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Hybrid plasmonic waveguides consisting of a high-index slab separated from a metal plane by a low-index spacer
provide an optimal compromise between the loss and confinement for surface plasmonwaves in passivemedium. In
such hybrid structures, because power for the TE and TM modes are concentrated in two different regions of the
guide, the characteristics of the twomodes can be controlled independently by changing the waveguide dimensions.
We propose to use this property to implement a hybrid plasmonic polarization-independent directional coupler for
a silicon on insulator platform.We also investigate the effects of variations of wavelength and device dimensions on
the performance of the proposed device. © 2012 Optical Society of America
OCIS codes: 130.3120, 240.6680.

Silicon on insulator (SOI) has emerged as a very attractive
platform for integrated optics in recent years. The high
dielectric contrast between silicon and silica makes SOI
devices highly polarization dependent. The polarization
state of light in a standard optical fiber can vary randomly,
and connecting such a fiber directly to SOI devices may
disrupt the proper operation of the integrated chip. One
approach to solve this problem is to divide the incoming
light into two separate polarizations and process them se-
parately, which increases system size and complexity [1].
Another approach is to properly design the SOI devices to
make them polarization independent. Such polarization-
independent operation will be especially useful for on-
chip optical interconnect applications, where there is
no easy way to control the polarization states [2]. In addi-
tion to being polarization independent, the coupler should
also be compact and should have low insertion loss.
Although the realization of polarization-independent
SOI waveguides is relatively straightforward [3], doing
the same for SOI devices such as directional couplers is
more challenging; consequently, to date there have been
very few reports on polarization-independent directional
couplers [4–7].
Plasmonic waveguides have attracted considerable in-

terest in recent years for integrated optics applications
[8,9]. Recently, we have proposed a hybrid plasmonic wa-
veguide (HPWG) consisting of a metal plane separated
from a high-index medium by a low-index spacer [10,11].
Since then, many different types of HPWGs have been in-
vestigated [12,13]. HPWG is very compact, it is compatible
with SOI technology, and provides a better compromise
between loss and confinement compared to previously
proposed plasmonic waveguides as explained in detail
in [14]. In addition to supporting a TMmode concentrated
in the low-index spacer, HPWG also supports a TE mode
which is concentrated in the high-index medium. Since
the two modes are concentrated in two different layers,
their properties can be controlled separately by changing
the material properties and dimensions of the different
layers. In our earlierworkswe have illustrated that HPWG
devices, which utilize this polarization diversity, can be
more compact than a purely silicon waveguide-based de-
vice and can also provide superior performance [15,16].

Here, we present the design of a polarization-independent
directional coupler using the HPWG and perform simula-
tions to estimate its performance.

Figure 1(a) shows the proposed directional coupler. It
consists of two HPWGs separated by the distance D. The
input power to the first waveguide is divided between the
first and second waveguide (P1 and P2). As shown in
Fig. 1(b), each HPWG consists of a silicon slab of dimen-
sions w × d separated from a silver layer of dimensions
w1 × t by a silica spacer layer of height h.

When D is small, modes supported by the two guides
interact and form supermodes. Figures 2(a)–2(d) show
the guided power density profiles calculated using finite
element code (Comsol Multiphysics) at a wavelength of
1.55 μm. The material properties for silver are taken from
[17] and those of silicon and silica are taken from [18].
For the TM mode (even and odd) an appreciable amount
of power is present in the silica spacer layer, whereas for
the TE mode (even and odd), power is mostly confined to
the silicon layer. By choosing the waveguide dimensions
properly, it is possible to have an equal level of coupling
and hence equal coupling lengths (the length required for
complete power transfer from one guide to the other) for
both polarizations. The device then acts as a polarization-
independent coupler.
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Fig. 1. (a) Top view of the HPWG directional coupler with
input and output silicon waveguides. (b) Cross-section of the
coupling section.
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Figure 3 shows the effects of variations of silica and
silicon thicknesses (h and d) on the coupling lengths
for both modes. Coupling length is defined as Li

C �
π ∕ �βieven − βiodd�. Here, βieven and βiodd are the effective in-
dices for the even and odd modes (where i stands for TM
or TE modes). With increasing silicon thickness (d), both
modes are more tightly confined and the coupling length
increases for both modes. In the case of the TE mode, for
thin silica (small h) the field is pushed out of the core, a
phenomenon which has been examined in detail in [16].
This reduced mode confinement results in reduction of
coupling length for the TE mode. For the TM mode, with
decreasing h, the mode is more tightly confined in the
spacer (silica) which increases its coupling length. For
h � 65 nm, d � 330 nm, coupling lengths are the same
for both polarizations (LTM

C � LTE
C � 8.9 μm) and the

device becomes polarization independent.
As an example, we present the design of a 3 dB cou-

pler. The dimensions of the coupler are mentioned in
caption of Fig. 2. The length of the coupler in this case
is half of the coupling length, i.e., 4.45 μm. The input/
output silicon waveguides are chosen to have square
cross-sections (330 nm × 330 nm) to make them polariza-
tion independent. Finite difference time domain code
(Lumerical) was used to investigate the performance
of the coupler by carrying out a three-dimensional full
wave simulation. The size of the computational volume
was 11 μm × 4 μm × 3 μm and it was terminated with per-
fectly matched layers on all sides. The complex permit-
tivity of metal results in a rapid decay of light inside the
metal. Hence, a very fine mesh is necessary at the metal/
dielectric interface for accurate modeling of plasmonic
devices. To obtain a good compromise between accuracy
and resources required (memory and processing time),
we used a non uniform mesh with mesh size of 2 nm at
the silver/silica interface and 5 nm mesh size elsewhere

in the HPWG section [indicated by the dotted line in
Fig. 1(a)]. The simulations were carried out on multiple
processors in parallel on the high performance comput-
ing facility Westgrid. We define power transfer ratio (η)
as η � P2 ∕ �P1 � P2�, where P1 and P2 are the powers in
the first and second silicon output waveguides, as shown
in Fig. 1(a). As shown in Fig. 4, η for the two polarizations
differs by less than 0.5 dB, from 1.53 to 1.57 μm wave-
length range. The insertion loss, which includes material
loss and also the coupling loss at both ends of the cou-
pler, for both polarizations is less than 0.5 dB over the
entire range.

