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Integrated Optical Components Utilizing Long-Range
Surface Plasmon Polaritons

Alexandra Boltasseva, Thomas Nikolajsen, Kristjan Leosson, Kasper Kjaer, Morten S. Larsen, and
Sergey 1. Bozhevolnyi

Abstract—New optical waveguide technology for integrated
optics, based on propagation of long-range surface plasmon po-
laritons (LR-SPPs) along metal stripes embedded in dielectric, is
presented. Guiding and routing of electromagnetic radiation along
nanometer-thin and micrometer-wide gold stripes embedded in
polymer via excitation of LR-SPPs is investigated in the wave-
length range of 1250-1650 nm. LR-SPP guiding properties, such
as the propagation loss and mode-field diameter, are investigated
for different stripe widths and thicknesses. A propagation loss
of ~6 dB/cm, a coupling loss of ~0.5 dB (per facet), and a bend
loss of ~5 dB for a bend radius of 15 mm are evaluated for
15-nm-thick and 8-y m-wide stripes at the wavelength of 1550 nm.
LR-SPP-based 3-dB power Y-splitters, multimode interference
waveguides, and directional couplers are demonstrated and in-
vestigated. At 1570 nm, coupling lengths of 1.9 and 0.8 mm are
found for directional couplers with, respectively, 4- and 0-zm-sep-
arated waveguides formed by 15-nm-thick and 8-pm-wide gold
stripes. LR-SPP-based waveguides and waveguide components
are modeled using the effective-refractive-index method, and good
agreement with experimental results is obtained.

Index Terms—Directional couplers (DCs), integrated optics, sur-
face waves, waveguide components.

1. INTRODUCTION

NTEGRATED optical circuits have been intensively devel-

oping over the last 30 years with the purpose of reducing the
number of electrooptic interconnections and realizing various
functionalities, such as optical routing, splitting, combining,
and filtering of optical signals. Currently, several integrated
optical technologies are developed with different technological
platforms and material systems, including III-V semicon-
ductors, silica, silica-on-silicon, and silicon oxynitride with
processing based on standard photolithography [1]-[3], lithium
niobate crystals modified with the titanium diffusion [4], as
well as technologies based on sol-gel [5], polymers [6], and
organo-mineral materials [7]. All existing technologies have
their advantages and drawbacks but all have proven to be of
preference for different applications. One of the most important
characteristics of a technology is its price. Today, low-cost
processes are thought to become the winners of future inte-
grated-optic technology competition. A new approach, which
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suggests to employ long-range surface plasmon polaritons
(LR-SPPs) for the guiding of light along thin metal stripes
embedded in dielectric, e.g., polymer, seems to meet low-cost
simplicity of fabrication, flexibility, as well as performance
requirements.

Surface plasmon polaritons (SPPs) represent quasi-two-di-
mensional electromagnetic excitations propagating along a di-
electric-metal interface [8]. The SPP field components decay
exponentially into both neighboring media from their maxima
at the interfaces. Rather tight field intensity confinement to the
metal surface (typically on the order of or smaller than the wave-
length in the corresponding media) makes SPPs very sensitive
to surface irregularities so that the SPP scattering has been long
considered as a tool for surface analysis [8]. Since then, many
fundamental properties of SPPs propagating along the interface
between metal and dielectric have been studied, and many in-
teresting findings and possible applications have been reported
[8]-[17]. Recent progress in the design and fabrication of highly
integrated optical circuits has paved the way for exploitation of
SPPs for radiation guiding along straight and sharply bent chan-
nels in (periodically) corrugated regions [13]-[15] and along
narrow metal stripes [16], [17]. Due to the relatively small prop-
agation length (~ 30 pm in visible and ~ 300 pm in the near-in-
frared wavelength range for a silver—air interface [8], SPPs are
considered to be somewhat limited in their applications. How-
ever, by changing a metal—dielectric interface to a symmetrical
structure of a thin metal film embedded in dielectric, one can
significantly decrease the SPP propagation loss [8]. In this sym-
metrical structure, two identical SPPs associated with the two
(upper and lower) metal—dielectric interfaces become coupled,
forming two modes: symmetrical and asymmetrical (with re-
spect to the orientation of the main electric field component).
It is the symmetrical mode that is of great interest and impor-
tance from the point of view of potential applications for two
reasons. First, the attenuation of the symmetrical mode, also
called LR-SPP, decreases drastically with the decrease of the
film thickness, leading to an increase in the propagation length
[18]. At the same time, for sufficiently thin metal films, the
LR-SPP field components extend over several micrometers into
the cladding via two identical evanescent tails, facilitating the
optical excitation, because the mode size is now close to that
of the standard SMF. The end-fire excitation of LR-SPPs was
first proposed by Burke ef al. [19] and realized by Charbonneau
et al., who observed experimentally LR-SPP propagation along
thin gold stripes of finite width embedded in silica glass [19],
[20]. Quite recently, efficient LR-SPP excitation and guiding (at
telecom wavelengths) along 10-nm-thin gold stripes embedded
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in polymer was realized demonstrating the coupling loss of ~0.5
dB and propagation loss of ~6-8 dB/cm [21].

