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The excitation of surface plasmon-polariton �SPP� waveguide modes in subwavelength dielectric ridges
deposited on a thin gold film has been characterized and optimized at telecommunication wavelengths. The
experimental data on the electromagnetic mode structure obtained using scanning near-field optical microscopy
have been directly compared to full vectorial three-dimensional finite element method simulations. Two exci-
tation geometries have been investigated where SPPs are excited outside or inside the dielectric tapered region
adjoint to the waveguide. The dependence of the efficiency of the SPP guided mode excitation on the taper
opening angle has been measured and modeled. Single-mode guiding and strong lateral mode confinement of
dielectric-loaded SPP waveguide modes have been characterized with the near-field measurements and com-
pared to the effective-index method model.
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I. INTRODUCTION

The recent acceleration of the research on photonic com-
ponents based on surface plasmon polaritons �SPPs� is mo-
tivated by the expectation that plasmonics is able to combine
the asset of optical components, with respect to bandwidth,
and the asset of electronic components, with respect to
size.1,2 SPPs are collective oscillations in the surface plasma
of a metal coupled to an optical wave, bound to, and propa-
gating along, the metal-dielectric interface.3,4 In addition to
the signal carrying properties, SPPs have been found useful
for other applications, such as achieving active photonic
functionalities5 and enhanced sensing and detection of
biomolecules,6 all utilizing the strong SPP field confinement
near the metal-dielectric interface. The strong lateral confine-
ment in the direction perpendicular to the SPP propagation is
essential for the development of compact plasmonic circuits
since it ensures smaller bend losses and higher density of
components. It should be noted, however, that strong con-
finement is often achieved by reducing the SPP field in the
dielectric, therefore, with an increase in the propagation loss.
Thus, the choice of optimum waveguide structure often is
subject to a trade-off. In addition to a demand of strong
lateral confinement and low propagation loss, single-mode
guiding by the plasmonic waveguide structures is usually
desired in order to avoid various mode dispersion and inter-
ference effects.

Several metal-dielectric structures have been investigated
for guiding SPPs. Channel SPP waveguides, where lateral

confinement is achieved by fabricating a square or V shaped
groove in a flat metal surface, have been subject to extensive
theoretical and experimental investigations in recent
years.7–11 Rectangular metal stripes, where lateral confine-
ment is achieved by shrinking the lateral extension of a thin
metal film, have been investigated theoretically12–14 and
characterized experimentally.15–17 Lateral SPP confinement
has also been achieved by utilizing nanostructured periodic
variations in the metal surface surrounding the waveguide18

or by using chains of closely spaced metal nanoparticles as
waveguides.19,20

An alternative and technologically simple approach to
achieving SPP waveguiding with strong lateral confinement
is the use of dielectric stripes deposited on a thin metal film,
thereby achieving dielectric-loaded surface plasmon-
polariton �DLSPP� waveguides �DLSPPWs�. Such
waveguides rely on the same principle used in conventional
integrated optics, where high-index-contrast waveguides
�waveguides with a core refractive index much higher than
that of the surrounding cladding� are used to achieve a small
mode size.21 Dielectric optical elements for focusing, reflec-
tion and refraction,22 and DLSPPWs �Refs. 23–26� have
been analyzed, fabricated, and characterized at near-infrared
wavelengths. The mode confinement, propagation loss, and
single-mode conditions of DLSPPWs have been analyzed
theoretically by the effective-index method �EIM� and finite
element method �FEM� at telecommunication wavelengths,27

as have basic passive plasmonic components such as bends,
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splitters, and directional couplers.28 The excitation and
propagation of DLSPPW modes in straight waveguides and
bends have also recently been reported at telecommunication
wavelengths,29 giving prospect of the realization of compact
plasmonic components based on DLSPPWs. In this paper
different schemes for exciting DLSPPW modes are analyzed
and the mode confinement and propagation loss are charac-
terized at telecommunication wavelengths.

The paper is organized as follows. In Sec. II the experi-
mental and theoretical techniques employed in the character-
ization of DLSPPWs are presented and a description of the
investigated sample is given. In Sec. III the results of the
FEM calculations, the EIM calculations, and scanning near-
field optical microscope �SNOM� characterization are pre-
sented. Finally in Sec. IV a discussion of the obtained results
is given and we offer our conclusions.

