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

Pierre Berini*
University of Ottawa, School of Information Technology and Engineering, 161 Louis Pasteur Street, P.O. Box 450, Stn. A

Ottawa, Ontario, K1N 6N5, Canada
~Received 4 May 2000; revised manuscript received 25 October 2000; published 13 March 2001!

The purely bound electromagnetic modes of propagation supported by asymmetric waveguide structures,
comprised of a thin lossy metal film of finite width on a dielectric substrate and covered by a different
dielectric superstrate, have been characterized at optical wavelengths. The dispersion of the modes with film
thickness and width has been assessed and the effects caused by varying the difference between the superstrate
and substrate dielectric constants on the characteristics of the modes have been determined. The modes are
quite different from those supported by corresponding slab structures or similar finite-width symmetric
waveguides. Unlike these limiting cases, the dispersion with film thickness can exhibit an unusual oscillatory
character which is explained by a switching or swapping of the constituent interface modes. In addition, the
four fundamental modes supported can evolve such that none has a diminishing attenuation with diminishing
film thickness. This rather complex evolution of modes is unique to asymmetric finite-width structures. Under
certain conditions, a long-ranging mode having a field distribution that is suitable to excitation using an
end-fire technique can be supported. The long-ranging mode has a cutoff thickness below which it is no longer
propagated, and its attenuation near cutoff decreases very rapidly, much more so than the attenuation related to
the long-ranging mode in a comparable symmetric waveguide. Furthermore, its cutoff thickness is larger than
that of thesb mode in the corresponding asymmetric slab waveguide, which implies that decreasing the film
width increases the sensitivity of the mode to the asymmetry in the structure. This result is interesting and
potentially useful in that the propagation characteristics of the mode can be affected by a smaller change in the
dielectric constant of the substrate or superstrate compared with thesb mode guided by the corresponding slab
structure.

DOI: 10.1103/PhysRevB.63.125417 PACS number~s!: 42.82.Et, 42.79.Gn, 78.20.Bh
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I. INTRODUCTION

At optical wavelengths, the electromagnetic properties
some metals~gold, silver, and copper, for example! closely
resemble those of an electron gas. Numerous experimen
well as classical electron theory yield an equivalent nega
dielectric constant for many metals when excited by an e
tromagnetic wave at or near optical wavelengths.1,2 It is also
well known that the interface between semi-infinite materi
having positive and negative dielectric constants can gu
transverse magnetic~TM! surface waves. In the case of
metal-dielectric interface at optical wavelengths, these wa
are termed plasmon-polariton modes and propagate as
tromagnetic fields coupled to surface plasmons~surface
plasma oscillations! which are comprised of conduction ele
trons in the metal.3

A metal film of a certain thickness bounded by dielectr
above and below can serve as an optical slab~infinitely
wide! waveguiding structure, with the core of the wavegui
being the metal film. When the film is thin enough, t
plasmon-polariton modes guided by the interfaces beco
coupled due to field tunneling through the metal, thus cre
ing supermodes that exhibit dispersion with metal thickne
The modes supported by infinitely wide symmetric a
asymmetric metal film structures are well-known. Some
table published works include Refs. 3–10 with Burkeet al.5

and Yanget al.8 providing a good review of surface waves
general, and metal slabs in particular.
0163-1829/2001/63~12!/125417~15!/$15.00 63 1254
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Metal slabs are of limited practical interest since they
fer one-dimensional~1D! field confinement only, with con-
finement provided along the vertical axis, perpendicular
the direction of wave propagation. This implies of cour
that optical fields spread out laterally as they propagate a
from a point source used as the excitation. Metal films
finite thickness and width however, offer two-dimension
~2D! field confinement in the plane transverse to the dir
tion of propagation. Such structures may be useful for sig
transmission and routing or to construct passive compon
such as couplers and power splitters if suitable low-lo
waveguides can be fabricated.

The purely bound mode spectrum supported by symm
ric structures comprised of a thin metal film of finite wid
embedded in a homogeneous dielectric background has
ready been investigated theoretically,11 and results sugges
that mode power attenuation values near 0.1 dB/cm
achievable with even lower values being possible. Recen
propagation along straight waveguide segments of fin
width has been demonstrated in an end-fire experiment, c
firming the existence of these modes.12 Interest in the modes
supported by thin metal films has recently intensified due
their application in optical communications devices a
components. Metal films are commonly employed in opti
polarizing devices13 while long-range surface plasmon
polaritons can be used for optical signal transmission
routing over short distances.6,12 The need to characterize th
mode spectrum of metal film waveguides of finite width
manifest and results obtained thus far suggest that the w
©2001 The American Physical Society17-1
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guide may find widespread use as the basis of an integr
optics technology.

The purpose of this paper is to present a detailed desc
tion of the purely bound modes of propagation supported
asymmetric waveguiding structures comprised of a thin lo
metal film of finite width, supported by a semi-infinite ho
mogeneous dielectric substrate and covered by a diffe
semi-infinite homogeneous dielectric superstrate. The ev
tion of modes due to variations in the film’s thickness a
width, and in the dielectric constant of the surrounding m
dia, are investigated.~Some preliminary results of this stud
have already been reported as a short communication.!14

The paper is organized as follows. Section II further s
the context by presenting the physical basis and solution
proach used to obtain mode solutions, and by summariz
the known salient features of the purely bound modes s
ported by structures that represent the two limiting case
this study: infinitely wide asymmetric metal film structur
and finite-width symmetric metal film structures. Sections
and IV describe the nature, dispersion and evolution w
film thickness of the purely modes supported by a metal fi
of finite width for small and large differences in the substr
and superstrate dielectric constants, respectively. Sectio
describes the dispersion of modes with film width, and S
VI presents the evolution of the main long-ranging mode
the structure changes from a symmetric one to an asym
ric one. Concluding remarks are given in Sec. VII.

