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Plasmon-polariton waves guided by thin lossy metal films of finite width:
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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 electromagn€fiEM) wave supported by the backgroutah evolution similar to that
exhibited by thes, mode in symmetric metal film slab wave guigleis losses and phase constant tending
asymptotically towards those of the TEM wave. Attenuation values can be well below those spfriiee
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.

[. INTRODUCTION faces become coupled due to field tunneling through the

metal, thus creating supermodes that exhibit dispersion with

At optical wavelengths, the electromagnetic properties ofmetal thickness. The modes supported by infinitely wide
some metals closely resemble those of an electron gas, ymmetric and asymmetric metal film structures are well

equiva|ent|y of a cold p|asma_ Metals that resemble an a|knOWI'l, as these structures have been studied by numerous
most ideal p|asma are Commonly termed “noble meta's”researchers; some notable pUb“Shed works include Refs.

and include, among others, gold, silver, and copper. Numerd—10.
ous experiments as well as classical electron theory both N general, only two purely bound TM modes, each hav-
yield an equivalent negative dielectric constant for manynd three field components, are guided by an infinitely wide

metals when excited by an electromagnetic wave at or ne _etal_ film wave guide. In_ the plane p_erp_endlcular to the
optical wavelength? In a recent experimental study, the irection of wave propagation, the electric field of the modes

dielectric function of silver has been accurately measured® compqsed .Of a single component, normal to the mterf_acgs
and having either a symmetric or asymmetric spatial distri-

over the visible optical sp(_actrum and a very close CorrEIaF'O'-gution across the wave guide. Consequently, these modes are
bgtween the measured dielectric function and that obtaine enoteds, and a, modes, respectively. Thg, mode can
via the electron gas model has begn demonstrated. _have a small attenuation constant and is often termed a long-
. Itis a well-known fact that the interface between semi-\onqq gyrface plasmon-polariton. The fields related tathe
infinite materials having positive and negative dielectric con,o4e penetrate further into the metal than in the case of the
stants can guide transverse magnefiél) surface waves. In g ‘mode and can be much lossier by comparison. Interest in
the case of a metal-dielectric interface at optical wavethe modes supported by thin metal films has recently inten-
lengths, these waves are termed plasmon-polariton modegied due to their useful application in optical communica-
and propagate as electromagnetic fields coupled to surfagpns devices and components. Metal films are commonly
plasmongsurface plasma oscillationsomprised of conduc- employed in optical polarizing devicEswhile long-range
tion electrons in the met4l. surface plasmon-polaritons can be used for signal
A metal film of a certain thickness bounded by dielectricstransmissior. In addition to purely bound modes, leaky
above and below is often used as an optical Slalanar, modes are also known to be supported by these structures.
infinitely wide) wave guiding structure, with the core of the  Infinitely wide metal film structures, however, are of lim-
wave guide being the metal film. When the film is thin ited practical interest since they offer one-dimensigiifl)
enough, the plasmon-polariton modes guided by the interfield confinement only, with confinement occuring along the
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where o is the excitation frequencyw, is the electron
plasma frequency, and is the effective electron collision
frequency, often expressed as 1/r with 7 defined as the

€r 2=

bl —
relaxation time of electrons in the metal. Whes?+ »?
FIG. 1. Wave guide structure considered in this study. The core< w; (which is the case for many metals at optical wave-
is comprised of a lossy metal film of thicknesswidth w, and  |engthg a negative value for the real paet , is obtained,

permittivity e, embedded in a cladding or background consisting Ofimplying that plasmon-polariton modes can be supported at
an infinite homogeneous dielectric having a permittivdgy interfaces with normal dielectrics.

vertical axis perpendicular to the direction of wave propaga-
tion implying that modes will spread out laterally as they
propagate from a point, source used as the excitation. Met%lr
films of finite width offer 2D confinement in the transverse roblem based on Maxwell's equations written in the fre-

plane and may be useful for signal transmission and routlnguency domain for a lossy inhomogeneous isotropic me-

or to construct passive components such as couplers anfl,m Uncoupling Maxwell's equations yields the following
power splitters if suitable low-loss wave guides can be fabyjme-harmonic vectorial wave equations for tEeand H
ricated. Furthermore, metal films of finite width are in fact fijg|gs:

currently being proposed in polarizing devidésthough

B. Electromagnetic wave and field equations

The modes supported by the structure illustrated in Fig. 1
e obtained by solving a suitably defined boundary value

their fundamental wave guiding characteristics have yet to be VXVXE—w?e(x,y)uE=0, 2)
determined.
The purpose of this paper is to present a comprehensive VX e(xy) VX H— w2uH=0, 3)

description of the purely bound modes of propagation sup-

ported by symmetric wave guide structures comprised of avhere the permittivitye is a complex function of cross-
thin lossy metal film of finite width as the core, embedded insectional space, and describes the wave guide structure. For
an infinite homogeneous dielectric medium, and to investithe structures analyzed in this papgris homogeneous and
gate the evolution of modes due to variations in the physicalaken as the permeability of free spaeg.

parameters of the wave guidg®reliminary results of this Due to the nature of the numerical method used to solve
study have already been reported as a shorthe boundary value problem, the impligidependence of the
communicationt3) The paper is organized as follows. Sec- Permittivity can be immediately removed since any inhomo-
tion Il summarizes the physical basis and numerical techgeneity alongy is treated by dividing the structure into a
nique used to analyze the structures of interest. Section Iumber of layers that are homogeneous along this direction,
describes the nature of the purely bound fundamental an@nd suitable boundary conditions are applied between them.
higher-order modes, their dispersion and evolution with film The two vectorial wave equationg®) and (3) are ex-
thickness, and discusses a recently proposed mode nomepanded in each layer into scalar wave equations, some being
clature suitable for identifying thed?.Section IV describes coupled by virtue of the remaining inhomogeneityeinlong

the dispersion of modes with film width, Sec. V presents the<- Since the structure under consideration is invariant along
changes in wave guiding properties caused by varying théhe propagation axigtaken to be in thetz direction, the
background permittivity, and Sec. VI discusses the frequencynode fields vary along this dimension accordingeto™

dependence of mode solutions. Concluding remarks ar&herey=a+jg is the complex propagation constant of the
given in Sec. VII. mode, « is the attenuation constant, apds the phase con-

stant. Substituting this field dependency into the scalar wave
equations, and writing them foFE* (E,=0) andTM* (H,

