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Theoretical analysis of dielectric-loaded surface plasmon-polariton waveguides
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Waveguiding of surface plasmon-polaritons (SPPs) by a dielectric ridge placed on a metal surface is ana-
lyzed using the effective-index method (EIM) and the finite element method (FEM). Main characteristics of
these dielectric-loaded SPP waveguide (DLSPPW) structures, i.e., the mode effective index, confinement, and
propagation length, are calculated at the telecom wavelength A=1.55 um for different widths and thicknesses
of a polymer ridge (with the refractive index of 1.535) placed on a gold film surface. The condition for
single-mode guiding is investigated using the EIM, and it is found that single-mode DLSPPW guiding can be
realized for ridge thicknesses smaller than ~630 nm and widths below ~655 nm (when decreasing the ridge
thickness, the ridge width suitable for single-mode guiding increases). It is also established that, in contrast to
the usual trade-off, the DLSPPW mode lateral confinement can be improved simultaneously with the increase
in the mode propagation length by choosing the appropriate ridge thickness. The accuracy of the EIM is
evaluated by comparing the computed mode characteristics with those obtained with the FEM and found rather

good for the modes being far from cutoff.

DOL: 10.1103/PhysRevB.75.245405

I. INTRODUCTION

The recent explosive growth of research into plasmonics
has been largely stimulated by the expectation that plasmonic
circuits would be able of combining the best sides of elec-
tronic (with respect to physical dimensions) and optical (with
respect to operation speed) circuits. Plasmonic circuits are
perceived as consisting of photonic components utilizing, in
one or another form, surface plasmon-polaritons (SPPs),
which are quasi-two-dimensional electromagnetic excita-
tions, propagating along a metal-dielectric interface and hav-
ing the field components decaying exponentially into both
neighboring media.! The latter feature results in the SPP
characteristics being a mixture of those found for waves in
dielectric and metal media. Typically, SPPs are tightly bound
to the metal surface penetrating ~100 nm in the dielectric
and ~10 nm in the metal, a feature that implies the possibil-
ity of using SPPs for subwavelength optical interconnects
and photonic circuits.> The main issue in this context is to
strongly confine the SPP field in the cross section perpen-
dicular to the SPP propagation direction (smaller cross sec-
tions ensure smaller bend losses and higher densities of com-
ponents) while keeping relatively low propagation losses.

It has been shown using numerical simulations that
nanometer-sized metal rods can support extremely confined
SPP modes propagating though only over hundreds of
nanometers.’ Similar properties were expected* and indeed
found® for the electromagnetic excitations supported by
chains of metal nanospheres. SPP propagation along metal
stripes® and channels in periodically corrugated regions’ has
also exhibited propagation losses increasing drastically with
the decrease in the stripe or channel width. Recently, SPP
gap waveguides based on the SPP propagation between pro-
filed metal surfaces have been suggested® and various nano-
waveguide configurations have been modeled.’ Quite re-
cently, channel SPP modes, or channel plasmon-polaritons
(CPPs),'” where the electromagnetic radiation is concen-
trated at the bottom of V-shaped grooves milled in a metal
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film, have been first predicted'! and then experimentally
shown'? to exhibit useful subwavelength confinement and
moderate propagation loss. Moreover, various CPP-based
subwavelength waveguide components, including Mach-
Zehnder interferometers and waveguide-ring resonators,
have been successfully realized.'? It should be noted though
that, in general, the SPP confinement is achieved primarily
by decreasing the SPP spatial extent into the dielectric,
thereby increasing the portion of SPP power being absorbed
by the metal, so that the choice of optimum guiding configu-
ration is subject to trade-off with many intricate issues yet to
be elucidated.

In conventional integrated optics, one can drastically re-
duce a waveguide mode size in the lateral cross section by
employing high-index-contrast waveguides, i.e., waveguides
having a core refractive index significantly different from
that in surrounding media.'* A similar approach involving
SPP modes has also been very recently demonstrated.!>!°
The configuration used consists of a dielectric ridge placed
on a metal surface, and the lateral SPP confinement is
achieved due to the fact that the SPP effective index is larger
for the SPP mode supported by the metal-dielectric interface
(even for thin dielectric layers) than for that supported by the
air-metal interface.!” Borrowing an analogous term from in-
tegrated optics,'®! such a waveguide configuration will be
hereafter called the dielectric-loaded SPP waveguide (DL-
SPPW) configuration. The reported experimental results
have already indicated that the DLSPPWSs can indeed be
used for efficient guiding of SPP modes.!>!® Some of the
DLSPPW characteristics have also been modeled with the
effective-index approximation,' but there are a number of
very important issues, e.g., the aforementioned trade-off, that
require detailed and careful theoretical consideration using
accurate modeling tools.

The effective-index method (EIM) is one of the standard
methods for analysis of photonic and SPP waveguides, which
is known to yield reasonably accurate results for weakly
guided (linearly polarized) modes being far from cutoff.!8-20
It has also been found useful when considering channel SPP
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modes.?! Combined with the simplicity of the EIM, this
makes it attractive for consideration of DLSPPW mode char-
acteristics provided that its accuracy and validity domain are
established. Various numerical methods such as the finite dif-
ference method,?? the method of lines,? the finite difference
time-domain algorithm,'' and the finite element method**
have previously been successfully utilized in the analysis of
optical waveguides. In this paper, the DLSPPW mode effec-
tive index, confinement, and propagation lengths are investi-
gated in detail using the EIM, and the results are compared
to and complemented with those obtained by making use of
the finite element method (FEM).