Once low-loss LR-SPP propagation along straight stripes has
been demonstrated, it seems natural to start investigating bends,
splitters, and other waveguide components based on LR-SPP
stripe waveguides. Bends, which are used for connecting
waveguides offset with respect to each other, are very important
in integrated optical circuits, because it is often required to
properly adjust the separation between adjacent input/output
waveguides with respect to that between in-/out-coupled
(pigtailed) fibers. Over the years, wave propagation in bent
waveguides has been studied extensively both theoretically and
experimentally for different bend types, and different bend per-
formances (including the smallest bend radius and bend loss)
have been reported [22]-[24]. In integrated optical circuits,
bends are usually included as parts of larger basic building
blocks, such as Y-splitters and DCs. These components have
generated a lot of interest due to their numerous applications
for switching, modulation, wavelength demultiplexing, and
power splitting [25]. In recent years, there has also been a
growing interest in multimode interference (MMI) waveguide
components that offer flexible and reconfigurable functionality
used for signal routing and coupling devices [26]. Optical de-
vices based on MMI effects are incorporated in modern phase
diversity networks, Mach—Zehnder switches and modulators,
balanced coherent receivers, ring lasers, and other integrated
optical circuits and components.

The present paper reports the design, modeling, fabrication,
and optical characterization of polymer-based LR-SPP stripe
waveguides and waveguide components at telecommunication
wavelengths. The guiding and routing of light along thin gold
stripes embedded in polymer via excitation of LR-SPPs for dif-
ferent thicknesses and widths of stripes are investigated.

The paper is organized as follows. In Section II, modeling
of LR-SPP propagation along thin metal films and finite-width
stripes is considered by numerical solving of the dispersion
relation. Propagation loss is calculated for different thicknesses
of metal film and different properties of cladding layers (thick-
ness and refractive index). Using the effective-refractive-index
method, the dependencies of the propagation loss and lateral
mode-field diameter (MFD) on the stripe width are simulated.
Section III is devoted to experimental results obtained with the
LR-SPP stripe waveguides and waveguide components. First,
the fabrication procedure and experimental arrangements are
described. Second, experimental values for the propagation
loss for different stripe thicknesses are presented along with
the mode profiles measured for different stripe widths. LR-SPP
stripe waveguide bending and splitting is investigated experi-
mentally for 8-pm-wide stripes. Lateral field profiles for optical
MMI devices based on wide-stripe waveguides are measured
for different waveguide lengths and compared with the results
of modeling. Routing of light using DCs based on LR-SPP
stripe waveguides is demonstrated for different stripe widths
and separations. Coupling lengths are determined for DCs with
different parameters showing good agreement with the values
estimated using the effective-index method. Finally, the results
are summarized and conclusions are offered in Section IV.
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Fig. 1. (a) Symmetrical geometry of an infinitely wide metal film of variable
thickness ¢ surrounded by two identical polymer (n = 1.535) layers of variable
thickness d. The structure is placed on a silicon substrate (n = 3.47). (b)
Dependence of the LR-SPP propagation loss on the gold film thickness at the
wavelength of 1550 nm for different thicknesses of polymer cladding layers.
The vertical-mode profiles for the 20-nm-thick gold film are shown in the inset
for two different cladding thicknesses.

