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Plasmon-polariton waves guided by thin lossy metal films of finite width:
Bound modes of symmetric structures

Pierre Berini*
University of Ottawa, School of Information Technology and Engineering, 161 Louis Pasteur Street,

P.O. Box 450, Stn. A, Ottawa, Ontario, Canada K1N 6N5
~Received 17 August 1999!

The purely bound electromagnetic modes of propagation supported by symmetric wave guide structures
comprised of a thin lossy metal film of finite width embedded in an infinite homogeneous dielectric have been
characterized at optical wavelengths. The modes supported are divided into four families depending on the
symmetry of their fields. In addition to the four fundamental modes that exist, numerous higher order ones are
supported as well. A nomenclature suitable for identifying all modes is discussed. The dispersion of the modes
with film thickness and width has been assessed and the effects of varying the background permittivity on the
characteristics of the modes determined. The frequency dependence of one of the modes has been investigated.
The higher order modes have a cutoff width, below which they are no longer propagated and some of the
modes have a cutoff thickness. One of the fundamental modes supported by the structure exhibits very
interesting characteristics and is potentially quite useful. It evolves with decreasing film thickness and width
towards the transverse electromagnetic~TEM! wave supported by the background~an evolution similar to that
exhibited by thesb mode in symmetric metal film slab wave guides!, its losses and phase constant tending
asymptotically towards those of the TEM wave. Attenuation values can be well below those of thesb mode
supported by the corresponding metal film slab wave guide. Low mode power attenuation in the neighborhood
of 10 to 0.1 dB/cm is achievable at optical communications wavelengths, with even lower values being
possible. Carefully selecting the film’s thickness and width can make this mode the only long-ranging one
supported. In addition, the mode can have a field distribution that renders it excitable using an end-fire
approach. The existence of this mode renders the finite-width metal film wave guide attractive for applications
requiring short propagation distances and two-dimensional field confinement in the transverse plane.
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I. INTRODUCTION

At optical wavelengths, the electromagnetic properties
some metals closely resemble those of an electron ga
equivalently of a cold plasma. Metals that resemble an
most ideal plasma are commonly termed ‘‘noble meta
and include, among others, gold, silver, and copper. Num
ous experiments as well as classical electron theory b
yield an equivalent negative dielectric constant for ma
metals when excited by an electromagnetic wave at or n
optical wavelengths.1,2 In a recent experimental study, th
dielectric function of silver has been accurately measu
over the visible optical spectrum and a very close correla
between the measured dielectric function and that obta
via the electron gas model has been demonstrated.3

It is a well-known fact that the interface between sem
infinite materials having positive and negative dielectric co
stants can guide transverse magnetic~TM! surface waves. In
the case of a metal-dielectric interface at optical wa
lengths, these waves are termed plasmon-polariton mo
and propagate as electromagnetic fields coupled to sur
plasmons~surface plasma oscillations! comprised of conduc-
tion electrons in the metal.4

A metal film of a certain thickness bounded by dielectr
above and below is often used as an optical slab~planar,
infinitely wide! wave guiding structure, with the core of th
wave guide being the metal film. When the film is th
enough, the plasmon-polariton modes guided by the in
PRB 610163-1829/2000/61~15!/10484~20!/$15.00
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faces become coupled due to field tunneling through
metal, thus creating supermodes that exhibit dispersion w
metal thickness. The modes supported by infinitely w
symmetric and asymmetric metal film structures are w
known, as these structures have been studied by nume
researchers; some notable published works include R
4–10.

In general, only two purely bound TM modes, each ha
ing three field components, are guided by an infinitely wi
metal film wave guide. In the plane perpendicular to t
direction of wave propagation, the electric field of the mod
is comprised of a single component, normal to the interfa
and having either a symmetric or asymmetric spatial dis
bution across the wave guide. Consequently, these mode
denotedsb and ab modes, respectively. Thesb mode can
have a small attenuation constant and is often termed a lo
range surface plasmon-polariton. The fields related to theab
mode penetrate further into the metal than in the case of
sb mode and can be much lossier by comparison. Interes
the modes supported by thin metal films has recently int
sified due to their useful application in optical communic
tions devices and components. Metal films are commo
employed in optical polarizing devices11 while long-range
surface plasmon-polaritons can be used for sig
transmission.7 In addition to purely bound modes, leak
modes are also known to be supported by these structur

Infinitely wide metal film structures, however, are of lim
ited practical interest since they offer one-dimensional~1D!
field confinement only, with confinement occuring along t
10 484 ©2000 The American Physical Society
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PRB 61 10 485PLASMON-POLARITON WAVES GUIDED BY THIN . . .
vertical axis perpendicular to the direction of wave propa
tion implying that modes will spread out laterally as th
propagate from a point, source used as the excitation. M
films of finite width offer 2D confinement in the transver
plane and may be useful for signal transmission and rou
or to construct passive components such as couplers
power splitters if suitable low-loss wave guides can be f
ricated. Furthermore, metal films of finite width are in fa
currently being proposed in polarizing devices,12 though
their fundamental wave guiding characteristics have yet to
determined.

The purpose of this paper is to present a comprehen
description of the purely bound modes of propagation s
ported by symmetric wave guide structures comprised o
thin lossy metal film of finite width as the core, embedded
an infinite homogeneous dielectric medium, and to inve
gate the evolution of modes due to variations in the phys
parameters of the wave guides.~Preliminary results of this
study have already been reported as a sh
communication.13! The paper is organized as follows. Se
tion II summarizes the physical basis and numerical te
nique used to analyze the structures of interest. Section
describes the nature of the purely bound fundamental
higher-order modes, their dispersion and evolution with fi
thickness, and discusses a recently proposed mode no
clature suitable for identifying them.13 Section IV describes
the dispersion of modes with film width, Sec. V presents
changes in wave guiding properties caused by varying
background permittivity, and Sec. VI discusses the freque
dependence of mode solutions. Concluding remarks
given in Sec. VII.

II. PHYSICAL BASIS AND NUMERICAL TECHNIQUE

A. Description of the wave guide structure

The structure considered in this paper is shown in Fig
It consists of a metal film of thicknesst, width w and equiva-
lent permittivity e2 , surrounded by an infinite homogeneo
dielectric of permittivitye1 . The Cartesian coordinate axe
used for the analysis are also shown with propagation tak
place along thez axis, which is out of the page.