This paper is organized as follows. In Sec. II, the EIM is
presented and used in calculations of the DLSPPW mode
effective index, propagation length, and confinement for dif-
ferent system parameters. After this, the FEM is introduced
and employed in Sec. III for calculations of field distribu-
tions and vector plots in the DLSPPW cross section. The
accuracy of the EIM is evaluated in Sec. IV by comparing
the mode effective index, propagation length, and vertical
and lateral field profiles calculated with the EIM and FEM.
Finally, in Sec. V, we discuss the results obtained and offer
our conclusions.

II. EFFECTIVE-INDEX CALCULATION

The analyzed straight waveguide structure is similar to
that investigated experimentally'® and represents a dielectric
(e.g., polymer) ridge with refractive index n,, thickness f,
and width w placed on a metal (e.g., gold) film with thick-
ness d and wavelength dependent refractive index ns [Fig.
1(a)]. The gold-polymer structure is enclosed by air with
refractive index n; above and a semi-infinite dielectric layer
with refractive index n4 below, which represents a thick glass
substrate usually used in experiments to support the gold film
with polymer ridge structures.'®
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FIG. 1. (a) Cross-sectional view of the DL-

SPPW structure under investigation. (b) The four-

layer and (c) three-layer structures considered

correspondingly in the first and second steps of

the EIM-1. The coordinate system used is also

shown along with the orientation of the main

i component of the electric field in the case of TM
] modes.

Nspp

In the EIM, the two-dimensional (2D) cross section of the
DLSPPW is considered and solved for guided modes by
dealing consecutively with two one-dimensional (1D) wave-
guide geometries, which can be solved individually in a
manner similar to that used for analyzing multilayer wave-
guide structures.>>?’ The key assumption made in the reduc-
tion of the problem is that the modes are linearly polarized
and well above cutoff, i.e., with most of the power concen-
trated in the ridge subregion so that the field magnitudes in
the four corner regions are small enough to be neglected.
Whereas the EIM previously has been used to analyze di-
electric ridge waveguides,? 2’ which does not differ geo-
metrically from DLSPPWs, the very large and complex re-
fractive index of the gold film at telecom wavelengths
potentially changes the validity of the EIM. The conclusions
made on the performance of the EIM in contemplation of
dielectric ridge waveguides can thus not be directly adapted
to EIM calculations of DLSPPW modes.

One can view the 2D waveguide structure [Fig. 1(a)] as
being obtained by decreasing the width of the top polymer
layer [Fig. 1(b)] to match that of the ridge. The first step in
such an EIM approach (here denoted EIM-1 to distinguish it
from another EIM approach introduced later) is thus to cal-
culate the effective index szf of guided modes in a planar
four-layer waveguide structure [Fig. 1(b)]. Each of the four
layers is considered of infinite lateral extension in the x di-
rection. Furthermore, the top (air) and bottom (dielectric)
layers abutting the polymer and gold films are considered
semi-infinite in the (depth) y direction, which implies that
there are no reflections from external boundaries, only from
the gold and polymer interfaces.

In the second step of the EIM-1 (when shrinking the poly-
mer layer in width), N:ff is used in the calculation of the final
mode effective index N,z by contemplation of a three-layer
waveguide structure with vertical interfaces [Fig. 1(c)]. As
the modes of interest in this work are bound to the gold-
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polymer interface, the effective index of a SPP propagating
along the gold-air interface (ngpp) is used outside the ridge
subregion.

In the simulation results presented hereafter, an excitation
wavelength A=1.55 um, a gold layer thickness d=100 nm,
and refractive indexes n,=1, n,=1.535, n;=0.55+i11.5,2
and n,=1.6 are used when calculating DLSPPW mode char-
acteristics unless noted otherwise.

A. SPP guiding in the four-layer structure

The direction of SPP propagation is considered along the
z axis (Fig. 1) and the electric field can then be written in the
form

E=E,(y)expli(wr - B2)], (1)

where E, denotes the components of the electric field, e.g.,
being in the case of TM modes in the (y,z) plane. B is the
complex propagation constant 8=/'—i$" which is related
to the mode effective index according to B'=koN,
=2w/ )\)szf and propagation length as L*=1/(28"). It is
instructive to consider the SPP dispersion relation of a metal-
dielectric interface, which can be thought of as a limiting
case of the considered configuration with the polymer film
thickness ¢ being either very small or very large. The corre-
sponding SPP dispersion relation is given by'

€n€d

B=ko (2)

€,t € ’
with €, being the complex permittivity of the metal and ¢,
being the permittivity of the dielectric.

When solving the four-layer planar geometry [Fig. 1(b)]
for the effective index N: + and propagation length L" for
various polymer film thicknesses, it is expected that, for very
thin film layers, the fundamental mode becomes progres-
sively close to a SPP propagating along the gold-air inter-
face, i.e., N:ff—> 1.0038 and L"— 339 um. Correspondingly,
for very thick film layers, the results should approach those
of a SPP at the gold-polymer interface, i.e., N:ff—> 1.55 and
L —92 um. In between these extremes, it is expected that
the SPP mode effective index of the four-layer structure is
monotonously decreasing with the film thickness, since an
increasing part of the SPP field penetrates in the air above the
polymer. Decreasing the film thickness, however, also has
the effect of squeezing the field inside the polymer region,
because optical fields tend to be confined in regions with
higher refractive indexes. This implies that the field magni-
tude at the gold-polymer interface (and inside the gold) in-
creases, resulting in greater absorption loss. One should
therefore expect that the propagation length decreases with
the film thickness until some point, where the field cannot be
squeezed more into the polymer, reaching a minimum. De-
creasing the film thickness further would result in a rapid
increase in the field outside the polymer, and the propagation
length would approach that of the SPP at the gold-air inter-
face.