II. METHODS AND MATERIALS

In the characterization of the excitation and propagation
of DLSPPW modes a SNOM imaging system is utilized and
in modeling the FEM and the EIM are applied. After a de-
scription of the sample configuration, a brief introduction to
the methods is presented.

A. Sample configuration

The investigated sample consists of polymethyl-
methacrylate �PMMA� ridges �nr=1.493� lying on an
�50 nm thin gold film thermally evaporated on a 170 �m
thick glass substrate. The fabrication process is briefly de-
scribed as follows: after the initial substrate cleaning and
gold deposition, a PMMA film was spin coated from 950 K
molecular weight PMMA resist �Allresist Gmbh, Ref. AR-P
671.04� and soft baked. Photolithography was performed on
a Süss Microtech MJB4 mask aligner, equipped with UV250
optics, using the vacuum mode, and the resist was finally
developed in methyl-isobutyl-ketone. Due to in coupling
considerations the DLSPPWs are extended by funnel taper-
ing structures �Fig. 1�a��.

Four different in coupling funnels with a fixed width of
10 �m and a length varying from 10 to 25 �m in steps of
5 �m are realized in a DLSPPW block. The optimum wave-
guide dimensions, i.e., ridge height and width, were deduced
by simultaneously considering mode confinement and propa-
gation loss while retaining the demand of single-mode
DLSPPWs.27 Investigation of the sample with a scanning
electron microscope �SEM� reveals a waveguide width of
w�500 nm �Fig. 1�b��. Application of an atomic force mi-
croscope �AFM� in the investigation of the sample yields a
waveguide height of h�550 nm �Figs. 1�c� and 1�d��. These
waveguide dimensions are found in accordance with the cal-
culated design parameters presented in Ref. 27.

B. SNOM measurements

The experimental setup for near-field characterization of
DLSPPW structures consists of an aperture SNOM operating
in collection mode �Fig. 2�. The sample under investigation
is placed on a glass prism using index matching immersion

oil. SPPs are excited utilizing two different schemes, but
common for both is that a lensed fiber is used to focus a
p-polarized Gaussian beam to a spot size of �15 �m at the
gold surface opposite to the DLSPPW components, thus ex-
citing SPPs by means of the Kretschmann-Raether
configuration.4 An uncoated etched fiber tip is raster scanned
across the sample surface, whereby topographic and near-
field optical images are achieved. In one excitation scheme
SPPs are excited at the gold-air interface �20 �m before
the in coupling funnel by matching the lateral component of
the incident wave vector to that of SPPs propagating along,
and bound to, the gold-air interface �see Fig. 3�. In this con-
figuration the funnels have the effect of coupling the SPPs
into DLSPPW modes by total internal reflection �TIR� in the
dielectric funnel. Moreover, close to the waveguides these
funnels will screen the propagation of SPPs at the gold-air
interface. In the other excitation scheme DLSPPs are excited
directly in the funnel region by matching the lateral compo-
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FIG. 1. �Color online� �a� Microscope image of a DLSPPW
block with four different tapering structures. �b� SEM image of a
straight section of a waveguide, revealing a waveguide width of
w�500 nm. �c� AFM image of a straight section of a waveguide
and �d� cross sectional profile of the AFM image revealing a wave-
guide height of h�550 nm.
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FIG. 2. The experimental setup of the SNOM imaging system
used to obtain near-field optical images of the DLSPPW structures.

HOLMGAARD et al. PHYSICAL REVIEW B 78, 165431 �2008�

165431-2



nent of the incident wave vector to that of SPPs propagating
along, and bound to, the gold-PMMA interface. This is done
by utilizing a high-index prism �n=1.73�.

