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Abstract—We investigate the properties of the modes supported
by the hybrid plasmonic waveguide consisting of a metal surface
separated from a high-index slab by a low-index spacer. We exam-
ine the variations of the effective mode indices and field profiles of
the hybrid modes for various choices of waveguide dimensions. We
show that the observed variations of the modal properties can be
explained from the fact that these modes result from the coupling of
the surface plasmons, supported by the metal-dielectric interface,
and the dielectric waveguide mode, supported by the high-index
slab. The method of analysis is very general and can be used to
explain the modal properties of the hybrid plasmonic waveguides
for a wide range of material properties and waveguide dimensions.

Index Terms—Coupled mode analysis, plasmons, surface waves,
waveguides.

1. INTRODUCTION

URFACE waves supported by metal-dielectric interface,

known as surface plasmons (SP), have attracted a lot of
interest in recent years [1]. SP can be useful for many ap-
plications such as biosensing [2] and implementation of very
compact photonic devices, which are not possible using con-
ventional index guiding methods [3]-[5]. One of the biggest
challenges preventing the wide spread use of plasmonics is the
significant propagation loss suffered by the SP mode. At optical
frequency regime, metal has a complex permittivity and hence
SP can propagate only a short distance before the guided power
is significantly diminished. In an attempt to obtain a satisfactory
compromise between loss and confinement, different plasmonic
waveguide designs such as metal-insulator-metal [4], metal
slot [6], insulator—metal—insulator [7], channel waveguides [8],
and dielectric loaded plasmom guide [9] have been proposed.
As an alternative to purely plasmonic waveguides, we have re-
cently proposed a hybrid plasmonic waveguide, which consists
of a high-index slab separated from a metal surface with a low-
index spacer layer [10]. In this structure, the power is highly
concentrated in the low-index spacer layer. Since our first pro-
posal of hybrid plasmonic wave guiding, a number of different
kinds of such guides have been investigated [11]-[14] and many
practical applications of this guiding scheme have already been
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Fig. 1. Hybrid plasmonic waveguide shown in Fig. 1(a) can be considered a

combination of two guides: Guide 1 and Guide 2. Guide 1 is a surface plasmon
waveguide consisting of silver—silica interface [see Fig. 1(b)], and Guide 2 is
a dielectric waveguide consisting of a silicon slab surrounded by silica [see
Fig. 1(c)]. Coordinate system used in this study is also shown.

suggested [15]-[20]. However, to the best of our knowledge,
no detailed investigation has been carried out to explain the
guiding mechanism of the hybrid guide. Although [10]-[14]
have studied some of the hybrid mode characteristics and have
stated that the hybrid mode is formed from the coupling of the
SP and dielectric waveguide modes, no detailed analysis was
provided to support this idea. This lack of a detailed analysis
has led to some confusion. For example, some recent work has
pointed out the absence of quasi-odd modes in the previously
reported hybrid guiding schemes as evidence against the mode
hybridization in such structures [21]. A detailed analysis of the
modes supported by the hybrid plasmonic guide under various
conditions will clarify the physical nature of the guided modes
in these structures and the better understanding thus achieved
may also be useful for the design of future hybrid plasmonic
waveguide devices. The purpose of this study is to carry out
such an analysis.

This paper is organized as follows. In Section II, we de-
scribe the hybrid plasmonic waveguide and methods of analysis
followed in this study. In Section III, we investigate the varia-
tions of effective mode indices and field profiles for the guided
modes with variations of waveguide dimensions. To keep the
problem analytically solvable, we consider only 1-D structure.
In Section IV, we summarize the modal characteristics and show
that these characteristics can be explained from the assumption
that the modes supported by the hybrid plasmonic guides result
from the coupling of the SP and dielectric waveguide modes.
Section V concludes this paper with some remarks.

II. DESCRIPTION OF STRUCTURE
AND THE METHOD OF ANALYSIS

The geometry of the metal-low—high-index guides is shown
in Fig. 1(a). It consists of a silicon slab (layer 2) of thickness
d separated from a silver surface by a silica layer (layer 1) of
thickness h. The structure is invariant in the z- and z-directions.