The results of the calculations performed by utilizing a
multilayer waveguide program for solution of the four-layer
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FIG. 2. Characteristics of modes supported by the four-layer
structure presented in Fig. 1(b) and analyzed in the first step of the
EIM-1. (a) The mode effective index and (b) the propagation length
as a function of the film thickness for TM,,, TM;, and TE, modes.

structure confirm the expected behavior (Fig. 2). It should be
mentioned that the accuracy of the multilayer waveguide
program used was found to be very good by comparison with
FEM calculations (with deviations being less than 0.1%)
conducted for the same structure. In addition to the funda-
mental transverse magnetic (TM,) mode, the second funda-
mental (TM;) and the fundamental transverse electric (TE,)
modes are found. In the notation used, a TM mode refers to
a SPP mode with dominating x component of the magnetic
field and TE refers to transverse electric mode with dominat-
ing x component of the electric field. The fundamental TE,
mode is included in order to evaluate the single-mode con-
dition for DLSPPWs; however, it is not further analyzed as
the second step in the EIM assumes SPP modes due to the
use of ngpp, thus making evaluation of TE modes erroneous.
The cutoff thickness of the TM| mode is 7~ 631 nm and the
TE; mode has cutoff at r~313 nm, implying that below
these thicknesses the corresponding modes do not exist. By
controlling the polarization and limiting the film thickness
(by 630 nm in our case), the single-mode guiding in such a
four-layered structure is thereby achievable. Single-mode
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guiding allows one to avoid various mode dispersion and
interference effects (usually unwanted) and is therefore pref-
erential in photonic circuits. Conditions for the single-mode
guiding in DLSPPWs are further considered in the following
section.

B. Single-mode condition

The mode effective index of the DLSPPW [Fig. 1(a)] is
found by utilizing the calculated effective index and propa-
gation length of a multilayered structure (N:ff and L") and by
taking into account the finite width of the ridge [Fig. 1(c)].
Although one can avoid the support of multiple modes of the
multilayered structure [Fig. 1(b)] by limiting the ridge thick-
ness to +=<631, care must be taken in the second step of the
EIM-1 to avoid multimode guiding of the final structure.
This is due to the possible appearance of TM,; modes, i.e.,
modes that have two peaks in the lateral profile. A condition
for single-mode guiding of the DLSPPW is found by solving
for the cutoff width of the TMy; mode, i.e., the minimum
ridge width w which supports two TM modes. By designing
ridges with widths below this cutoff width, single-mode
guiding of the final waveguide structure is achievable. It is,
however, apparent that the single-mode guiding still requires
TM-polarized excitation in order to avoid excitation of TE
modes.

It is seen that the waveguide structure is symmetric in the
lateral direction [Fig. 1(c)]. The cutoff width for the TM,
mode can then be calculated by utilizing normalized wave-

guide parameters as follows:?’

o
w= [ # >
koV(N, eff)2 — (ngpp)®

where ngpp is the mode effective index of the SPP supported
by the gold-air interface. The cutoff ridge width for the TM,,
mode is thus dependent on the wavelength and ridge thick-
ness t as N:ff depends on the thickness ¢. For small thick-
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FIG. 3. Cutoff ridge width of the TM,; mode as a function of
thickness. The vertical dashed line indicates the thickness where the
TM; mode has cutoff.
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FIG. 4. The mode effective index and propagation length (loga-
rithmic scale) as a function of ridge width for several different
thicknesses as calculated with EIM-1. Each curve is ended at the
cutoff width of the TM,; mode, i.e., where single-mode guiding
ceases.

nesses, N:ff approaches ngpp and the cuto*ff ridge width in-
creases rapidly. For large thicknesses, N, approaches the
mode effective index of the SPP at the gold-polymer inter-
face, and the cutoff ridge width approaches a constant value
of w~ 655 nm.

The cutoff ridge width of the TM,;; mode was determined
using Eq. (3) for different thicknesses by utilizing the calcu-
lated effective indexes N:ff (Fig. 3). It is apparent that the
single-mode guiding in DLSPPWs is achieved in the param-
eter space below the (TMy,;) cutoff width curve and to the
left of the (TM,) cutoff thickness line.

C. Fundamental mode characteristics

The mode effective indexes and propagation lengths of
TM,, modes are found by solution of the three-layer struc-
ture [Fig. 1(c)] for different ridge dimensions (Fig. 4). For
infinite ridge width, the structure and thus also the modes are
identical to those of the four-layer structure [Fig. 1(b)], im-
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FIG. 5. The lateral field distribution of the main electric-field
component for four widths w, all with #=600 nm. The thin horizon-
tal line indicates the value 1/e, and as the field profiles are scaled to
a maximum value of 1, the mode width can be read from the inter-
section with this line. The calculations are performed with the
EIM-1. The w=1000 nm waveguide is not single mode, but is in-
cluded to illustrate that the mode width increases for wide ridges.

