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Abstract A hybrid plasmonic waveguide containing
silicon core, silver cap and ultra-thin sandwiched SiO,
layer is studied. By analyzing the mode distribution
patterns and the curves of mode effective index, we
show how the plasmonic mode around the metal surface is
coupled with the fundamental mode in the silicon core to
form a squeezed hybrid mode. The ability of the hybrid
plasmonic waveguide in energy confinement is also
discussed quantitatively.
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1 Introduction

With the ability to confine optical modes better than
dielectric waveguides, plasmonic waveguides [1,2] have
attracted much interest during the past decade. Much work
[3-9] has been done to improve the performance and
integration density of photonic circuits. Although the
plasmonic waveguide can work beyond the so-called
“diffraction limit”, there is always a key obstacle, that is, a
tradeoff between the mode confinement and the mode loss.
To overcome such a drawback, hybrid plasmonic wave-
guides have been introduced quite recently, and several
hybrid designs have been proposed [10—15]. The main
feature of this kind of designs is one extreme thin (around
or even thinner than 10 nm) low index layer sandwiched by
thick high index strip (or cylinder) and metal substrate (or
cap). In such a special structure, the main part of the mode
energy is squeezed into the thin low index layer, and thus
we can get a deep sub-wavelength optical mode with
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acceptable mode loss. In this paper, we examine some
detail issues of the hybrid plasmonic waveguide to
understand how the optical mode changes with the
physical geometry, and discuss its ability to confine light.

2 Geometry parameters of hybrid
plasmonic waveguide

Geometries of hybrid plasmonic waveguides studied in this
paper are shown in Fig. 1. With consideration to the
fabrication convenience, here we choose two types of
hybrid structures, which can be made by different lift-off
and etching processes. In Fig. 1, the silicon core has a
height of &g; and a width of w,; we use silver (Ag) as the
top metal cap with width w; and height A,,; structure (a)
can be obtained from (b) by etching the SiO, layer using
the top silver strip as a mask. Both hybrid structures can be
fabricated based on silicon-on-insulator (SOI) chips, which
have an insulator buffer layer on the high index silicon
substrate. However, we do not include them in our
simulations for simplicity to discuss the hybrid plasmonic
mode properties, i.e., we assume that the hybrid structures
are surrounded by air as shown in Fig. 1. The working
wavelength studied in this paper is set to 1550 nm and the
permittivity of the Ag cap is 0.1453 + 11.3567i [16]. In the
design of Fig. 1, we set hg;p, =20 nm, s, = 100 nm and Ag;
=400 nm.

3 Hybrid plasmonic mode analysis

In this paper, we are interested in the fundamental modes
of the hybrid plasmonic waveguides, and the higher order
modes are not considered when w;, is optically large. At
first, we study the effective index (n.g) of the two
structures in Fig. 1. As there is a lossy metal in the
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Fig. 1 Cross section of the two hybrid plasmonic waveguides
studied in this paper

structure, the effective index is a complex value. We can
estimate the mode propagating length (L) by the imaginary
part of the effective index through L = 1/(Im(ne) X ko),
where ky is the wave vector in vacuum (ky = 2m/A). By
definition, the propagating energy will be only 1/e of the
original input energy after propagating over a length of L.
In Fig. 2, the blue square curve and red triangle curve are
for Figs. 1(a) and 1(b) when w, varies from 100 to 400 nm,
respectively. From Fig. 2, we can see that both curves are
quite close to each other, which means the width of SiO,
do not affect much the mode effective index. The reason is
that the SiO, layer is very thin, and the area not covered by
the Ag cap does not contain much electromagnetic (EM)
field. Actually our simulation results have shown that the
distributions of the modal fields for the two kinds of design
in Fig. 1 are quite similar. Thus we will focus on the
structure of Fig. 1(a) to study the details of the energy
distribution of the plasmonic modes.