II. PHYSICAL BASIS AND OVERVIEW
OF KNOWN MODE SOLUTIONS

A. Description of the waveguide structure

The structure considered in this paper is shown in Fig
It consists of a metal film of thicknesst, width w, and
equivalent permittivitye2 , supported by a semi-infinite ho
mogeneous dielectric substrate of permittivitye1 and cov-
ered by a semi-infinite homogeneous dielectric superstrat
permittivity e3 . The Cartesian coordinate axes used for
analysis are also shown; propagation takes place alongz
axis, which is out of the page.

It is assumed that the metal region shown in Fig. 1 can
modeled as an electron gas over the wavelengths of inte
According to classical or Drude electron theory, the comp
relative permittivity of the metal region is given by the we
known plasma frequency dispersion relation:3

FIG. 1. Waveguide structure considered in this study. The c
is comprised of a lossy metal film of thicknesst, width w, and
permittivity e2 . The metal film is supported by a homogeneo
semi-infinite substrate of permittivitye1 and the cover or super
strate is a homogeneous semi-infinite dielectric of permittivitye3 .
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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.

In this study, we are specifically interested in the ca
v21n2,vp

2, which yields a negative value for Re$e2%, and
to the situation where all materials satisfyuRe$e2%u
@uIm$e2%u,e1,e3. These inequalities are generally respected
the metal is noble and the wavelength of interest is in
visible or infrared ranges. This class of structure holds mu
promise for device applications.

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:

“Ã“ÃE2v2e~x,y!mE50, ~2!

“Ãe~x,y!21
“ÃH2v2mH50, ~3!

where the permittivitye is a complex function of cross
sectional space, describing the waveguide structure. For
structures analyzed in this paper,m is homogeneous and
taken as the permeability of free spacem0 . A time depen-
dence of the formej vt is implied.

The boundary value problem is solved numerically by a
plying the method of lines~MoL!. The MoL is a well-known
numerical technique and its application to various elect
magnetic problems, including optical waveguiding, is w
established.15 The MoL is rigorous, accurate and flexible.
can handle a wide variety of waveguide geometries, incl
ing the structures at hand. The method is not known to g
erate spurious or non-physical modes. Except for a 1D s
tial discretization~applied along thex direction in this case!,
the method is exact. The MoL formulation used in this stu
is detailed in,16 and its application to the modeling o
waveguiding structures such as those of concern in this p
is summarized in,11 the formulation will therefore not be
repeated here.

The MoL generates mode solutions that satisfy Eqs.~2!
and ~3!. Since the structures under consideration are inv
ant along the propagation axis~taken to be in the1z direc-
tion!, the mode fields vary along this dimension according
e2gz whereg5a1 j b is the complex propagation consta
of the mode,abeing its attenuation constant andb its phase
constant. The spatial distribution of all six field componen
related to a mode can also be generated by the MoL over
2D cross-section of the structure if they are desired.

The physical symmetry of the structure along the cen
vertical axis is exploited to increase the accuracy of the
sults and to reduce the numerical effort required to gene

e
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PLASMON-POLARITON WAVES GUIDED BY THIN . . . PHYSICAL REVIEW B63 125417
the mode solutions. This is achieved by placing either
electric wall (Etan50) or a magnetic wall (H tan50) boundary
condition along they axis shown in Fig. 1. The top an
bottom boundary conditions are placed at infinity and
remaining lateral boundary condition is either placed
enough from the guide to have a negligible effect on
mode calculation, or a lateral absorbing boundary condit
is used to simulate infinite space, depending on the leve
confinement observed in the resulting mode.

As discussed in Ref. 11, the propagation constant o
mode computed using the method of lines converges
monotonic or smooth manner with a reduction in the discr
zation interval, which means that it is sensible to apply
extrapolation technique to generate more accurate value
the propagation constant.17 The convergence of the com
puted propagation constants has been monitored during
entire study and extrapolated values obtained using Rich
son’s extrapolation formula,18 are used to generate most
the graphs.

C. Modes guided by metal film slab waveguides

As is well known, only two purely bound TM surfac
modes, each having three field components, are guided b
infinitely wide metal film waveguide.5 In the plane perpen
dicular to the direction of wave propagation, the electric fie
of the modes is comprised of a single component, norma
the interfaces and having either a symmetric or asymme
spatial distribution across the waveguide. The symme
mode can have a small attenuation constant and is o
termed a long-range surface plasmon-polariton. The fie
related to the asymmetric mode penetrate more into the m
than the fields associated with the symmetric mode and
usually much lossier by comparison. In addition to pure
bound modes, leaky modes are also known to be suppo
by these structures.