plying that NeffHN:ff. As N:ff is increasing monotonously
with thickness [Fig. 2(a)] so is N, [Fig. 4(a)]. A decrease in
the ridge width decreases the field portion confined in the
ridge region and the mode effective index therefore de-
creases. For very small ridge widths, the DLSPPW funda-
mental mode effective index N, approaches that of the SPP
at the gold-air interface. Similar reasoning accounts for the
propagation length of the mode, which increases when de-
creasing the ridge width and approaches the SPP propagation
length at the gold-air interface [Fig. 4(b)]. The calculated
propagation length dependence shows that a larger mode ef-
fective index (associated with a better mode confinement
within the ridge) implies a shorter propagation length, in
accordance with the general consideration. This, however, is
strictly true only for constant-thickness ridge waveguides.
For example, when comparing the length dependence for
ridges with =600 nm and #=300 nm, it is seen that the
propagation length (of the DLSPPW fundamental mode) for
the 600-nm-thick ridge waveguides is longer than that for
300-nm-thick ones once their widths are larger than 300 nm
[Fig. 4(b)]. At the same time, the mode effective index for
the 600-nm-thick ridge waveguides is larger than that for
300-nm-thick ones for all widths [Fig. 4(a)]. This feature is a
consequence of the nonmonotone dependence of TM,, propa-
gation length [Fig. 2(b)], indicating also the possibility for
optimization with respect to the confinement-loss trade-off.

D. Lateral mode field confinement

In the design of optical waveguides, the lateral mode field
confinement is of great importance because a good confine-
ment, i.e., a small mode width W, enables large bend angles
o< N/ W with acceptable bend losses, thereby minimizing the
length of components € W/6.2! This trend in turn maxi-
mizes density of components no1/(€W)=\/W? and, in ad-
dition, decreases the incurred propagation loss per compo-
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FIG. 6. The mode width (logarithmic scale) depicted versus the
ridge width for four different values of ridge thickness ¢. The ver-
tical lines crossing the curves mark the end of the single-mode
regime. The calculations are performed by using the EIM-1.

nent due to a decrease in the component length.

Previous results from contemplation of similar DLSPPW
structures' illustrate that a large ridge curvature gives rise to
a complete radiative loss of poorly confined SPP modes. This
exemplifies the importance of well confined modes, and to
accommodate this design parameter, the mode width of DL-
SPPWs of different dimensions is investigated in the follow-
ing.

In order to find the mode width of the fundamental TM,
mode for different ridge dimensions, the field profiles of a
lateral cross section are considered. The main electric-field
component (E,) of a lateral profile is considered for a
600-nm-thick ridge waveguide at four different widths (Fig.
5). Each profile has been normalized to a maximum value of
1 and the mode width is thus given as the width of the peak
at a field value of 1/e, represented by the thin horizontal line
in the figure. The mode width is different for the four differ-
ent thicknesses. It is very large for the 100-nm-wide ridge
and seems to have a minimum around a ridge width of
~500 nm. This clearly illustrates that the field is squeezed
into the ridge region when the width is decreased until a
certain point, where the field no longer can be confined to the

TABLE I. The optimum ridge width regarding lateral field con-
finement along with the mode width, propagation length, and mode
effective index for four different ridge thicknesses.

t

(nm)
200 300 400 600
Wopr (nM) 850 600 550 500
Mode width (nm) 1580 1165 1015 915
L (um) 42 36 38 48
Ny 1.10 1.17 1.22 1.27
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FIG. 7. (Color online) Field distribution plots of the magnitude of the vertical component of the electric field |E,| for ridge dimension
t=600 nm, w=600 nm, calculated by application of the FEM. In all three plots, the fundamental TM,, mode is depictéd. (a) shows the field
for N=893 nm (n3=0.21+i5.94) where N,;=1.49 and L=16.1 um, (b) for A\=1.22 um (n3=0.36+i8.60) where N,;=1.39 and L
=29.8 um, and (c) for A=1.55 um (n3=0.55+i11.5) where N,;=1.29 and L=44.4 um (Ref. 28).

ridge. Then, it starts to spread out into the surrounding air
where the decay length is larger, thereby decreasing the
mode confinement. To find the optimum width, regarding the
mode width, for different ridge thicknesses, additional calcu-
lations have been performed (Fig. 6). The results show the
mode width versus the ridge width for several different
thicknesses. There is a distinct minimum in all curves, indi-
cating the optimum ridge width w,, regarding the lateral
mode field confinement. The results for the five shown thick-
nesses are summarized in Table I, where w,,, along with the
mode widths are shown for each of the five ¢ values. The
results presented here (Fig. 6 and Table I) show that in order
to achieve good lateral mode field confinement, one should
construct a DLSPPW of large thickness and width of
400-500 nm, e.g., t=600 nm and w=500 nm. Larger thick-
nesses are desirable regarding mode confinement and propa-
gation length; however, since such waveguides are not single
mode, they are not considered in this work.

III. FINITE ELEMENT CALCULATIONS

When utilizing the FEM to analyze the DLSPPW struc-
ture [Fig. 1(a)], the mode effective index, propagation length,
and the magnetic- and electric-field vectors in the cross sec-
tion of the DLSPPW can be found. In addition to providing
numerically determined N, and L values, this method thus
enables evaluation of some of the approximations made in
the EIM-1, e.g., regarding strictly vertical polarization in the
cross section of the waveguide.