It is assumed in this study that the metal region shown
Fig. 1 can be modeled as an electron gas over the w
lengths of interest. According to classical or Drude elect
theory, the complex relative permittivity of the metal regio
is given by the well-known plasma frequency dispers
relation4

FIG. 1. Wave guide structure considered in this study. The c
is comprised of a lossy metal film of thicknesst, width w, and
permittivity e2 embedded in a cladding or background consisting
an infinite homogeneous dielectric having a permittivitye1 .
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e r ,25S 12
vp

2

v21n2D 2 j S vp
2n

v~v21n2!
D , ~1!

where v is the excitation frequency,vp is the electron
plasma frequency, andn is the effective electron collision
frequency, often expressed asn51/t with t defined as the
relaxation time of electrons in the metal. Whenv21n2

,vp
2 ~which is the case for many metals at optical wav

lengths! a negative value for the real parte r ,2 is obtained,
implying that plasmon-polariton modes can be supported
interfaces with normal dielectrics.

B. Electromagnetic wave and field equations

The modes supported by the structure illustrated in Fig
are obtained by solving a suitably defined boundary va
problem based on Maxwell’s equations written in the fr
quency domain for a lossy inhomogeneous isotropic m
dium. Uncoupling Maxwell’s equations yields the followin
time-harmonic vectorial wave equations for theE and H
fields:

¹3¹3E2v2e~x,y!mE50, ~2!

¹3e~x,y!21¹3H2v2mH50, ~3!

where the permittivitye is a complex function of cross
sectional space, and describes the wave guide structure
the structures analyzed in this paper,m is homogeneous and
taken as the permeability of free spacem0 .

Due to the nature of the numerical method used to so
the boundary value problem, the implicity dependence of the
permittivity can be immediately removed since any inhom
geneity alongy is treated by dividing the structure into
number of layers that are homogeneous along this direct
and suitable boundary conditions are applied between th

The two vectorial wave equations~2! and ~3! are ex-
panded in each layer into scalar wave equations, some b
coupled by virtue of the remaining inhomogeneity ine along
x. Since the structure under consideration is invariant alo
the propagation axis~taken to be in the1z direction!, the
mode fields vary along this dimension according toe2gz

whereg5a1 j b is the complex propagation constant of th
mode,a is the attenuation constant, andb is the phase con-
stant. Substituting this field dependency into the scalar w
equations, and writing them forTEx (Ex50) andTMx (Hx
50) modes while making use of¹•@e(x)E#50 and¹•H
50 accordingly, yields simplified and uncoupled sca
wave equations that are readily solved. TheEy component of
the TEx modes must satisfy the Helmholtz wave equation

]2

]x2 Ey
TE1

]2

]y2 Ey
TE1@g21v2me~x!#Ey

TE50 ~4!

and theHy component of theTMx modes must satisfy the
Sturm-Liouville wave equation

e~x!
]

]x F 1

e~x!

]

]x
Hy

TMG1
]2

]y2 Hy
TM

1@g21v2me~x!#Hy
TM50. ~5!

e
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10 486 PRB 61PIERRE BERINI
The superposition of theTEx and TMx mode families then
describes any mode propagating in the structure analy
The electric and magnetic field components resulting fr
this superposition are given by the following equations:

Ex5
21

j vg F ]

]x S 1

e~x!

]

]x
Hy

TMD1v2mHy
TMG , ~6!

Ey5Ey
TE2

1

j vge~x!

]2

]x]y
Hy

TM , ~7!

Ez5
1

g

]

]y
Ey

TE1
1

j ve~x!

]

]x
Hy

TM , ~8!

Hx5
1

j vg F 1

m

]2

]x2 Ey
TE1v2e~x!Ey

TEG , ~9!

Hy5
1

j vgm

]2

]x]y
Ey

TE1Hy
TM , ~10!

Hz5
21

j vm

]

]x
Ey

TE1
1

g

]

]y
Hy

TM . ~11!

In order to obtain a mode of propagation supported b
wave guiding structure, the Helmholtz and Sturm-Liouvi
wave equations~4! and ~5!, along with the field equations
~6!–~11!, must be solved for the propagation constantg us-
ing appropriate boundary conditions applied between lay
and at the horizontal and vertical limits.

C. Poynting vector and power confinement factor

The power confinement factor is defined as the ratio
mode complex power carried through a portion of a wa
guide’s cross section with respect to the mode comp
power carried through the entire wave guide cross sect
Formally it is expressed as

c f5
u**Ac

Szdsu

u**A`
Szdsu

, ~12!

whereAc is usually taken as the area of the wave guide c
andA` implies integration over the entire wave guide cro
section~which can be all cross-sectional space for an op
structure! or the entire cross-sectional computational doma
Sz refers to thez component of the Poynting vector

Sz5
1

2
~ExHy* 2EyHx* ! ~13!

andHx,y* denotes the complex conjugate ofHx,y . The spatial
distribution of a component of the Poynting vector is eas
computed from the spatial distribution of the relevant elec
and magnetic mode field components.

D. Numerical solution approach

The boundary value problem governed by equations~4!–
~11! is solved by applying the method of lines~MoL!. The
MoL is a well-known numerical technique and its applic
tion to various electromagnetic problems, including opti
wave guiding, is well established.14 The MoL is rigorous,
d.

a

rs

f
e
x
n.

e
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n
.

c

l

accurate, and flexible. It can handle a wide variety of wa
guide geometries, including the structures at hand. T
method is not known to generate spurious or nonphys
modes.

The MoL formulation used in this study is based on t
formulation reported in Ref. 15, but simplified for isotrop
media, as prescribed by Eqs.~4!–~11! and reported in Ref.
16. Except for a 1D spatial discretization, the method is
act.

The main idea behind the MoL is that the differential fie
equations governing a wave guiding problem are discreti
only as far as necessary so that generalized analytic solu
can be applied to derive a homogeneous matrix problem
scribing all modes supported by the structure. This appro
renders the method accurate and computationally effic
since onlyN-1 dimensions must be discretized to solve anN
dimension problem. In the case of a 2D wave guiding str
ture, this means that only one spatial dimension needs to
discretized. The main features of this procedure, as app
to a modal analysis problem are described below.

Thex axis and the functione(x) are discretized using two
shifted nonequidistant line systems, parallel to they axis.

The differential operators]/]x and ]2/]x2 in the wave
and field equations are replaced by finite difference appro
mations that include the lateral boundary conditions.

