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Power exchange dynamics for performance optimization
In a miniature plasmonic waveguide coupler
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This article considers a miniature MIMIM waveguide plasmonic coupler and presents the power exchange dynamics in it.
The role of the system parameters as well as the operating wavelength on the coupling dynamics is identified. The field
dynamics has been simulated using finite-difference time-domain (FDTD) based numerical method. The investigation will
help to design an experimental miniature plasmonic waveguide coupler and to optimize the same.
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1. Introduction

The miniaturization of photonic devices has been one
of the main thrust areas of research in many industries and
so in the optoelectronics industry [1]. A large variety of
‘on-chip' versions of many optoelectronic devices are
emerging without any compromise with the performance
[2]. Moreover, the photonic devices are struggling to
match the scale of miniaturization already attained by their
electronic counterparts. The progress of photonic crystal
technology endows with the size reduction of optical
components (e.g., waveguides and couplers) by at least
one order of magnitude in comparison to their
conventional version that relies on the total internal
reflection. The diffraction limit is the main challenge in
achieving further miniaturization up-to nano-scale.
However, plasmonics, aided by surface plasmon, surface
plasmon resonance and surface plasmon polaritons (SPP)
showed a new path to break this limit [3]. Plasmons are
basically quasi-particles resulting from the quantization of
plasma or the free electron (or ion) gas. Plasmon can be
created within the bulk or on the surface. The plasmon
created along the metal and dielectric interface is b
recognized as surface plasmon (SP). See the work of
Rufus Ritchie [4] who first predicted SP in 1957. SP

possess lower (theoretically, J2 times lower) energy than
that of the bulk (or volume) plasmons. Interaction of SP
with the optical photon may result in a hybrid excitation,
namely surface plasmon polaritons (SPP). SPP can be
viewed as an evanescent wave trapped at the interface
between two media, one having positive dielectric
constant, while the other has negative one. For example,
the interface of air and noble metals is a suitable system
for hosting SPP. Generally, SPP propagates along the
interface until complete dissipation of its energy through
radiative loss or absorption in the metal. However the loss
can be compensated by a gain from the neighbouring
dielectric [5]. With time, SPP and, in fact, plasmonics [6]

have found a significantly large number and variety of
applications from biological nano-sensors [7], to sub-
wavelength imaging [8] and from the merging of
electronic circuits to photonic devices [9]. Furthermore,
SPP plays the key role in numerous nano-scale optical
passive devices like Bragg reflectors [10], bends and
splitters [11], directional couplers [12-19], long-range
nanoware waveguide [20], passive filters [21], and Mach-
Zehnder interferometers [22]. SPP has been used in
Raman spectroscopy [23], high-resolution optical
microscopy [24], magneto-optic effect [25], optical
amplification and quantum information processing. Even
polymer based SPP waveguides are developed for high
speed optical communication [26]. Please see [27] for SPP
amplifiers and lasers, ref [28] for nano-optics of SPP and
ref [29] for the physics and applications of SPP.

This article presents the power exchange dynamics of
a miniature plasmonic coupler having metal-insulator-
metal-insulator-metal (MIMIM) structure. The multilayer
metallic waveguides are interesting plasmonic structures
as they produce waveguide couplers, beam splitters and
integrated modulators in optoelectronic devices. Although
the MIMIM structure or MIM coupler is familiar and well
reported, the current investigation provides the basic but
important transmission dynamics for a large operating
range and hence can be directly adopted for the
experimental setup. Moreover, following our main agenda
we consider a miniature plasmonic waveguide coupler.

z
o
"+d. :
d
________________________ M,
4 2
-a -d M|

v
Fig. 1. Schematic of the MIMIM Plasmonic
waveguide coupler
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2. The model

We consider a five-layer metal-insulator-metal-
insulator-metal (MIMIM) structure as shown in Fig. 1. The
thickness is so small with respect to the span of the
structure that it can be considered as a two dimensional
(2D) structure. The structure is formed by making two
parallel grooves on a metal (Silver) sheet. Since the two
grooves are filled with air (dielectric) the whole structure
is now equivalent to a pair of coupled MIM waveguides
that can behave like a 2 x 2 directional plasmonic coupler.
These two air grooves each of length ‘ L’ and width ‘@’
are ‘ 27 * distance apart from each other. In such a system

every single interface contains bound SPPs. In principle,
the SP can be created by the interaction of photons with
metallic nano structure. Basically, two configurations are
popular for the generation of SP; the Otto configuration
[1] and the Kretschmann configuration (or Kretschmann-—
Raether configuration) [1]. In the present case the
fundamental TM mode of the plasmonic waveguide is
excited by a dipole source [31]. When the separation
between adjacent interfaces is smaller than the decay
length (along Z ) of the interface modes an interaction
takes place between the said modes. Such interaction in
the  coupled-waveguide-directional-coupler can  be
analytically modeled by coupled-mode theory for uniform
couplers [30]. The dynamics of the field amplitudes of the
plasmonic waveguides can be presented by the following
coupled-mode equations:
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where a; and a, are the field in the waveguide-1 and
waveguide-2 respectively. K is the coupling coefficient
and O is the phase-mismatch factor.