12
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(@ (b) (©
0 - -
o 05 0 05 14 05 0 05 1 -05 0 05 1
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The FEM is a technique for numerical solution of partial
differential equations or integral equations. In the method,
the region of interest is subdivided into small segments, usu-
ally triangles, and the partial differential equation is replaced
with a corresponding functional. Subsequently, a variational
method is used to minimize the functional in order to obtain
variational features in the algorithm.30-32

The approach taken in the application of the FEM in this
work is solution of the electric-field components and the
propagation constant . By assuming fields on a time-
harmonic form, the wave equation for the electric field is
given as

1 2
VXx|—V XE|-keE=0, (4)
M

where the relative permittivity €, in general is a complex
position dependent tensor and the relative permeability u, in
general is a position dependent tensor. The media contem-
plated in this paper are, however, considered homogeneous,
nonmagnetic, and isotropic, implying that €, has a constant
scalar value within each medium and that w,=1. With SPP
propagation in the z direction, i.e.,

E(x,y,z.1) = E(x,y)expli(wf - B2)], (5)

the wave equation [Eq. (4)] simplifies to

X (um

FIG. 8. (Color online) Field distribution plots of the magnitude of the vertical component of the electric field |E}\ for different ridge
dimensions. (a) shows |E,| for a t=300 nm, w=300 nm ridge where N,;=1.04 and L=68.7 um, (b) a r=300 nm, w=600 nm ridge where
Nor=1.14 and L=37.0 um, and (c) a =600 nm, w=300 nm ridge where N,;=1.13 and L=59.1 um.

245405-6



THEORETICAL ANALYSIS OF DIELECTRIC-LOADED...

0.8

PHYSICAL REVIEW B 75, 245405 (2007)

@ ' ' (b)

e Y= SR AN T S S G N R A AN AN N N AN NN NS SN N N SHRPUNE SN SN SN S SO SN SN N SRR S MY NN N S SN S A T I oE o e ow 3

y (um)
g

L T T T O S N R O G A 1 O R N R R R R g e ¥R oE ¥ R R A RS E e

LN T S S U A A A A O A A A A A A Y S DO S S T G T O O A O S S O S T S R

U U A NN SO SO S S S I VP . S S S O N N R M A A N P R r ottt

(e}

2 A [ S S

T A S T S

O T SN e Y Y A S S N VM Y M Y A A AP R NS T O I A A A S S ST
PP S T N A NV A O A A A A A T TS T O W A Y A A O A A T S N N A A Y S U
S ST S A A A A A A U P S SR T O A A A P T T Y (N S S P
Lttt TTT Tttt 0000 SRR RN R EERE RN
0.5 -0.25 0 0.25 0.5 -0.5 -0.25 0 0.25 0.5 -05 -0.25 0 0.25 0.5
X (um) x (um) X (um)

FIG. 9. Field vector plots of the electric field for different ridge dimensions. (a) shows E, for a /=300 nm, w=300 nm ridge, (b) a ¢
=300 nm, w=600 nm ridge, and (c) a r=600 nm, w=300 nm ridge. The field vectors are scaled arbitrarily.

VZE + (k2 — BAE=0, (©)

where V,z denotes the part of the Laplacian related to the
transverse components (x,y). This is the partial differential
equation from which a corresponding functional is con-
structed and solved for g, E,, E,, and E,.

The boundary condition used at the exterior boundary
(edge of computational window) is that of a perfect electric
conductor,

AXE=0, (7)

which implies that the tangential components of the electric
field are set to zero at the exterior boundary. The boundary
conditions which must be fulfilled at the interior boundaries,
i.e., at the interfaces between two media, are the continuity
of the tangential components of the electric and magnetic
fields and the continuity of the normal components of the
electric and magnetic flux densities,

i X (E; - E,) =0, (8)
n X (H,-H,) =0, )
fi-(D,-D,) =0, (10)
fi-(B,-B,) =0, (11)

where it has been assumed that the surface charge density p,
and surface current density J, are zero.

In the following two sections, field contour plots and field
vector plots calculated by application of the FEM are treated,

and in Sec. IV the calculated mode effective indexes and
propagation lengths are compared to those found by means
of the EIM. All FEM calculations in this work are performed
by utilizing COMSOL MULTIPHYSICS 3.3.

A. Mode field cross-section distributions

The dependence of the field distribution of the y compo-
nent of the electric field, the mode effective index, and the
propagation length on SPP excitation wavelength and ridge
dimensions is investigated. The field distribution of the fun-
damental TM, mode of a DLSPPW is calculated for three
different excitation wavelengths (Fig. 7). The dimension of
the considered DLSPPW is =600 nm, w=600 nm, and the
results are shown for free-space excitation wavelengths of
893 nm, 1.22 um, and 1.55 um. As expected from the pre-
vious discussion, the field is strongly confined to the gold-
polymer interface inside the ridge, indicating that the mode
indeed is a DLSPPW mode, which is furthermore confirmed
by the exponential decay into both the gold and polymer
ridge regions (shown explicitly in the vertical field profiles
presented in Sec. IV). The reasons for the nonevident field in
the gold film in the field distribution plots are the conserva-
tion of the normal component of the electric flux density
along with a large change in dielectric constant at the gold-
polymer interface and the short penetration depth in the gold
film. It is apparent that a shorter wavelength implies better
confinement, as the ridge is optically larger for shorter wave-
lengths. Furthermore, a larger wavelength results in less loss
and thus longer propagation lengths, in accordance with the

Air
(a) (b) AT 1
i i D
1 1
1 1
IE Neﬁ"
Air Polymer Air
ng ny ng ‘
w Dielectric
ng

FIG. 10. Cross-sectional view of the wave-
guide structure considered (a) in the first step of
the EIM-2 and (b) in the second step of the
EIM-2. In both cases, the polarization is strictly
vertical, and the layers are considered of infinite
vertical and horizontal extents, respectively.
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TABLE II. The mode effective indexes N,z and propagation lengths L of the DLSPPWs calculated by
means of the FEM, the EIM-1, and the EIM-2. The ridge thickness is constant at =600 nm and the width

varies from w=200 nm to w=800 nm.