II. LR-SPP STRIPE WAVEGUIDES:
EFFECTIVE-INDEX APPROACH

A. LR-SPPs Supported by a Thin Metal Film of Infinite Width

Characteristics of SPP waves propagating along thin metal
films embedded in dielectric were first considered by Sarid,
who showed that the imaginary part of a propagation constant
of the symmetrical mode, i.e., the LR-SPP mode, goes to zero
as the metal film thickness decreases, implying the possibility
of achieving very long propagation distances [18]. Properties
of the LR-SPP mode supported by a thin metal film of infi-
nite width can be analyzed by solving a dispersion relation [19]
for confined electromagnetic waves obtained from the boundary
condition for the tangential field components. In our work, we
studied the LR-SPP characteristics for infinitely wide stripes
using a one-dimensional mode solver by Kymata Software.

The first symmetrical geometry considered is shown in
Fig. 1(a). A metal film of variable thickness ¢ is surrounded by
two identical dielectric layers characterized by the refractive
index n = 1.535, corresponding to the refractive index of
BCB (Benzocyclobutene) polymer at the light wavelength of
1.55 pm, and variable thickness d. The structure is placed
on a silicon substrate with the refractive index of 3.47. The
metal in our analysis is gold with the complex refractive index
n = 0.55 + 11.57 (this value is in fact also close to that of silver
at 1.55 pm).

We analyzed the LR-SPP propagation loss at the wavelength
of 1.55 um for different thicknesses of metal film and BCB
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Fig. 2. (a) Same geometry as in Fig. 1(a) for a polymer cladding thickness of
12 pm only with the variable refractive index of the top polymer cladding. (b)
Dependence of the LR-SPP propagation loss on the refractive-index difference
between two polymer claddings at the wavelength of 1550 nm for 10- and
15-nm-thick gold film. The vertical-mode profiles for the 10-nm-thick gold film
are shown in the inset for 0 and 0.002 differences between cladding indexes.

cladding [Fig. 1(b)]. For infinite polymer cladding, the propaga-
tion loss was found to increase monotonically when increasing
film thickness from ~1.5 dB/cm (for a 10-nm-thick gold film)
to ~250 dB/cm (for the film thickness of 60 nm). It should
be emphasized that in order to support LR-SPP propagation,
one should ensure a symmetrical structure. This means that two
polymer layers should have the same refractive index and be
sufficiently thick so that the LR-SPP field is located inside the
polymer and does not penetrate into the silicon substrate or air.
The LR-SPP mode profile in depth (perpendicular to the sample
surface) is mainly determined by the metal thickness and re-
flects how tight the LR-SPP is bound to the metal. Here, we
should mention that, in turn, the cladding (polymer) thickness
can be used to tune the LR-SPP depth profile [21] as demon-
strated in the inset of Fig. 1(b). For the gold thickness of 20 nm,
the breadth of the LR-SPP depth profile changes from ~ 10 ym
for a 12-psm-thick cladding to ~ 4 pum for the polymer thickness
of 2 um. However, besides the control of the LR-SPP depth pro-
file, the decrease in the cladding thickness increases the propa-
gation loss. For example, for a 10-nm-thick metal film, reducing
polymer thickness to 2 pm will change the LR-SPP propagation
loss from ~1.5 to ~5 dB/cm [Fig. 1(b)].

To study the influence of asymmetry in the cladding indexes
on LR-SPP properties, we analyzed the same geometry as in
Fig. 1(a) for the cladding thickness of 12 ym and with the vari-
able refractive index of the top cladding [Fig. 2(a)]. The depen-
dence of the LR-SPP propagation loss on the refractive-index
difference between top and bottom cladding layers is shown in

415

351

30F  d=6um

o5l —— d - infinite

20F

1.5} Id BCB

" Gold

1or Id BCB ]

051

Si-Substrate

0.0 PR N | | I | IR S| L 1
10 12 14 16 18 20 22 24 26 28 30
Gold film thickness (nm)

LR-SPP effective index (x107%)

Fig. 3. Dependence of the LR-SPP effective refractive index on the gold film
thickness for the infinite and 6-xm-thick polymer cladding.