In the symmetric metal slab structure (w5` ande35e1
in Fig. 1!, the spatial distribution of the mode fields is tru
symmetric or asymmetric about the horizontal axis pass
through the center of the metal film; that is, the fields can
generated by placing a wall of symmetry along this axis.
this structure, the loss associated with the asymmetric m
increases with decreasing film thickness as the fields p
etrate progressively deeper into the lossy metal. In the c
of the symmetric mode, the attenuation decreases with
creasing film thickness, as the mode evolves towards
transverse electromagnetic~TEM! wave supported by the
background. There is no cutoff thickness for either mode
this structure. As the thickness of the film increases, both
symmetric and asymmetric modes become degenerate,
propagation constants converging to that of a plasmo
polariton mode supported by the interface between se
infinite metallic and dielectric regions, which is given via th
following equations:5

b/b05ReHA e r ,1e r ,2

e r ,11e r ,2
J , ~4!
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e r ,11e r ,2
J , ~5!

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.

In the asymmetric metal slab structure (w5` and e3
Þe1 in Fig. 1!, the spatial distribution of the mode fields
not truly symmetric or asymmetric about the center horizo
tal axis. Rather, the distributions are symmetric-like
asymmetric-like; that is the distributions have the gene
form of those found in the symmetric structure but the fie
are localized near one of the interfaces. The modes, howe
are still called symmetric and asymmetric modes. The sy
metric mode field distribution has a maximum at the int
face with the dielectric of lowest permittivity while th
asymmetric mode has a maximum at the interface with
dielectric of highest permittivity. The loss associated w
the asymmetric mode increases with decreasing film th
ness and this mode does not have a cutoff thickness. The
associated with the symmetric mode decreases with decr
ing film thickness and a cutoff thickness for the mode exis
that is, the mode is not supported for films of thickness l
than a cutoff value. It is reasonable that a cutoff thickness
the symmetric mode exists in an asymmetric structure si
the mode cannot evolve into a TEM wave supported by
background ast→0. The background is comprised of th
interface between semi-infinite dielectric media and such
interface cannot support a TEM mode. As the thickness
the metal film increases, the modes of the asymmetric st
ture evolve into uncoupled plasmon-polariton modes s
ported by the isolated top and bottom interfaces. The pro
gation constant of the mode localized at the bottom interf
converges to the value given by Eqs.~4! and ~5! and the
propagation constant of the mode localized at the top in
face is given by these same equations by substitutinge1 with
e3 .

The widely accepted nomenclature for identifying t
modes of infinitely wide structures consists in using the l
tersa or s for asymmetric or symmetric transverse field d
tributions, respectively, followed by a subscriptb or l for
bound or leaky modes, respectively. This nomenclature
used for the modes of symmetric as well as asymme
metal slab structures.

D. Modes guided by metal films of finite width embedded in a
homogeneous dielectric

The purely bound modes supported by a thin lossy m
film of finite width, embedded in an infinite homogeneo
dielectric (e35e1 in Fig. 1! have recently been
characterized.11 The modes supported by such structures
not TM in nature but if the structure has an aspect ra
w/t.1, then theEy field component dominates. The mod
can be divided into four families depending on the symme
of their fields. Four symmetries, corresponding to the fo
possible combinations of electric and magnetic walls pla
along the center horizontal and vertical axes, exist and de
the families. A mode nomenclature, based on the one use
7-3
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PIERRE BERINI PHYSICAL REVIEW B 63 125417
identify modes in metal slab waveguides, describes the
tial distribution of the main transverse electric field comp
nent, which is theEy component in most structures of pra
tical interest. A pair of lettersa or s identify whether the
main transverse electric field component is asymmetric
symmetric with respect to they andx axes, respectively. A
superscript is then used to track the number of extrema
served in the spatial distribution of this field compone
along the largest dimension~usually along thex axis! be-
tween 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 subscriptb or l
is used to identify whether the mode is bound or lea
Leaky modes are known to exist in metal film slab structu
and though we have yet to search for them in metal films
finite width, their existence is anticipated. Thessb

0, sab
0, asb

0,
andaab

0 modes are the first modes supported~one for each of
the four possible quarter-symmetries! and thus may be con
sidered as the fundamental modes. In addition to the f
fundamental modes, higher-order modes having additio
variations in the spatial distribution of their mode fields a
supported.

The dispersion of all modes with film thickness is in ge
eral consistent with the behavior observed for the pur
bound modes supported by the metal film slab waveguide
addition, one of the fundamental modes and some hig
order modes have cutoff thicknesses. The higher or
modes have a cutoff width, below which they are no long
propagated. The effect on the modes of varying the ba
ground permittivity is consistent with the general behav
observed for the modes supported by a metal film slab wa
guide. In addition, the cutoff width of the higher order mod
decreases with decreasing background permittivity while
cutoff thicknesses increase.

One of the fundamental modes supported by the symm
ric structure, thessb

0 mode exhibits very interesting chara
teristics. This mode evolves with decreasing film thickne
towards the TEM wave supported by the background,~an
evolution similar to that exhibited by thesb mode in metal
film slab waveguides!, its losses and phase constant tend
asymptotically towards those of the TEM wave. In additio
decreasing the film width reduces the losses below thos
the sb mode supported by the corresponding metal film s
waveguide. Reducing the background permittivity further
duces the losses. However, a reduction in losses is alw
accompanied by a reduction in field confinement to
waveguide core which means that attenuation and confi
ment must be traded-off one against the other. The m
evolved into its most useful form, has a field distribution th
renders it excitable using end-fire techniques.19 Plasmon-
polariton waves supported by thin metal films of finite wid
have recently been observed experimentally at optical c
munications wavelengths using this method of excitation12

III. MODE CHARACTERISTICS AND EVOLUTION WITH
FILM THICKNESS: SMALL ASYMMETRY

A. Mode solutions for a metal film slab waveguide

The study begins with the reproduction of results for
infinitely wide asymmetric metal film waveguide, as show
12541
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in Fig. 1 with w5`, taken from the standard work on suc
structures.5 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
20.53. The relative permittivity of the bottom and top d
electric regions are set toe r ,154 (n152) and e r ,3
53.61 (n351.9); these values create a structure havin
small asymmetry with respect to the horizontal dimens
(e1'e3).