The silica region separating the silver surface from silicon
is designated as spacer throughout this study. The cladding is
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also silica. Permittivities of the silver, silica, and silicon are
€Ags ESilica and g;, respectively.

In general, coupled, i.e., hybrid modes can be either TE or TM
type but since the SP mode supported by Guide 1 is TM in nature,
the hybrid modes supported by the structure shown in Fig. 1(a)
can also be only TM type [10]. Therefore, we consider only
the TM modes in this study. Modes supported by the structure
can be analyzed using the transfer matrix method since it can
provide accurate solutions for the modes supported by a 1-D
multilayered structure. The method works by constructing the
propagation and interface matrixes as explained in detail in [22].
Assuming propagation in the z-direction, the expressions for the
magnetic fields for the intermediate layer j (j = 1, 2) can be
written as

Hj(y,z) = #H,;(y) expli(yz — wt)]. (D

Here, v = ko(Neg + i Kepr ) is the complex propagation con-
stant, kg = (27)/A¢ is the free space wave number, A, is the
free space wavelength, and finally N.g and K¢ are the real and
imaginary parts of the effective refractive index.

The magnetic field in the cladding ﬁc and in the substrate ﬁ s
can be expressed as

H,(y,2) = #A.e "=t oxpli(yz — wt)] (2)
I-_['S(y7 z) = & A eksy expli(yz — wt)] 3)

where k; and k. define the rate of attenuation in the substrate
(silver) and cladding (silica) and are given by

ks =\ 72 - 6Agka (4)
ke = \/7* — €siticaky - ©)

The electric field in various layers can be obtained from the
magnetic field by the application of Maxwell’s curl equations.
By using the boundary condition of tangential electric field and
magnetic field at the various interfaces, the dispersion relation
for the multilayer structure can be obtained as
k s kc ks kc

- Mg — Moy — mi2 =0. (6)
EAgESilica

my +
EAg ESilica

The coefficients m; ; (1 = 1,2; j = 1, 2) are given by

cos(kih) _ Ssilica sin(kih)
|:m11 mm} _
MMt 2 2 sin(ky h) cos(kih)
ESilica
cos(kad) _ o8t sin(kod)
ko
< 1 G
-~ sin(kod) cos(kad)
Si

Here, k; is the transverse wave number for the jth layer (j =
1, 2) and is given by

ki = y/esnicakd — 72 (®)
ko = \/esikd — 2. )
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Solutions of (6) provide accurate information about the
guided modes for any combinations of waveguide dimensions
and material properties. However, getting a physical picture of
the mode formation from this approach is not a straightforward
task. The concept of coupled mode, although approximate can
provide better physical insight. The hybrid plasmonic wave-
guide can be thought of as a combination of two waveguides
as shown in Fig. 1. Guide 1 is an SP waveguide formed by a
silver—silica interface [see Fig. 1(b)], where as Guide 2 is a high-
index contrast dielectric waveguide formed by a silicon slab sur-
rounded by silica [see Fig. 1(c)]. For a small spacer thickness
coupling between these two guides will be very strong. Results
obtained from the conventional coupled mode theory (CMT) are
valid only for weakly coupled structures [23]. On the other hand,
nonorthogonal CMT can provide satisfactory results in the case
of strong coupling but only for low-index contrast guides [24].
Therefore, straight forward application of neither the conven-
tional CMT nor the nonorthogonal CMT can provide accurate
results about the mode characteristics for such cases [25]. How-
ever, this does not mean that the coupled modes are not formed
in the structure shown in Fig. 1(a). As long as the difference in
effective indices of the modes supported by the Guides 1 and
2 is small and the guides are in close vicinity, coupled modes
will be formed. In this paper, we use the dispersion relation [see
(6)] to find the exact solutions for the guided modes but rely on
the concept of coupling among the modes to provide a physical
picture of the modes formation. We examine the properties of
the modes supported by the hybrid structure for various sili-
con and spacer layer thicknesses at 1.55-pm wavelength. The
permittivity of silica and silicon is taken from [26], and that of
silver is taken from [27]. Equation (6) is solved by the function
fminsearch from MATLAB’s Optimization Toolbox to find the
allowed modes. This function uses the simplex search algorithm
that is simple, and does not require the computation of numerical
or analytical gradients; however, it can find only local solutions.
To ensure that we are indeed calculating the effective mode
indices properly, we compared the values obtained by solving
(6) with those obtained from the finite-element code, Comsol
Multiphysics. The effective indices predicted by the two meth-
ods matched well and the difference was less than 0.03% in the
worst case.