=0) modes while making use &f-[ e(X)E]=0 andV-H

=0 accordingly, yields simplified and uncoupled scalar
A. Description of the wave guide structure wave equations that are readily solved. Hyecomponent of

The structure considered in this paper is shown in Fig. 1the TE* modes must satisfy the Helmholtz wave equation
It consists of a metal film of thicknesswidth w and equiva- 7 ;
lent permittivity e,, surrounded by an infinite homogeneous TE TE 2, 2 TE_
dielectric of permittivitye;. The Cartesian coordinate axes WEV * ay? By +ly+ one(x)]E,"=0 @
used for the analysis are also shown with propagation taking
p|ace a|ong the axis, which is out of the page. and theHy component of thef M* modes must satisfy the
It is assumed in this study that the metal region shown inSturm-Liouville wave equation
Fig. 1 can be modeled as an electron gas over the wave-
lengths of interest. According to classical or Drude electron ™
theory, the complex relative permittivity of the metal region €(X) X o2ty

Iy
is given by the well-known plasma frequency dispersion
relatiorf +[ Y+ w?pe(x)JHJM=0. (5)

Il. PHYSICAL BASIS AND NUMERICAL TECHNIQUE
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The superposition of th& EX and TM* mode families then accurate, and flexible. It can handle a wide variety of wave
describes any mode propagating in the structure analyzeduide geometries, including the structures at hand. The
The electric and magnetic field components resulting frommethod is not known to generate spurious or nonphysical
this superposition are given by the following equations: modes.

The MoL formulation used in this study is based on the

X:___l i(iiHTM +w2uHIM|, (6)  formulation reported in Ref. 15, but simplified for isotropic
joy[ax|e(x) ox Y Y media, as prescribed by Eqe)—(11) and reported in Ref.
1 2 16. Except for a 1D spatial discretization, the method is ex-
E,= E;E_ . HIM ) act.
jwye(x) axay Y

The main idea behind the MoL is that the differential field
equations governing a wave guiding problem are discretized
only as far as necessary so that generalized analytic solutions
can be applied to derive a homogeneous matrix problem de-
scribing all modes supported by the structure. This approach

190 1 J
_1 % TE 7 ™
Ez_yayEy +jwe(x) ax Iy ®

1 [1 42 TE, 2 TE renders the method accurate and computationally efficient
HX:W ; {Q_XZEY Toe(X)E, 7|, 9 since onlyN-1 dimensions must be discretized to solveNan
dimension problem. In the case of a 2D wave guiding struc-
1 92 ture, this means that only one spatial dimension needs to be
Hy=—r — EjE+HIM, (100 discretized. The main features of this procedure, as applied
Jorm y to a modal analysis problem are described below.
“1 4 19 Thex axis and the functior(x) are discretized using two
H,=— —E;E+ - —H;M, (11)  shifted nonequidistant line systems, parallel to yreis.
Jop ax v 9y The differential operatorg/dx and 3%/9x? in the wave

In order to obtain a mode of propagation supported by #@nd field equations are replaced by finite difference approxi-
wave guiding structure, the Helmholtz and Sturm-Liouville mations that include the lateral boundary conditions.

wave equationg4) and (5), along with the field equations The discretized wave equations are diagonalized using ap-
(6)—(11), must be solved for the propagation constanis-  propriate transformations matrices.

ing appropriate boundary conditions applied between layers The diagonalization procedure yields in the transform do-

and at the horizontal and vertical limits. main two systems of uncoupled 1D differential equations
along the remaining dimensidim this case along thgaxis).
C. Poynting vector and power confinement factor These differential equations are solved analytically and

: i i . tangential field matching conditions are applied at interfaces

The power confmement. factor is defined as the ratio ohetween layers along with the top and bottom boundary con-
mode complex power carried through a portion of a waveyitions.

guide’s cross section with respect to the mode complex The |ast field matching condition, applied near the center

power carried through the entire wave guide cross sectionyf the structure, yields a homogeneous matrix equation of the

Formally it is expressed as form G(y)@=0 which operates on transformed tangential
fields.
cf= |ffACSst| (12) The complex propagation constamtof modes is then
|[[a,SA9’ obtained by searching for values that satisfy[@é§)]=0.

Once the propagation constant of a mode has been deter-

whereA, is usually taken as the area of the wave guide corenineq, the spatial distribution of all six field components of
andA.. implies integration over the entire wave guide Crossihe mode are easily generated.

section(which can be all cross-sectional space for an open A mode power confinement factor can be computed by
structurg or the entire cross-sectional computational domainsst computing the spatial distribution &, which is then

S, refers to thez component of the Poynting vector integrated according to EG12).
1 The open structure shown in Fig. 1 is discretized along
SzZE(ExH§ —E,H}) (13)  thexaxis and the generalized analytic solution applied along

the y axis. The physical symmetry of the structure is ex-
ploited to increase the accuracy of the results and to reduce

andH;y denotes the complex conjugatetdf , . The spatial th ical offort red t te th q luti
distribution of a component of the Poynting vector is easily € humerical efiort required o generate the mode Solutions.
This is achieved by placing either electric waltt{,=0) or

computed from the spatial distribution of the relevant electric ; L
and magnetic mode field components. magnetic wall H,,=0) boundary conditions along theand
y axes. The remaining top boundary condition is placed at

infinity and the remaining lateral boundary condition is ei-
ther placed far enough from the guide to have a negligible
The boundary value problem governed by equati@ns  effect on the mode calculation, or a lateral absorbing bound-
(112) is solved by applying the method of linésloL). The  ary condition is used to simulate infinite space, depending on
MoL is a well-known numerical technique and its applica-the level of confinement observed in the resulting mode.
tion to various electromagnetic problems, including optical The use of numerical methods to solve differential equa-
wave guiding, is well establishéd.The MoL is rigorous, tions inevitably raises questions regarding the convergence