The dispersion curves of thesb andab modes supported
by the infinitely wide structure were computed using t
MoL and the results are shown in Fig. 2. From this figure
is seen that the propagation constant of theab mode tends
towards that of the plasmon-polariton mode supported by
bottom interface, given by Eqs.~4! and ~5!, as the thickness
of the film increases. It is also noted that this mode does
exhibit a cutoff thickness while it is clear that thesb mode
has one neart518 nm. The propagation constant of thesb
mode is seen to tend towards the value of a plasm
polariton mode supported by the top interface as the th
ness increases. These results are in perfect agreement
those reported in.5

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 dispersion curv
for the first seven modes were computed using the MoL
the results are shown in Fig. 2.

In this asymmetric structure, true field symmetry exis
only with respect to they axis. With respect to the horizonta
dimension, the modes have a symmetric-like or asymmet
like field distribution with field localization along either th
bottom or top metal-dielectric interface. The modes that h
a symmetric-like distribution with respect to the horizon
dimension are localized along the metal-dielectric interfa
with the lowest dielectric constant, while modes that have
asymmetric-like distribution with respect to this axis are
calized along the metal-dielectric interface with the high
dielectric constant. This behavior is consistent with that o
served for asymmetric metal slab waveguides.

The mode nomenclature adopted for symmet
structures11 can be used without ambiguity to describe t
modes supported by asymmetric structures as long as
modes are identified when the metal film is optically thic
before significant coupling begins to occur through the me
film, and while the origin of the mode can be identified u
ambiguously. As the metal film thickness decreases,
modes~and their fields! can evolve and change considerab
more in an asymmetric structure compared to a symme
one. The number of extrema in the main transverse elec
field component of the mode is counted along the late
dimension at the interface where the fields arelocalized.

This number is then used in the mode nomenclatu
It was observed in11 that the modes supported by a metal fil
of finite width are in fact supermodes created from a co
7-4



PLASMON-POLARITON WAVES GUIDED BY THIN . . . PHYSICAL REVIEW B63 125417
FIG. 2. Dispersion characteristics with thickness of the first seven modes supported by a metal film waveguide of widthw51 mm. The
ab and sb modes supported for the casew5` are shown for comparison.~a! Normalized phase constant.~b! Normalized attenuation
constant.
125417-5
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FIG. 3. Spatial distribution of
the Ey field component related to
thessb

0 mode supported by a meta
film waveguide of width w
51 mm for four film thicknesses.
The waveguide cross section is lo
cated in thex-y plane and the
metal region is outlined as the
rectangular dashed contour. Th
field distributions are normalized
such that maxu Re$Ey%u51.
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pling of ‘‘edge’’ and ‘‘corner’’ modes supported by eac
metal-dielectric interface defining the structure. As the thi
ness and width of the metal decrease, the coupling betw
these interface modes intensifies leading to dispersion
possibly evolution of the supermode. In asymmetric str
tures, the bound modes are also supermodes created
similar manner, except that dissimilar interface modes m
couple to each other to create the supermode. For instan
mode having one field extremum along the top interfa
~along the top edge bounded by the corners! may couple with
a mode having three extrema along the bottom interface.
selection criteria determining which interface modes w
couple to create the supermode are a similarity in the va
of their propagation constants and a shared field symm
with respect to the center vertical axis. For all modes s
ported by an asymmetric structure, an apparent symmetr
asymmetry with respect to the horizontal dimension can
be observed in the corner modes.

The sab
0, aab

0, ssb
0, and asb

0 modes are the fundament
modes supported by the structure. Thesab

0 and aab
0 modes

are comprised of coupled corner modes, resembling the
responding modes in a symmetric structure11 except that the
fields are localized near the substrate. These two mode
not change in character as the thickness of the film decrea
A narrowing of the metal film would eventually break th
degeneracy observed in Fig. 2.

For a sufficiently large thickness~about 100 nm for the
present structure!, the ssb

0 and asb
0 modes are comprised o

coupled corner modes much like the corresponding mode
a symmetric structure except that the fields are localized n
the superstrate. As the thickness of the metal film decrea
both of these modes begin to evolve, changing completel
12541
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character for very thin films. Figure 3 shows the evolution
the Ey field component related to thessb

0 mode as the thick-
ness of the film ranges from 100 to 40 nm. It is clearly se
that the mode evolves from a symmetric-like mode hav
fields localized near the superstrate to an asymmetric-
mode having fields localized along the substrate-metal in
face. A similar evolution is observed for theasb

0 mode. This
change in character is also apparent in their dispers
curves: they follow the general behavior of a symmetric-li
mode for large thicknesses but then slowly change to foll
the behavior of an asymmetric-like mode as the thickn
decreases. Since the substrate dielectric constant is la
than the superstrate dielectric constant, the mode is ‘‘pulle
from a symmetric-like mode to an asymmetric-like mo
~having field localization at the substrate-metal interface! as
the metal film becomes thinner. The behavior of these mo
as the film thickness decreases is quite unexpected, diffe
completely from their behavior in a symmetric structure.
the latter, they exhibit a decreasing attenuation with decre
ing film thickness, thessb

0 is the main long-ranging mode
and theasb

0 mode has a cutoff thickness.11 In this asymmet-
ric structure both modes exhibit an increasing attenua
with decreasing thickness and theasb

0 mode does not have
cutoff thickness.