For clarity, we show the energy flux density distribution
for the modes with w, = 100, 200, and 400 nm in Figs. 3(a)
to 3(c), respectively. The black curve shows the energy flux
density distribution along the white midline in each figure,
and the sharp peaks indicate the deep sub-wavelength field
confinement in y direction just like that in Ref. [10]. The
mode distributions indicate that some part of energy has
been squeezed into the SiO, gaps, which make a bright
spot in these figures. For Fig. 3(a), if we consider the
silicon core independently, there is no fundamental mode
for the pure silicon waveguide, which makes the EM
energy decay exponentially (see the tail of the curve) in the
silicon core. Thus the surface mode of the metal cap is
dominant in this case. As the width of the silicon core
increases to 200 nm (see Fig. 3(b)), more energy will be
grabbed by the silicon core, which causes a slowly
growing peak in the cross section curve (and the color in
the Si part is slightly brighter than Fig. 3(a)). When the
width of the silicon core increases further to 400 nm, more
and more energy is dragged into the silicon (see the bright
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Fig. 2 Real part (a) and imaginary part (b) of effective
index of the two types of designs in Fig. 1 as the width of the
silicon core increases. Blue square curves and red triangle
curves are for structures in Figs. 1(a) and 1(b), respectively

spot in Fig. 3(c)), which can also be checked in the curve
along the cross line. This is because a 400 nmx400 nm
silicon waveguide can support a fundamental mode very
well, and the silicon waveguide mode takes more part of
the energy than the SiO, gap. The patterns from Figs. 3(a)
to 3(c) show a clear trend how the pure plasmonic mode
interacts with the pure dielectric waveguide mode. Taking
w, =200 nm for example, as shown in Fig. 3(d), the hybrid
palsmonic mode can be explained by the coupling of a
plasmonic mode of the metal cap and the waveguide mode
of a pure dielectric waveguide.

We also check the waveguide property when the width
of the metal cap varies while the width of the silicon core
keeps constant. Taking the design in Fig. 1(a) for example,
geometry parameters are set to /ig; = 250 nm, Ag;o, = 20 nm
and 4, = 100 nm. When the metal cap width is changing,
for comparison, we choose two different silicon core width
wy = 400 and 200 nm. The silicon core can support the
fundamental mode for w, = 400 nm, but not for w, =
200 nm. The curves of both real and imaginary parts of the
effective index are shown in Fig. 4. We can see that both
structures have the same trend of effective index variation
as w; increases. Combining with Fig. 3, we can understand
that as the silicon core gets broader, more EM field will
stay in the high index core, which makes the real part of
nerin Fig. 4(a) larger than that in Fig. 4(b). The interesting
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Fig. 3 Energy flux density distributions of hybrid plasmonic
mode for structure of Fig. 1(a) when silicon width is (a) 100 nm; (b)
200 nm; and (c) 400 nm. Black curve at the left of each pattern is
the distribution along the cross section (dashed lines); (d)
illustration showing plasmonic mode and dielectric mode couple
to form a hybrid plasmonic waveguide mode
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Fig. 4 Real part (blue curve) and imaginary part (red curve) of
effective index as the width of metal cap increases when the width
of'silicon core is fixed to (a) 400 nm; and (b) 200 nm (/g; =250 nm,
hsio, = 20 nm; hy, = 100 nm)

thing is the imaginary part of n.; When the metal cap
shrinks, the overlap of the EM field and the metal cap
decreases, which means a lower loss caused by the metal
absorption. However, we found the opposite results in
Fig. 4, i.e., when the metal cap shrinks the mode loss
increases. This is because when the metal size gets smaller,

the radiation effect will become stronger, and this
additional radiation mode loss cannot be compensated by
the reduction of the metal absorption. Thus, we should also
consider the radiation loss in the mode besides the metal
absorption loss. As a result, we get a larger imaginary part
of ns as the metal cap becomes smaller.

