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Abstract: Long-range dielectric-loaded surface plasmon-polariton waveg-
uides (LR-DLSPPWs) operating at telecom wavelengths are efficiently
(end-fire) interfaced with photonic waveguides by taking advantage of
very similar lateral mode field profiles in these waveguide configurations.
The LR-DLSPPWs are formed by 1-μm-high and 1-μm-wide polymer
ridges fabricated atop 15-nm-thin and 500-nm-wide gold stripes supported
by a 289-nm-thick ormoclear polymer deposited on a low-index (1.34)
layer of cytop, whereas gold stripes are absent in the photonic waveguide
configuration that is identical to the plasmonic one in all other respects.
The coupling efficiency between LR-DLSPPWs and photonic waveguides
is numerically estimated to be 97%, decreasing by only a few percents for
non-centered gold stripes (as long as a gold stripe is kept inside the polymer
ridge). The fabricated LR-DLSPPWs coupled to photonic waveguides are
first characterized using amplitude- and phase-resolved near-field imaging
of propagating radiation that reveals very similar mode field distributions
in these waveguides as well as their efficient interfacing. The coupling
efficiency is then experimentally characterized using the cutback approach
resulting in an average level of 75% per interface, while the LR-DLSPPW
mode propagation length is estimated to be on average 0.3 mm. Possible
reasons for differences between experimental and simulation results are
discussed, indicating that a 3-nm-thin titanium layer (used for improving
adhesion between gold and ormoclear) introduces substantial mode absorp-
tion. The results obtained open new perspectives for realization of hybrid
photonic-plasmonic components and circuits.

© 2015 Optical Society of America

OCIS codes: (230.7370) Waveguides; (240.6680) Surface plasmons; (250.5403) Plasmonics.
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1. Introduction

Surface plasmon polaritons (SPPs) is a hybrid wave of light and collective free electron oscil-
lations in a dielectric and metallic interface, with the extraordinary ability of manipulating and
routing light at the nanoscale, as well as strong field enhancement [1]. Scientists have been ex-
pecting the realization of plasmonic circuit, which would have the compactness of an electronic
circuit and broad bandwidth of photonic network [2, 3]. However, due to the large propagation
loss from the metallic composition, it has been a big challenge to realize plasmonic circuits. An
alternative is hybrid photonic-plasmonic circuit [4–6], which employs plasmonic components
only where high efficiency, low power consumption (for active components) and (or) small
footprint is required, and leaves low-loss photonic waveguides to interconnect such compo-
nents. In this case, efficient interconnection between plasmonic and photonic waveguides will
be very important and necessary. In this paper, we present photonic-plasmonic waveguides that
are seamlessly interfaced with high coupling efficiency.

In past decades, many different types of plasmonic waveguides have been proposed and
realized, such as slot waveguides [7, 8], channel or wedge waveguides [9, 10], metallic
nanowires [11, 12] etc. These plasmonic waveguides exhibt strong sub-wavelength field con-
finement (even as small as in nanometer scale), but suffer from large propagation loss. Mean-
while, long-range SPP waveguides (LRSPPWs) [13, 14], with a thin gold film embedded be-
tween two dieletric layers, show the potential of long propagation length (in centimeter order),
but in the cost of weak field confinement. Different from those two extreme situations, LR-
DLSPPWs [15, 16], with a gold stripe sandwiched between a dielectric ridge and film (Fig.
1(a)), show good balance between propagation loss and field confinement, with millimeter-long
propagation lengths and wavelength-sized mode confinement, which makes it a good candidate
to integrate with photonic waveguides. Besides, the embedded gold stripe could also trans-
mit electrical signals, which might be used to control the appropriately designed component
through thermo-optic or electric-optic effects [17–19]. Due to these advantages, LR-DLSPPWs
have attracted considerable attention, with several experimental realizations being reported in
recent years [20–22]. Here, we design and experimentally demonstrate high-efficiency coupling
between photonic waveguides and LR-DLSPPWs that are seamlessly interfaced, with the only
difference being the presence of a gold stripe at the core of LR-DLSPPWs. This demonstration
shows the potential of efficient integration of LR-DLSPPWs into photonic circuits. Our choice
of gold for the LR-DLSPPW configuration is motivated by the circumstance that, at telecom
wavelengths, gold and silver (usually used plasmonic metals) have similar properties, while
gold is chemically more stable than silver. In this paper, we first present the design and simu-
lations of the LR-DLSPPW configuration as well as its interfacing with photonic waveguides.
Then, the experimental characterization of LR-DLSPPW and photonic mode properties and
their coupling loss is reported and discussed.