The discretized wave equations are diagonalized using
propriate transformations matrices.

The diagonalization procedure yields in the transform d
main two systems of uncoupled 1D differential equatio
along the remaining dimension~in this case along they axis!.

These differential equations are solved analytically a
tangential field matching conditions are applied at interfa
between layers along with the top and bottom boundary c
ditions.

The last field matching condition, applied near the cen
of the structure, yields a homogeneous matrix equation of
form G(g)ẽ50 which operates on transformed tangent
fields.

The complex propagation constantg of modes is then
obtained by searching for values that satisfy det@G(g)#50.

Once the propagation constant of a mode has been d
mined, the spatial distribution of all six field components
the mode are easily generated.

A mode power confinement factor can be computed
first computing the spatial distribution ofSz which is then
integrated according to Eq.~12!.

The open structure shown in Fig. 1 is discretized alo
thex axis and the generalized analytic solution applied alo
the y axis. The physical symmetry of the structure is e
ploited to increase the accuracy of the results and to red
the numerical effort required to generate the mode solutio
This is achieved by placing either electric wall (Etan50) or
magnetic wall (H tan50) boundary conditions along thex and
y axes. The remaining top boundary condition is placed
infinity and the remaining lateral boundary condition is e
ther placed far enough from the guide to have a negligi
effect on the mode calculation, or a lateral absorbing bou
ary condition is used to simulate infinite space, depending
the level of confinement observed in the resulting mode.

The use of numerical methods to solve differential eq
tions inevitably raises questions regarding the converge
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of computed results and their accuracy. The propagation c
stant of a mode computed using the method of lines c
verges in a monotonic or smooth manner with a reduction
the discretization interval~which increases the number o
lines in the calculation and thus the numerical effort!. This
suggests that extrapolation can be used to generate a
accurate value for the propagation constant, and this v
can then be used to compute the error in values obta
using the coarser discretizations.17 This anticipated error
does not correspond to the actual error in the propaga
constant as the latter could only be known if the analytic
exact value is available. The anticipated error however
provides a useful measure of accuracy since it must t
toward zero as more accurate results are generated.

The convergence of the computed propagation constan
the modes supported by the structures of interest has
monitored during the entire study. The anticipated error
the results presented in this paper is estimated as 1%
average and 6% in the worst case. These error values
based on extrapolated propagation constants computed u
Richardson’s extrapolation formula.18

III. MODE CHARACTERISTICS AND EVOLUTION
WITH FILM THICKNESS

A. Review of mode solutions for metal film slab wave guides

The study begins with the reproduction of results for
infinitely wide symmetric metal film wave guide, as show
in Fig. 1 with w5`, taken from the standard work on suc
structures.6 In order to remain consistent with their result
the optical free-space wavelength of excitation is set tol0
50.633mm and their value for the relative permittivity o
the silver film at this wavelength is used:e r ,25219
2 j 0.53. The relative permittivity of the top and bottom d
electric regions is set toe r ,154.

An infinitely wide structure supports only two pure
bound TM (Ex5Hy5Hz50) modes having transverse fie
componentsEy andHx that exhibit asymmetry or symmetr
with respect to thex axis. These modes are created from t
coupling of individual plasmon-polariton modes support
by the top and bottom interfaces and they exhibit dispers
with film thickness. The widely accepted nomenclature
identifying them consists in using the lettersa or s for asym-
metric or symmetric transverse field distributions, resp
tively, followed by a subscriptb or l for bound or leaky
modes, respectively. The propagation constants of theab and
sb modes have been computed as a function of film thickn
and the normalized phase and attenuation constants are
ted in Figs. 2~a! and 2~b!, respectively.

From Fig. 2, it is observed that theab and sb modes
become degenerate with increasing film thickness. As
separation between the top and bottom interfaces increa
the ab andsb modes begin to split into a pair of uncouple
plasmon-polariton modes localized at the metal-dielectric
terfaces. The propagation constants of theab andsb modes
thus tend towards that of a plasmon-polariton mode s
ported by the interface between semi-infinite metallic a
dielectric regions, which is given via the followin
equations:6
n-
-

n

ore
ue
ed

n
r
ill
d

of
en
n
on
re

ing

e

n
r

-

ss
lot-

e
es,

-

-
d

b/b05ReHA e r ,1e r ,2

e r ,11e r ,2
J , ~14!

a/b052ImHA e r ,1e r ,2

e r ,11e r ,2
J , ~15!

whereb05v/c0 with c0 being the velocity of light in free
space, ande r ,1 ande r ,2 are the complex relative permittivitie
of the materials used. Using the above equations, value
b/b052.250646 anda/b050.83624731022 are obtained
for e r ,154 ande r ,252192 j 0.53.

As the thickness of the film decreases, the phase and
tenuation constants of theab mode increase, becoming ver
large for very thin films. This is due to the fact that the fiel
of this mode penetrate progressively deeper into the meta
its thickness is reduced. In the case of thesb mode, a de-
creasing film thickness causes the opposite effect, that is
fields penetrate progressively more into the top and bot
dielectric regions and less into the metal. The propaga
constant of this mode thus tends asymptotically towards
of a transverse electromagnetic~TEM! wave propagating in
an infinite medium having the same permittivity as the t
and bottom dielectric regions. In this case, the attenua
constant decreases asymptotically towards zero since lo
were neglected in these regions. Theab andsb modes do not
have a cutoff thickness.

The fields in an infinitely wide structure do not exhib
any spatial variation alongx. Due to the nature of the MoL
and to the fact that the generalized analytical solution is
plied along they dimension, our results do not contain di
cretization errors and thus are in perfect agreement w
those reported in Ref. 6.

B. Modes supported by a metal film of widthwÄ1 µm

The study proceeds with the analysis of the struct
shown in Fig. 1 for the casew51 mm. The material param-
eters and free-space wavelength that were used in the p
ous case (w5`) were also used here. The MoL was appli
and the discretization adjusted until convergence of
propagation constant was observed. The physical qua
symmetry of the structure was exploited by placing verti
and horizontal electric or magnetic walls along they and x
axes, respectively, which leads to four possible wall com
nations as listed in Table I. The first two purely bound~non-
leaky! modes for each wall combination was found and th
dispersion with metal thickness computed. The results
these eight modes are shown in Fig. 2.