Fig. 2(b) for gold thicknesses of 10 and 15 nm. For example,
for a 10-nm-thick film, the LR-SPP mode was found to have
the propagation loss increasing from 1.7 dB/cm (for the sym-
metrical structure) to ~4 dB/cm (for the refractive index dif-
ference of +0.006). The increase in the propagation loss with
the increasing asymmetry is accompanied with the change from
a symmetrical LR-SPP mode depth profile to an asymmetrical
one [inset of Fig. 2(b)]. A further increase of the refractive-index
difference (more than £0.006) will create a conventional slab
waveguide formed by a polymer layer with a higher refractive
index surrounded by two media with lower refractive indexes,
resulting in the propagating mode of the slab waveguide instead
of the LR-SPP mode.

The dependence of the LR-SPP normalized effective refrac-
tive index b on the gold film thickness is presented in Fig. 3 with
the normalized index b being conveniently determined as

_ /6_ kOncl _

h— Neff — N¢l

= 1
kOncl Toel ( )
where (3 is the LR-SPP propagation constant, A is the light wave-
length (1.55 pm), n. is the refractive index of the cladding
(1.535), and N, is the mode effective refractive index.

B. LR-SPPs Supported by a Thin Metal Film of Finite Width

The properties of LR-SPP modes guided by a waveguide
structure composed of a thin lossy metal film of finite width,
surrounded by dielectric, were for the first time studied theo-
retically by Berini [27]. In our simple qualitative analysis, the
characteristics of the LR-SPP mode propagating in a stripe
metal waveguide of finite width were found by using the
effective-refractive-index method, which is considered to be
reasonably accurate for waveguide modes being far from cutoff
[28] and found to give fairly good predictions for the behavior
of LR-SPP stripe waveguides. The geometry that we consid-
ered is shown in Fig. 4(a). A metal strip of variable thickness
t and width w is surrounded by polymer characterized by the
refractive index n, and the whole structure is placed on a silicon
substrate.

In the first step, the structure with an infinitely wide metal
film is analyzed resulting in the vertical LR-SPP mode profile
and the effective index, which is used in the second step as the
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Fig. 4. (a) Geometry of a metal stripe of variable thickness ¢ and width w
surrounded by polymer (n = 1.535) layers. The structure is placed on a silicon
substrate (n = 3.47). (b) Dependence of the lateral LR-SPP MFD on the stripe
width for gold film thicknesses of 10 and 14 nm. Modeling performed using the
effective-index approach. Dots represent the values measured for 15-nm-thick
stripes sandwiched between 15-pm-thick polymer cladding layers. The inset
shows an example of the lateral intensity profile fitted to a Gaussian distribution.

refractive index of a core in the slab waveguide configuration
(the core thickness is considered equal to the stripe width). The
waveguide analysis at the second step provides us with the lat-
eral mode profile (parallel to the sample surface) as well as the
corrected value for the mode effective refractive index and prop-
agation loss. The lateral LR-SPP MFD is shown in Fig. 4(b) as
a function of the stripe width for gold film thicknesses of 10 and
14 nm. A typical behavior of the lateral LR-SPP MFD was found
first to decrease following the decrease in the stripe width and
then to increase again, emonstrating a poor light confinement by
narrow stripes [27].

The LR-SPP mode effective index,together with the propaga-
tion loss as a function of the waveguide width for a 10-nm-thick
stripe, s shown in Fig. 5. The simulations indicated that, for
the stripe thickness of 10 nm, the multimode regime sets in for
stripes wider than 20 pm [Fig. 5(a)] This feature was used to de-
sign MMI waveguides (Section III-F). The propagation loss was
found to decrease with the stripe width (a similar trend was also
predicted by Berini [27]) implying the possibility to reach very
low propagation loss. For example, the propagation loss below
1 dB/cm can be achieved for a 10-nm-thick stripe by reducing
its widths below 5 pum [Fig. 5(b)] .

III. EXPERIMENTAL RESULTS
A. Sample Fabrication

To fabricate LR-SPP stripe waveguides, a silicon substrate
(4" or 6") was first spin-coated with a layer of polymer BCB
with a thickness of 13—15 pm and then with a layer of ultravi-
olet (UV) resist. Stripe waveguides and waveguide devices were
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Fig.5. (a) SPP mode effective index (b) together with the propagation loss as a
function of the waveguide width for a 10-nm-thick stripe. Modeling performed
using the effective-index approach.

patterned using standard UV lithography, gold deposition, and
liftoff. As a final fabrication step, the spin-coating with the top
cladding, comprising another 13- to 15-pm-thick BCB layer,
was performed. Since the symmetry of the structure is very im-
portant for the LR-SPP properties (propagation loss, MFD), we
controlled carefully that the cladding layers had the same refrac-
tive index and were thick enough to accommodate the electro-
magnetic (EM) field of the LR-SPP. This was guaranteed by ap-
plying the same polymer for the top and bottom claddings and
using identical spinning and curing conditions. After the final
polymer curing the wafer was cut into individual samples con-
taining different waveguide devices.