2. Waveguide configuration and simulation

The considered LR-DLSPPW configuration includes a dielectric ridge deposited on a metal
stripe supported by a layered dielectric structure, with a sufficiently thick bottom film having
a low refractive index [Fig. 1(a)] in order to prevent the mode from leaking downwards into a
silicon substrate, ensuring thereby good mode confinement. We fabricated the LR-DLSPPWs
first by spin-coating 4.3-μm-thick cytop and 289-nm-thick ormoclear films onto a silicon wafer.
Then 500-nm-wide gold stripes are patterned by electron beam lithography (EBL), thermal
evaporation of a 15-nm-thin gold film (on a 3-nm-thin titanium film to increase the adhesion
between gold and ormoclear) and lift-off. The final step of fabrication is the patterning of the
PMMA ridge by means of second exposure of EBL. The width and height of the ridge are
both 1 μm. From top to bottom, refractive indexes of PMMA, ormoclear and cytop (at 1550
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nm) are 1.493, 1.535 and 1.34, respectively [Fig. 1(a)]. Figure 1(b) presents the distribution of
dominating electric field component

∣
∣Ey

∣
∣ of the fundamental transverse magnetic (TM) mode at

1550 nm in LR-DLSPPW, with the effective mode index (Ne f f ) of 1.363, while Fig. 1(c) shows
that of fundamental TM mode in photonic waveguide which has the exact same configuration
as the LR-DLSPPW except without the gold stripe, with the Ne f f of 1.357. From those two
field distribution figures, we can see that both TM modes have very similar mode profile, which
promises high coupling efficiency between them.

Fig. 1. (a) Schematic cross section of a straight LR-DLSPPW with a PMMA ridge atop
a gold stripe supported by ormoclear and cytop films deposited on a silicon wafer. Field
distributions of dominating electric field component

∣
∣Ey

∣
∣ in fundamental mode TM00 at

1550 nm (b) in the LR-DLSPPW and (c) in the photonic waveguide (which has the exact
same configuration as in (b) except without the gold stripe).

There has been comprehensive theoretical analysis on LR-DLSPPWs [15, 16, 23]. In those
papers, influences of geometric parameters of waveguide, such as buffer layer thickness, ridge
size, gold stripe dimension on the field confinement, propagation length (Lp) have been care-
fully investigated, thus offering a good guide to optimize the design of LR-DLSPPWs. How-
ever, in the process of fabrication, deviation of several parameters, such as gold stripe displace-
ment, and gold stripe thickness (tAu), may play an important role in the performance of the
waveguides. Besides, the introduction of titanium layer, which is very commonly used in the
deposition of gold film to increase the adhesion between gold film and the dielectric material,
can also exert remarkable influence on the performance of the waveguides. Therefore, we car-
ried out some simulation by means of commercial software COMSOL MULTIPHYSICS, to
study the impact of the above parameters. The dispersive permittivities of gold and titanium are
obtained from the data measured by Johnson and Christy [25]. The results are shown in Fig. 2.
Figure 2(a) shows the dependence of propagation length on the gold stripe displacement with
different thicknesses. Without the displacement of gold stripe, LR-DLSPP mode has largest
propagation length for gold stripe thickness of around 10 nm. It is noticed that even when the
gold stripe is displaced by 100 nm, the propagation length only decreases about 10%. This
shows good fabrication tolerance to the placement of the gold stripe. However, the propagation
length is very sensitive to the thickness of the gold stripe. When the thickness increases from 10
nm to 20 nm, the propagation length decreases from 6 mm to 1.8 mm, due to the increasing loss
in the gold stripe. However, due to practical consideration related to fabrication and interfacing
to external electrode, we choose the thickness of 15 nm [15].

The coupling efficiency between the plasmonic and photonic waveguides is estimated by
calculating vector overlap integral in the following form [6, 26]

|∫∫A E1 ×H2 · ẑdxdy| |∫∫A E2 ×H1 · ẑdxdy|
|∫∫A E1 ×H1 · ẑdxdy| |∫∫A E2 ×H2 · ẑdxdy| (1)
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Fig. 2. Dependence of (a) propagation length and (b) coupling efficiency on gold stripe
displacement for different gold stripe thicknesses of 10–20 nm. The curves in (b) share
the same legend as in (a). Inset in (b) shows field distribution of Ey with the gold stripe
displacement of 250 nm and gold thickness of 16 nm. (c) Influence of titanium intermediate
layer on propagation length of LR-DLSPP mode as a function of gold stripe thickness.

where E1, E2, H1 and H2 are the electric fields and magnetic fields of the in-coupling and
out-coupling modes. The waveguide maintains more than 97% coupling efficiency even when
the gold stripe displacement is as large as 200 nm regardless of the gold stripe thickness [Fig.
2(b)]. This shows again good fabrication tolerance to the placement of the gold stripe.