Unlike its slab counterpart, pure TM modes are not su
ported by a metal film of finite width: all six field compo
nents are present in all modes. For a symmetric struc
having an aspect ratiow/t.1, theEy field component domi-
nates. TheEx field component increases in magnitude w
increasing film thickness and ifw/t,1, thenEx dominates.
Recently, a proposal was made to identify the modes s
ported by a metal film of finite width, by extending the n
menclature used for metal film slab wave guides.13 First a
pair of letters beinga or s identify whether the main trans
verse electric field component is asymmetric or symme
with respect to they andx axes, respectively~in most prac-
tical structuresw/t@1 andEy is the main transverse electri
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FIG. 2. Dispersion characteristics with thickness of the first eight modes supported by a metal film wave guide of widthw51 mm. The
ab and sb modes supported for the casew5` are shown for comparison.~a! Normalized phase constant.~b! Normalized attenuation
constant.
e
hi

b-
field component!. A superscript is then used to track th
number of extrema observed in the spatial distribution of t
field component along the largest dimension~usually along
s
thex axis! between the corners. A second superscriptn could
be added to track the extrema along the other dimension~the
y axis! if modes exhibiting them are found. Finally, a su
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scriptb or l is used to identify whether the mode is bound
leaky. Leaky modes are known to exist in metal film sl
structures and though they have not been characterized i
present study, their existence is anticipated. Table I rel

TABLE I. Vertical-horizontal wall combinations used along th
axes of symmetry and proposed mode nomenclature. ew: ele
wall, mw: magnetic wall.

V-H walls Mode

ew-ew asb
m

mw-ew ssb
m

mw-mw sab
m

ew-mw aab
m

r

the
es

the proposed mode nomenclature to the corresponding v
cal and horizontal wall combinations used along the axes
symmetry.

The ssb
0, sab

0, asb
0, and aab

0 modes are the first mode
generated ~one for each of the four possible quarte
symmetries listed in Table I, and having the largest ph
constant! and thus may be considered as the fundame
modes supported by the structure. Figures 3–6 show the
distributions of these modes over the cross section of
wave guide for a metal film of thicknesst5100 nm. As is
observed from these figures, the main transverse electric
component is theEy component and the symmetries in th
spatial distribution of this component are reflected in t
mode nomenclature. The outline of the metal is clearly s
in the distribution of theEy component on all of these plots
As is observed from the figures, very little field couples p

ric
s

h that
FIG. 3. Spatial distribution of the six field components related to thessb
0 mode supported by a metal film wave guide of thicknest

5100 nm and widthw51 mm. The waveguide cross section is located in thex-y plane and the metal is bounded by the region20.5<x
<0.5mm and 20.05<y<0.05mm, outlined as the rectangular dashed contour. The field distributions are normalized suc
maxuRe$Ey%u51.
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FIG. 4. Spatial distribution of
the six field components related t
the sab

0 mode supported by a
metal film wave guide of thick-
ness t5100 nm and width w
51 mm. The wave guide cross
section is located in thex-y plane
and the metal is bounded by th
region 20.5<x<0.5mm and
20.05<y<0.05mm, outlined as
the rectangular dashed contou
The field distributions are normal
ized such that maxuRe$Ey%u51.
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con-
allel edges for this case of film thickness and width~very
little coupling through the metal between the top and bott
edges and between the left and right edges!, though coupling
does occur along all edges between adjacent corners~mostly
along the left and right ones!, and also between perpendic
lar edges through the corner.

Figure 2 suggests that the dispersion curves for these
four modes converge with increasing film thickness tow
the propagation constant of a plasmon-polariton mode s
ported by an isolated corner~though pairs of corners in thi
case remain weakly coupled along the top and bottom ed
due to the finite width of the film, even if its thickness go
to infinity!. If both the film thickness and width were t
increase further, the four fundamental modes would
proach degeneracy with their propagation constants ten
towards that of a plasmon-polariton mode supported by
isolated corner, and their mode fields becoming more lo
ized near the corners of the structure with maxima occur
at all four corners and fields decaying in an exponential-l
manner in all directions away from the corners. This is f
rst
d
p-

es

-
ng
n
l-
g
e
-

ther supported by considering the evolution of the field d
tributions given in Figs. 3 to 6 as both the thickness a
width increase.

As the thickness of the film decreases, coupling betw
the top and bottom edges increases and the four modes
into a pair as the upper branch~modessab

0 and aab
0 which

have a dominantEy field component exhibiting asymmetr
with respect to thex axis! and a pair as the lower branc
~modesssb

0 andasb
0 which have a dominantEy field compo-

nent exhibiting symmetry with respect to thex axis!, as
shown in Fig. 2. The pair on the upper branch remain
proximately degenerate for all film thicknesses, though
creasing the film width would eventually break this dege
eracy. The upper branch modes do not change in charact
the film thickness decreases. Their field distributions rem
essentially unchanged from those shown in Figs. 4 an
with the exception that confinement to the metal region
increased thus causing an increase in their attenuation
stant. This field behavior is consistent with that of theab
mode supported by a metal film slab wave guide.
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FIG. 5. Spatial distribution of the six field components related to theasb
0 mode supported by a metal film wave guide of thicknest

5100 nm and widthw51 mm. The waveguide cross section is located in thex-y plane and the metal is bounded by the region20.5<x
<0.5mm and 20.05<y<0.05mm, outlined as the rectangular dashed contour. The field distributions are normalized such th
maxuRe$Ey%u51.
lm
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nm.
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The modes on the lower branch begin to split at a fi
thickness of about 80 nm, as shown in Fig. 2. As the fi
thickness decreases further thessb

0 mode follows closely the
phase and attenuation curves of thesb mode supported by the
metal film slab wave guide. In addition to exhibiting dispe
sion, the lower branch modes change in character with
creasing thickness, their field evolving from being conce
trated near the corners, to having Gaussian-like distributi
along the wave guide width. TheEy field component of the
ssb

0 mode develops an extremum near the center of the
and bottom interfaces, while that of theasb

0 mode develops
two extrema, one on either side of the center. Since th
modes change in character, they should be identified w
the film is fairly thick.