D. Numerical solution approach
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of computed results and their accuracy. The propagation con- € 1€ 2

stant of a mode computed using the method of lines con- ﬂ/,30=R€[ T : (14
verges in a monotonic or smooth manner with a reduction in €1t éra

the discretization intervaiwhich increases the number of

lines in the calculation and thus the numerical efforthis al By=— Im[ \ /m ’ (15)
suggests that extrapolation can be used to generate a more €1t €2

accurate value for the propagation constgnt, and this V?'“\ﬁ/hereﬁozw/co with ¢, being the velocity of light in free
can then be used to compute the error in values obtaineghace, and, ; ande, , are the complex relative permittivities
using the coarser discretizatiot{sThis anticipated error  of the materials used. Using the above equations, values of
does not correspond to the actual error in the propagatioB/s,=2.250646 anda/B,=0.83624% 10”2 are obtained
constant as the latter could only be known if the analytic offor € 1=4 ande, ,= —19-j0.53.
exact value is available. The anticipated error however still  As the thickness of the film decreases, the phase and at-
provides a useful measure of accuracy since it must tengenuation constants of the, mode increase, becoming very
toward zero as more accurate results are generated. large for very thin films. This is due to the fact that the fields
The convergence of the computed propagation constant aff this mode penetrate progressively deeper into the metal as
the modes supported by the structures of interest has beds thickness is reduced. In the case of ggemode, a de-
monitored during the entire study. The anticipated error increasing film thickness causes the opposite effect, that is, the
the results presented in this paper is estimated as 1% dields penetrate progressively more into the top and bottom
average and 6% in the worst case. These error values afkelectric regions and less into the metal. The propagation

based on extrapolated propagation constants computed usifgnstant of this mode thus tends asymptotically towards that
Richardson’s extrapolation formut4. of a transverse electromagne(itEM) wave propagating in

an infinite medium having the same permittivity as the top
and bottom dielectric regions. In this case, the attenuation
constant decreases asymptotically towards zero since losses
were neglected in these regions. Tdeands, modes do not
have a cutoff thickness.

A. Review of mode solutions for metal film slab wave guides The fields in an infinitely wide structure do not exhibit
any spatial variation along. Due to the nature of the MoL,
and to the fact that the generalized analytical solution is ap-
plied along they dimension, our results do not contain dis-
cretization errors and thus are in perfect agreement with
' those reported in Ref. 6.

IIl. MODE CHARACTERISTICS AND EVOLUTION
WITH FILM THICKNESS

The study begins with the reproduction of results for an
infinitely wide symmetric metal film wave guide, as shown
in Fig. 1 withw=o0, taken from the standard work on such
structure. In order to remain consistent with their results
the optical free-space wavelength of excitation is sek o
=0.633um and their value for the relative permittivity of
the silver film at this wavelength is used, ,=—19
—j0.53. The relative permittivity of the top and bottom di-  The study proceeds with the analysis of the structure
electric regions is set te, ;=4. shown in Fig. 1 for the case=1 um. The material param-

An infinitely wide structure supports only two purely eters and free-space wavelength that were used in the previ-
bound TM (E,=H,=H,=0) modes having transverse field ous case\ =) were also used here. The MoL was applied
componentsE, andH, that exhibit asymmetry or symmetry and the discretization adjusted until convergence of the
with respect to thex axis. These modes are created from thepropagation constant was observed. The physical quarter
coupling of individual plasmon-polariton modes supportedsymmetry of the structure was exploited by placing vertical
by the top and bottom interfaces and they exhibit dispersiomnd horizontal electric or magnetic walls along thand x
with film thickness. The widely accepted nomenclature foraxes, respectively, which leads to four possible wall combi-
identifying them consists in using the letterer sfor asym-  nations as listed in Table I. The first two purely boundn-
metric or symmetric transverse field distributions, respecieaky) modes for each wall combination was found and their
tively, followed by a subscripb or | for bound or leaky dispersion with metal thickness computed. The results for
modes, respectively. The propagation constants oftrend  these eight modes are shown in Fig. 2.

s, modes have been computed as a function of film thickness Unlike its slab counterpart, pure TM modes are not sup-
and the normalized phase and attenuation constants are plgerted by a metal film of finite width: all six field compo-
ted in Figs. 2a) and 2b), respectively. nents are present in all modes. For a symmetric structure

From Fig. 2, it is observed that th&, and s, modes having an aspect ratiw/t>1, theE, field component domi-
become degenerate with increasing film thickness. As theates. TheE, field component increases in magnitude with
separation between the top and bottom interfaces increasdacreasing film thickness and Vfi/t<1, thenE, dominates.
the a, ands, modes begin to split into a pair of uncoupled Recently, a proposal was made to identify the modes sup-
plasmon-polariton modes localized at the metal-dielectric inported by a metal film of finite width, by extending the no-
terfaces. The propagation constants of #igands, modes menclature used for metal film slab wave guidié&irst a
thus tend towards that of a plasmon-polariton mode suppair of letters being or s identify whether the main trans-
ported by the interface between semi-infinite metallic andverse electric field component is asymmetric or symmetric
dielectric regions, which is given via the following with respect to they andx axes, respectivel{in most prac-
equations: tical structuresv/t>1 andE, is the main transverse electric

B. Modes supported by a metal film of widthw=1 pm
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FIG. 2. Dispersion characteristics with thickness of the first eight modes supported by a metal film wave guide wf=nidihm. The
a, and s, modes supported for the cage=c are shown for comparisor{a) Normalized phase constartt) Normalized attenuation

constant.