C. FEM calculation

Numerical simulation of funnel efficiency is performed
using full three-dimensional �3D� FEM calculations, proved
to be very rigorous in simulation of various photonic and
plasmonic structures.27,30,31 This method solves Maxwell’s
equations in frequency domain without any simplifications.
As a refractive index for gold a tabulated value nAu
=0.55–11.5i, taken from Ref. 33, was used. Simulation of
the whole setup including attenuated total reflection �ATR�
coupling of light into a SPP wave propagating at the metal
surface before the funnel proved too demanding in three di-
mensions in terms of the simulation domain volume. To
overcome this problem, only the essential processes of cou-
pling into the DLSPPW mode using a funnel and its further
propagation are simulated while calculating the SPP wave
fields incident on the funnel analytically. The incident SPP
field distribution at a distance of 1 �m before the funnel was
calculated using a standard method of calculating diffracted
fields in optics.32 The laser spot, of Gaussian profile and with
diameter d=10 �m, incident at an angle of �=40° was
placed at a distance D=15 �m from the funnel �see Fig. 3�.

The phase distribution of the excited SPP wave was de-
rived from the condition of resonant SPP excitation kx
=Re�kSPP�. Thus the following expression for the y compo-
nent of the magnetic field, completely defining the incident
SPP field, appears:

Hy�x,y� �� A0�x�,y��exp�i�0�x���Kdamp�x,y,x�,y��

�exp�i��x,y,x�,y���cos���dx�dy�, �1�

where

A0�x�,y�� = exp�− x�2/�d/�2 cos ��2� − y�2/�d/2�2� �2�

represents the amplitude distribution of the incident beam,

�0�x�� = Re�kSPP�x�, �3�

its phase distribution,

Kdamp�x,y,x�,y�� =
exp�− ��x − x��2 + �y − y��2 Im�kSPP��

�4 �x − x��2 + �y − y��2
,

�4�

represents damping of SPP wave due to the radial spreading
and the absorption damping, and

cos��� = �x − x��/��x − x��2 + �y − y��2 �5�

represents the cosine of the SPP incident angle.

D. EIM calculation

The EIM is one of the standard methods for mode analy-
sis of optical and SPP waveguides, attractive due to its sim-
plicity and low demand for computational capabilities. The
method is known to yield reasonably accurate results for
DLSPPW modes far from cutoff,27 which is the case for the
DLSPPW modes considered in this work. In the EIM the
two-dimensional cross section of the DLSPPW is considered
and solved for guided modes by consecutively considering
two one-dimensional waveguide structures. In the first step
of the EIM the waveguide geometry is considered to have
infinite lateral extend, thus the problem is reduced to finding
bound modes in a multilayer waveguide. In this step the
waveguide is considered as an air-PMMA-gold-glass struc-
ture, where the air and glass layers are considered semi-
infinite in extend, and the mode p-polarized. In the second
step a three layer structure with infinite vertical extend and
s-polarized fields is considered. The mode effective index
found in the first step is used to represent the middle layer
�ridge region�, enclosed by two semi-infinite layers with
mode index set to that of a SPP wave at a gold-air interface.
By solving this multilayer structure the mode indexes for
bound SPP modes supported by the DLSPPW geometry are
found.27

III. RESULTS

The DLSPPW block with four different tapering designs
has been characterized by using near-field imaging with a
SNOM in order to determine the efficiency for coupling in
SPPs excited at the bare gold-air interface, i.e., the fraction
of the power of the incident SPP field which is coupled into
a guided DLSPPW mode �Figs. 4�a� and 4�b��. The same in
coupling structures have also been investigated using the
FEM, where the incident SPP field distribution has been cal-
culated as described in Sec. II C �Figs. 4�c� and 4�d��.

Both experimental and theoretical results show an in-
crease in the coupling efficiency with increasing funnel
length. Furthermore the characterization shows that the
longer tapers, which have smaller funnel angle, cause less
scattering at the end of the tapering region as the incident
SPP wave hits the dielectric-air boundary under a larger
angle. Thus it experiences TIR not only at the first intersec-
tion with the funnel boundary, as is the case with the shortest
funnel. In both experimental and simulation field maps, os-
cillations in the field intensity can be observed along both
taper and waveguide. By analyzing the modes existing in the
funnel �particularly their effective indexes, defining the inter-