The dispersion relation of the plasmonic coupler can
be determined as follows. It is well known that a
plasmonic waveguide supports only TM mode [1]. For the
present case the TM field components can be determined
as:
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where K, =(ﬂ2—k028)u2 , K, =(ﬂ2—k§8)u2 i
presents the longitudinal wave number. A, B, C, D, E, F,
G and H represent the field amplitudes at the interfaces,
namely, z=a+d . z=d » z=-d » z=-a-d
respectively. In the above expressions of Hyand E, the
(N-(V) represent the ranges of Z corresponding to the
expressions in its left. The range is as follows: (I)
(@+dy<z, ) @+d)<z<d , ) d<z<-d,
(Iv)-d<z<(-a-d) and (V) Z<(-a-d) . According
to the boundary conditions the longitudinal tangential
component of the electric field E, and and transverse
normal component of the magnetic field Hy are
continuous across the interfaces. The normal component of
the electric field and the parallel component of the

magnetic field are discontinuous. This leads to the
dispersion relations as follows:

(R _ S)Z(R n S)Zekm(—Za—4dy2kia

+ (R _ S)Z(R I S)Zekm(—Za—4d)+2kia (5)
_ (R + S)4e2a(ki—km) —(R _ S)z
(2(R+ S Yenlar2d) | (R g Pe2alkithn)
—2¢?*(R+S) =0

where R=K_ /&, and S =k; /¢
3. Simulation results and analysis

The transmission characteristics and power exchange
dynamics of the aforesaid plasmonic coupler is
investigated by direct numerical simulation using the
finite-difference time-domain (FDTD) method. An
electromagnetic (EM) radiation is injected through the
waveguide-1 along the positive X -axis and the output
power is recorded at both waveguides. The transmission
spectra as well as field dynamics through the waveguides
are investigated by varying the separation between
waveguides (‘ (| *) and the length of waveguides (‘ L’). A
wide variety of electromagnetic radiation of wavelength (¢
A7) ranging from 600 nm to 1600 nm is used for
revealing the field dynamics in the coupler as portrayed
hereafter.
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Fig. 2. Transmittance spectra of waveguide-1 and waveguide-2 for d = 9 nm and for waveguide lengths (a) L =200 nm
(b) L =250 nm (c) L =300 nm and (d) L =350 nm. Solid line is for input power, dashed and dotted lines are for powers in
waveguide-1 and waveguide-2 respectively (color online)
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Fig. 3. Transmittance spectra of waveguide-1 and waveguide-2 for L = 300 nm and for (a) d =6 nm, (b) d =9 nm, (c) d = 12
nm and (d) d = 15 nm. The solid line is for input power, dashed and dotted lines are for powers in waveguide-1 and

waveguide-2 espectively (color online)
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Firstly, we explore the role of the length of the
waveguide on the transmittance spectra of the coupler. As
a common norm, the EM radiation is injected in the
waveguide-1 and the power transmission is recorded at the
output end of both the waveguides. Fig. 2 presents the
power transmission for varying wavelengths of the input
EM radiation. The separation between dielectric
waveguides is maintained at d = 9 nm and the value of
parameter ‘@’ (i.e., width of air grooves) is 50 nm. This
particular value of ‘@’ is taken so that only the
fundamental transverse magnetic (TM0) mode can be
supported by the structure. [31]. Increase in the value of
‘a’ may lead to generation of multiple modes and hence
operational complexities. The transmittance, i.e., ratio of
amplitudes of the output end to that at the input end, is
recorded for coupler lengths L =200 nm, 250 nm, 300 nm,
and 350 nm respectively. It is clear from the figure that the
powers in the waveguides are different at different values
of ‘L’ and are highly dependent on the wavelength (or
frequency) of the EM radiation. There is a (or two)
wavelength(s) at which the powers in both the waveguides
are the same, i.e., at this (these) wavelength(s) the coupler
behaves like a beam splitter. Such beam-splitting point
shifts towards the higher wavelength side (red-shifted)
with increase in the coupler length. These plots also show
the maximum power coupling frequencies for a given
coupler. The simulation can help to choose a desired role
of the coupler for a given wavelength and coupler length.
In fact one can make a chart of it.
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Fig. 4. Dynamics of contour profile of magnetic field in
the plasmonic coupler. The field exchange between the
waveguide-1 and waveguide-2 are shown by the colour
map. Here, d =9 nm and L = 300 nm (color online)