4 Energy confinement in hybrid plasmonic
waveguide

The purpose of using plasmonic structures in optical
waveguides is to shrink the optical mode size. One
advantage of a hybrid plasmonic waveguide is that the
mode size can be squeezed even to several nanometers.
From the discussion in the above sections, it can be seen
that the highly confined mode is mainly located in the very
thin SiO, layer. Therefore, it is necessary to study how the
EM energy is stored in such a hybrid plasmonic
waveguide. As people are more interested in the energy
stored in and around the gap layer (the SiO, layer in this
paper), here we define a special hybrid plasmonic mode
size (Sgmode) as the area included by the contour of { in the
two-dimensional time-averaged energy flow distribution
(where ¢ is defined as 1/¢* of the maximum value of the
time-averaged energy flow distribution in the SiO, layer);
and the energy stored in this area as Egpode- Egmode €an be
used to estimate the energy stored in and around the SiO,
layer in two-dimensional time-averaged energy flow
distribution (as those in Figs. 3(a)-3(c)). For some cases
with large w, , the energy flux in some part of the Si core
may be larger than & (as the case in Fig. 3(c)), which
indicates that this area in Si should be included in the area
of Sgmode- However, we do not include any area in Si to
Semode> SiNCe we are more interested in the energy
distribution in the SiO, layer. We still take the structure
in Fig. 1(a) for example, and the geometry parameters are
wy = 100 nm, Ay, = 100 nm, Agjo, = 20 nm, hg; = 400 nm,
and w, varies from 100 to 400 nm. Our computation (not
shown here) indicates that Sgpode i not affected much by
the silicon core width, and the mode size is very close to
the value of SiO, area. To evaluate the energy confinement
ability of the optical mode in our hybrid plasmonic
waveguide, we define a confinement factor Cymode as

Cgmode = Lgmode / Etotal p (1)

where E\, stands for the energy of the whole optical
mode.

In Fig. 5, we plot the relationship between the
confinement factor Cypmode and wy (from 100 to 400 nm)
in red curve (corresponding to the blue square curves in
Fig. 2). This confinement factor gives the estimated ratio of
energy in area of Sgoqe to the total mode energy. We can
see that the energy in the highly confined area decreases as
w; increases. When w, = 400 nm, Cgpmoqe is about 0.1, and
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Fig. 5 Confinement factor Cymoge (red triangle curve) and the
ratio of energy stored in SiO, to that in Si core (blue square curve)
as w, increases from 100 to 400 nm

the highest value of Cgpoqe is limited to 0.25 when w, =
100 nm. This means most parts of energy are not in the
SiO, layer. This is quite different from normal optical
mode, where most mode energy is in its oWn Sgmege. In the
purpose of finding the reason, we should go back to check
the mode energy distributions in Fig. 3. We can see that the
total mode energy can be divided into three parts: one part
is stored in and around the SiO, layer, one part mainly in
and around the silicon core, and the last part is the energy
around the metal cap (except those in the SiO, layer).
Actually, the third part contains considerable energy,
because the EM field can go around the silver cap by
side coupling (through some surface plasmon waves). We
can also make a rough estimation from the cross section
distribution in Fig. 3. The sharp peak around the SiO, layer
comes from the discontinuity of E) at different index
material boundaries, which makes the energy density quite
high in the Si0, layer (see those bright hot spots in Fig. 3).
However, this cannot lead to a large energy confinement in
the area of Sgmode, since the sharp peak grows quickly
along the high/low index boundary, which makes the value
of & quite high. Thus, most energy is excluded from the
area of Sgimode, and this excluded part of energy is large in
total although with low energy density. That is, if we
compare the integral over the SiO, layer region and the
total integral over the whole region, we can see that the
former one is quite small, just occupying a small
percentage of the total energy. Therefore, the hybrid
plasmonic waveguide is good for high energy density,
rather than real energy confinement. The blue curve in
Fig. 5 shows the proportion of Egio, to Es;, where Egjo,
and Eg; are the energy stored in SiO, layer and silicon core,
respectively. Even the energy stored in the silicon core is
much larger than that in the SiO, layer.

5 Conclusions

In conclusion, we have studied some optical mode
properties of a hybrid plasmonic waveguide in this paper.

We have shown how the effective index of the modes
changes as the physical geometry varies. By plotting the
mode patterns, we have shown how a plasmonic mode and
a pure fundamental dielectric mode are coupled to form a
hybrid plasmonic mode with deep sub-wavelength mode
size. We have also studied the energy confinement of such
a hybrid plasmonic mode, and found that the energy stored
in the highly squeezed mode (energy in the area enclosed
by the ¢ contour) is quite small although the hybrid
structure can make a very high energy density in the
sandwiched low refractive index layer.
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