Fabricated samples included straight stripe waveguides of dif-
ferent widths (from 2—-12 pzm), S-bends of different lengths with
200-pm offset, Y-splitters, 40- and 60-um-wide MMI waveg-
uides connected to injection single-mode (8-um-wide) waveg-
uides positioned symmetrically with respect to the MMI center
line, and DCs based on 8-pm-wide stripe waveguides.

B. Experimental Arrangement

For optical characterization of the LR-SPP stripe waveguides
and waveguide devices, standard transmission measurements
were performed. In order to excite the LR-SPP mode, end-fire
coupling of light was performed using a tunable laser (1550
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or 1570 nm) or a broad-band light source (two multiplexed
edge-emitting-light-emitting diodes—1310 and 1550 nm),
together with a polarization controller, as a source. Light
polarized perpendicular to the waveguide plane was launched
into the LR-SPP waveguide via butt-coupling from a polariza-
tion-maintaining (PM) fiber with an MFD of 10.8 pm. To ensure
that the polarization of light was orthogonal to the waveguide
layer, angular adjustments of the PM fiber were performed. 1
km of coiled standard SMF was used as out-coupling fiber in
order to strip off all light coupled into the fiber cladding. Index
matching gel was used to decrease the reflection at the sample
edges. The output signal was detected by a power meter (for
measurements performed with the laser) or optical spectrum
analyzer (for broad-band measurements).

The adjustment of the in- and out-coupling fibers with respect
to the stripe waveguide was accomplished by maximizing the
amount of light transmitted through a waveguide (active align-
ment). We should mention that almost all light coupled from the
input fiber to the cladding was stripped away before reaching the
end facet of the sample so that only the LR-SPP mode confined
to a waveguide was observed at the output, making the align-
ments of the fibers quite easy. The output intensity distribution
from a stripe waveguide was monitored via an infrared vidicon
camera through 200" magnification. The PM fiber output with
the known MFD was used for the calibration of the mode profile
measurement system.

C. Straight Stripe Waveguides

The propagation loss measurements were performed for
8-um-wide straight stripe waveguides of different thicknesses
(thickness of the deposited gold layer) from approximately
8.5 to 35 nm. At a particular wavelength, the propagation loss
was found as the slope of the linear fit to the experimental
values of loss obtained for different lengths of the LR-SPP
waveguide (4, 8, and 14 mm for waveguide thicknesses up
to 15 nm, and 2, 3, and 4 mm for thicknesses up to 35 nm)
(cutback method). This linear fitting technique allowed us to
estimate the coupling loss from the intersection point on the
loss axis corresponding to zero length of the waveguide. The
value of the coupling loss for a 15-nm-thick stripe waveguide
varied from approximately 0.5 dB per facet for a 10-pym-wide
waveguide to ~1.5 dB for a 4-um-wide stripe. Fig. 6 shows
the experimental results for the propagation loss at 1550 nm,
together with the LR-SPP propagation loss curve calculated for
infinitely wide stripes. Good agreement between experimental
and calculated values, observed for waveguide thicknesses
higher than 15 nm, clearly indicates that, for thick stripes, the
internal damping in metal (ohmic loss) is dominating. For thin
stripes, higher values of experimentally obtained propagation
loss compared with the calculated values can be explained by
the presence of other loss mechanisms such as the scattering by
inhomogeneities in the gold structure, at the waveguide edges,
and scattering and absorption in the polymer. By eliminating
the described loss mechanisms, one should achieve the loss
limit set by the internal damping in metal, which is ~1.5 dB/cm
for a 10-nm-thick infinitely wide stripe and decreases with
the stripe width [27]. Further reduction of the stripe thickness
(less than 10 nm) will hardly lead to a significant decrease in
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Fig. 6. Experimental measurements of the propagation loss dependence on the
thickness of the 8-pm-wide stripe at the wavelength of 1550 nm, together with
the propagation loss curve calculated for infinitely wide stripes.

the propagation loss in practice due to fabrication difficulties
in creating a very thin homogeneous metal layer. Since the
flatness of a nanometer-thin film can be strongly influenced by
that of a substrate surface, it is a rough polymer surface that
sets, in our case, a 10—15-nm limit on the thickness of a film
exhibiting thickness variations on the scale much smaller that
the thickness itself.