III. PROPERTIES OF THE MODES SUPPORTED BY THE HYBRID
PLASMONIC GUIDE

In case of coupling between two identical waveguides, one
of the coupled modes exhibits even symmetry and the other
one exhibits odd symmetry with respect to the midpoint of the
gap region (spacer) separating the two guides. In case of cou-
pling between two dissimilar waveguides (the case discussed
in this study), the coupled modes lack complete symmetry but
as shown later in this section, one of the modes is still “quasi-
even” (does not become zero anywhere in the spacer region)
and the other mode is “quasi-odd” (becomes zero somewhere
in the spacer region). Behavior of the modes supported by the
hybrid plasmonic waveguide depends strongly on the properties
of the modes supported by the Guides 1 and 2. Therefore, an
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TABLE I
NOTATIONS USED IN THIS STUDY AND THEIR MEANINGS
Symbol Meaning
Ncl Real part of the effective mode index for the SP supported by Guide 1
SP
G2 Real part of effective mode index of TMy mode supported by Guide 2
N ™0
NGz Real part of effective mode index of TM;| mode supported by Guide 2
™1
N HG Real part of the effective mode index of the quasi-even mode supported by the hybrid guide
Even
N HG Real part of the effective mode index of the quasi-odd mode supported by the hybrid guide
Odd

Difference between the real parts of the effective mode indices for the TMy mode supported by Guide
2 and SP mode supported by Guide 1

Difference between the real parts of the effective mode indices for the TM; mode supported by Guide

G2 Gl
Al = NTMI —WNgp 2 and SP mode supported by Guide 1
Cut Cut off thickness for TM; mode of Guide 2
D
™1
TABLE II
VARIOUS CONDITIONS INVESTIAGTED IN THIS STUDY
Case Condition Silicon thickness (d) Difference between effective
# mode indices
! NG > N&ro, Small A, d <<dg 45 nm Ag=-0.0026
Gl _ A7G2 Cut _
2 Ng» =Ny, Small A, d <<dp, 50.8 nm A=0
Gl G2 Cut -
3 N <N, Small A, d<<ds 100 nm Ag=0.0426
4 N&' < NS, Large A, d << dS", 130 nm Ag=0.1
5 NG < N2, Large A,, d ~<df 240 nm Ag=0.764
NS < NS2  Small A, Large A, d > d5
6 5P 1 OMall Ay, Large A, ™I 340 nm Ao=1.346; A= 0.0344

examination of the modes supported by Guides 1 and 2 is needed
before we proceed further. The notations used in this discussion
are shown in Table I. Guide 1 supports only one mode: SP
at the silver/silica interface, while the number of modes sup-
ported by Guide 2 and their behavior depend on silicon thick-
ness d; however, for d < 250 nm, Guide 2 supports only TM
mode.

Depending on the silicon thickness, a number of different
situations are possible. The conditions which may arise for sili-
con thickness up to 340 nm (0 < d < 340 nm) are summarized
in Table II. For large film thickness higher order modes (for
example, TMy mode) may also be supported that are not con-
sidered in our analysis. However, careful investigation of the
cases mentioned in Table II enables us to easily predict the
mode characteristics for such cases and therefore, we refrain
from discussing those cases. For very large silicon thickness,
the hybrid plasmonic waveguide converts to a conductor-gap-
dielectric waveguide that has been discussed in detail in [21].

In the following, we investigate the behavior of the hybrid
waveguide modes with varying silicon and spacer thicknesses
subject to the constraints enumerated in Table II. In some of
the cases in addition to the hybrid mode, dielectric waveguide
modes supported by the silicon slab also exists independently.
For example, in case 6 (d = 340 nm) in addition to modes whose
profiles are combinations of modes supported by Guide 1 and
Guide 2, a mode also exists which is almost identical to the
TM, mode supported by Guide 2. These dielectric waveguide
modes are well studied and well understood, and hence will not
be investigated here.