If the fabrication is not precise, the coupling length of
the device and consequently η will change. The length of
a directional coupler (L) and η is related as [19]

η �
�
sin

�
πL
2LC

��
2
. (1)

Figure 5(a) shows the variation of η with variation of
LC for a directional coupler. It is a common practice to
use LC instead of η in the design of directional coupler
and investigation of the effects of various design para-
meters on coupler performance [4,6,7]. Therefore, to
be consistent with earlier work and making it easier
for a reader to compare various relevant reports with
the current work, we have chosen to plot variations
of LC . One can easily estimate the corresponding varia-
tion of η by either Eq. (1) or with the help of Fig. 5(a).
Figure 5(b) shows the variations of coupling lengths
(ΔLC) from the designed value for the TE and TM modes
for various values of silver film width (w1). The operation

Fig. 2. (Color online) (a)–(d) Power density profiles for TM
and TE modes in the coupler section (xy plane) at 1.55 μm.
Device dimensions: w � 330 nm, w1 � 330 nm, t � 200 nm,
h � 65 nm, d � 330 nm, D � 200 nm.
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Fig. 3. (Color online) Variation of coupling length with varying
silica thickness (h) and silicon thickness (d) at 1.55 μm
wavelength. Other waveguide dimensions are w � 330 nm,
w1 � 330 nm, t � 200 nm, D � 200 nm.
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Fig. 4. (Color online) (a) Power transfer ratio as a function of
wavelength for a 4.45 μm long directional coupler.
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Fig. 5. (Color online) (a) Variation of power transfer ratio (η)
with coupling length (Lc). (b), (c), and (d) Variations of Lc with
metal film width (w1), silicon width (w), and spacer thick-
ness (h) respectively. Other dimensions are as mentioned in
the caption of Fig. 2.
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of the device is not significantly affected by the deviation
of w1 from the design value. Figures 5(c) and 5(d) show
variations of coupling length as a function of w and h.
The operation of the coupler is very sensitive to changes
of w but less sensitive to change of h. A scheme for main-
taining polarization-independent operation under such
variations will be discussed later in the paper.
In the following we compare our design with pre-

viously reported work. One way to achieve polarization-
independent coupling is to use a slot waveguide [4,5].
Unlike the HPWG coupler, which requires multiple pro-
cess steps, the slot waveguide coupler can be implemen-
ted in a single step. However, very precise control of the
widths of the slots and silicon sections are required to
ensure proper operation of the slot waveguide-based de-
sign; also, the device requires 20 μm tapered sections at
either end to achieve good coupling with silicon wave-
guides. Since the proposed HPWG-based device can be
connected directly to input/output silicon waveguides
(without taper and little loss) the device length is much
shorter than its slot waveguide-based counterpart. An-
other way to realize a polarization-independent coupler
is to use silicon nanowires [6]. The silicon nanowire-
based design is simple, compact, and its fabrication does
not require multiple steps. However, proper operation of
the device requires carefully choosing the nanowire di-
mensions, and consequently the coupler fabrication tol-
erance is small. For example, changing the waveguide
width by 12 nm from the specified width (278 nm) [6]—
i.e., 4.3% from the design value—makes the coupling
length of the TE mode 12% longer than that of the TM
mode. The design and fabrication of the HPWG-based
polarization-independent coupler is more flexible. For
example, the first step of fabricating the HPWG-based
coupler would be the fabrication of silicon nanowires
shown in Fig. 1(b). If after this first step it is found that
the widths are different from the specifications (w), by
tuning the spacer height (h) polarization-independent op-
eration can still be achieved. For the 3 dB HPWG coupler
described in this work, if one of the waveguide widths is
more than the design value of 330 nm by the same
amount of 4.3% mentioned above, polarization indepen-
dence can be achieved by increasing the silica thickness
from 65 nm to 110 nm. Control of thin film thickness is
much easier than controlling the etch profile. Therefore,
although the HPWG coupler requires more processing
steps than the alternatives, the fabrication is less de-
manding. Changing the spacer thickness will change
the η and Lc for the HPWG coupler (both by 11% in this
example), but the device is still polarization independent;
i.e., η and Lc remain the same for both polarizations. Di-
rectional couplers are often used as signal taps, where a
fraction of the signal power is extracted to monitor signal
status. Polarization independence, rather than exact

power transfer ratio, is more important for these applica-
tions. Changing the coupling length by a small amount,
while maintaining polarization independence, is accepta-
ble in such cases. A polarization-independent directional
coupler can also be implemented by introducing a bend
at one arm of a Mach–Zehnder directional coupler [7].
This device provides polarization independence over a
broad wavelength range with low insertion losses, but
its length is several millimeters, in contrast to the
4.45 μm length of the HPWG coupler.

In conclusion, we have proposed a polarization-
independent HPWG coupler which is very compact,
has low insertion loss, and is compatible with SOI
technology.
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