FIG. 3. �Color online� Schematic drawing illustrating the calcu-
lation of the incident SPP field distribution used in the 3D FEM
calculations.
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ference period� it was found that the oscillations in the FEM
and SNOM images can be explained by the interference be-
tween the fundamental TM00 mode, excited when the SPP
hits the taper, and freely propagating waves, part of which
also propagate inside the taper before spreading out in the
process of diffraction. A detailed analysis of the coupling
efficiency performed with the FEM reveals that the effi-
ciency initially increases with funnel length until reaching a
level where the increase in efficiency, due to better focusing,
is balanced by the increased loss caused by longer propaga-
tion through the funnel �Fig. 4�e��. For the shortest taper the
losses are found to be caused by SPPs escaping through the
sides of the funnel, accounting for �50% loss, SPP scatter-
ing through the top of the funnel, accounting for �15%, and
absorption losses from propagation through the funnel, ac-
counting for �10%, while a smaller fraction is lost due to
reflection from the initial funnel boundary and excitation of
freely propagating waves in the ridge waveguide. For longer
funnels the fraction lost due to propagation increases and the
losses due to scattering through the sides of the funnel and
excitation of freely propagating waves in the ridge decreases,
whereas the other loss factors are more or less constant. It is
logical that with further taper length increase the propagation
loss becomes dominant and the performance of the taper will
be decreasing. Thus the optimal value of the taper length is
estimated to be �20 �m.

In the determination of the coupling efficiency great care
has been taken to eliminate influence of the oscillations
along the waveguide, which can be observed in Figs. 4�c�
and 4�d�. By analyzing the interference pattern along the
waveguide it was possible to derive only the desired SPP
signal, which was then used to evaluate the coupling effi-
ciency. The oscillations in the coupling efficiency as a func-
tion of funnel length �Fig. 4�e�� are found to be primarily
caused by the propagating waves in the funnel, which are
diffracted at the end of the taper and thus couple to the SPP
mode in the waveguide. This contribution will interfere with
the main one �originating from the TM00 mode in the funnel�
and produce the oscillations observed in the coupling effi-
ciency. Depending with which phase difference these SPP
and propagating waves in the taper arrive at the taper end, a
different result of interference of the SPP waveguide modes
produced from each of them occurs. Moreover, the periodic-

ity of the phase difference of the taper SPP and light modes
are given by their interference in the taper �3.5 �m. The
same periodicity is observed in the coupling efficiency,
which confirms this explanation.

The method of excitation of SPPs at the gold-air interface
and subsequent coupling into bound DLSPPW modes is at-
tractive due to its simplicity; however, it has some apparent
disadvantages, which become clear when considering pro-
files of the near-field optical images �Fig. 5�. An averaged
cross-sectional profile of the near-field optical image taken at
the straight waveguide section just after the tapering region
�see Fig. 5�c�� reveals that a strongly confined DLSPPW
mode indeed is excited; however, it is also apparent that
scattered light from the funnel along with copropagating
SPPs at the gold-air interface �not screened by the funnel�
result in a large degree of background. This is undesired and
a potential problem when realizing plasmonic components
such as bends and splitters, where the waveguide is dis-
placed, as the copropagating fields will scatter off the
waveguides.29 A profile of the near-field optical image taken
parallel to the waveguide, through the funnel and the wave-
guide, shows that the DLSPP field is damped when propa-
gating through the funnel as the effect of propagation loss is
larger than the focusing effect of the funnel �Fig. 5�d��. The
oscillations that can be observed are caused by interference
between the TM00 mode and propagating modes as discussed
above.

The alternative excitation scheme, where DLSPP modes
are excited directly in the tapering structure, is attractive as it
is expected that no copropagating SPP fields at the gold-air
interface are excited due to the much higher effective index
of the dielectric funnel region. This is indeed observed by
SNOM characterization of a 10�25 �m2 funnel �Fig. 6�.