In order to study the LR-SPP mode profile, the output inten-
sity distribution from a stripe waveguide was monitored with
a microscope arrangement imaging the waveguide output on
an infrared Vidicon camera. The output intensity distribution
at the output of the 15-nm-thick stripe waveguide for three
different waveguide widths (4, 8, and 12 pm) is shown in
Fig. 7. The mode depth profile consists of two exponential
decays with the decaying parameters, which are primarily
determined by the metal thickness. However, for narrow stripes
(less than 6-pm-wide), the depth MFD is expected to increase
compared with the infinitely wide stripe of the same thickness
[27], which is also seen from the experimentally obtained mode
profiles (Fig. 7). The LR-SPP depth profile for an 8-um-wide
stripe together with the exponential fits is presented in Fig. 8,
showing quite a good match except for around the zero-depth
coordinate, where the intensity distribution was smoothened to
Gaussian-like shape due to the limited resolution (1-1.5 pm)
of the imaging system.

The lateral mode-field profile was found to fit perfectly to a
Gaussian distribution (see inset in Fig. 4). The lateral MFD de-
termined as a function of the 15-nm-thick stripe width (from
2-12 pm) is presented in Fig. 4. It is seen that the lateral MFD
decreases from ~ 12 pm for the stripe width of 12 um to
~ 10 pm for 6-8-pm-wide stripes, following the decrease in the
waveguide width, and then starts to increase, reaching ~ 16 ym
for a 2-um-wide stripe waveguide, due to weaker light confine-
ment for narrow stripes [27]. This behavior is found to be in
good agreement with the results of our simulations (Fig. 4).

The described features of the LR-SPP mode profile in lateral
and transverse directions provide the possibility to significantly
reduce the coupling loss between an LR-SPP stripe waveguide
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Fig. 7. Output intensity distribution at the output of the 15-nm-thick stripe
waveguide for a (a) 4-, (b) 8-, and (c) 12-pm-wide (c) stripe.
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Fig. 8. LR-SPP depth profile for an 8-um-wide stripe, together with the

exponential fits. The inset shows an example of the LR-SPP stripe output
intensity distribution.

and a standard SMF (down to ~0.1 dB) by choosing proper
stripe dimensions and thus fitting the LR-SPP mode profile to
that of the fiber.

D. S-Bends

The connection between two straight waveguides, which are
offset with respect to each other, is usually called an S-bend.
Several approaches for the design of the S-bends have been re-
ported [22], [23], aiming at low additional loss and moderate
increase in device length. An intuitive bend design as a com-
bination of two circular arcs performs already better than the
one composed of straight sections with sharp corners (sharp
bends), but further improvements are still possible. These are
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Fig. 9. Bend loss as a function of the bend angle measured for a 10-pm-wide
and 15-nm-thick waveguide in comparison with the quadratic bend loss curve
(2) obtained for a Gaussian mode with MFD of 14.5 pm.

achieved by removing discontinuities not only in the first but
also in the second derivative of the bend function, thereby elim-
inating abrupt curvature changes at the straight-curved transi-
tions and at the midpoint of the S-bend. This approach can be
realized with simple designs based on sine and cosine curves.

In our work, we characterized sharp and cosine S-bends based
on 10- and 8-um-wide and 15-nm-thick stripe waveguides. The
S-bends with the length from 2.5 to 10 mm were used to connect
two straight waveguides with the offset of 200 pm.

The bend loss for a sharp bend as a function of the bend angle
was obtained by normalizing the total insertion loss through the
bend to the total loss for the straight waveguide of the same
length (Fig. 9). All measurements were performed at the wave-
length of 1550 nm. We estimated the bend loss using the simple
expression [29]

©))

TngWe 2
2\

Loss =2 4.343 (

and obtained good agreement with the experimental results.