field component A superscript is then used to track the thex axis) between the corners. A second supersaripbuld
number of extrema observed in the spatial distribution of thisbe added to track the extrema along the other dimer(sien
field component along the largest dimensiosually along y axis) if modes exhibiting them are found. Finally, a sub-
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TABLE . Vertical-horizontal wall combinations used along the the proposed mode nomenclature to the corresponding verti-
axes of symmetry and proposed mode nomenclature. ew: electrical and horizontal wall combinations used along the axes of

wall, mw: magnetic wall. symmetry.
The ss, sa), as), andaa) modes are the first modes
V-H walls Mode generated(one for each of the four possible quarter-
m symmetries listed in Table |, and having the largest phase
ew-ew as;

constant and thus may be considered as the fundamental

mw-ew Sﬂ modes supported by the structure. Figures 3—6 show the field
mw-mw S8y, distributions of these modes over the cross section of the
ew-mw aay wave guide for a metal film of thicknegs=100 nm. As is

observed from these figures, the main transverse electric field
component is thée, component and the symmetries in the
scriptb or | is used to identify whether the mode is bound orspatial distribution of this component are reflected in the
leaky. Leaky modes are known to exist in metal film slabmode nomenclature. The outline of the metal is clearly seen
structures and though they have not been characterized in tfie the distribution of theE, component on all of these plots.
present study, their existence is anticipated. Table | relateAs is observed from the figures, very little field couples par-

Re{E } RefH }
(V/m) (mA/m)

-1 ~_- 0.2 1 ~~_=" 0.2

. Re(E}

Im{H_}

y (um)

y (um)

X (um) X (um)

FIG. 3. Spatial distribution of the six field components related tos@emode supported by a metal film wave guide of thickness
=100 nm and widthw=1 um. The waveguide cross section is located inxheplane and the metal is bounded by the regiof.5<x
<0.5um and —0.05<y=<0.05um, outlined as the rectangular dashed contour. The field distributions are normalized such that
maqRe[E,}[=1.
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Re{EX} Re{Hx}
| (mA/m)

05
14

-1 -~ _= 0.2

FIG. 4. Spatial distribution of
the six field components related to
the sag mode supported by a
metal film wave guide of thick-
ness t=100nm and width w
=1um. The wave guide cross
section is located in thg-y plane
and the metal is bounded by the
region —0.5<x<0.5um and
—0.05=y=<0.05um, outlined as
the rectangular dashed contour.
The field distributions are normal-
ized such that maRe[E }|=1.

y (um)

y (um)

X (um) X (um)
allel edges for this case of film thickness and widtery  ther supported by considering the evolution of the field dis-
little coupling through the metal between the top and bottontributions given in Figs. 3 to 6 as both the thickness and
edges and between the left and right edg#sugh coupling  width increase.

does occur along all edges between adjacent cofnasstly As the thickness of the film decreases, coupling between_
along the left and right ongsand also between perpendicu- the top and bottom edges increases and the four modes split
lar edges through the corner. into a pair as the upper bran¢modessa) andaa_ which

Figure 2 suggests that the dispersion curves for these firftave a dominank, field component exhibiting asymmetry
four modes converge with increasing film thickness towardwith respect to thex axis) and a pair as the lower branch
the propagation constant of a plasmon-polariton mode sup(modess£ andasg which have a dominar, field compo-
ported by an isolated cornéthough pairs of corners in this nent exhibiting symmetry with respect to theaxis), as
case remain weakly coupled along the top and bottom edgeshown in Fig. 2. The pair on the upper branch remain ap-
due to the finite width of the film, even if its thickness goesproximately degenerate for all film thicknesses, though de-
to infinity). If both the film thickness and width were to creasing the film width would eventually break this degen-
increase further, the four fundamental modes would aperacy. The upper branch modes do not change in character as
proach degeneracy with their propagation constants tendingpe film thickness decreases. Their field distributions remain
towards that of a plasmon-polariton mode supported by aessentially unchanged from those shown in Figs. 4 and 6
isolated corner, and their mode fields becoming more localwith the exception that confinement to the metal region is
ized near the corners of the structure with maxima occuringncreased thus causing an increase in their attenuation con-
at all four corners and fields decaying in an exponential-likestant. This field behavior is consistent with that of e
manner in all directions away from the corners. This is fur-mode supported by a metal film slab wave guide.
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RefH }
(mA/m)

Y (um) com % yem

X (um)

FIG. 5. Spatial distribution of the six field components related toabﬂamode supported by a metal film wave guide of thickness
=100 nm and widthw=1 um. The waveguide cross section is located inxheplane and the metal is bounded by the regiof.5<x
<0.5um and —0.05<y=<0.05um, outlined as the rectangular dashed contour. The field distributions are normalized such that the
maqRe(E,}[=1.

The modes on the lower branch begin to split at a filmfrom thess) modes fields using Eq13) and corresponds to
thickness of about 80 nm, as shown in Fig. 2. As the filmthe complex power density carried by the mode. The power
thickness decreases further ﬂm% mode follows closely the confinement factor cf is also given in the figure for all cases,
phase and attenuation curves of sgenode supported by the and is computed via Eq12) with the area of the wave guide
metal film slab wave guide. In addition to exhibiting disper- coreA taken as the area of the metal region. Figure 7 clearly
sion, the lower branch modes change in character with deshows how the mode fields evolve from being confined to
creasing thickness, their field evolving from being concen+the corners of thick films to being distributed in a Gaussian-
trated near the corners, to having Gaussian-like distributionfke manner laterally along the top and bottom edges, as the
along the wave guide width. THg, field component of the  fig|q coupling between these edges increases due to a reduc-
s mode develops an extremum near the center of the t0fon in film thickness. The confinement factor becomes
and bottom interfaces, while that of tlaes) mode develops smaller as the film thickness decreases, ranging from 14%
two extrema, one on either side of the center. Since thesgonfinement to 1.6% as the thickness goes from 80 to 20 nm.
modes change in character, they should be identified wheThis implies that fields become less confined to the metal,
the film is fairly thick. spreading out not only along the vertical dimension but along

Figure 7 shows the evolution of thes) mode fields with  the horizontal one as well, as is observed by comparing parts
film thickness via contour plots of R8}. S, is computed (a) and (f) of Fig. 7. This reduction in confinement to the
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RefH }
| (mA/m)
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14
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FIG. 6. Spatial distribution of the six field components related toetla% mode supported by a metal film wave guide of thickness
=100 nm and widthw=1 um. The waveguide cross section is located inxheplane and the metal is bounded by the regiof.5<x

