simulations
gave us also an opportunity to precisely estimate the effective refractive index of the ring mode in the working spectral
ring
ring
兲 = 1.579– 0.112⫻ 关m兴. The values of neff
range Re共neff
are very close to 1.4, corresponding to the effective refractive index of the symmetric mode 关Fig. 1共c兲兴. The analytical
model describes the numerical results extremely well 关Fig.
2共b兲兴. From fitting the obtained results with analytical dependence given by Eq. 共1兲, we can find the intrinsic parameters
of the WRR ␣ ⬃ 0.59 and t ⬃ 0.56. The obtained energy loss
in the ring ␣2 ⬃ 0.35 is in agreement with the value of ␣2
= 0.34, obtained from the simulations of the bent waveguide
with the control electrode.
The performance of the WRR in response to an electronic control signal has been numerically studied. The crucial parameter here is sensitivity of the WRR transmission to
the change in the refractive index of the ring material induced through the electro-optic effect. For the best WRR
performance it is logical to use the wavelength at which the
phase changes play the most dramatic role, that is the one in
the region of the steepest slope at the WRR wavelength characteristics, e.g.  = 1545 nm 关red dotted line in Fig. 2共b兲兴. We
found that the changes of WRR transmission can be very
strong for realistic changes of the refractive index 共Fig. 3兲.
The refractive index modulation of ⫾2 ⫻ 10−3 leads the
changes in WRR transmission by almost three times. The
modulation contrast is as high as 共Tmax − Tmin兲 / 共Tmax + Tmin兲
⬃ 0.5. Moreover, the crucial advantage of the proposed device is that the required changes in the refractive index are
realistic with the Pockels electro-optic coefficients in nonlinear polymers 共⬃170 pm/ V兲 which have already been
observed.14
The performance of the active WRR was further optimized varying the ring radius and introducing a figure of
merit 共FOM兲 M = 共T / n兲 / 共R / 兲. The FOM determines the
ratio between device sensitivity to the control refractive index change and its size, normalized to the wavelength. The
nominator of FOM can be expanded as T / n = 共T / 兲
⫻共 / neff兲共neff / n兲. The first derivative here was calcu-
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FIG. 3. 共Color online兲 Active WRR element 共top inset兲: the dependence of
the WRR transmission on the change in the refractive index of the electrooptic material. The bottom inset shows the dependence of the FOM M on
the ring radius.

lated using Eq. 共1兲, which analytically determines the SPP
transmission through the WRR. A given value of radius R
corresponds to a certain value of the round-trip losses ␣,
which was estimated by modeling waveguide bends. Then
for each fixed R 共or ␣兲 taking derivatives of T over  and t in
Eq. 共1兲, we found the maximum of the transmission sensitivity to the round-trip phase shift 共T / 兲 and further optimized it in terms of t 共or, in other words, the waveguide-ring
separation d兲. The middle derivative in the expanded expression was calculated using Eq. 共2兲 and the last derivative was
estimated using waveguide-with-electrode eigenmode simulations. Finally, the FOM for the case of WRR was calculated as
M=

 T/ n
 T  neff
.
= 42
R/
 n

共3兲

Here, T /  is determined by the geometrical parameters of
the structure, while neff / n carries the information on the
nature of the control process 共nonlinear-optical, thermooptical, or electro-optical, etc.兲 and the field distribution in
the waveguide. For example, for plasmonic waveguides it
takes into account the localization of the field near the metal,
the field enhancement effects and possible slow-light effects.
The resulting dependence of the FOM on the ring radius
is presented in the inset to Fig. 3. One can see that the performance of the active WRR element can be even further
improved by the factor of ⬃1.7 via implementing the rings
with just 3 m radius. Moreover, FOM shows that it is beneficial to use high-refractive index nonlinear materials, such

as barium titanate. In this case for a 300⫻ 300 nm2 waveguide, the ring radius can be as small as ⬃0.6 m, and the
FOM of the WRR can reach almost 30.
In conclusion, using numerical simulations we have
demonstrated a highly compact and efficient electronically
controlled active plasmonic element on the basis of the
waveguide ring resonator. The plasmonic signal transmission
through the WRR can be modulated with high contrast
through the electro-optic effect with the refractive index
change in the order of 10−3, presently achievable with nonlinear polymers. Finally, by introducing a FOM for such active plasmonic components, the performance of the active
WRR element was optimized in terms of its sensitivity and
size. This clearly shows the potential to create high performance 600 nm radius plasmonic WRRs based on BaTiO3.
The proposed FOM is a universal measure which can be used
for the comparison of active elements based on dielectric or
plasmonic waveguides regardless of the type of control signal used to change the mode effective index.
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