The total insertion loss through a 13-mm-long sample, which
contained straight waveguides and S-bends, as a function of cur-
vature radius is shown in Fig. 10, together with the calculated
curve [23]. The flat plateau starting from bend radius of approx-
imately 40 mm gives the low limit for the bend radius of a loss-
less bend. The bends contribute with the additional loss of ~2
dB when the bend radius is about 20-25 mm (corresponding
to the 200-pum-offset S-bend length of 4.5 mm). For S-bend
lengths shorter than 4 mm (bend radius smaller than 16 mm),
the bend loss increases drastically, making these bends unsuit-
able for practical applications.

Preliminary investigations showed that further (minor)
improvements of the S-bend performance seem possible by
choosing other S-bend types, for example, sin z-x bend, which
give slightly lower bend loss for the same waveguide offset
and bend length. Some reduction in the bend loss can also be
achieved by optimizing the stripe dimensions so as to increase
the lateral mode confinement while keeping low the LR-SPP
propagation loss (in general, the propagation loss is larger for
LR-SPP modes with better confinement).
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Fig. 10. Total insertion loss through a 13-mm-long sample containing S-bends
as a function of curvature radius along with the calculated curve [23].

E. Y-Splitters

Since single-mode Y-branch waveguides are key elements
in the realization of power dividers, optical switches, and
Mach—Zehnder modulators, Y-splitters were also included in
our mask design and optically characterized in the S,C, and L
band. We investigated Y-branches, consisting of 15-nm-thick
and 8-pm-wide LR-SPP stripe waveguides, with an arms
separation of 250 um, which corresponds to the standard pitch
of a fiber array, and different splitting lengths from 5-10 mm.
Typical transmission spectra for both arms of the Y-splitters,
together with the transmission through a straight waveguide
of the same length, are shown in Fig. 11(a). For the straight
waveguide, the total insertion loss of about 5.5-7 dB in the
wavelength range from 1475-1610 nm includes the propaga-
tion loss over 13 mm and two coupling losses (coupling to the
input and output fibers), while the shape of the curve is due
to the absorption curve of the polymer. By normalizing the
transmission through the Y-splitter to the transmission through
the straight waveguide, the loss induced by the Y-splitter
was estimated for each arm of the Y-branch. For the splitting
length of 10 mm, we demonstrated an essentially lossless 3-dB
Y-splitter, while a 5-mm-long Y-splitter was found to induce
additional 0.5-dB loss for each arm [Fig. 11(b)]. The difference
in the transmission level for the two arms of the investigated
Y-splitters was found to be within 0.3 dB, implying that such a
device can be used in practice as a symmetrical power divider
or 3-dB coupler.

F. MMI Devices

MMI-based devices that have become important components
within integrated optical circuits can also be realized with the
LR-SPP-based technology. To demonstrate an LR-SPP-based
MMI that performs power splitting, we fabricated 40- and
60-um-wide LR-SPP stripe waveguides (waveguide thickness
is 15 nm) that were cut into samples of different length. The
width of the LR-SPP waveguides was chosen so that the waveg-
uides were multimoded, which in our case of 15-nm-thick
waveguides corresponds to a stripe width of more than 12 ym
(the cutoff width for the second mode).
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Fig. 11. (a)Transmission spectra for both arms of the 5- and 10-mm-long
Y-splitters with 250-4m arm separation, together with the transmission through
a straight waveguide of the same length; (b) relative transmission spectra.

We analyzed the experimentally obtained output intensity dis-
tributions for MMIs of different widths and lengths (Figs. 12 and
13) and compared these with the intensity distribution patterns
expected from the modeling. The beat length between the two
lowest order modes L, can be expressed as (a description of
the self-imaging principle as well as a complete analysis can be
found in [26])

T A

L= (Bo—P1)  2(NgT — NpfF) ©
where ) is the wavelength, and 3y, 41, N§, and N¢H are propa-
gation constants and effective indexes of the zero- and first-order
mode, respectively, calculated by using the effective-index ap-
proach as before. For an injection (single-mode) waveguide po-
sitioned symmetrically with respect to the MMI center line,
N-fold images are obtained at distances [26]

3L, )
Lﬂ:%<T> withp = 0,1,2,.... 4)