<0.5um and —0.05<y=<0.05um, outlined as the rectangular dashed contour. The field distributions are normalized such that

maqRe(E,}[=1.

lossy metal region, explains the reduction in the attenuatioing a different perspective of the same information plotted as
constant of the mode with decreasing film thickness, agontours in Fig. #). Figure 8 shows that R8,} is negative
shown in Fig. 2b). An examination of all field components in the metal film, implying that the mode real power is flow-
related to thess) mode reveals that the magnitude of theing in the direction opposite to the direction of mode propa-

weak transversel| ,H,) and longitudinal E,,H,) compo-

gation(or to the direction of phase velocjtin this region. It

nents decrease with decreasing film thickness implying thai clear, however, that the overall or net mode real power is
the mode is evolving towards a TEM mode comprised of theflowing along the direction of propagation. It is likely that
Ey andH, field components. Indeed, the normalized propathe net mode real power can be made to flow in the direction

gation constant of thesﬁ mode tends asymptotically to-

opposite to that of phase velocitgs in metal film slab wave

wards the value of the normalized propagation constant of guides® for values ofe, 5 in the neighborhood or greater

TEM wave propagating in the background mate(igl,=4
with no losses in this cagefurther supporting this fact. This
field behavior is also consistent with that of teg mode
supported by a metal film slab wave guide.

Figure 8 shows the profile of R} of the ssg mode over
the cross section of the guide for the case20 nm, provid-

than|Re{e; ,}|.

Unlike the metal film slab waveguide, a metal film of
finite width can support a number of higher order modes.
The dispersion curves of the first four higher order modes
(each generated from one of the symmetries listed in Table |
are shown in Fig. 2, and the spatial distribution of their main
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FIG. 7. Contour plot of RES,} associated with thes, mode for metal film wave guides of width=1 xm and various thicknesses. The
power confinement factor cf is also given in all cases, and is computed vid Bqvith the area of the wave guide cofe taken as the area
of the metal region. In all cases, the outline of the metal film is shown as the rectangular dashed contour.

transverse electric field component is shown in Fig. 9 for aand thea, mode supported by the metal film slab wave
film of thicknesst=100 nm. As is observed from Fig. 9, the guide, in that their mode fields become more tightly con-
symmetries and number of extrema in the distributions ofined to the metal as the thickness of the latter decreases,
SieEé} tir:t rﬁ:‘fﬁ:ﬁj rlg Tfetrr:eocri]%rgzrr?;gﬂ?éuirse.sm ;?‘E'gt t;Qhereby causing an increase in the attenuation of the modes,
H ; 1 2
higher order modesa]' andss' have an oddn while all d(s) snr:)(:v:/:r;];r:] Fig. @). Furthermore, theg, andaa; modes
ge in character with film thickness, their field

higher order modeaay' andasy' have an evemn. Compar- i o . : :
. X X . istributions remaining essentially unchanged in appearance
ing parts(a)—(d) of Fig. 9 with theE, field component of the from those computed at a thickness of 100 nm.

correspondingn=0 mode in Figs. 3—6i.e., comparing the . . ;
E, component of thess: mode shown in Fig. @) with the ' Thessé andas? modes .evolve with thickness in a manner
similar to the correspondingi=0 modes(and thes, mode

E, component of thess, mode shown in Fig. 3, ettreveals ; . .
Y P Sg 9 E f the metal film slab wave guidlén the sense that their

that the fields of a higher order mode are comprised of the . : .
fields of the correspondinm=0 mode with additional spa- ields become less confined to the metal region as the thick-

tial oscillations or variations along the top and bottom edged'€SS Of the latter decreases, thereby reducing the attenuation

of the structure due to the latter’s limited width. Making this Of the modes as shown in Fig(l. As the thickness of the

comparison for all of the field components of the higherfilm decreases, thes; andas) modes change in character in

order modes found reveals this fact to be true, except for the manner similar to the corresponding=0 modes, their

H, field component which remains in all cases essentiallyfield components evolving extra variations along the top and

identical to that of the correspondimg=0 mode; ie: theH, bottom edges.

field component never exhibits oscillations along the width As the thickness of the film increases, the propagation

of the structure. constants of thesa, and ss, modes converge to a single
The evolution of thesa} andaa? modes with film thick-  complex value as shown in Fig. 2. This is the propagation

ness is similar to the evolution of thmg and aag modes constant of uncoupled higher order modes supported by the



10 494 PIERRE BERINI PRB 61

1—  Re{S} (W/m?)

0.5 —

y (um)

X (nm)

FIG. 8. Normalized profile of R&} associated with thes) mode for a metal film wave guide of widtv=1 um and thickness
=20nm. The wave guide cross section is located inxheplane and the metal film is bounded by the regiof.5<x<0.5um and
—0.01=<y=<0.01um, outlined as the rectangular dashed contour.

top and bottom edges of the film. A similar observation holds In general, the purely bound modes supported by a metal
for the aaﬁ and asg modes. The nature of these “edge film of finite width appear to be formed from a coupling of
modes” is clear by considering the evolution with increasingmodes supported by each metal-dielectric interface defining
film thickness of the distributions shown in Fig. 9. As the the structure. In a metal film of finite width, straight inter-
thickness of the film tends to infinity, the top edge becomedaces of finite lengttitop, bottom, left, and right edgeand
uncoupled from the bottom edge, forcing thg}) mode to  corner interfaces are present. Since a straight metal-dielectric
become degenerate with the mode since both have &, interface of infinite length can support a bound plasmon-
field component that is symmetric with respect to yhexis polariton mode_ then so shqu_ld an isolated corner interface
and one extremum in its distribution along the top or bottom@Nd @ straight interface of finite length bounded by corners
edge. A similar reasoning explains why the? mode must (52 the edge defined by a metal of finite width having an
become degenerate with tlsazb mode. In general, it is ex- infinite thickness A preliminary analysis pf an |solat§d cor-
pected that the higher ordeal! andss mode families wil ner has revealed that a plasmon-polariton mode is indeed

