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Enhanced Transmission in a Fiber-Coupled
Au Stripe Waveguide System

Wook-Jae Lee, Jae-Eun Kim, Hae Yong Park, Suntak Park, Jong-Moo Lee, Min-su Kim, Jung Jin Ju, and
Myung-Hyun Lee

Abstract—We experimentally demonstrated the enhanced trans-
mission in a fiber-coupled Au stripe waveguide system using a
linearly tapered (LT) structure at a telecommunication wavelength
of 1.55 m. The LT structure consists of two 100- m-long tapered
regions connecting various widths of input and output waveguides
with a waist region. The lowest insertion loss of the 1-cm-long
LT-Au stripe waveguide is 4.3 dB, when it has 6- m-wide input
and output waveguides and a 4- m-wide waist waveguide. The
insertion loss is reduced by 2 dB compared to the 4- m-wide
and 1-cm-long straight Au stripe waveguide, which is achieved by
decreasing the coupling loss. The losses of the LT region, which
has a tapered angle of less than 0.3 between the input–output
waveguides and the waist waveguide, are smaller than 0.4 dB. We
showed that the insertion loss of the Au stripe waveguide can be
reduced by introducing the LT structure, which can also provide
efficient mode conversion.

Index Terms—Au stripe waveguide, insertion loss, surface
plasmon polariton (SPP).

I. INTRODUCTION

S URFACE plasmon polaritons (SPPs), which are collective
electron charge oscillations, can propagate along an inter-

face between two different media whose dielectric constants
have real parts of opposite signs [1]. Many interesting properties
of SPPs have been investigated based on their extremely sensi-
tive responses to changes in the refractive index of bounding
media [2]. However, the SPP waveguides have not been consid-
ered important because the propagation length of SPPs is lim-
ited to the order of several hundred micrometers, due mainly to
the intrinsic damping. Since long-range SPPs (LRSPPs) were
theoretically predicted by Sarid [3], LRSPP waveguides with
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sufficiently thin metal thickness and finite width have moti-
vated great research interest as an alternative to traditional tech-
nologies for integrated optics [4], [5]. Many devices based on
the LRSPP waveguides, such as optical attenuators [6], filters
[7], couplers [8], and switches [9], have been demonstrated for
integrated optical applications. Recently, high-bit-rate optical
signal transmissions have also been demonstrated using a thin
Au stripe waveguide based on the LRSPP [10].

LRSPP waveguides, however, have attracted less attention
due to their larger propagation loss compared to that of dielectric
waveguides [10], [11]. Furthermore, even for LRSPP waveg-
uides with a subdecibel/centimeter propagation loss, which was
achieved by decreasing the thickness and width of metal stripes,
the insertion loss is not remarkably decreased. When the prop-
agation loss increases with increasing width, the coupling loss
generally decreases, and vice versa, in many LRSPP waveguides
[10]–[13]. This occurs because the coupling loss increases due
to the mode-size mismatch between the modes of the LRSPP
and the fiber [12], [13]. In order to realize the LRSPP waveg-
uides for practical applications, a low total insertion loss is re-
quired. Thus, we introduced the laterally tapered LRSPP waveg-
uides between the input and waist waveguides and between the
waist and output waveguides to minimize the total insertion loss.
The tapered structure can enhance the coupling efficiency due
to the increased overlap of the modes.

In this letter, we investigated the straight and linearly tapered
(LT) LRSPP waveguides of 10-nm-thick Au stripes embedded
in a polymer as a function of width. We experimentally showed
the improved insertion loss in the LT-LRSPP waveguides by im-
proving the coupling efficiency, with the minimized propagation
loss occurring at a wavelength of 1.55 m.

II. FABRICATION AND EXPERIMENT

The LRSPP waveguides were fabricated by three simple
steps. First, the lower clad with the thickness of 36 m was
formed by spin coating on a silicon wafer and cured by ultra-
violet (UV) light. A UV-curable low-loss polymer supplied
by ChemOptics Inc., trademarked ZPU12-450, was used as
the clad material. The refractive index of the material was
measured with a prism coupler to be about 1.45 at 1.55 m. The
material loss, which was measured in a slab waveguide, was
0.35 dB/cm. Au (99.999%) stripes with various widths were
deposited and patterned via thermal evaporation at a pressure of

1 Torr and photolithography was performed
on top of the lower cladding. To lessen the roughness of the side
walls, mask patterns with spot size 0.01 m were used. The film
thickness and surface roughness of the evaporated Au stripe
were measured by an atomic force microscope (AFM). Fig. 1
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Fig. 1. AFM images of the evaporated LRSPP waveguide. (a) Three-dimen-
sional image; (b) Line profile.