Figure 7 shows the evolution of thessb
0 mode fields with

film thickness via contour plots of Re$Sz%. Sz is computed
e-
-
s

p

se
en

from thessb
0 modes fields using Eq.~13! and corresponds to

the complex power density carried by the mode. The pow
confinement factor cf is also given in the figure for all cas
and is computed via Eq.~12! with the area of the wave guid
coreAc taken as the area of the metal region. Figure 7 clea
shows how the mode fields evolve from being confined
the corners of thick films to being distributed in a Gaussia
like manner laterally along the top and bottom edges, as
field coupling between these edges increases due to a re
tion in film thickness. The confinement factor becom
smaller as the film thickness decreases, ranging from 1
confinement to 1.6% as the thickness goes from 80 to 20
This implies that fields become less confined to the me
spreading out not only along the vertical dimension but alo
the horizontal one as well, as is observed by comparing p
~a! and ~f! of Fig. 7. This reduction in confinement to th
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FIG. 6. Spatial distribution of the six field components related to theaab
0 mode supported by a metal film wave guide of thicknest

5100 nm and widthw51 mm. The waveguide cross section is located in thex-y plane and the metal is bounded by the region20.5<x
<0.5mm and 20.05<y<0.05mm, outlined as the rectangular dashed contour. The field distributions are normalized suc
maxuRe$Ey%u51.
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lossy metal region, explains the reduction in the attenua
constant of the mode with decreasing film thickness,
shown in Fig. 2~b!. An examination of all field componen
related to thessb

0 mode reveals that the magnitude of t
weak transverse (Ex ,Hy) and longitudinal (Ez ,Hz) compo-
nents decrease with decreasing film thickness implying
the mode is evolving towards a TEM mode comprised of
Ey andHx field components. Indeed, the normalized pro
gation constant of thessb

0 mode tends asymptotically to
wards the value of the normalized propagation constant
TEM wave propagating in the background material~e r ,154
with no losses in this case!, further supporting this fact. Thi
field behavior is also consistent with that of thesb mode
supported by a metal film slab wave guide.

Figure 8 shows the profile of Re$Sz% of thessb
0 mode over

the cross section of the guide for the caset520 nm, provid-
n
s

at
e
-

a

ing a different perspective of the same information plotted
contours in Fig. 7~f!. Figure 8 shows that Re$Sz% is negative
in the metal film, implying that the mode real power is flow
ing in the direction opposite to the direction of mode prop
gation~or to the direction of phase velocity! in this region. It
is clear, however, that the overall or net mode real powe
flowing along the direction of propagation. It is likely tha
the net mode real power can be made to flow in the direc
opposite to that of phase velocity~as in metal film slab wave
guides10! for values ofe r ,1 in the neighborhood or greate
than uRe$er,2%u.

Unlike the metal film slab waveguide, a metal film o
finite width can support a number of higher order mod
The dispersion curves of the first four higher order mod
~each generated from one of the symmetries listed in Tab!
are shown in Fig. 2, and the spatial distribution of their ma
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FIG. 7. Contour plot of Re$Sz% associated with thessb
0 mode for metal film wave guides of widthw51 mm and various thicknesses. Th

power confinement factor cf is also given in all cases, and is computed via Eq.~12! with the area of the wave guide coreAc taken as the area
of the metal region. In all cases, the outline of the metal film is shown as the rectangular dashed contour.
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transverse electric field component is shown in Fig. 9 fo
film of thicknesst5100 nm. As is observed from Fig. 9, th
symmetries and number of extrema in the distributions
Re$Ey% are reflected in the mode nomenclature. It should
noted that the nature of the nomenclature is such that
higher order modessab

m and ssb
m have an oddm while all

higher order modesaab
m andasb

m have an evenm. Compar-
ing parts~a!–~d! of Fig. 9 with theEy field component of the
correspondingm50 mode in Figs. 3–6@i.e., comparing the
Ey component of thessb

1 mode shown in Fig. 9~a! with the
Ey component of thessb

0 mode shown in Fig. 3, etc.# reveals
that the fields of a higher order mode are comprised of
fields of the correspondingm50 mode with additional spa
tial oscillations or variations along the top and bottom ed
of the structure due to the latter’s limited width. Making th
comparison for all of the field components of the high
order modes found reveals this fact to be true, except for
Hy field component which remains in all cases essenti
identical to that of the correspondingm50 mode; ie: theHy
field component never exhibits oscillations along the wid
of the structure.

The evolution of thesab
1 andaab

2 modes with film thick-
ness is similar to the evolution of thesab

0 and aab
0 modes
a

f
e
ll

e

s

r
e
y

~and theab mode supported by the metal film slab wa
guide!, in that their mode fields become more tightly co
fined to the metal as the thickness of the latter decrea
thereby causing an increase in the attenuation of the mo
as shown in Fig. 2~b!. Furthermore, thesab

1 andaab
2 modes

do not change in character with film thickness, their fie
distributions remaining essentially unchanged in appeara
from those computed at a thickness of 100 nm.

Thessb
1 andasb

2 modes evolve with thickness in a mann
similar to the correspondingm50 modes~and thesb mode
of the metal film slab wave guide! in the sense that thei
fields become less confined to the metal region as the th
ness of the latter decreases, thereby reducing the attenu
of the modes as shown in Fig. 2~b!. As the thickness of the
film decreases, thessb

1 andasb
2 modes change in character

a manner similar to the correspondingm50 modes, their
field components evolving extra variations along the top a
bottom edges.

As the thickness of the film increases, the propagat
constants of thesab

1 and ssb
1 modes converge to a singl

complex value as shown in Fig. 2. This is the propagat
constant of uncoupled higher order modes supported by
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FIG. 8. Normalized profile of Re$Sz% associated with thessb
0 mode for a metal film wave guide of widthw51 mm and thicknesst

520 nm. The wave guide cross section is located in thex-y plane and the metal film is bounded by the region20.5<x<0.5mm and
20.01<y<0.01mm, outlined as the rectangular dashed contour.
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top and bottom edges of the film. A similar observation ho
for the aab

2 and asb
2 modes. The nature of these ‘‘edg

modes’’ is clear by considering the evolution with increasi
film thickness of the distributions shown in Fig. 9. As th
thickness of the film tends to infinity, the top edge becom
uncoupled from the bottom edge, forcing thessb

1 mode to
become degenerate with thesab

1 mode since both have anEy

field component that is symmetric with respect to they axis
and one extremum in its distribution along the top or bott
edge. A similar reasoning explains why theasb