A. Variations of the Effective Mode Index

Fig. 2(a), (b), and (c) shows the variations of NHG with vary-

ing spacer thickness (h) for the cases of Table II. Variations of
N‘é{v(én and N(I;I(?d for cases 1 and 2 are very similar and to avoid
redundancy, case 2 is omitted in these plots. The solid lines are
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Fig.2. Variations of effective mode indices for the guided modes as a function
of h (spacer height) for various d (silicon thickness). (a), (b), and (c) are for
quasi-even and (d) is for quasi-odd.

obtained by an analytical method [solving (6)], and the circles
indicate the results from Comsol Multiphsycis. Variations of
N(I){&;d for various cases are plotted in Fig. 2(d). Although the
agreement between the analytical method and Comsol Multi-
physics is also good in this case, to avoid crowding the plot,
only results obtained from the analytical method are shown in
Fig. 2(d). The quasi-even mode exists for any h but quasi -odd
mode is cutoff for small h. For cases 1 and 2 (N§3 > N. MO)

for increasing spacer thickness (h), NG approaches N ! and
NHS approaches N¢Z,. For cases 3 and 4, for increasing h,in
contrast to cases 1 and 2, IV, approaches NS and NJ§,
approaches N§i!

For the case 5 (d = 240 nm), hybrid mode characteristics
are significantly different from the other cases in Table II. In
this case, the guide does not support quasi-odd mode for any
spacer thickness, and as shown in Fig. 2(c), the variation of

Even
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Fig.3. (a)and (b) Real part of the normalized magnetic field for the quasi-even
mode. (c) Real part of the normalized magnetic field for the quasi-odd mode. In
all figures h is the spacer thickness and silicon thickness d is 45 nm. (Case 1 of
Table II)

HG . . .
N ey 1s opposite of that of quasi-even mode in other cases,

i.e., with increasing h, NHC increases instead of decreasing.
For the case 6 (d = 340 nm), Guide 2 is multimode. In this
case, N'¢ ~approaches N¢Z, and NHE, approaches N&.. It
is interesting to note that variations of the effective indices for
case 3 (d = 100 nm) and case 6 (d = 340 nm) are very similar.

The reason for this is explained in Section IV.

B. Variations of Field Profile With Spacer Thickness

In this section, we examine the effects of varying the spacer
thickness h, for a fixed silicon thickness d, on the field profiles
for the cases considered in Table II. We plot the real part of the
transverse magnetic field H,. To properly designate the nature
of the hybrid mode, we use the following notations. If the hybrid
mode is formed from the coupling of SP mode supported by the
Guide 1 and TM; mode supported by the Guide 2, and if with
increasing the spacer thickness i the mode converts to an SP
mode supported by the Guide 1, we designate itas SP-TMj. If on
the other hand, the mode converts to a TM0 mode supported by
the Guide 2, we designate it as TM(—SP. A similar nomenclature
is used for other cases (e.g., SP-TM; or TM;-SP). Fig. 3(a)
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Fig. 4. Real part of the normalized magnetic field for the quasi-even mode for
varying spacer thicknesses h. Silicon thickness d is 100 nm. (Case 3 of Table II).