: . X . supported and that the phase and attenuation constants of this
form degenerate pairs for a givem as will the higher order

m o o T . mode are greater than those of the mode guided by the cor-
asy andaay' mode families, with increasing film thickness. responding infinite straight interface, as given by Eds)

‘Theaay' andsay’ mode families do not have mode cutoff 44 (15). This is due to the fact that fields penetrate more
thickness. This is due to the fact that their confinement to th%ieeply into the metal near the corner, to couple neighboring
metal film increases with decreasing film thickness, thus th%erpendicular edges. All six field components are present in
modes remain guided as-0. Theas;' andss)' mode fami-  such a mode, having their maximum value at the corner and
lies have cutoff thickness for all modes except $isg mode, decreasing in an exponential-like manner in all directions
which remains guided dt- 0, since it evolves into the TEM away from the corner. A straight interface of finite length
mode supported by the background. The other modes dfounded by corners should support a discrete spectrum of
these families, including thasg mode cannot propagate as plasmon-polariton modes with the defining feature in the
t—0 because their mode fields do not evolve into a TEMmode fields being the number of extrema in their spatial
mode. Rather, the modes maintain extrema in their field disdistribution along the edge. A mode supported by a metal
tributions and such variations cannot be supported by an irfilm of finite width may therefore be seen as being comprised
finite homogeneous medium. of coupled “corner modes” and “finite length edge modes.”
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The s, mode could be used for optical signal transmis-were sought, but in this case only six modes were found. The
sion over short distances. Its losses decrease with decreasidigpersion curves with thickness of the modes found are plot-
film thickness in a manner similar to ttsg mode supported ted in Fig. 10. The observations made in the previous section
by the metal film slab wave guide. In a symmetric structureregarding the general behavior of the modes hold for other
such as the one studied here, 88 mode does not have a film widths, including this one.
cutoff thickness thus losses could be made small enough to The aa; and as; modes, which were the highest order
render it long ranging, though a trade off against confineimodes found for a film of widtw=1 um, were not found
ment is necessary. In addition, when the metal is thinfthe in this case suggesting that the higher order modes Q)
field component of the mode has a maximum near the centén general have a cutoff width. By comparing Fig.(d40with
of the metal-dielectric interfaces, with a symmetric profile 2(a), it is apparent that decreasing the film width causes a
similar to that shown in Fig. 8. This suggests that the modalecrease in the phase constant of s and sa; modes,
should be excitable using a simple end-fire technique similafurther supporting the existence of a cutoff width for these
to the one employed to excite surface plasmon-polaritormodes.
modes!®®this technique is based on maximizing the overlap By comparing Figs. 10 and 2, it is noted that the modes
between the incident field and that of the mode to be excitedwhich do exhibit cutoff thicknesseshe sg' modes withm
>0 and theas]' modes withm=0), exhibit them at a larger
IV. MODE DISPERSION WITH FILM WIDTH thickness for a narrower film width. This makes it possible to
design a wave guide supporting only one long-ranging mode

Since the modes supported by a metal film wave guldl?the s£ mode by carefully selecting the film width and

exhibit dispersion with film thickness, it is expected that theythickness
also exhibit dispersion with film width. )
A. Modes supported by a metal film of widthw=0.5um B. Dispersion of thess) mode with film width

The study proceeds with the analysis of a metal film wave The dispersion with thickness of tise) mode is shown in
guide of widthw=0.5um. The material parameters and Fig. 11 for numerous film widths in the range 0%
free-space wavelength that were used in the previous sectionl «m, illustrating the amount of dispersion in the mode
were also used here. A film width of 04m was selected in  properties that can be expected due to a varying film width.
order to determine the impact of a narrowing film on theln all cases ths<) mode evolves with decreasing film thick-
modes supported and to demonstrate that the structure camess into the TEM wave supported by the background but
still function as a wave guide though the free-space opticathis evolution occurs more rapidly for a narrower width. For
wavelength is greater than both the width and thickness o# film of thicknesst=20nm, for example, from Fig. 18),
the film. the normalized phase constant of the mode supported by a

As in the previous section, the first eight modes supportedilm of width w=1 um is about 2.05 while that of the mode
by the structureitwo for each symmetry listed in Table | supported by a film of widtlw=0.25um 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=n@dBu.m. The
a, and s, modes supported for the case=c are shown for comparisor{a) Normalized phase constartb) Normalized attenuation
constant.

This fact is also supported by the results plotted in FigbL1l backgroundfor narrow film widths compared to wider ones.
since the attenuation constant of the mode at a thickness dfideed, at a thickness of 10 nm, the attenuation of the mode
t=20nm is closer to zer@¢the attenuation constant of the for a width ofw=0.25um is more than an order of magni-



PRB 61

28

25

24

23

22

241

107°

(b)

PLASMON-POLARITON WAVES GUIDED BY THIN . ..

10 497

BB,
T T T T T T T T T
- w=1.0 um
- a3 w=0.75 um -
20 /-’ w=0.5 pm
/ "y w=0.375 um
o, e w=0.25 um
7.
(e
C ) 1 ] ] 1 1 1 ! ! .
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Thickness ¢ (um)
a/B,
F T T T T T T T T T
E % r
A w=1.0 pm

1h w=0.75 um
Eo w=0.5 um E
Eo w=0.375 um

{f fee———— wW=0.25 pm

i
il

1

il | | 1 | | | | 1 |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 02

Thickness t(um)

FIG. 11. Dispersion characteristics with thickness ofsbﬂemode supported by metal film wave guides of various widths. hmode
supported for the casg= is shown for comparisor(a) Normalized phase constarth) Normalized attenuation constant.

tude less than its attenuation at a widthwef1 um (and

The dispersion of the mode with increasing film thickness

more than an order of magnitude less than that ofghe also changes as a function of film width, as seen from Fig.