2 mode must
become degenerate with thessb

2 mode. In general, it is ex
pected that the higher ordersab

m andssb
m mode families will

form degenerate pairs for a givenm, as will the higher order
asb

m andaab
m mode families, with increasing film thicknes

Theaab
m andsab

m mode families do not have mode cuto
thickness. This is due to the fact that their confinement to
metal film increases with decreasing film thickness, thus
modes remain guided ast→0. Theasb

m andssb
m mode fami-

lies have cutoff thickness for all modes except thessb
0 mode,

which remains guided att→0, since it evolves into the TEM
mode supported by the background. The other modes
these families, including theasb

0 mode cannot propagate a
t→0 because their mode fields do not evolve into a TE
mode. Rather, the modes maintain extrema in their field
tributions and such variations cannot be supported by an
finite homogeneous medium.
s

s

e
e

of

s-
n-

In general, the purely bound modes supported by a m
film of finite width appear to be formed from a coupling o
modes supported by each metal-dielectric interface defin
the structure. In a metal film of finite width, straight inte
faces of finite length~top, bottom, left, and right edges! and
corner interfaces are present. Since a straight metal-diele
interface of infinite length can support a bound plasmo
polariton mode then so should an isolated corner interf
and a straight interface of finite length bounded by corn
~say the edge defined by a metal of finite width having
infinite thickness!. A preliminary analysis of an isolated cor
ner has revealed that a plasmon-polariton mode is ind
supported and that the phase and attenuation constants o
mode are greater than those of the mode guided by the
responding infinite straight interface, as given by Eqs.~14!
and ~15!. This is due to the fact that fields penetrate mo
deeply into the metal near the corner, to couple neighbor
perpendicular edges. All six field components are presen
such a mode, having their maximum value at the corner
decreasing in an exponential-like manner in all directio
away from the corner. A straight interface of finite leng
bounded by corners should support a discrete spectrum
plasmon-polariton modes with the defining feature in t
mode fields being the number of extrema in their spa
distribution along the edge. A mode supported by a me
film of finite width may therefore be seen as being compris
of coupled ‘‘corner modes’’ and ‘‘finite length edge modes
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FIG. 9. Spatial distribution of
the Ey field component related to
some higher order modes sup
ported by a metal film wave guide
of thicknesst5100 nm and width
w51 mm. In all cases, the wave
guide cross section is located i
thex-y plane and the metal film is
bounded by the region20.5<x
<0.5 mm and 20.05<y<0.05
mm, outlined as the rectangula
dashed contour.
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The ssb
0 mode could be used for optical signal transm

sion over short distances. Its losses decrease with decre
film thickness in a manner similar to thesb mode supported
by the metal film slab wave guide. In a symmetric structu
such as the one studied here, thessb

0 mode does not have
cutoff thickness thus losses could be made small enoug
render it long ranging, though a trade off against confi
ment is necessary. In addition, when the metal is thin theEy
field component of the mode has a maximum near the ce
of the metal-dielectric interfaces, with a symmetric profi
similar to that shown in Fig. 8. This suggests that the mo
should be excitable using a simple end-fire technique sim
to the one employed to excite surface plasmon-polar
modes;19,6 this technique is based on maximizing the over
between the incident field and that of the mode to be exci

IV. MODE DISPERSION WITH FILM WIDTH

Since the modes supported by a metal film wave gu
exhibit dispersion with film thickness, it is expected that th
also exhibit dispersion with film width.

A. Modes supported by a metal film of width wÄ0.5µm

The study proceeds with the analysis of a metal film wa
guide of width w50.5mm. The material parameters an
free-space wavelength that were used in the previous se
were also used here. A film width of 0.5mm was selected in
order to determine the impact of a narrowing film on t
modes supported and to demonstrate that the structure
still function as a wave guide though the free-space opt
wavelength is greater than both the width and thickness
the film.

As in the previous section, the first eight modes suppor
by the structure~two for each symmetry listed in Table I!
-
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were sought, but in this case only six modes were found.
dispersion curves with thickness of the modes found are p
ted in Fig. 10. The observations made in the previous sec
regarding the general behavior of the modes hold for ot
film widths, including this one.

The aab
2 and asb

2 modes, which were the highest ord
modes found for a film of widthw51 mm, were not found
in this case suggesting that the higher order modes (m.0)
in general have a cutoff width. By comparing Fig. 10~a! with
2~a!, it is apparent that decreasing the film width cause
decrease in the phase constant of thessb

1 and sab
1 modes,

further supporting the existence of a cutoff width for the
modes.

By comparing Figs. 10 and 2, it is noted that the mod
which do exhibit cutoff thicknesses~the ssb

m modes withm
.0 and theasb

m modes withm>0!, exhibit them at a larger
thickness for a narrower film width. This makes it possible
design a wave guide supporting only one long-ranging m
~the ssb

0 mode! by carefully selecting the film width and
thickness.

B. Dispersion of thessb
0 mode with film width

The dispersion with thickness of thessb
0 mode is shown in

Fig. 11 for numerous film widths in the range 0.25<w
<1 mm, illustrating the amount of dispersion in the mod
properties that can be expected due to a varying film wid
In all cases thessb

0 mode evolves with decreasing film thick
ness into the TEM wave supported by the background
this evolution occurs more rapidly for a narrower width. F
a film of thicknesst520 nm, for example, from Fig. 11~a!,
the normalized phase constant of the mode supported
film of width w51 mm is about 2.05 while that of the mod
supported by a film of widthw50.25mm is already about 2.
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FIG. 10. Dispersion characteristics with thickness of the first six modes supported by a metal film wave guide of widthw50.5mm. The
ab and sb modes supported for the casew5` are shown for comparison.~a! Normalized phase constant.~b! Normalized attenuation
constant.
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This fact is also supported by the results plotted in Fig. 11~b!
since the attenuation constant of the mode at a thicknes
t520 nm is closer to zero~the attenuation constant of th
of
background! for narrow film widths compared to wider one
Indeed, at a thickness of 10 nm, the attenuation of the m
for a width of w50.25mm is more than an order of magn
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FIG. 11. Dispersion characteristics with thickness of thessb
0 mode supported by metal film wave guides of various widths. Thesb mode

supported for the casew5` is shown for comparison.~a! Normalized phase constant.~b! Normalized attenuation constant.
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tude less than its attenuation at a width ofw51 mm ~and
more than an order of magnitude less than that of thesb
mode supported by a metal film slab wave guide!, indicating
that this mode can be made even more long ranging by
ducing both the film thickness and its width.
e-

The dispersion of the mode with increasing film thickne
also changes as a function of film width, as seen from F
11~a!. This is due to the fact that the amount of couplin
between corners along the top and bottom edges increas
the film narrows, implying that the mode does not evol
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FIG. 12. Contour plot of Re$Sz% associated with thessb
0 mode for metal film wave guides of thicknesst520 nm and various widths. The

power confinement factor cf is also given in all cases, and is computed via Eq.~12! with the area of the wave guide coreAc taken as the area
of the metal region. In all cases, the outline of the metal film is shown as the rectangular dashed contour.
od

er

al

ow
id
n
c
ed

t
io
hi
he
he
s

en
s

he

l ap-

ck-
o
-
d in
k-

1

the
at

s a
in
a

with increasing thickness towards a plasmon-polariton m
supported by an isolated corner but rather towards
plasmon-polariton mode supported by the pair of corn
coupled via these edges.