through (c) shows the evolution of quasi-even and quasi-odd
modes for varying spacer thickness & for the case 1 of Table II
(d = 45 nm). Here, y = 0 is the position of the silver/silica
interface. To show the mode profiles clearly for both small and
large h, we have plotted the mode profiles of quasi-even mode
in two different figures, i.e., Fig. 3(a) and (b). As can be seen
from these figures, quasi-even mode is of the type SP-TM,, and
quasi-odd mode is of the type TMy—SP. For the case 2 of the
Table II (h = 50.8 nm), the mode profiles and their evolution
with varying spacer thickness are very similar to those of the
case 1 and are not discussed here. To keep the discussion brief,
we will plot the field profiles only for the quasi-even mode for
the rest of the cases and summarize the properties of both quasi-
even and quasi-odd modes at the end of this section. Increasing
silicon film thickness changes the nature of the mode. For the
case 3 in Table II (d = 100 nm) in contrast to cases 1 and 2,
the quasi-even mode is of the type TM(—SP as shown in Fig. 4.
The quasi-odd mode is of the type SP-TM; (not shown in the
figure). A further increase in the silicon film thickness d makes
Ay larger and the mode begins to lose its hybrid nature. As an
example, Fig. 5 shows the mode profiles for the case 4 of the
Table II (d = 130 nm). The quasi-even mode in this case is
concentrated in the silicon slab and is similar to the TM; mode
supported by Guide 2 and with increasing spacer thickness it
very quickly converts to TMy mode supported by Guide 2. For
larger silicon thickness (greater than case 4 but smaller than
case 5) the coupling becomes less significant, i.e., the quasi-
even mode and quasi-odd modes very closely resembles TM,,
mode of Guide 2 and SP mode of Guide 1, respectively. For
an even larger silicon thickness, e.g., case 5 of Table II (d =
240 nm), the silicon slab supports a TM; mode that is weakly
affected by presence of the metal and is not large enough to
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Fig. 5. Real part of the normalized magnetic field for the quasi-even mode for
varying spacer thicknesses h. Silicon thickness d is 130 nm. (Case 4 of Table II).
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Fig. 6. Real part of the normalized magnetic field for the quasi-even mode for
varying spacer thicknesses h. Silicon thickness d is 240 nm. (Case 5 of Table II).

support a TM; mode when surrounded by silica on both sides,
the hybrid mode is still the result of coupling between SP and
TM; mode. The mode is of type SP-TMy, i.e., it converts to
SP mode for larger spacer thickness. Quasi-odd mode is not
supported in this case for any spacer thickness.

With further increase in the silicon thickness (e.g., case 6 in
Table II, d = 340 nm), Guide 2 becomes multimode and supports
both TM; and TM; modes. Similar to the case 5, SP couples
with the TM; mode and the resulting quasi-even mode is of the
type TM;—SP, as shown in Fig. 7. It should be pointed out that
although the field profiles in Figs. 6 and 7 may seem to resemble
quasi-odd modes, the magnetic field H, in fact does not cross
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Fig. 7. Real part of the normalized magnetic field for the quasi-even mode for
varying spacer thicknesses h. Silicon thickness d is 340 nm. (Case 6 of Table IT).

TABLE III
SUMMARY OF MODAL CHARACTERISTICS FOR THE CASES OF TABLE II

Case # Nature of quasi-even mode Nature of the quasi-odd mode
1 SP-TM, TM,-SP
2 SP-TM, TM,-SP
3 TM,-SP SP-TM,
4 TM,-SP SP-TM,
5 SP - TM, Does not exist
6 TM,-SP SP-TM,

zero in the spacer but inside the silicon film. The modes shown
in Figs. 6 and 7, therefore, are quasi-even modes and not quasi-
odd. For case 6, the quasi-odd modes of the type SP-TM; are
also present for large spacer that are not shown in the figure.
Table III summarizes the mode types for the various cases of
Table II.

IV. SUMMARY AND ANALYSIS OF THE HYBRID PLASMONIC
WAVEGUIDE MODES

There are several general trends related to the mode forma-
tions in the hybrid plasmonic waveguide that can be arrived at
from our discussion in Section III. In the following, we will list
these trends and provide some physical explanations underlying
the observed behaviors.

1) The quasi-even mode of the hybrid plasmonic waveguide
exists for any spacer thickness &, but the quasi-odd mode
is cutoff for small spacer thickness.

As stated in Section I, the presence of only one mode
in the hybrid guide for small spacer thickness has led
some researchers to question the validity of the mode hy-
bridization concept in these waveguides [21]. However, it
must be pointed out that some assumptions of the con-
ventional CMT such as the weakly coupling condition
and orthogonality of the guided modes are not necessary
valid for the hybrid plasmonic waveguides in which the
separation between the constituent waveguides (Guides 1
and 2) is extremely small. In fact, nonorthogonal CMT
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formulation predicts that the quasi-odd modes reach the
cutoff condition for small waveguides separation [23],
which is illustrated for the hybrid waveguides examined
here. Since [10]-[14] considered only small spacer thick-
ness, the odd mode was absent for the hybrid plasmonic
guides considered in those work.