mode supported by a metal film slab wave gujdedicating

11(a). This is due to the fact that the amount of coupling

that this mode can be made even more long ranging by rébetween corners along the top and bottom edges increases as

ducing both the film thickness and its width.

the film narrows, implying that the mode does not evolve
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FIG. 12. Contour plot of RE,} associated with thes) mode for metal film wave guides of thickness 20 nm and various widths. The
power confinement factor cf is also given in all cases, and is computed vid Bqvith the area of the wave guide cofe taken as the area
of the metal region. In all cases, the outline of the metal film is shown as the rectangular dashed contour.

with increasing thickness towards a plasmon-polariton modev. EFFECTS CAUSED BY VARYING THE BACKGROUND
supported by an isolated corner but rather towards a PERMITTIVITY
plasmon-polariton mode supported by the pair of corners

coupled via these edges. mode due to variations in the background permittivity of the
Figure 12 shows contour plots of 8 related o thess, a6 guide are investigated in this section. Only e

mode supported by films of thickness 20 nm and various  64e is considered since the main effects are in general ap-
widths. The power confinement factor is also given for a”plicable to all modes.

cases, with the area of the wave guide cAgetaken as the In order to isolate the effects caused by varying the back-
area of the metal region. This figure clearly illustrates howground permittivity, the width of the metal film was fixed to
the fields become less confined to the lossy metal as its widt{y=0.5 um and its permittivity as well as the optical free-
decreases, explaining the reduction in attenuation shown igpace wavelength of analysis were set to the values used in
Fig. 11(b) at this thickness. In addition, the confinement fac-the previous sections. The relative permittivity of the back-
tor ranges from 1.64 to 0.707 % for the widths consideredgrounde, ; is taken as the variable parameter.

further corroborating this fact. The fields are also seen to The dispersion with thickness of tls&) mode is shown in
spread out farther, not only along the horizontal dimensiorFig. 13 for some background permittivities in the range 1
but along the vertical one as well, as the film narrows. This<e, ;<4. Figure 14 compares contour plots of{B¢ related
indicates that the mode supported by a narrow film is fartheto this mode for a film of thickness=20nm and for the
along in its evolution into the TEM mode supported by thesame set of background permittivities used to generate the
background, compared to a wider film of the same thicknessurves plotted in Fig. 13. From Fig. 14, it is observed that
It is also clear from this figure that the trade off betweenreducing the value of the background permittivity causes a
mode confinement and attenuation must be made by consideduction in field confinement to the metal. This reduction in
ering not only the film thickness but its width as well. field confinement within the lossy metal in turn causes a

The changes in the propagation characteristics osﬁe
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reduction in the attenuation of the mode that can be quitéhe mode properties occur. In particular, as the background
significant, Fig. 13 showing a reduction of almost four orderspermittivity is reduced, the cutoff width of the higher order
of magnitude at a film thickness of=20nm, as the back- modes increase as do all relevant cutoff thicknesses.
ground relative permittivity ranges frorg ;=4 to 1. It is
also noted that the mode exhibits less dispersion with thick-
ness as the background relative permittivity is reduced, since
the normalized phase constant curves shown in Fig. 13 flat-
ten out with a reduction in the value of this parameter. In order to isolate the frequency dependence ofg@

From Fig. 14, it is seen that the mode power is confined tanode solutions, the geometry of the metal film was held
within approximately one free-space wavelength in all direc-constant and the background relative permittivity was set to
tions away from the film in all cases excé, where fields ¢ ,=4. The relative permittivity of the metal filra, , was
are significant up to about two free-space wavelengths. Issumed to vary with the frequency of excitation according
Fig. 14(c), the background permittivity is roughly that of to Eq. (1). In order to remain consistent wittthe values
glass and from Fig. 13 the corresponding normalized attenu(;)p: 1.29x10%rad/s and W=7r=1.25x10 ¥s were
ation constant of the mode is abomtB8,=6.0x107°. The adopted though the latter do not generate exaetly=
associated mode power attenuation in dB/mm, computed us- 19—j0.53 at\y=0.633xm, which is the value used in the
ing the following formula: previous sections. This is due to the fact that values of
and 7 are often deduced by fitting E@l) to measurements.
The values used, however, are in good agreement with recent
measurements made for sil¥emd are expected to generate
frequency dependent results that are realistic and experimen-
is about 5 dB/mm. This value of attenuation is low enoughtally verifiable.
and field confinement is high enough as shown in Figcj14 The dispersion characteristics of tbeﬁ mode supported
to render this particular structure practical at this free-spacey films of widthw=0.5um andw=1 um, and thickness
wavelength for applications requiring short propagationin the range 16:t<50nm are shown in Fig. 15 for frequen-
lengths. cies covering the free-space wavelength range<Q.

The changes in mode properties caused by varying the2 ym. Curves for thes, mode supported by metal film
background permittivity as discussed above are consisteriab wave guidesw==) of the same thicknesses are also
with the changes observed for the modes supported by ghown for comparison.
metal film slab wave guide and the observations are in gen- The results given in Fig. 18) show in all cases that the
eral applicable to the other modes supported by a metal filmyormalized phase constant of the modes tend asymptotically
of finite width. In the case of the higher order modes ( towards that of the TEM wave supported by the background
>0) and those exhibiting a cutoff thicknegheasy modes  as the wavelength increases, and that the convergence to this
for all mand thess)' modes form>0) additional changes in value is steeper as the width of the film decreades a

VI. FREQUENCY DEPENDENCE
OF THE ss‘; MODE SOLUTIONS

20
Att=a X mloglo( e) (16
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FIG. 14. Contour plot of RES,} associated with thes mode for a metal film wave guide of widtw=0.5um and thicknesg
=20nm for various background permittivities; . In all cases, the outline of the metal film is shown as the rectangular dashed contour.