To reveal the effect of the separation between the
waveguides on the transmittance spectra of the coupler we
now fix the waveguide length L = 300 nm and change the
separation between the waveguide as d = 6 nm, 9 nm, 12
nm, and 15 nm to record the transmittance spectra, which
is shown in the Fig. 3. With the increase in waveguide
separation ‘d’ the power coupling or transfer of radiation
between the waveguides becomes slower. In this case too
the beam splitting point shifts towards higher wavelength
(i.e. red-shift) for a longer coupler. As Fig. 2 suggests

optimum wavelength and coupler length the current plots
(Fig. 3) suggest suitable wavelength, separation between
the waveguides and coupler length for beam splitting or
complete power transfer purpose.

At this point portraying the electric and magnetic field
profiles in the Plasmonic waveguide is in order. Both the
fields extend into the metal and dielectric regions;
however, remain confined within a depth less than their
free-space wavelength. As per the boundary conditions,
mentioned earlier, the longitudinal tangential component
of the electric field E,and transverse normal component of
the magnetic field Hy are continuous across the interfaces,
while the normal component of the electric field and
parallel component of the magnetic field are
discontinuous. Thus, it is useful to portray the magnetic
field profile in the plasmonic waveguide coupler. The
contour profile of the magnetic field in the coupler of
waveguide-1 and waveguide-2 is shown in Fig. 4. For the
simulation the width of waveguide separation ‘d ’ is kept
at 9 nm and the length of the waveguides ‘L’ is fixed to
300 nm. We use the input EM radiation of wavelength as
A = 702 nm, 853 nm, 1157 nm and 1550 nm (bit
arbitrarily spread over a wide range). The dynamics of the
field shows quicker coupling at smaller wavelengths.

(a): =800 nm, d=6 nm
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Fig. 5. Transmittance along waveguide/coupler length

for =800 nm. (a) d =6 nm, (b) d =9 nm, and (c) d =12

nm. Here the solid line is for waveguide-1 and the dotted
line is for waveguide-2 (color online)

We now show the power exchange dynamics in the
plasmonic waveguide coupler along the coupler length.
The transmittances in the waveguides are plotted with
respect to the coupler length in Fig. 5 for different
separation of the waveguide, namely, d = 6 nm, 9 nm and
12 nm keeping the the wavelength of the EM radiation
fixed to A = 800 nm. An increasing separation ¢ d > needs
longer coupling length (the length of complete power
exchange). However, in this plasmonic waveguide coupler
complete power exchange is not visible.

To describe the role of operating wavelength on the
power exchange dynamics we plot the transmittance with
respect to the coupler length at different values of A = 600
nm, 800 nm, 1200 nm and 1500 nm but with a fixed
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waveguide separation d = 9 nm (Fig. 6). Two distinct
features become obvious; firstly the coupling length is
smaller for smaller wavelength and secondly, the amount
of power exchanged is greater for larger wavelength. In
fact, at lower wavelength the power exchange dynamics is
asymmetrical in the waveguides. Thus, one needs to
optimize the wavelength for the desired result and
purpose.
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Fig. 6. Transmittance along waveguide/coupler length

ford =9 nm. (@) 4 = 600 nm, (b) A = 800 nm, (C) A =

1200 nm, and (d) 4 = 1500 nm. The solid and dotted lines

are for waveguide-1 and waveguide-2 respectively
(color online)

4. Conclusion

We investigated the transmission properties of a
plasmonic waveguide coupler (created by a five-layer
MIMIM) using FDTD simulation. The power transfer in
such plasmonic coupler is very sensitive to the operating
wavelength, which can be manipulated for sensing and
even data processing purposes. The total length of the
coupler as well as the separation of the plasmonic
waveguides significantly control the power exchange
dynamics, beam splitting phenomena and overall coupling.
The results can be helpful to fabricate a miniature
plasmonic waveguide coupler; furthermore, to optimize it
in terms of the dimension and operating wavelength. Such
miniature plasmonic coupler may be proven very useful
for making plasmonic devices like filters, interconnects,
all-optical switches, etc.
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