2) For increasing spacer thickness the hybrid modes con-
vert to the modes guided by the constituent waveguides
(Guides 1 and 2). The quasi-even mode always converts
to the mode of Guide 1 or 2, whichever has a higher ef-
fective mode index. Quasi-odd mode on the other hand,
converts to the mode of Guide 1 or 2, whichever has a
lower effective mode index.

This behavior is expected when coupling takes place be-
tween two nonidentical waveguides as has been explained
in more detail in [28].

3) If Guide 2 supports multiple modes, SP mode supported
by the Guide 1 couples to the dielectric waveguide mode
supported by the Guide 2 whose effective index is closest
to its own effective index.

This is consistent with the concept of coupled mode for-
mation: only modes with comparable effective indices are
expected to couple and form hybrid modes.

4) Hybrid mode of type SP-TM; exists even when d <

DS}t provided that |d — DY, | is small. The quasi-odd
mode is absent in this case {case 5 of Table II}.
The situation is very similar to the asymmetrical nanoscale
plasmonic waveguide reported in [29]. As shown in [29],
if a plasmonic (metallic) slot waveguide is placed on a
dielectric substrate, the metal blocks the radiation away
from the slot waveguide and the cutoff width of the guide
is reduced. A similar explanation also holds for the case 5
{of Table II}. The presence of the metal near the high-
index slab in a hybrid waveguide acts as a strong reflector
and cutoff thickness of the TM; mode is reduced. Hence, a
hybrid mode of the type SP-TM; is formed even when the
silicon slab is below the cutoff thickness of the TM; mode
(d < DSY)). For large spacer thickness h, the effect of
reflection from the metal surface is less pronounced and
the silicon slab fails to support the TM; mode. Hence,
quasi-odd mode does not exist even for large h.

5) Hybrid mode characteristics can be very similar for very
different silicon thicknesses. This is illustrated in Fig. 2.
For the cases 3 and 6 {of Table IT} the variations of NF'¢
and NHE, and the cutoff thickness of the quasi-odd mode
are very similar, although the silicon thicknesses for the
two cases are 100 and 340 nm, respectively.

This behavior can also be explained using the concept of
coupled modes. In the case 3, the hybrid mode results from
coupling of the SP mode and the TM; mode. As shown in
Table I, the difference between the effective mode indices of the
constituent modes A is 0.0426. In the case 6, coupling occurs
between the SP mode and the TM; mode, and the difference
between the effective indices in this case A; is 0.0344, which is
close to that of the case 3. Therefore, variations of the effective
mode indices (NHSG and NJ'$)) and also the cutoff thicknesses

Even
for the quasi-odd mode for the two cases are also similar.
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V. CONCLUSION

In this paper, we have investigated the properties of the modes
supported by the hybrid plasmonic guide for various choices of
waveguide dimensions. We have shown that the characteristics
of these modes can be explained by assuming that they result
from the coupling of SP and dielectric waveguide modes. The
analysis presented in this study can be important in the design
of hybrid plasmonic waveguide devices and choosing suitable
excitation mechanism for these devices. For most practical ap-
plications, single mode conditions are preferred. Relatively thin
silicon film and small spacer thickness should be chosen for en-
suring single mode condition for those applications. The hybrid
mode can be excited using end fire, prism, or grating in these
cases. Multimode waveguide can also be useful for some appli-
cations, for example, in biosensing [30]. Large spacer thickness
will be suitable for such cases. Prism or grating coupling can be
used for exciting multiple modes for these applications.

To keep the analysis simple, we have considered only sym-
metric condition, i.e., same materials for both cover and spacer
layer in this study. Although we have not presented results for the
asymmetric cases, for example, for air cover and silica spacer,
the physical picture presented here remains valid also for those
cases. Detailed analyses of asymmetric structures will be re-
ported in the future.
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