Figure 12 shows contour plots of Re$Sz% related to thessb
0

mode supported by films of thicknesst520 nm and various
widths. The power confinement factor is also given for
cases, with the area of the wave guide coreAc taken as the
area of the metal region. This figure clearly illustrates h
the fields become less confined to the lossy metal as its w
decreases, explaining the reduction in attenuation show
Fig. 11~b! at this thickness. In addition, the confinement fa
tor ranges from 1.64 to 0.707 % for the widths consider
further corroborating this fact. The fields are also seen
spread out farther, not only along the horizontal dimens
but along the vertical one as well, as the film narrows. T
indicates that the mode supported by a narrow film is fart
along in its evolution into the TEM mode supported by t
background, compared to a wider film of the same thickne
It is also clear from this figure that the trade off betwe
mode confinement and attenuation must be made by con
ering not only the film thickness but its width as well.
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V. EFFECTS CAUSED BY VARYING THE BACKGROUND
PERMITTIVITY

The changes in the propagation characteristics of thessb
0

mode due to variations in the background permittivity of t
wave guide are investigated in this section. Only thessb

0

mode is considered since the main effects are in genera
plicable to all modes.

In order to isolate the effects caused by varying the ba
ground permittivity, the width of the metal film was fixed t
w50.5mm and its permittivity as well as the optical free
space wavelength of analysis were set to the values use
the previous sections. The relative permittivity of the bac
grounde r ,1 is taken as the variable parameter.

The dispersion with thickness of thessb
0 mode is shown in

Fig. 13 for some background permittivities in the range
<er,1<4. Figure 14 compares contour plots of Re$Sz% related
to this mode for a film of thicknesst520 nm and for the
same set of background permittivities used to generate
curves plotted in Fig. 13. From Fig. 14, it is observed th
reducing the value of the background permittivity cause
reduction in field confinement to the metal. This reduction
field confinement within the lossy metal in turn causes
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FIG. 13. Dispersion character
istics with thickness of thessb

0

mode supported by a metal film
wave guide of widthw50.5mm
for various background permittivi-
ties e r ,1 . The normalized phase
constant is plotted on the left axi
and the normalized attenuatio
constant is plotted on the righ
one.
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reduction in the attenuation of the mode that can be q
significant, Fig. 13 showing a reduction of almost four ord
of magnitude at a film thickness oft520 nm, as the back
ground relative permittivity ranges frome r ,154 to 1. It is
also noted that the mode exhibits less dispersion with th
ness as the background relative permittivity is reduced, s
the normalized phase constant curves shown in Fig. 13
ten out with a reduction in the value of this parameter.

From Fig. 14, it is seen that the mode power is confined
within approximately one free-space wavelength in all dir
tions away from the film in all cases except~d!, where fields
are significant up to about two free-space wavelengths
Fig. 14~c!, the background permittivity is roughly that o
glass and from Fig. 13 the corresponding normalized atte
ation constant of the mode is abouta/b056.031025. The
associated mode power attenuation in dB/mm, computed
ing the following formula:

Att5a3
20

1000
log10~e! ~16!

is about 5 dB/mm. This value of attenuation is low enou
and field confinement is high enough as shown in Fig. 14~c!
to render this particular structure practical at this free-sp
wavelength for applications requiring short propagat
lengths.

The changes in mode properties caused by varying
background permittivity as discussed above are consis
with the changes observed for the modes supported b
metal film slab wave guide and the observations are in g
eral applicable to the other modes supported by a metal
of finite width. In the case of the higher order modes (m
.0) and those exhibiting a cutoff thickness~theasb

m modes
for all m and thessb

m modes form.0! additional changes in
te
s

-
ce
t-

o
-

In

u-

s-

h

e

e
nt
a

n-
m

the mode properties occur. In particular, as the backgro
permittivity is reduced, the cutoff width of the higher ord
modes increase as do all relevant cutoff thicknesses.

VI. FREQUENCY DEPENDENCE
OF THE ssb

0 MODE SOLUTIONS

In order to isolate the frequency dependence of thessb
0

mode solutions, the geometry of the metal film was h
constant and the background relative permittivity was se
e r ,154. The relative permittivity of the metal filme r ,2 was
assumed to vary with the frequency of excitation accord
to Eq. ~1!. In order to remain consistent with6 the values
vp51.2931016rad/s and 1/n5t51.25310214s were
adopted though the latter do not generate exactlye r ,25
2192 j 0.53 atl050.633mm, which is the value used in th
previous sections. This is due to the fact that values ofvp
andt are often deduced by fitting Eq.~1! to measurements
The values used, however, are in good agreement with re
measurements made for silver3 and are expected to genera
frequency dependent results that are realistic and experim
tally verifiable.

The dispersion characteristics of thessb
0 mode supported

by films of width w50.5mm andw51 mm, and thickness
in the range 10<t<50 nm are shown in Fig. 15 for frequen
cies covering the free-space wavelength range 0.5<l0
<2 mm. Curves for thesb mode supported by metal film
slab wave guides (w5`) of the same thicknesses are al
shown for comparison.

The results given in Fig. 15~a! show in all cases that the
normalized phase constant of the modes tend asymptotic
towards that of the TEM wave supported by the backgrou
as the wavelength increases, and that the convergence to
value is steeper as the width of the film decreases~for a
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FIG. 14. Contour plot of Re$Sz% associated with thessb
0 mode for a metal film wave guide of widthw50.5mm and thicknesst

520 nm for various background permittivitiese r ,1 . In all cases, the outline of the metal film is shown as the rectangular dashed con
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given thickness!. The curves remain essentially unchanged
character as the thickness changes but they shift upw
toward the top left of the graph with increasing thickness,
shown. Convergence to the asymptote value with increa
wavelength suggests that thessb

0 mode evolves into the TEM
mode supported by the background. It is noteworthy that
ssb

0 mode can exhibit very little dispersion over a wide ban
width, depending on the thickness and width of the fil
though flat dispersion is also associated with low field c
finement to the metal film.

