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We present fiber-coupled dielectric-loaded plasmonic waveguides for 1.55 μm telecom wavelength fabricated by two-photon
polymerization and nanoimprint lithography. The waveguide structures include 100-μm-long plasmonic waveguides connected on
both ends to tapered dielectric waveguides used for end-fire coupling with optical fibers. The excitation of plasmonic waveguides is
verified via polarization-resolved measurements of the overall transmission, demonstrating thereby that this technology is suitable
in principle for the integration of plasmonic components into fiberoptics. Loss mechanisms are investigated and improvements
suggested to reduce transmission losses and consequently increase the viability of practical application.

1. Introduction

Photonic components utilizing surface plasmon polariton
(SPP) modes supported by various metal-dielectric con-
figurations have been attracting a great deal of attention,
because of promising applications in sensing and on-chip
data transmission [1–3] and the advantage of utilizing the
same metallic circuitry for both guiding the radiation and
controlling its guidance [4]. An important aspect, however, is
compatibility between different configurations. Most optical
systems and optical data transmission networks are fiber-
based, so it is particularly important to provide the ability
to interconnect plasmonic waveguides and optical fibers for
integration purposes.

In this paper, we present plasmonic-optical hybrid
waveguides fabricated by nanoimprint lithography from
master structures made by two-photon polymerization tech-
nique. The plasmonic waveguides are interconnected with
tapered dielectric waveguides suitable for end-fire coupling
with optical fibers. The layout of the structures is derived
from a previous design that has been studied in some detail
[5, 6], but was not suited to a fiber-based environment due to

the impossibility of approaching the structures with a fiber
close enough for coupling. This has been remedied by the
inclusion of optical waveguides in the design that can be
coupled to optical fibers (Figure 1(a)).

The substrate used is a quartz glass slab measuring
24 × 4 mm. The refractive index of the glass is 1.44 at a
wavelength of 1.55 μm. In the center of the glass slab, there
is a longitudinal gold stripe measuring 125 μm across and
several millimeters long, which is patterned using electron
beam lithography and a lift-off process. The gold layer
deposited by evaporation is 50 nm thick. For the waveguide
material we use the nanoimprint lithography resist mr-NIL
6000 made by the company micro resist technology GmbH
in Berlin. The refractive index of the polymer waveguide is
1.523 according to the manufacturer. The waveguides run
across the sample at a right angle to the gold stripe and
are thus also 4 mm long. The waveguides consist of optical
waveguide parts for in- and outcoupling and a dielectric-
loaded surface plasmon-polariton waveguides (DLSPPW) [5,
7–9] section 100 μm long in the center, where the gold layer
is located. It is necessary to have single mode waveguiding
from fiber to fiber, and this places restraints on the possible
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Figure 1: (a) A schema showing the layout of a sample with plasmonic waveguides. The waveguides consist of optical waveguides at either
end which taper down to a 100 micrometer long plasmonic waveguide only 600 nm wide. (b) SEM image of the DLSPPW section. (c) SEM
image of the optical waveguide section.

dimensions of our waveguides. The DLSPPW section has
a rectangular 0.6 × 0.6μm cross-section, which is single-
mode for 1.55 μm light [5, 6]. The optical section of the
waveguide has a rectangular 2 × 2μm cross-section, which
also makes it single-mode, as was obtained by numerical
simulations [10]. To have a single-mode optical waveguide is
important, since a multimode waveguide would incur very
large losses when coupling to the single-mode plasmonic
waveguide. The taper between the two sections is 50 μm
long.

Sample fabrication is a multistep process. In the first
step, the waveguide structures are fabricated by two-photon-
polymerization (2PP) on a highly-polished glass mirror
substrate using custom-made ormosil [11] as a photo resist.
2PP is a very versatile micro- and nanopatterning technique
[12, 13] and is the only suitable technique for the fabrication

of these structures due to their geometry and dimension.
Traditional UV mask lithography, which would provide the
necessary resolution of 600 nm, cannot handle the three-
dimensional aspect of the required structures and stereo
lithography, while being able to make 3D structures,it lacks
resolution.