Ridge width

(nm)

200 300 400 500 600 700 800
Mode index FEM 1.064 1.133 1.198 1.250 1.291 1.323 1.348
Mode index EIM-1 1.094 1.162 1.221 1.268 1.305 1.334 1.357
Mode index EIM-2 1.075 1.143 1.205 1.255 1.294 1.325 1.349
Prop. length (xm) FEM 81.3 59.1 50.1 46.4 44.4 428 422
Prop. length (um) EIM-1 89.2 63.0 52.6 478 452 43.8 429
Prop. length (um) EIM-2 104 78.6 66.3 59.4 55.1 52.2 50.2

general understanding. Due to the conservation of the normal
component of the electric flux density at the interfaces [Eq.
(10)], a discontinuous change in the electric field is expected
at the lateral boundaries of the ridge. This discontinuity is
very evident for the gold-polymer interface, but can also be
observed for the air-polymer interface, however, less pro-
nounced due to the smaller difference in permittivity.

The dependence of the field distribution of the vertical
component of the electric field on ridge dimensions is calcu-
lated for an excitation wavelength of 1.55 um (Fig. 8). Four
different waveguide structures are considered in total [three
in Fig. 8 and one in Fig. 7(c)]. The field distributions in a ¢
=300 nm, w=300 nm ridge [Fig. 8(a)] and a r=300 nm, w
=600 nm ridge [Fig. 8(b)] show that for small ridge thick-
nesses a large part of the field is distributed on top of the
ridge waveguide, which is undesirable when designing opti-
cal components such as bends and splitters due to large ra-
diative losses. Both =300 nm waveguide structures also
show a poor lateral confinement of the electric field in com-
parison with the /=600 nm ridge waveguides, which is in
accordance with the EIM-1 results. The ridge dimensions
which show the best confinement both laterally and verti-
cally are clearly the largest (r=600 nm, w=600 nm [Fig.
7(c))).

In the EIM, the field in the corner regions is disregarded,
and for large ridges this appears to be a good approximation.

Here, the field is mainly confined to the ridge and, in par-
ticular, to the gold-polymer interface. For small ridge dimen-
sions, however, this approximation leads to an error, as a
relatively large part of the field is concentrated in the two
upper corner regions. The effect this has on the calculated
mode effective indexes and propagation lengths is investi-
gated in Sec. IV.

B. Electric-field orientation

In order to investigate the validity of the approximation
made in the EIM of strictly vertical polarization, the field
vectors of the electric field in the cross section of the DL-
SPPW, E,, are calculated for three different ridge dimensions
by utilizing the FEM (Fig. 9). The field vectors of the small
ridge (=300 nm, w=300 nm [Fig. 9(a)]) show a quite large
deviation from strictly vertical polarization. This is espe-
cially pronounced around the corners in the air surrounding
the ridge, but it is evident in the entire plot except right
through the middle of the ridge due to the symmetry of the
ridge structure. The plot of the field vectors in the ¢
=300 nm, w=600 nm structure [Fig. 9(b)] also shows non-
vertical electric-field vectors, but since a larger part of the
field is confined to the ridge, the deviation from vertical po-
larization is smaller. The =600 nm, w=300 nm ridge struc-
ture [Fig. 9(c)] also shows less nonvertical polarization than

TABLE III. The mode effective indexes and propagation lengths of the DLSPPWs calculated by means of
the FEM, the EIM-1, and the EIM-2. The ridge width is constant at w=500 nm and the thickness is varied.

Ridge thickness

(nm)

200 300 400 500 600 700 800
Mode index FEM 1.041 1.111 1.176 1.221 1.250 1.269 1.282
Mode index EIM-1 1.057 1.140 1.205 1.244 1.268 1.284 1.294
Mode index EIM-2 1.089 1.149 1.198 1.232 1.255 1.270 1.282
Prop. length (um) FEM 66.0 41.7 39.5 42.2 46.4 50.4 54.8
Prop. length (um) EIM-1 59.1 39.8 39.9 43.5 47.8 522 56.4
Prop. length (um) EIM-2 61.9 51.3 51.2 54.6 59.4 64.5 69.6
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FIG. 11. (Color online) Field distribution of the magnitude of
the vertical component of the electric field obtained by combining
lateral and vertical field profiles from the EIM-1 for a /=300 nm,
w=300 nm ridge.

the smaller structure, but there is still deviation evident in the
corner regions outside the ridge. The variance from vertical
polarization will cause discrepancy in the calculated mode
effective indexes and propagation lengths of the two meth-
ods. The effect of this is investigated further in the following,
where the accuracy of another EIM is also evaluated.