An averaged cross-sectional profile of the near-field opti-
cal image taken at the straight waveguide section just after
the end of the funnel shows a highly confined DLSPPW
mode with no copropagating SPPs at the gold-air interface
and almost no apparent scattering originating from the end of
the funnel �Fig. 6�c��. A profile of the near-field optical signal
taken parallel to the waveguide shows a strong buildup of the
DLSPP mode in the tapering region �Fig. 6�d��. This effect is
strongly opposed to that observed in the other excitation
method �Fig. 5�d�� and is caused by several factors all con-
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FIG. 4. �Color online� Near-field optical images of the tapering region of the DLSPPWs at the free space excitation wavelength �
=1550 nm. ��a� and �c�� SNOM and FEM images, respectively, of a 10�25 �m2 funnel. ��b� and �d�� SNOM and FEM images, respec-
tively, of a 10�10 �m2 funnel. �e� Coupling efficiency as a function of taper length, calculated using the FEM, where the incident SPP field
is kept identical for all funnel lengths. The reconstructed SPP power flow at the beginning of the straight waveguide section is normalized
to the power flow incident on the funnel, thus obtaining the coupling efficiency. The images in �a�–�d� share the scale shown in �a�.
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tributing to a stronger optical signal toward the end of the
tapering region. First the excitation of SPPs by the attenuated
TIR method causes a strong initial increase in SPP intensity,
as the propagation loss initially has a small effect. Second
the tapering structure has a focusing effect toward the funnel
end due to TIR of DLSPPs, which will also result in a stron-
ger optical signal toward the funnel end. Finally the imaging
process further enhances this trend as near-field optical
modes with lower effective indexes are picked up more
strongly with the tapered fiber, and as the mode effective
index of a dielectric ridge decreases with width this also

contributes to a stronger optical signal toward the funnel end.
Due to the strong excitation of DLSPPWs without causing
copropagating SPPs and scattering of SPPs, this excitation
scheme is found highly attractive and superior to the previ-
ously described excitation method and has thus been used in
the achievement of the results presented in the rest of the
paper.

The propagation and confinement of DLSPPW modes in
straight waveguides have been characterized by considering
a waveguide section �50 �m after the tapering region using
SNOM imaging at the free space excitation wavelength �
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FIG. 5. �Color online� SNOM images of a

10�25 �m2 funnel in coupling, where SPPs are
excited at the gold-air interface outside the taper-
ing region �in the area to the left of the funnel,
not shown in the images�, for the free space ex-
citation wavelength �=1550 nm. ��a� and �b��
Topographical and near-field optical images, re-
spectively, obtained with the SNOM imaging sys-
tem. �c� Averaged cross sectional profile of the
near-field optical image taken at the straight
waveguide section just after the end of the funnel.
�d� Averaged profile of the near-field optical im-
age taken parallel with the waveguide, through
the funnel and waveguide regions.
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graphical and near-field optical images, respec-
tively, obtained with the SNOM. �c� Averaged
cross-sectional profile of the near-field optical
image taken at the straight waveguide section just
after the end of the funnel. �d� Averaged profile of
the near-field optical image taken parallel with
the waveguide through the funnel and waveguide
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=1550 nm �Figs. 7�a� and 7�c��. The near-field optical image
shows a strongly confined DLSPPW mode, and the absence
of mode beating confirms that the designed DLSPPW struc-
ture indeed only supports a single TM mode. The mode
width is investigated by making an averaged cross-sectional
profile of the near-field optical signal, revealing a full width
at half maximum �FWHM� of �743 nm �Fig. 7�e��, indicat-
ing subwavelength confinement. The waveguide termination
region has also been investigated by using SNOM imaging,
and it is found that even after propagation over more than
�100 �m a strong DLSPPW signal exists as can be ob-
served from the strong scattering at the waveguide termina-
tion �Figs. 7�b� and 7�d��. An interference pattern can be
observed in the near-field optical signal, and by considering a
profile taken along the waveguide the interference period is
found to be 	�700 nm �Fig. 7�f��. This interference pattern
is thus found to be caused by interference between the for-
ward propagating DLSPPW �TM00� mode with mode effec-
tive index Neff�1.21 �EIM calculations at �=1550 nm

yields Neff=1.22� and a backward propagating light wave
with effective index close to 1. The origin of the backward
propagating light wave is the waveguide termination, where
the DLSPPW mode is scattered from. No significant back
reflection of the DLSPPW mode inside the ridge for the ter-
mination is expected due to the, in this respect, relatively
small difference in mode effective index between the
DLSPPW mode and a SPP at the gold-air interface and the
fact that the termination of the dielectric ridge is not com-
pletely abrupt. This is supported from FEM simulations of a
DLSPPW termination, where the reflectivity has been esti-
mated to be �5%.