After 2PP fabrication of the masters, a stamp is made
for nanoimprint lithography. The stamp material used
is polydimethylsiloxane (PDMS). The stamp is used in
combination with an imprint resist to create a copy of the
master structures on the substrates using mr-NIL 6000 as
resist material. This procedure for making functional plas-
monic components by this method has already been shown
to work well [14]. After stamping, overhanging edges of
imprint resist are removed using a micromechanical cleavage
technique.
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Figure 2: A schema showing the layout of the experimental setup.
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Figure 3: Images from the near infrared camera show the output of the DLSPPW waveguides at different polarizations of input light. (a) 0◦

Polarization (b) 45◦ Polarization (c) 90◦ Polarization. As can be seen, output intensity decreases drastically with polarization.

2. Experimental Results

After fabrication, the samples are characterized by exciting
plasmons in an end-fire configuration. A schema of the
experimental setup is shown in Figure 2. We use a fiber-
coupled 1550 nm laser. It is connected to a polarization
controller by a standard 8 μm core fiber. Following this,
there is a small-core fiber to match the mode volume to the
optical waveguides on the sample. Using a 4.5 μm mode-field
diameter fiber provides much better mode matching than
standard fibers when we take into account that the on-sample
optical waveguides are only 2 μm wide. The end of the fiber
is brought within several microns of the waveguide entrance.
Coupling can be observed from above by a microscope,
which is not shown in the schema.

We present results of both qualitative and quantitative
measurements. Two alternatives exist for analyzing and view-
ing the outcoupled light in our setup. The first possibility
is to use a microscope objective and near infrared camera
to image the far end of the sample. This is convenient
for adjusting the incoupling efficiency and monitoring
the experiment and is used for qualitative measurements.
The second possibility is to couple the light back into a

fiber to a spectrum analyzer. This is used for quantitative
measurements.

Figure 3 shows camera images gained from the first
method. The camera uses an automatic gain adjustment
so the images are not comparable in a quantitative way.
Transmitted light through the waveguide is shown. Since
the DLSPPW section of the waveguide is too small to allow
an optical mode, light must be converted into a plasmon
and then converted back to be visible. A strong polarization
dependency is expected. At this point, we will set the
reference point for polarization with 0◦ coincidental with
TM polarization that is, the electrical field is perpendicular
to the sample surface and is suitable for exciting SPP modes.
The results show this. Figure 3(a) shows the transmission
at 0◦ polarization. Here, maximum intensity is expected
and observed. Figure 3(b) shows the waveguide at 45◦

polarization and 3(c) finally at 90◦. As can clearly be
seen, the intensity of transmitted light drops drastically as
polarization is turned and the plasmonic mode cannot be
excited. The light visible in the images not originating from
the waveguide facet is due to light scattered at the coupling
point of plasmonic to optical waveguide, which is scattered
by irregularities on the sample edge.
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Figure 4: Images from the near infrared camera showing a top-down view of the sample centered on the DLSPPW part of the waveguide. Left
side is the incoupling, right side is the outcoupling. (a) 0◦ Polarization (b) 45◦ Polarization (c) 90◦ Polarization. While the incoupling spot
stays bright, the outcoupling spot rapidly decreases in intensity, showing that the plasmonic mode is suppressed with changing polarization.
(d) Optical microscope image of waveguide showing gold stripe and DLSPPW section shown for comparison. (e) SEM image (same scale as
optical images) showing the transition from plasmonic to optical waveguide at an angle of 45◦.

Further observations confirm this. Figure 4 shows the
samples from a top-down view using the near infra-red
camera, focused on the DLSPPW section of the waveguide,
that is, the plasmonic part. The gold stripe is visible in
the images as a bright band. Light is incoupled from
the left in the images. The two bright spots originate
from scattering at the tapers where the waveguide changes
from purely optical to plasmonic and back. Polarization is
changed from 0◦ Figure 4(a) through 45◦ Figure 4(b) to
90◦ Figure 4(c). Figure 4(d) shows an optical microscope
image of the structure for comparison and Figure 4(e) shows
the transition region from optical to plasmonic waveguide
in detail. We observe that the incoupling spot remains
bright at all polarizations, while the outcoupling spot rapidly
decreases in intensity. This is due to the plasmonic mode
not being excited at 90◦ polarization, and transmission thus
suppressed. As before, the camera uses automatic gain adjust,
which accounts for inconsistencies in overall brightness.