Fig. 2. (a) Measured propagation losses (filled circles) and coupling losses
(open squares) of the 10-nm-thick LRSPP waveguides as a function of stripe
width. The solid lines are added as a visual guide. The insets show the photos
of the near-field patterns at the output facet. (b) Variation of the horizontal and
vertical mode-sizes of the LRSPP waveguides as a function of the stripe width.

shows an AFM image of the fabricated LRSPP waveguide. The
thickness of the Au stripe was 10 nm and the measured surface
roughness was below 1 nm. Again, the upper clad was formed
by spin coating onto the patterned Au stripes with the same
thickness of 36 m. The prepared samples were cut into desired
lengths to measure the optical propagation and coupling losses
with a cutback method [10], [12].

The measuring system consisted of an optical source, two po-
larization-maintaining single-mode fibers (PMSMFs), a polar-
ization controller, and a power meter. The incident light from the
optical source was transverse-magnetic (TM) polarized (perpen-
dicular to the sample surface) with the polarization controller
and coupled with the PMSMF to excite the LRSPP mode. The
output power was measured at the other end of the Au stripe by
coupling it to the other PMSMF. The output image was captured
by a near-infrared video camera (Electrophysics Micronviewer
7290) and an Analog BeamView Analyzer (Coherent) for mode
analysis, respectively.

Fig. 2(a) shows the measured propagation losses and cou-
pling losses while varying the stripe width from 3 to 10 m. The
LRSPP mode images are depicted in the insets in Fig. 2(a). The
stripes of width less than 2 m were ignored because we consid-
ered the case in which the LRSPP mode maintains an elliptical
form to match up the PMSMF properly. As presented in the pre-
vious theoretical calculations and experimental measurements
[10]–[12], the propagation loss increases and the coupling loss
decreases with increasing waveguide width. The coupling loss
is the mode mismatched losses originated from the two inter-
faces between input–output waveguides and the PMSMFs. The
measured horizontal and vertical mode sizes of LRSPP waveg-
uides having a mode field diameter of from the intensity
distribution are also shown in Fig. 2(b). The vertical size of the
LRSPP mode continuously decreased up to a width of about
8 m and then changed little, while the horizontal size decreased
up to about 6 m and then increased with increasing stripe

Fig. 3. Insertion losses of the LT-LRSPP waveguides of length 1 cm having
taper length 100 �m. The widths of the input and output waveguides (� and
wo, respectively) are the same, and the values are 5�m (black), 6�m (red), 7�m
(green), and 8 �m (blue). Insertion losses of the straight LRSPP waveguides of
the same lengths are also shown for comparison (gray circles). The inset shows
the structure of the LT-LRSPP waveguide; � indicates the waist width.

width. The propagation loss decreased up to about 1.6 dB/cm
when using the 3- m stripe. The coupling loss decreased from

3.2 dB/facet for the 3- m stripe to less than 0.1 dB/facet
for 10- m stripe. The lowest insertion loss of 5 dB was ob-
tained using the 1-cm Au stripe when the stripe width was 6 m.
This implies that the propagation loss decreased; on the other
hand, the coupling loss increased at a relatively lower rate as
the width of the stripe waveguide decreased. It is clear that the
transmittance of the LRSPP mode can be enhanced by intro-
ducing the two tapered waveguides between the input–output
and waist waveguides. The input–output waveguides were de-
signed to reduce coupling losses. The waist waveguide was de-
signed to reduce the propagation loss. The LT waveguides were
designed to convert the LRSPP mode efficiently by physically
connecting the input–output and waist waveguides.