In fabrication, it’s a very common and necessary process to include a thin Ti layer beneath
gold film to promote adhesion between gold and dielectric materials. However, accidentally,
the introduction of this Ti layer can place huge influence on the performance of the structure.
In our case, 3 nm thick of titanium (tTi=3 nm) is deposited beneath the gold film. As shown in
Fig. 2(c), this thin layer of titanium brings very large loss to the waveguide. Even when only
1 nm thick titanium film is used, in the case of tAu=15 nm, the propagation length drops about
2 times from 3.5 mm to 1.6 mm. If tTi=3 nm, the propagation length decreases to 0.76 mm.
Such strong influence of titanium layer on propagation losses is due to its high imaginary part
of relative permittivity compared to gold, thus resulting in large absorption. It should be noted
that it is only an estimation of titanium adhesion layer influence, since for such thicknesses and
evaporation method of fabrication it is no longer a continuous homogenous layer but instead
individual islands.

3. Experimental results

Phase- and amplitude-resolved near-field investigation of LR-DLSPP waveguides was con-
ducted using scattering-type scanning near-field optical microscope (s-SNOM) from NeaSpec,
based on atomic force microscope (AFM) that uses standard commercial platinum-coated
Si tips as near-field probes (Arrow NCPt from NanoWorld). Our s-SNOM was operated in
transmission mode, when the sample is illuminated from below (see the detailed setup layout
in [27]). In order to excite the waveguiding mode from the cleaved edge (end-fire excitation),
a small 45-degree mirror was attached to the sample holder in front of the waveguide entrance
[Fig. 3(a)]. First, the optical configuration of the setup (position of the lower parabolic mirror)
was adjusted with red probe beam (λ ∼ 630 nm) [Fig. 3(b)]. In optimal adjustment a bright
spot was observed at the input (cleaved edge) and output grating of the waveguide, indicat-
ing overlap of the focused spot with waveguide entrance and waveguiding in dielectric ridge
at wavelength of 630 nm. Then the source was changed to telecom laser (λ = 1500 nm), and
the sample was scanned in AFM tapping mode (AFM tip can be seen in Fig. 3(b), displaced
from the waveguide), with a tapping amplitude of ∼ 50 nm. The near-field, scattered by the tip,
was guided by top parabolic mirror towards detector, where it was overlapped with an interfer-
ing modulated reference beam (pseudoheterodyne detection [28]), providing complex-valued
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Fig. 3. (a) Schematic demonstration of the implementation of 45-degree mirror in
transmission-mode s-SNOM setup. (b) Top view of the waveguide and shifted SNOM-
probe under excitation with red probe beam. Off-side trench reflects the position of the gold
stripe in the waveguide. (c) Pseudocolour s-SNOM images of topography and complex-
valued near-field at = 1500 nm (represented in terms of amplitude, phase, and real part).
The propagation direction of the mode is illustrated with arrow. (d) One-dimensional
Fourier transformation of near-field map, used for evaluation of effective mode index and
back reflection.

near-field (i.e., amplitude and phase of near-field). Due to a dominating dipole moment of a tip
along its axis (i.e., along y-axis), the recorded s-SNOM images represents a distribution of the
y-component of the electric field, Ey [29]. Since only the sample is moving during the scan in
standard s-SNOMs, here we employed synchronous movement of the lower parabolic mirror
together with the sample during the scan in order to keep the same alignment of waveguide
excitation.

Experimental scan of the waveguide, containing both plasmonic and photonic section [Fig.
3(c)], revealed no observable change in the near-field amplitude upon transition, indicating low
coupling losses between LR-DLSPP and photonic waveguide. The interface between plasmonic
and photonic waveguides was identified by off-side trench [Fig. 3(b)], fabricated specifically to
reflect the position of the gold stripe under the dielectric ridge. A one-dimensional Fourier
transformation (1D FT) of the complex-valued near-field map allowed determination of the ef-
fective mode index for each waveguide, which appeared to be ∼ 1.4, the same for plasmonic
and photonic waveguides (within the accuracy of 0.05). Also it indicated a weak back reflec-
tion of the waveguiding mode (estimated to be ∼ 2% in intensity) in both plasmonic and and
photonic waveguides, which is probably a reflection from the output grating. Unfortunately, the
propagation length of LR-DLSPP mode could not be measured due to relatively small scanning
range (100 μm compared to the expected mm-long propagation length) and some fluctuations
of the near-field (which can be ascribed to some imperfections in measured or fabricated to-
pography of the waveguide). Overall, near-field experiments supported our initial statement,
that the effective mode indices and modal field profiles in LR-DLSPP waveguide and the same
waveguide without gold stripe are very similar, with little coupling loss between them.