Figure 4 shows theEy field component related to thessb
1

andsab
1 modes for two film thicknesses. From this figure it

noted that the top and bottom edge modes comprising a
permode are different from each other. In Fig. 4~a! for in-
stance, it is seen that the bottom edge mode has three
trema and is of higher order than the top edge mode wh
has one extremum. A similar observation holds for Fig. 4~c!
7-6
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FIG. 4. Spatial distribution of
the Ey field component related to
two higher-order modes supporte
by a metal film waveguide of
width w51 mm for two film
thicknesses. In all cases, th
waveguide cross section is locate
in the x-y plane and the metal re
gion is outlined as the rectangula
dashed contour. The field distribu
tions are normalized such tha
maxu Re$Ey%u51.
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where it can be seen that the bottom edge mode has
extremum while the top one has none. In this structure,
substrate has a higher dielectric constant than the supers
so the phase constant of a particular substrate–metal i
face mode will be higher than the phase constant of the s
mode at the metal–superstrate interface. Since a superm
is created from a coupling of edge modes having sim
propagation constants, it should be expected that in an as
metric structure different edge modes may couple to crea
supermode. Higher-order modes have, in general, sm
values of phase constant compared to lower-order mode
in structures havinge3,e1 , all supermodes are comprised
a bottom edge mode of the same order or higher than the
edge mode, as shown in Fig. 4. Ife3.e1 , then the opposite
statement is true.

A careful inspection of the fields associated with thessb
1,

sab
1, andaab

2 modes reveals that as the thickness of the fi
decreases, the mode fields may evolve in a smooth ma
similar to that shown in Fig. 3, but in addition a change
‘‘switch’’ of the constituent edge modes may also occur. F
instance, from Fig. 4~c!, the sab

1 mode is seen to be com
prised of a substrate–metal interface mode having one e
mum for a film thickness of 100 nm, while for a thickness
60 nm the substrate–metal interface mode has three extr
as shown in Fig. 4~d!. Since higher-order modes have,
general, lower phase constants than lower-order modes,
change in edge modes causes a reduction in the phase
stant of thesab

1 mode in the neighborhood of 60 nm, a
shown in Fig. 2~a!. Another change occurs near 40 nm as
corner modes switch from being symmetric-like@as in parts
~c! and ~d! of Fig. 4# to being asymmetric-like with respec
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to the horizontal dimension. This change is again reflecte
the dispersion curve of thesab

1 mode as its phase constant
seen to increase with a further decrease in thickness. In
eral, the changes in the edge and corner modes are cons
with the directions taken by the dispersion curves as the
thickness decreases, thus explaining the strange appea
of the curves shown in Fig. 2.

The only potentially long-ranging mode supported by th
structure at the wavelength of analysis is thessb

1 mode. As
shown in Fig. 2, the mode has a cutoff thickness neat
522 nm and though the attenuation drops quickly near
thickness, it should be remembered that the field confinem
does so as well. Furthermore, the spatial distribution of
main transverse field component related to this mode evo
with decreasing thickness in the manner shown in Figs. 4~a!
and 4~b!, such that near cutoff the spatial distribution h
strong extrema along the top and bottom edges. These
trema render the mode less excitable using an end-fire t
nique so coupling losses would be higher compared to
fundamental symmetric mode in symmetric waveguid
Also, the fact that the mode would be operated near its cu
thickness implies that very tight tolerances are required
the fabrication of structures. Nevertheless, it should be p
sible to observe propagation of this mode in a suitable str
ture in an end-fire experiment.

IV. MODE CHARACTERISTICS AND EVOLUTION WITH
FILM THICKNESS: LARGE ASYMMETRY

A. Mode solutions for a metal film slab waveguide

The study proceeds with the analysis of structures hav
a large difference in the dielectric constants of the subst
7-7
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PIERRE BERINI PHYSICAL REVIEW B 63 125417
and superstrate. With respect to Fig. 1, the relative perm
tivity of the substrate and superstrate are set toe r ,154 (n1
52) and e r ,352.25 (n351.5), respectively, the width o
the metal film is set tow5`, and the dielectric constant o
the metal region and the wavelength of analysis are set to
same values as in the previous section. The dispersion cu
of thesb andab modes supported by this structure have be
computed using the MoL and are shown in Fig. 5. Comp
ing with Fig. 2, it is observed that thesb mode has a large
cutoff thickness in a structure having a large asymmetry t
in a structure having similar substrate and superstrate die
tric constants. The results are in perfect agreement with th
reported in.5

B. Modes supported by a metal film of widthwÄ1 µm

The structure shown in Fig. 1 was analyzed using
MoL for w51 mm and for the same material parameters a
free-space wavelength as those given above forw5`. The
dispersion curves of the first six modes supported by
structure are shown in Fig. 5.

An inspection of the mode fields related to thesab
0 and

aab
0 modes reveals that these modes are again comprise

coupled corner modes with fields localized at the substra
metal interface. The modes do not change in character a
thickness of the film decreases and a narrowing of the m
film would eventually break the degeneracy observed in F
5.