IV. COMPARISON OF SIMULATION METHODS

In order to investigate the validity of the EIM-1 results,
the calculated mode effective indexes and propagation
lengths are compared to those calculated by means of the
FEM. Furthermore, the results of another effective-index ap-
proach (EIM-2) are compared to the FEM and EIM-1 results.
The 2D waveguide geometry considered in the EIM-2 is the
same as that of the EIM-1 [Fig. 1(a)]; however, a different
approach is taken in the reduction of the 2D geometry to two
1D waveguide structures that can be dealt with consecutively
(Fig. 10). First, an infinitely tall ridge is considered, i.e., an
air-polymer-air layer with infinitely extending vertical
boundaries [Fig. 10(a)]. A ridge width dependent effective
index N: of this structure is calculated by assuming polar-
ization parallel to the interfaces. One can then view the ap-
pearance of a DLSPPW by truncating the air-polymer-air
structure vertically and surrounding it by air above and a
gold-dielectric structure below. The effective index N:ff
found by solution of the three-layer vertical structure is thus
used in the solution of a four-layer planar waveguide struc-
ture, where infinite horizontal extension of the layers is as-
sumed [Fig. 10(b)].

A. Mode effective index and propagation loss

The mode effective indexes and propagation lengths of
DLSPPWs, calculated by means of the three different meth-
ods, are presented in Table II for a constant ridge thickness
of t=600 nm. The table presents the results of seven differ-
ent waveguide dimensions, w=200 nm to w=800 nm. Note
that the r=600 nm, w=800 nm waveguide is not single
mode; however, it is included for illustration purposes. The
results for constant ridge thickness show some general ten-
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FIG. 12. Vertical profiles of the vertical component of the elec-
tric field E, calculated by utilizing the EIM-1 and the FEM. The
edge proﬁlés are taken 50 nm from the vertical edge of the ridge.
The field profiles are shown for a =300 nm, w=300 nm ridge
where Npem=1.04, Leg=68.7 um, Nppm1=1.08, Lgn
=59.7 pm and for a t=600 nm, w=600 nm ridge where N¢ rpm
=l.29, LFEM=4’44 Mm, Neff,EIM-I=l'3lv LEIM»1=45'2 am. The in-
set is a zoom of the EIM-1 middle profile in the metal film.

dencies. Firstly, the mode effective indexes calculated by
means of the EIM-1 and the EIM-2 are larger than those
calculated by means of the FEM. The maximum deviation
from the FEM results is, however, less than 3%. Secondly,
the propagation lengths calculated by means of the EIM-1
and the EIM-2 are longer than those calculated by applica-
tion of the FEM. The maximum deviation from the FEM
results is 10% for the EIM-1 and 33% for the EIM-2.
Thirdly, the deviations of the EIM-1 and EIM-2 from the
FEM results decrease with increasing ridge width. Lastly, the
results show that the EIM-2 is more accurate than the EIM-1
regarding the mode effective index, but results in much
larger error in the calculated propagation lengths.

In Table III, the mode effective indexes and propagation
lengths calculated by means of the three methods are pre-
sented for ridges with constant width w=500 nm and varying
thickness from =200 nm to r=800 nm. As before, some of
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FIG. 13. Lateral profiles of the vertical component of the elec-
tric field calculated by utilizing the EIM-1 and the FEM. The bot-
tom profiles are taken 50 nm from the gold-polymer interface and
the top profiles are taken 50 nm from the top of the ridge. The field
profiles are shown for a =300 nm, w=300 nm and for a ¢
=600 nm, w=600 nm ridge SPP waveguide.

the waveguides are not single mode; however, they are in-
cluded for illustration purposes. The results of the constant
ridge width calculations also show some general tendencies;
however, in this case the EIM-2 results are not unambigu-
ously closer to the FEM results regarding N, and the EIM-1
results are not unambiguously closer to the FEM results re-
garding the propagation length, as was the case for the
constant-thickness waveguide. It is interesting to note that at
small ridge thicknesses (=350 nm), the accuracy of the
EIM-2 regarding N, is largely affected. This is found to
inherit from the approximation that the polymer layer ex-
tends infinitely in the vertical direction [Fig. 10(a)], which is
a poor approximation for small ridge thicknesses. For larger
thicknesses, however, the EIM-2 shows superior results re-
garding N, and the EIM-1 is superior regarding the calcu-
lation of propagation loss.

The reason for the overestimation of the propagation con-
stant in the EIM can be explained according to previous
analysis on dielectric ridge waveguides, where it is found

PHYSICAL REVIEW B 75, 245405 (2007)

that overestimation occurs when the normalized frequency is
large.>>~27 That the accuracy of the propagation length is su-
perior for the EIM-1 is a consequence of the inclusion of the
SPP nature of the modes in both steps, whereas the SPP
nature of the mode field outside the polymer region, i.e., at
the gold-air interface, is not properly accounted for in the
EIM-2. This is supported by the following reasoning. An
increase in the width of the ridge (w=300—w=600 nm)
leads to a decrease of the electric field at the gold-air inter-
face outside the ridge [Figs. 8(a) and 8(b)]. Increasing the
thickness of the ridge (r=300— =600 nm) does not, how-
ever, largely affect the electric field at the interface outside
the ridge [Figs. 8(a) and 8(c)]. This implies that if the above
explanation of the longer propagation length calculated by
the EIM-2 is correct, an increase in ridge width should de-
crease the error in propagation length of the EIM-2, whereas
an increase in thickness should not affect the error largely.
This is confirmed in the results presented in Tables II and III
as an increase in width (w=400— w=800) nm reduces the
error from 32% to 19%, whereas an increase in thickness
(r=400—1=800) nm only reduces the error from 30% to
27%.

The results show that in general the total deviation is
larger for the EIM-2 as the error in propagation length is
quite large for this method. The error in N4 and L of the
EIM-1 for larger ridge dimensions is, however, less than 3%
and thus the validity of the EIM-1 proves to be justified
except for contemplation of guided SPP modes in very small
ridges.