The propagation loss in the fabricated DLSPPWs has
been investigated by using near-field imaging with a SNOM
to characterize a straight waveguide section at different
wavelengths in the telecommunication range �Fig. 8�. From
EIM calculations the DLSPPWs are expected to show simi-
lar properties at the investigated telecommunication wave-
lengths, however, with an increase in propagation length
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and measured with the SNOM
�squares� �Ref. 33�.

HOLMGAARD et al. PHYSICAL REVIEW B 78, 165431 �2008�

165431-6



with increasing wavelength, at the expense of poorer mode
confinement �lower mode effective index� �Figs. 8�e� and
8�f��. This trend is confirmed from contemplation of the ob-
tained near-field optical images, where an exponential fit to
an averaged profile taken along the waveguide yields propa-
gation lengths of L=46 �m, L=52 �m, and L=65 �m at
the free space excitation wavelengths �=1425 nm, �
=1525 nm, and �=1625 nm, respectively �Figs. 8�b�–8�d��.
It is observed that the measured propagation lengths in all
cases are longer than those expected from the EIM calcula-
tions conducted for the DLSPPWs having the designed ridge
width and height. This can be caused by several effects,
where the most likely are found to be discrepancy in wave-
guide dimensions, e.g., smaller waveguide width than de-
signed or a slightly trapezoidal shape of the waveguide,
which can result in quite large deviations in propagation
length.27 Another possible cause could be discrepancy be-
tween the actual gold refractive index and that used in the
EIM calculations.

IV. DISCUSSION AND CONCLUSIONS

The excitation and propagation of DLSPPW modes have
been characterized at telecommunication wavelengths by uti-
lizing calculations made with the FEM and the EIM and by
near-field measurements with a SNOM. The performance of
different funnel shaped tapering structures for coupling into
DLSPPW modes, utilizing the Kretschmann-Raether con-
figuration, has been investigated, and it was found that fun-
nels with smaller opening angle, i.e., larger length to width
ratio, proved better for in coupling. By analysis of field in-
tensity maps obtained by numerical simulations with FEM
and by near-field optical measurements with a SNOM it is
found that the larger incident angle to the dielectric funnel
boundary results in less scattering and better focusing toward
the funnel end, thus resulting in stronger coupling into bound
DLSPPW modes. This results in an increasing coupling effi-
ciency with funnel length, until a certain length of �20 �m,
where the propagation loss through the funnel becomes
dominant, thereby decreasing the efficiency. Two different
excitation schemes, one where SPPs are excited at the bare
gold-air interface and coupled into DLSPPW modes using
the funnel and other where DLSPPs are excited directly in
the dielectric funnel by using a high-index prism, were char-

acterized by using near-field imaging with a SNOM. The
second method is found superior, as it avoids excitation of
copropagating SPPs at the gold-air interface, and as it mini-
mizes scattering of SPPs off the funnel.

A straight waveguide section has been characterized with
a SNOM imaging system in order to evaluate the mode con-
finement and propagation loss. The obtained images con-
firmed the expectation of single-mode propagation, as no
mode beatings could be observed. A cross sectional profile of
a near-field optical image obtained for �=1550 nm showed
a strong lateral confinement with a FWHM of �743 nm.
The mode effective index of the bound DLSPPW mode has
been evaluated by contemplation of the waveguide termina-
tion where the forward propagating DLSPPW mode inter-
feres with a backward propagating light wave originating
from scattering at the waveguide termination. The mode ef-
fective index has been evaluated to be Neff�1.21 for �
=1550 nm, in very good agreement with the EIM calculated
index of Neff=1.22. The propagation lengths, measured at the
telecommunication wavelengths �=1425 nm, �=1525 nm,
and �=1625 nm by making an exponential fit to near-field
optical images obtained with a SNOM, showed an increase
with wavelength expected from theoretical investigations.
The measured propagation lengths are longer than those ex-
pected from the EIM calculations, which is found to be a
result of slightly differing waveguide dimensions and pos-
sible variations in the gold refractive indexes from those
used in EIM calculations.

In conclusion we have demonstrated efficient excitation
of DLSPPW modes with low background noise, single-mode
propagation, strong confinement, and reasonably low propa-
gation loss, all issues which are crucial for realizing efficient
plasmonic components. We conduct further investigations in
this area.
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