In order to demonstrate the effects of the LT structure, we
measured the insertion loss of the 1-cm-long LT-LRSPP waveg-
uides, which consisted of two 100- m-long LT waveguides, the
input–output waveguides, and waist waveguides as shown in
the inset of Fig. 3. The lengths of the input and output waveg-
uides were 2400 m, and the length of the waist waveguide
was 5000 m. In Fig. 3, the measured insertion losses of the
LT-LRSPP waveguides with various input and output widths
are shown as functions of waist width. For comparison, the mea-
sured insertion losses of the straight waveguides as a function of
the waveguide width are also shown in Fig. 3. Fig. 3 shows that
the insertion loss generally steeply decreased when the width of
the waist waveguide was narrower than those of the input and
output waveguides by more than 2 m. It slightly increased
when the width of the waist waveguide was equal to or nar-
rower than those of the input and output waveguides by less
than 2 m, as the waist width increased. The coupling loss
was getting much larger due to the mode size mismatch between
the modes of the LRSPP and the PMSMF while decreasing the
waist width, which was narrower by more than 2 m than
those of the input and output waveguides.

The obtained lowest insertion loss for the 1-cm-long
LT-LRSPP waveguides was 4.3 dB, when the widths of the
input and output waveguides were 6 m and the width of the
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Fig. 4. Calculated LT region losses of the LT-LRSPP waveguides having
100-�m taper length as a function of the waist width. Losses in the front
and rear LT regions are adopted with the same value. The inset depicts the
calculated region in the structure of the LT-LRSPP waveguide and the tapered
angle ���.

waist waveguide was 4 m. In spite of the short taper length
(100 m), the total insertion loss was decreased by 2 dB,
compared with the 4- m-wide straight LRSPP waveguide,
through decreasing the coupling loss. It was also decreased
by 0.7 dB compared with the 6- m-wide straight LRSPP
waveguide through decreasing the propagation loss, as shown
in Fig. 3. These results show that there is an optimized taper
length between the input–output waveguides and the waist
waveguide.

Although the insertion loss was decreased by introducing the
LT-LRSPP waveguides, the difference of the lowest insertion
loss between the LRSPP and LT-LRSPP waveguides was small
( 0.7 dB) in our experiment, as shown in Fig. 3. However, if
the length of LRSPP waveguides becomes longer for practical
applications, the LT-LRSPP waveguide has the merit of sub-
stantially decreasing the insertion loss. Since the effect of the
propagation loss becomes dominant with increasing length and
the propagation decreases with decreasing width of the waist
waveguide, the (net) total insertion loss decreases.

Fig. 4 shows the calculated LT region losses of the LT-LRSPP
waveguides with taper length 100 m as a function of the waist
width. They can be obtained by subtracting the propagation
losses of the input–output and waist waveguide and the cou-
pling losses of the input–output waveguides from the measured
insertion loss, as shown in Figs. 2(a) and 3. We assumed that
the losses in the two LT regions, the front and rear tapered sec-
tions, were nearly the same. The loss in the LT region steadily in-
creased as the difference of the width between the input–output
waveguides and the waist waveguide became larger. In the case
when and have 5- m widths, however, the loss in the
LT region steeply increased as the width of the waist waveguide
decreased. This phenomenon is explicable in terms of the mode
size variation in the LT region. As shown in Fig. 2, the mode
size and image of the LRSPP waveguide with width 3 m mean
that the LRSPP mode is weakly coupled to the waveguide. On
the other hand, those of the LRSPP waveguide with width 5 m

mean that the LRSPP mode is properly coupled to the wave-
guide. Because of these facts, the loss in the LT waveguide in-
creased substantially. It is noted that the losses of the LT region
with a difference in width of 1 m between the input–output
waveguides and the waist waveguide, which has the tapered
angle of 0.3 , were less than 0.4 dB. Moreover, when
and were 6 m wide and was 4 m wide 0.6 ,
the loss of the LT region was less than 0.1 dB. Thus, it is clear
that as the tapered angle becomes smaller, the insertion loss de-
creases due to efficient mode conversion in the LT region.

III. CONCLUSION

We have experimentally investigated the LRSPP and
LT-LRSPP waveguides in the fiber-coupled Au stripe wave-
guide system. The lowest insertion loss for 1-cm-long
LT-LRSPP waveguides was 4.3 dB at the 1.55- m wave-
length, when the widths of the input–output waveguides were
6 m and the width of the waist waveguide was 4 m. This
value was improved by 2 dB compared with the 4- m-wide
straight LRSPP waveguide. We showed that the insertion loss
of the LRSPP waveguide can be reduced by introducing the LT
structure, which can also provide efficient mode conversion.
The LT structure in the longer LRSPP would be more effective
in reducing the insertion loss.
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