B. Vertical and lateral field distributions

While the accuracy of the mode effective index and
propagation length is important for analyzing mode propaga-
tion in straight waveguides, the accuracy of the field distri-
bution is of great practical interest in the realization of opti-
cal components such as bends, splitters, and directional
couplers, because the bend and coupling losses depend
strongly on the field distribution (mode confinement) in the
cross section of the waveguide. In the EIM-1, field distribu-
tions are obtained by taking the product of the lateral and
vertical field distributions as calculated in the first and sec-
ond steps of the EIM-1, respectively, i.e., Egpy=(x)p(y)
(Fig. 11). Apparent deviations from the FEM result [Eppy
=E(x,y)] [Fig. 8(a)] are evident for the =300 nm, w
=300 nm ridge, especially the discontinuity of the field at
y=300 nm that accentuates the errors introduced in the
EIM-1 by disregarding the corner regions. It is chosen to
compare vertical and lateral field profiles obtained from the
EIM-1 and FEM field plots to investigate the accuracy of the
calculated field distributions further. The field distributions
from the EIM-1 and the FEM are normalized so that the
surface integrals of Ef in the cross section are equal.

Vertical field profiles taken through the middle of the
ridge and 50 nm from the edge of the ridge are found for a
t=300 nm, w=300 nm ridge and a r=600 nm, w=600 nm
ridge (Fig. 12). Lateral field profiles taken 50 nm from the
top and 50 nm from the bottom of the ridge are found for the
same ridge dimensions (Fig. 13). The field profiles of the
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smaller waveguide show that the discrepancy between the
two methods is significant in regard to the field distribution.
The results of the EIM-1 illustrate that the field is noticeably
larger at the metal surface, implying better vertical confine-
ment, but also introducing larger Ohmic losses. The field
profiles of the larger structure show a close correlation be-
tween the EIM-1 and FEM distributions, implying nearly
identical mode confinement. However, whereas the bottom
lateral profiles all are Gaussian in shape, the top lateral pro-
files of the FEM show irregularities at the ridge edges, which
are found to inherit from the strong confinement of the elec-
tric field around the 90° corners of the ridge. In addition, the
squeezing of the field into the ridge and the nonvertical com-
ponents of the electric field in the smaller structure [Fig.
9(a)] makes these irregularities more apparent there [Fig.
13(a)]. The inset in Fig. 12(b) further confirms that the
modes indeed are DLSPPW modes, as the field is shown to
decrease exponentially into the metal film.

V. DISCUSSION AND CONCLUSIONS

The characteristics of DLSPPWs have been considered in
detail by making use of different simulation methods, i.e.,
the EIM and the FEM. The validity of two different EI ap-
proaches has been evaluated by comparing the computed
mode effective indexes, propagation lengths, and vertical and
lateral field profiles to those found by means of the FEM. As
expected, the EIM results showed noticeable deviations from
the FEM results when treating weakly bound DLSPPW
modes, whereas for the modes being far from cutoff the EIM
was found reasonably accurate. The EIM, in which the DL-
SPPW was first considered as a planar multilayered wave-
guide before correcting for the finite width of the ridge
(EIM-1), has been proved the most accurate in the whole
range, as the other approach (EIM-2) failed to properly ac-
count for the field magnitude at the gold-air interface outside
the ridge. By analyzing electric-field distributions in the DL-
SPPW cross sections calculated with the FEM, it has been
found that the EIM inaccuracy when treating weakly bound
modes inherits from not accounting for the field magnitude
in the corner regions. Furthermore, the FEM field vector
plots for different DLSPPWs showed that the assumption of

PHYSICAL REVIEW B 75, 245405 (2007)

linear (vertical) polarization in the EIM introduces an error,
which is quite large for close to cutoff waveguides.

The DLSPPW mode effective index, confinement, and
propagation length were calculated at the telecom wave-
length A=1.55 um for different widths and thicknesses of a
polymer ridge placed on a gold film surface. The condition
for single-mode guiding has been investigated (using the
EIM), and it has been found that single-mode DLSPPW
guiding can be realized for ridge thicknesses smaller than
~630 nm and widths below ~655 nm (when decreasing the
ridge thickness, the ridge width suitable for single-mode
guiding increases). It has also been established that, in con-
trast to the usual trade-off, the DLSPPW mode lateral con-
finement can be improved simultaneously with the increase
in the mode propagation length by choosing the appropriate
ridge thickness [cf. Figs. 4(b) and 6]. In general, for each
ridge thickness, the ridge width can be optimized with re-
spect to the mode lateral confinement (Fig. 6). This optimum
ridge width ranges from 850 to 500 nm for the thicknesses
considered (r=200 nm to r=600 nm), where a larger ridge
thickness implies a smaller mode width. It has thus been
found favorable to have as thick a dielectric ridge waveguide
as possible allowed by the single-mode condition, both re-
garding the mode confinement and propagation loss. For
telecom wavelengths (A=1.55 um), the EIM calculations
showed that a ridge having the thickness of 600 nm and the
width of 500 nm would support a DLSPPW mode with the
mode width W=915 nm, implying the subwavelength con-
finement (inside the ridge), and the propagation length L
=48 pm, which is still relatively long. We believe that the
presented results improve our understanding of the main fea-
tures of SPP guiding in DLSPPW structures as well as pro-
vide useful guidelines for the design of DLSPPW-based pho-
tonic components. We conduct further investigations in this
area.
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