The spatial distribution of theEy field component related
to thessb

0, asb
0, sab

1, andaab
2 modes is given in Fig. 6. It is

noted from this figure that in all cases the metal–superst
interface modes are similar: they have fields with no extre
along the interface but rather that are localized near the
ners and have either a symmetric or asymmetric distribu
with respect to they axis. These corner modes are, in fa
the lowest-order modes supported by the metal–supers
interface; they have the largest value of phase constant
thus are most likely to couple with edge modes supported
the substrate–metal interface to form a supermode. F
Figs. 6~a! and 6~b!, it is observed that the substrate–me
interface modes comprising thessb

0 and asb
0 modes are of

very high order. This is expected since the substrate die
tric constant is significantly higher than the superstrate
electric constant and higher order modes have lower va
of phase constant. Thessb

0 and asb
0 modes shown in Figs

6~a! and 6~b! indeed have fields that are localized along t
metal–superstrate interface, while thesab

1 and aab
2 modes

shown in Figs. 6~c! and 6~d! have fields that are localize
along the substrate-metal interface.

One effect caused by increasing the difference betw
the substrate and superstrate dielectric constants, is tha
difference between the orders of the top and bottom e
modes comprising a supermode can increase. This effec
be observed by comparing Fig. 3~a! with Fig. 6~a!. In the
former, there is no difference between the orders of the
and bottom edge modes, while in the latter the difference
the orders is 5. Another effect is that the degree of fi
localization increases near the interface between the m
and the dielectric of higher permittivity, for all modes th
12541
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are asymmetric-like with respect to the horizontal dimensi
This effect can be seen by comparing the fields related to
sab

1 mode shown in Figures 4~c! and 6~c!. A comparison of
the fields related to thesab

0 andaab
0 modes reveals that thi

effect is present in these modes as well.
From the dispersion curves shown in Fig. 5~a!, it is ap-

parent that the normalized phase constant of all modes
verge with increasing film thickness to normalized pha
constants in the neighborhood of those supported
plasmon–polariton waves localized along the associated
lated edge. The normalized phase constant of modes ha
fields localized at the substrate-metal interface, conve
with increasing film thickness to normalized phase consta
in the neighborhood of that related to theab mode, while the
normalized phase constant of modes having fields locali
along the metal-superstrate interface converge to values
that of thesb mode. This behavior is present though le
apparent in structures where the asymmetry is smaller, s
as the one analyzed in Sec. III.

By comparing Figs. 2 and 5, it is noted that the dispers
curves of the modes are much smoother in this case, w
the difference in the substrate and superstrate dielectric
stants is large. This is due to the fact that the edge mo
comprising the supermodes are less likely to change
switch as they do in a structure having similar substrate
superstrate dielectric constants. Modes that start out b
symmetriclike with respect to the horizontal dimension
main so as the thickness of the film decreases since the p
constant associated with the interface modes localized a
the substrate-metal interface are much larger. The cu
thickness of the symmetriclike modes also increases as
difference between the substrate and superstrate diele
constants increases. It is surprising in this case that thessb

0

mode has a larger cutoff thickness than theasb
0 mode.

It is apparent that introducing a large asymmetry c
hamper the ability of the structure to support useful lon
ranging modes. Any mode that is long-ranging in such str
tures would likely have fields with numerous extrema alo
the width of the interface between the metal film and t
dielectric of higher permittivity, as shown in Figs. 6~a! and
6~b!.

V. MODE DISPERSION WITH FILM WIDTH:
SMALL ASYMMETRY

An asymmetric structure comprised of the same diel
trics as the structures studied in Sec. III, but having a m
film of width w50.5mm was analyzed at the same fre
space wavelength in order to determine the impact of a n
rowing film width on the modes supported. The structu
was analyzed using the MoL and Fig. 7 gives the dispers
curves obtained for the first few modes supported.

Comparing Fig. 7 with Fig. 2 reveals that reducing t
width of the film does not cause major changes in the beh
ior of the fundamental modes, but does have a major imp
on the higher order modes. It is noted that reducing the fi
width increases the cutoff thickness of thessb

1 mode. This
higher-order mode is symmetric-like with respect to the ho
zontal dimension, and the cutoff thickness of the symmet
7-8
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FIG. 5. Dispersion characteristics with thickness of the first six modes supported by a metal film waveguide of widthw51 mm. Theab

andsb modes supported for the casew5` are shown for comparison.~a! Normalized phase constant.~b! Normalized attenuation constan
125417-9
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FIG. 6. Spatial distribution of
the Ey field component related to
modes supported by a metal film
waveguide of widthw51 mm. In
all cases, the waveguide cross se
tion is located in thex-y plane
and the metal region is outlined a
the rectangular dashed contou
The field distributions are normal
ized such that maxu Re$Ey%u51.
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like modes, in general, increases as the width of the fi
decreases due to a reduction in field confinement to the m
film. The aab

2 mode was sought but not found for this film
width.

It is also noted by comparing Figs. 7 and 2 that thesab
1

mode evolves quite differently depending on the width of
film. For a film width of w51 mm, the mode follows the
general behavior of an asymmetriclike mode whereas fo
film width of w50.5mm, the mode evolves as a symmetri
like mode, and has a cutoff thickness neart527 nm. When
the film is wide, it becomes possible for numerous high
order edge modes~having similar values of phase constan!
to be supported by the substrate–metal or metal–supers
interfaces, so edge modes comprising a supermode are l
to change or switch as the thickness of the film is reduce
shown in Figs. 4~c! and 4~d!. For a narrow metal film, some
of the higher-order edge modes may be cutoff thus rende
changes in edge modes impossible. In such a case, the s
mode may be forced to evolve in a smooth manner w
decreasing film thickness. A close inspection of the mo
fields related to thesab

1 mode for a film width of w
50.5mm reveals that there are no changes to the e
modes as the thickness decreases, rather the mode ev
smoothly from its field distribution at a large thickness@simi-
lar to that shown in Fig. 4~c!# to having a symmetric-like
distribution with only one extremum along the top and b
tom edges of the film.