The spectrum of the transmitted mode was measured
and is shown in Figure 5(a). This provides an easy means
to quantify the intensity of the output mode. Quantitative
measurements of the transmission changes with polarization
were performed. Results are shown in Figure 5(b). As can be
seen, the graph follows a cosine pattern, which is in line with
expectations.

Measurements show average losses of 49 ± 2 dB.
Propagation losses in the DLSPPW section, which is
100 micrometers long, can be calculated and amount to 8 dB,
a figure which is backed up by early experiments [14]. The
remainder of the losses can be attributed to several causes.
One cause is the loss at the insertion point between the
optical fiber and the optical waveguide due to scattering from
the waveguide end face. The waveguide end faces are not
perfectly flat or perfectly perpendicular to the waveguide and
this causes a large amount of scattering. A further source
of loss lies in the optical waveguides themselves due to
scattering and waveguide imperfections. And finally there are
losses at the coupling between optical and DLSPPW mode.

To quantify the coupling efficiency from optical to
plasmonic mode and back, reference measurements were
undertaken with all-optical waveguides under the same
conditions. The optical waveguides use the same substrate
as before but without gold. The waveguides are 4 mm long
and have a 2 × 2μm rectangular cross-section, identical
to the optical in- and outcoupling waveguides on the
plasmonic samples. Measurements showed that the insertion
and optical guiding losses amount to 37.5 dB ± 0.7 dB on
average. This is a relatively high loss for an optical waveguide,
which can be explained by several things. One source of losses
is the surface roughness along the length of the waveguide.
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Figure 5: (a) The spectrum of the transmitted mode. (b) Graph showing the dependency of transmission through the waveguide on
polarization — a characteristic of the DLSPPW mode.
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Figure 6: SEM image showing the cleaved end of an optical
waveguide. As can be seen, the cut is quite clean, however, it is not
perfectly perpendicular to the waveuide nor is it perfectly flat, and
in addition there are some minor scratches in the waveguide. All of
these features have an impact on the outcoupling of light from the
waveguide and all of them can differ from waveguide to waveguide.

The surface of the waveguide is not perfectly smooth due
to fabrication irregularities, as can be seen in the images
in Figures 1(c) and 4(d). Another source of losses is the
low reproducibility in quality of the cleaved ends of the
waveguides, already mentioned briefly above. An image of a
typical cleaved waveguide end can be seen in Figure 6. The
face of the waveguide ends should be as plane as possible,
and cut as close as possible to a 90◦ angle. Unfortunately
with current technology, as can be seen in figure 6, results
are often produced that do not perfectly match the ideal
conditions. Typical problems are that the cleavage is not
perfectly perpendicular to the waveguide and that minor
scratches remain in the waveguide face. These problems
could be solved by polishing the waveguide ends, however,

this is difficult considering that the relatively soft polymer
waveguide is located on top of a relatively hard substrate
and polishing methods that are currently available would be
overabrasive on the polymer, leading to an unsatisfactory
result. Research is ongoing, however, to make polishing
the waveguide ends an option in the future. An additional
source of loss is the coupling from optical fiber to waveguide
and back again. Currently, this is achieved only by careful
alignment through a very narrow air gap, and clearly an
amount of light is lost in this way. Experiments could be
made in the future with index-matching oil to provide a link
between optical fiber and waveguide.

If we take this data together, the calculated 8 dB loss for
the DLSPPW mode and the 37.5 ± 0.7 dB loss for the optical
waveguides and combine this with the experimental results
for the DLSPPW waveguides, we can estimate the coupling
losses between optical waveguide and DLSPPW waveguide
and back again to lie at 3.5 ± 2 dB.

3. Conclusion

We have shown excitation of DLSPPW modes in end-fire
coupling configuration in fiber-coupled waveguides. The
transmitted intensity was compared to reference measure-
ments on all-optical waveguides and this resulted in a range
for the coupling loss from optical to plasmonic mode in our
structures. There are several points which could be improved
to increase the overall efficiency of these waveguides. One
part is certainly the coupling between optical fiber and
optical waveguide. Here, future research will focus on finding
ways to guarantee a flat waveguide end, possibly by polishing,
and on ways to reduce scattering by using index-matching
oil or similar materials to connect fiber and waveguide.
Another area of focus for future research on this topic is the
design of the optical waveguide to DLSPPW section tapers.
Currently the shape and form of the tapers still leaves room
for optimization and research in this area has already begun.
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