The results plotted in Fig. 15~b! show in all cases a de
creasing attenuation with increasing wavelength and
curves show a sharper drop for a narrow film (w50.5mm)
compared to a wide one (w5`). The attenuation curve
look essentially the same for all of the film thicknesses c
sidered, though the range of attenuation values shifts do
wards on the graph with decreasing film thickness.

Figure 16 gives contour plots of Re$Sz% related to thessb
0

mode for films of thicknesst520 nm and widths w
50.5mm andw51 mm, for three free-space wavelengths
operation:l050.6, 0.8, and 1.2mm. Comparing the contour
shown in Fig. 16, explains in part the frequency depend
behavior plotted in Fig. 15. Figure 16 shows that the mo
power contours spread out farther from the film as the wa
n
ds
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e
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length increases, which means that the mode confineme
the metal region decreases explaining in part the decreas
losses and the evolution of the mode towards the TEM m
of the background as shown in Fig. 15. This behavior is m
pronounced for the waveguide of widthw50.5mm com-
pared to the wider one of widthw51.0mm.

There are two mechanisms causing changes in thessb
0

mode as the frequency of operation varies. The first is
geometrical dispersion which changes the optical or appa
size of the film and the second is material dispersion whic
modeled for the metal region using Eq.~1!. If no material
dispersion is present, then the geometrical dispersion ren
the film optically smaller as the free-space wavelength
increased~an effect similar to reducingt and w! so in the
case of thessb

0 mode, confinement to the film is reduced a
the mode spreads out in all directions away from the lat
Now based on Eq.~1!, it is clear that the magnitude of th
real part of the film’s permittivityuRe$er,2%u varies approxi-
mately in a 1/v2 or l0

2 fashion while the magnitude of its
imaginary partuIm$er,2%u varies approximately in a 1/v3 or
l0

3 fashion. However, an increase inuRe$er,2%u reduces the
penetration depth of the mode fields into the metal reg
and combined with the geometrical dispersion causes a
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FIG. 15. Dispersion characteristics with frequency of thessb
0 mode supported by metal film wave guides of widthw50.5mm andw

51 mm and various thicknessest. Thesb mode supported for the casew5` and the thicknesses considered is shown for comparison~a!
Normalized phase constant.~b! Mode power attenuation computed using Eq.~16! and scaled to dB/cm.
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decrease in mode attenuation with increasing wavelen
even though the losses in the film increase in al0

3 fashion.
Figure 15~b! shows that mode power attenuation values
ththe range 0.1 to 10 dB/cm are possible near communicat
wavelengths (l0;1.5mm) using structures of reasonable d
mensions:w;1.0mm andt;15 nm. Such values of attenu
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FIG. 16. Contour plot of Re$Sz% associated with thessb
0 mode for metal film wave guides of widthw50.5mm andw51 mm, and

thicknesst520 nm at various free-space wavelengths of excitationl0 . In all cases, the outline of the metal film is shown as the rectang
dashed contour.
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ation are low enough to consider thessb
0 mode as being long

ranging, suggesting that these wave guides are practica
applications requiring propagation over short distances.
shown in the previous section, even lower attenuation va
are possible if the background permittivity is lowered. Fro
parts~c! and~f! of Fig. 16 ~casel051.2mm, which is near
communications wavelengths!, it is apparent that the mod
power confinement is within one free-space wavelength
the film, which should be tight enough to keep the mo
bound to the structure if a reasonable quality metal film
the right geometry can be constructed.

VII. CONCLUSION

The purely bound optical modes supported by a thin lo
metal film of finite width, embedded in an infinite homog
neous dielectric have been characterized and described.
modes supported by the structure are divided into four fa
lies depending on the symmetry of their mode fields a
none of the modes are TM in nature~as they are in the meta
film slab wave guide!. In addition to the four fundamenta
modes that exist, numerous higher order modes are
for
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f
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f
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ported as well. A proposed mode nomenclature suitable
identifying them has been discussed. The dispersion of
modes with film thickness has been assessed and the be
ior in general terms found to be consistent with that of t
purely bound modes supported the metal film slab wa
guide. In addition, it has been found that one of the fun
mental modes and some higher order modes have cu
thicknesses. Mode dispersion with film width has also be
investigated and it has been determined that the higher o
modes have a cutoff width, below which they are no long
propagated. The effect of varying the background permit
ity on the modes has been investigated as well, and the
eral behavior found to be consistent with that of the mod
supported by a metal film slab wave guide. In addition it w
determined that the cutoff width of the higher order mod
decreases with decreasing background permittivity and
all cutoff thicknesses are increased.

One of the fundamental modes supported by the struct
the ssb

0 mode exhibits very interesting characteristics and
potentially quite useful. This mode evolves with decreas
film thickness towards the TEM wave supported by the ba
ground, ~an evolution similar to that exhibited by thesb
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mode in metal film slab wave guides!, its losses and phas
constant tending asymptotically towards those of the TE
wave. In addition, it has been found that decreasing the
width can reduce the losses well below those of thesb mode
supported by the corresponding metal film slab wave gu
Reducing the background permittivity further reduces
losses. However, a reduction in losses is always accom
nied by a reduction in field confinement to the wave gu
core which means that both of these parameters mus
traded off one against the other. Furthermore, carefully
lecting the film’s thickness and width can make thessb

0 mode
the only long-ranging mode supported. It has also been d
onstrated that mode power attenuation values in the rang
a

v

e.
e
a-
e
be
e-

-
of

10 to 0.1 dB/cm are achievable at optical communicatio
wavelengths with even lower values possible. Finally, t
mode evolved into its most useful form, has a field distrib
tion that renders it excitable using end-fire techniques.

The existence of thessb
0 mode as well as its interesting

characteristics makes the finite-width metal film wave gui
attractive for applications requiring short propagation d
tances. The wave guide offers 2D field confinement in t
transverse plane rendering it useful as the basis of an in
grated optics technology. Interconnects, power splitte
power couplers, and interferometers could be built using
guides. Finally the structures being quite simple should
inexpensive to fabricate.
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