The transmission from the waveguides is measured by our home-made experiment setup,
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Fig. 4. (a) Schematic illustration and (b) photo of the experimental setup for measuring the
transmission through the waveguides. (c) Top-view optical microscope image of the cleaved
waveguides and the aligned tapered-lensed fiber. (d) Top-view optical microscope image of
the uncleaved sample, including four waveguides with different lengths of embedded gold
stripe, with grooves outside of the waveguides reflecting the length and position of gold
stripes. Inset presents the scanning electron microscope image of the grating in the end of
the waveguides.

which is schematically demonstrated in Fig. 4(a). Firstly, a broad-band linear-polarized near-
infrared light is coupled into the cleaved end of the waveguide using a tapered-lensed
polarization-maintaining single-mode fiber. After the light propagates through the photonic
waveguide with plasmonic section, it is scattered off by a grating at the end of the waveguide
and collected by a cleaved single-mode fiber [Fig. 4(b) and 4(c)]. The grating has 10 periods,
with a period of 1.2 μm, and a duty cycle of 50% [see inset in Fig. 4(d)]. In order to measure
both the propagation loss of LR-DLSPP mode and the coupling loss between photonic and plas-
monic modes, we fabricate waveguides with four different lengths of gold stripe, which are 0,
50, 150 and 200 μm respectively, and grooves outside of the waveguides, reflecting the length
and position of gold stripe [Fig. 4(d)].

In the experiment, we measured the transmission through the waveguides from four samples,
every one of which has four waveguides with different lengths of gold stripe. Figure 5(a) shows
the averaged transmission from the waveguides in the wavelength range of 1530–1630 nm,
with the error bar showing the standard deviation. Here we assume that propagation losses in
the photonic waveguide sections are negligible due to the short lengths. Then the transmission
can be calculated as the following equation

T =Ccom(Cpl−ph)
n exp

(

−Lstripe

Lprop

)

(2)

where T is transmission, Ccom is common losses (at the entrance of waveguide, i.e., at the
cleaved edge, and the exit, i.e., at the grating, and in the setup, i.e., through fibers), which
we consider as a constant here, Cpl−ph is coupling losses at plasmonic-photonic interface, n is
number of interfaces (2 for waveguides with plasmonic stripe and 0 for photonic waveguide),
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Fig. 5. (a) Measured transmission of the four waveguides after averaging all the results
from four samples. WG1 is the waveguide without gold stripe. WG2, WG3 and WG4 stand
for the waveguides with the gold stripe length of 50, 150 and 200 μm, respectively. (b)
Propagation length and coupling loss as a function of the wavelength. Error bar in both
figures shows the standard deviation.

Lstripe is length of the stripe and Lprop is propagation length. Therefore, for each free-space
wavelength, there are 4 waveguides which means we have four different equations, based on
which Cpl−ph and Lprop can be easily determined by fitting with least-square method [Fig.
5(b)]. The propagation length and coupling loss at 1550 nm is about 0.3 mm and 1.25 dB (or
75% coupling efficiency). The expected (from simulations) increase in the LR-DLSPPW mode
propagation length with the increase of the wavelength (by ∼ 20%) is obscured in the experi-
mental characterization due to a relatively large error of measurements [Fig. 5(b)], which is in
turn related to a relatively small number of the fabricated waveguides of different lengths [Fig.
5(a)]. The measured propagation length is about half smaller than the theoretical prediction of
0.76 mm. The increased propagation loss could stem from the variation of tTi and tAu, which
may be actually larger than 3 nm and 15 nm [Fig. 2(c)]. Besides, displacement of gold stripe
and gold stripe roughness can also contribute to the loss. The increased coupling loss may also
result from the same reasons. However, compared to other reports [4, 6] of measured coupling
loss between plasmonic and photonic waveguides, ranging from 1 to 4.5 dB, our result (1.25
dB) is still pretty competitive, let alone the great improvement potential of about 0.05–0.2 dB
according to the theoretical prediction [Fig. 2(b)].

4. Conclusion

In this paper, we have presented efficiently interfaced photonic and plasmonic waveguides by
exploiting the LR-DLSPPW configuration. Due to their similar mode profiles, theoretical cal-
culations predict extremely high coupling efficiencies (>97%) between the plasmonic and pho-
tonic waveguides at telecom wavelengths, even when significant gold stripe displacements are
allowed. The measured coupling efficiency and propagation length at 1550 nm are on average
close to 75% and 0.3 mm, respectively. Even though the experimentally obtained characteris-
tics are worse than those predicted by simulations, both coupling loss and propagation length
are still among the best characteristics demonstrated experimentally. Moreover, by decreasing
the thickness of titanium and optimizing the fabricating process, the propagation length and
coupling efficiency can be improved significantly. The results obtained demonstrate that LR-
DLSPPWs can efficiently be interfaced with photonic (dielectric) waveguides, opening thereby
new perspectives for realization of hybrid photonic-plasmonic components and circuits.
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