For structures comprised of a thin narrow metal film in
slightly asymmetric environment, the main long-rangi
mode is thesab

1 mode, and it could be made to propaga
over useful distances if it is excited near its cutoff thickne
However, the difficulties outlined previously regarding t
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excitation of modes near cutoff still hold.

VI. EVOLUTION OF THE LONG-RANGING MODE WITH
STRUCTURE ASYMMETRY

The ssb
0 andsab

1 modes are of practical interest. Thessb
0

mode is the main long-ranging mode supported by symm
ric finite-width metal film structures, and as demonstrated
the previous section, thesab

1 mode can be the main long
ranging mode supported by asymmetric finite-width stru
tures. In metal films of the right thickness, they are also
modes that are the most suitable to excitation in an end
arrangement.

Structures comprised of a substrate dielectric havingn1
52, of a metal film of widthw50.5mm, and of various
superstrate dielectrics havingn352, 1.99, 1.95, and 1.9 wer
analyzed at the same free-space wavelength as in the p
ous sections, and using the same equivalent permittivity
the metal film. The analyses were performed in order to
vestigate the effects on the propagation characteristics o
ssb

0 andsab
1 modes caused by a slight decrease in the su

strate permittivity relative to the substrate permittivity. Fi
ure 8 shows the dispersion curves with film thickness,
tained for these modes in the four structures of interest;
insets show an enlarged view of the intersection region.

As seen in Fig. 8~a! and its inset, the dispersion curves
the modes intersect at a certain film thickness only for
symmetric case (n35n1). As soon as some degree of asym
metry exists, the curves no longer intersect, though they m
come quite close to each other if the asymmetry is small
seen in the case ofn351.99. As the degree of asymmetr
increases, the separation between the curves increases.
7-10



PLASMON-POLARITON WAVES GUIDED BY THIN . . . PHYSICAL REVIEW B63 125417
FIG. 7. Dispersion characteristics with thickness of the first six modes supported by a metal film waveguide of widthw50.5mm. The
ab and sb modes supported for the casew5` are shown for comparison.~a! Normalized phase constant.~b! Normalized attenuation
constant.
125417-11



PIERRE BERINI PHYSICAL REVIEW B 63 125417
FIG. 8. Dispersion characteristics with thickness of thessb
0 andsab

1 modes supported by a metal film waveguide of widthw50.5mm for
various cases ofe3 . ~a! Normalized phase constant; the inset shows an enlarged view of the region bounded by 0.04<t<0.08mm and
2.0<b/b0<2.3. ~b! Normalized attenuation constant; the inset shows an enlarged view of the region bounded by 0.05<t<0.08mm and
7.031023<a/b0<2.031022.
125417-12
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FIG. 9. Spatial distribution of
the Ey field component related to
the sab

1 mode supported by a
metal film waveguide of widthw
50.5mm for four film thick-
nesses. The waveguide cross se
tion is located in thex-y plane
and the metal region is outlined a
the rectangular dashed contou
The field distributions are normal
ized such that maxu Re$Ey%u51.
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The evolution with film thickness of thesab
1 mode is

shown in Fig. 9 for the casen351.99 and for thicknesse
about t559 nm ~near the maximum in its phase dispersi
curve!. The evolution of this mode for the casesn351.95
and 1.9 is similar to that shown. The evolution with fil
thickness of thessb

0 mode is similar in these structures to th
evolution shown in Fig. 3 for the casew51 mm and n3
51.9. Comparing Figs. 9 and 3, reveals that the mo
‘‘swap’’ character neart559 nm. For film thicknesses suffi
ciently above this value, the modes exhibit their defini
character, as shown in Figs. 3~a! and 9~a!, but for film thick-
nesses below it, each mode exhibits the other’s characte
shown in Figs. 3~d! and 9~d!. This character swap is prese
for the three cases of asymmetry considered heren3
51.99, 1.95, and 1.9! and explains the behavior of the di
persion curves shown in Fig. 8.

From Fig. 8, it is noted that a cutoff thickness exists
the long-ranging mode as soon as an asymmetry is prese
the structure. It is also observed that the cutoff thickn
increases with increasing asymmetry. Table I gives the
off thicknesses of thesab

1 mode, and of thesb mode related
to the corresponding slab structures, for these three cas
asymmetry. From this table, it is noted that the cutoff thic
ness of thesab

1 mode is always greater than the cutoff thic
ness of thesb mode. This result implies that the long-rangin
mode supported by a thin narrow metal film is more sensi
to differences in the superstrate and substrate permittiv
than thesb mode supported by the corresponding slab str
ture. This is reasonable in light of the fact that in finite-wid
structures the mode fields tunnel through the metal as in
structures, but in addition the fields also wrap around
metal film.
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It is expected that as the width of the metal film increas
the cutoff thickness of thesab

1 mode will decrease as long a
the mode remains long ranging. It should be remembe
that the character of this mode may change with film wid
and with the degree of asymmetry such that its behav
becomes similar to that of theab mode in the corresponding
slab structure, as shown in Fig. 2.