given thicknesp The curves remain essentially unchanged inlength increases, which means that the mode confinement to
character as the thickness changes but they shift upwardse metal region decreases explaining in part the decrease in
toward the top left of the graph with increasing thickness, asosses and the evolution of the mode towards the TEM mode
shown. Convergence to the asymptote value with increasingf the background as shown in Fig. 15. This behavior is more
wavelength suggests that tb@ mode evolves into the TEM pronounced for the waveguide of widii=0.5um com-
mode supported by the background. It is noteworthy that th@ared to the wider one of widtv=1.0um.
SSg mode can exhibit very little diSperSion over a wide band- There are two mechanisms Causing Changes insﬁe
width, depending on the thickness and width of the film,mode as the frequency of operation varies. The first is the
t_hough flat dispersion is also associated with low field CONyeometrical dispersion which changes the optical or apparent
finement to the metal film. _ size of the film and the second is material dispersion which is
The results plotted in Fig. 15) show in all cases a de- ,4ejeqd for the metal region using E@). If no material
creasing attenuation with increasing wavelength and th?iispersion is present, then the geometrical dispersion renders

ngezrzzog 183%26\;:&&2; aTnhéerrz\;\tlewZna:téigﬁsgl;?\)/es the film optically smaller as the free-space wavelength is
P . T . . increasedan effect similar to reducing andw) so in the
look essentially the same for all of the film thicknesses con-

sidered, though the range of attenuation values shifts dowrE2S€ ©f thess; mode, confinement to the film is reduced and
wards on the graph with decreasing film thickness. the mode spreads out. in all directions away frpm the latter.
Figure 16 gives contour plots of R®) related to thessg Now based on Eq(l), it is (_:Ie_a_r that the magnltude of t_he
mode for films of thicknesst=20nm and widthsw €@l part of the film’s permittivityl Rele; ,}| varies approxi-
=0.5um andw=1 um, for three free-space wavelengths of mately in a 1b? or \3 fashion while the magnitude of its
operation:,=0.6, 0.8, and 1.xm. Comparing the contours imaginary part|im{e ;}| varies approximately in a & or
shown in Fig. 16, explains in part the frequency dependenk§ fashion. However, an increase jRe{e 5| reduces the
behavior plotted in Fig. 15. Figure 16 shows that the modepenetration depth of the mode fields into the metal region
power contours spread out farther from the film as the waveand combined with the geometrical dispersion causes a net
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FIG. 15. Dispersion characteristics with frequency of ﬂé mode supported by metal film wave guides of wigik-0.5.m andw
=1 um and various thicknessésThe s, mode supported for the case= and the thicknesses considered is shown for comparigpn.
Normalized phase constarth) Mode power attenuation computed using ELf) and scaled to dB/cm.

decrease in mode attenuation with increasing wavelengtthe range 0.1 to 10 dB/cm are possible near communications
even though the losses in the film increase mgafashion. wavelengths X~ 1.5um) using structures of reasonable di-
Figure 15b) shows that mode power attenuation values inmensionsw~1.0um andt~15nm. Such values of attenu-
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FIG. 16. Contour plot of RS} associated with thssg mode for metal film wave guides of widtw=0.5um andw=1 um, and
thicknesst=20 nm at various free-space wavelengths of excitatignin all cases, the outline of the metal film is shown as the rectangular
dashed contour.

ation are low enough to consider theg mode as being long ported as well. A proposed mode nomenclature suitable for
ranging, suggesting that these wave guides are practical fadentifying them has been discussed. The dispersion of the
applications requiring propagation over short distances. Asnodes with film thickness has been assessed and the behav-
shown in the previous section, even lower attenuation value®r in general terms found to be consistent with that of the
are possible if the background permittivity is lowered. Frompurely bound modes supported the metal film slab wave
parts(c) and (f) of Fig. 16 (case\o,=1.2um, which is near guide. In addition, it has been found that one of the funda-
communications wavelengthst is apparent that the mode mental modes and some higher order modes have cutoff
power confinement is within one free-space wavelength ofhicknesses. Mode dispersion with film width has also been
the film, which should be tight enough to keep the modenvestigated and it has been determined that the higher order
bound to the structure if a reasonable quality metal film ofmodes have a cutoff width, below which they are no longer
the right geometry can be constructed. propagated. The effect of varying the background permittiv-
ity on the modes has been investigated as well, and the gen-
eral behavior found to be consistent with that of the modes
supported by a metal film slab wave guide. In addition it was
The purely bound optical modes supported by a thin lossyletermined that the cutoff width of the higher order modes
metal film of finite width, embedded in an infinite homoge- decreases with decreasing background permittivity and that
neous dielectric have been characterized and described. Ti# cutoff thicknesses are increased.
modes supported by the structure are divided into four fami- One of the fundamental modes supported by the structure,
lies depending on the symmetry of their mode fields andhe ss mode exhibits very interesting characteristics and is
none of the modes are TM in natui&s they are in the metal potentially quite useful. This mode evolves with decreasing
film slab wave guide In addition to the four fundamental film thickness towards the TEM wave supported by the back-
modes that exist, numerous higher order modes are suground, (an evolution similar to that exhibited by thg,

VII. CONCLUSION
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mode in metal film slab wave guidests losses and phase 10 to 0.1 dB/cm are achievable at optical communications
constant tending asymptotically towards those of the TEMwavelengths with even lower values possible. Finally, the
wave. In addition, it has been found that decreasing the filnmode evolved into its most useful form, has a field distribu-
width can reduce the losses well below those ofghenode  tion that renders it excitable using end-fire techniques.
supported by the corresponding metal film slab wave guide. The existence of thssg mode as well as its interesting
Reducing the background permittivity further reduces thecharacteristics makes the finite-width metal film wave guide
losses. However, a reduction in losses is always accompadtractive for applications requiring short propagation dis-
nied by a reduction in field confinement to the wave guidetances. The wave guide offers 2D field confinement in the
core which means that both of these parameters must kieansverse plane rendering it useful as the basis of an inte-
traded off one against the other. Furthermore, carefully segrated optics technology. Interconnects, power splitters,
lecting the film’s thickness and width can make g mode  power couplers, and interferometers could be built using the
the only long-ranging mode supported. It has also been denguides. Finally the structures being quite simple should be
onstrated that mode power attenuation values in the range afexpensive to fabricate.
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