Figure 8~b! shows that near cutoff, the attenuation of t
sab

1 mode supported by the asymmetric structures dr
much more rapidly than the attenuation of thessb

0 mode
supported by the symmetric one. As in slab waveguide6

introducing a slight asymmetry in a structure of finite wid
appears to be a suitable means for extending the range o
mode.

Figure 10 shows contour plots of Re$Sz% associated with
the long-ranging modes for four cases of superstrate per
tivity. Sz is thez-directed component of the Poynting vect
and its spatial distribution is computed from the spatial d
tribution of the mode fields using:

TABLE I. Cutoff thickness of thesb and sab
1 modes for six

cases of structure asymmetry.

n3

sb

~nm!
sab

1

~nm!

1.99 4.25 12
1.95 10.5 19.2
1.9 17.6 26.7
2.01 4.2 12
2.05 10 18
2.1 15.4 22.3
7-13
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FIG. 10. Contour plot of
Re$Sz% associated with the long
ranging modes supported by met
film waveguides of width w
50.5mm and having different su-
perstrate permittivitiese3 . In all
cases, the outline of the metal film
is shown as the rectangular dash
contour.
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whereHx,y* denotes the complex conjugate ofHx,y . Figure
10~a! shows the contour plot associated with thessb

0 mode
supported by a symmetric structure (n35n152) of thick-
nesst520 nm. Figures 10~b!–10~d! show contours associ
ated with thesab

1 mode for the three cases of structure asy
metry considered. The contour plots shown in Figs. 10~b!–
10~d! are computed for film thicknesses slightly abo
cutoff, representative of the thicknesses that would be u
to observe these long-ranging modes experimentally. F
this figure, it is noted that the contour plots become incre
ingly distorted and the fields increasingly localized at t
metal-superstrate interface as the degree of asymmetry in
structure increases. It is also apparent by comparing F
10~a! and 10~d! that in an end-fire experiment, less pow
would be coupled into thesab

1 mode supported by the asym
metric structure withn351.9, compared to thessb

0 mode
supported by the symmetric one since the mode fields wo
not overlap as cleanly with those of the excitation sour
This suggests that end-fire coupling losses increase in
eral with increasing structure asymmetry.

The high sensitivity of the long-ranging mode, support
by thin metal films of finite width, to structure asymmetry
potentially useful. A small induced asymmetry~created via
an electro-optic effect present in the dielectrics say! can evi-
dently affect a large change in the propagation characteris
of the long-ranging mode. From Fig. 8, it is apparent tha
difference between the substrate and superstrate refra
indices as small asn12n35Dn50.01 is sufficient to create
an asymmetric structure where the long-ranging mode h
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cutoff thickness of aboutt512 nm. From Fig. 8~a!, a slightly
larger difference ofDn50.05 changes the normalized pha
constant of the long-ranging mode byD(b/b0)'0.025 for a
metal film thickness oft520 nm. Both of these effects ar
potentially useful.

Asymmetric structures having superstrate dielectric c
stants that are slightly greater than that of the substrate w
also analyzed. The substrate dielectric constant was se
n152 and superstrate dielectrics havingn352.01, 2.05, and
2.1 were considered for the same metal, film width and
erating wavelength. The results are similar to those prese
in Figs. 8–10 and the cutoff thicknesses are given in Tabl
Though the results are not identical, there is no major diff
ence between the behavior of thessb

0 andsab
1 modes whether

e1.e3 or e1,e3 as long as the permittivities are similar.

VII. CONCLUSION

The purely bound optical modes supported by a thin lo
metal film of finite width, supported by a semi-infinite su
strate dielectric and covered by a different semi-infinite
perstrate dielectric, have been characterized and descr
The modes differ significantly from those supported by c
responding slabs and similar symmetric structures of fin
width. In addition to the four fundamental modes that ex
numerous higher-order modes are supported, each havi
cutoff width. The dispersion of the modes with film thick
ness has been assessed and the general behavior found
rather complex. All modes are eventually divided along sy
metric or asymmetric branches as the thickness of the m
film tends toward zero but the dispersion curves can exh
an unusual oscillatory character. Contrary to symme
7-14
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finite-width metal film structures, all modes that exhibit
decreasing attenuation with film thickness, also have a cu
thickness. Mode dispersion with film width has been inv
tigated and described. The difference between the subs
and superstrate permittivities has been varied and the ef
on the modes have been determined. It has been found
the modes may change dramatically in character as the
mensions of the metal film change and as the difference
tween the substrate and superstrate permittivities increa
The evolution of the modes is explained in terms of a se
tive coupling of appropriate edge and corner modes acc
ing to the relative similarity of their propagation constan
and to a shared symmetry with respect to the center ver
axis.

Under the right conditions, a long-ranging mode can
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supported. The mode has a rapidly diminishing attenua
near its cutoff thickness and the rate of decrease of its atte
ation with decreasing thickness is greater than the rate
lated to thessb

0 mode in symmetric structures. However th
confinement of the mode to the film also diminishes rapid
implying that the structures ought to be fabricated to ve
tight tolerances and that all metal-dielectric interfaces sho
be of the highest quality. Below this cutoff thickness,
purely bound long-ranging mode exists. Also, the mode
more sensitive to the asymmetry in the structure compare
thesb mode supported by the corresponding slab wavegu
This is a potentially useful result in that a small induc
change in substrate or superstrate refractive index can ha
greater impact on the long-ranging mode supported b
finite-width structure compared to a similar slab wavegui
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