For a 40-pm-wide waveguide, the distance from the input
plane to the twofold image plane was estimated to be 3.49 mm,

which agrees very well with the output intensity distribution of
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Fig. 12. Output intensity distributions for 40-pm-wide MMIs of different
lengths: (a) 2.3-mm-long—the value for distance to onefold image ((3), (4))
expected from the modeling is 2.33 mm; (b) 2.8-mm-long; and (c) 3.3-mm-long
(distance to twofold image from modeling is 3.49 mm).

the 40-pm-wide waveguide of 3.3 mm length. Experimentally
observed fourfold image for the 60-pm-wide and 5.5-mm-long
waveguide was also found to be in excellent agreement with the
simulations that predicted the fourfold image plane to be 5.59
mm from the input plane.

G. Directional Couplers

We investigated DCs based on 8-pm-wide stripe waveg-
uides with different separation distances between waveguides
(edge-to-edge) (Fig. 14). DCs with an interaction length L
varying from 0.1 to 1.5 mm in 0.1-mm steps, were investigated.
For spectrally dependent measurements, devices with large
interaction length (I, = 8 mm) were used.

Power transmitted through the direct /;; and coupled Ix
arms of a DC can be written as

Irr = cos*(kL) 5)
Ix = sin®(kL) (6)

where k o (1/)) is a wavelength-dependent coupling constant.
The coupling length corresponding to full power transfer from
one arm to another is then defined as
oo
T
Typical transmission spectra for the direct and coupled arms
of the DC based on 8-pum-wide waveguides with 6-um sepa-
ration (interaction length of 8 mm) are presented in Fig. 15,
showing efficient power transfer from one arm to another and
proving the operational principle of a DC. An example of output

L (N

(M)
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Fig. 13. Output intensity distributions for 60-um-wide MMIs of different
lengths: (a) 4.6-mm-long—the value for distance to onefold image ((3), (4))
expected from the modeling is 2.47 mm; (b) 5.0-mm-long; and (c) 5.5-mm-long
(distance to twofold image from modeling is 5.59 mm).

Stripe Width, w
7

1 Separation, D

Interaction Length, L

Fig. 14. Schematic of the DC constructed from straight waveguides and
S-bends.

modes from two DC arms is shown in the inset of Fig. 16(a) for
a waveguide width 8 yum and separation 4 ;ym, demonstrating a
well-defined output mode from both arms and low level of back-
ground light in the polymer cladding.

For DCs with the interaction length changing from 0.1 to 1.5
mm with a 0.1-mm step, the transmission through the direct
and coupled arm was measured at the wavelength of 1570 nm
using a tunable laser. The dependence of the transmitted power
through one of the arms on interaction length was fitted using the
(5) and (6) (Fig. 16) enabling an estimation of the value of the
coupling length and the offset, which gives a correction to the
nominal interaction length due to the interaction of the modes
in the S-bend region. For 8-um-wide waveguides, the coupling
length L. /2 was estimated to be around 0.8 and 1.9 mm for the
separation distances of 0 and 4 pm, respectively.
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Fig. 15. Typical transmission spectra for the direct and coupled arms of the DC
based on 8-pm-wide waveguides with the separation of 6 ptm and interaction
length of 8 mm.

Using the previously mentioned effective-refractive-index
approach, we estimated the coupling length for a DC with
0-pm-separated waveguides by calculating the beat length
between the first two (lowest order) modes ((3)) of the com-
posite waveguide structure. For a 15-nm-thick and 16-pm-wide
waveguide, which corresponds to the DC based on 8-um-wide
stripes with O-pym separation, the beat length was calculated
to be 0.91 mm, which is close to the experimentally obtained
value of 0.8 mm. For the first two modes of the structure con-
sisting of two 8-pum-wide waveguides with 4-pym separation,
the beat (coupling) length was found to be 1.93 mm, matching
precisely the experimental value of 1.9 mm for the DC with
4-pm-separated waveguides.

The offset value shows that the interaction between two
waveguides starts earlier than the parallel section. For the
case of 0-um separation between waveguides, the offset value
obtained from the sin® fit was 1.3 mm [Fig. 16(a)], while for
the 8-pm-separated waveguides, this distance was about 0.7
mm [Fig. 16(b)]. These DCs were composed of 2.5-mm-long
cosine-bends with the offset of 48 um. The results for the
offsets showed that the interaction of the modes started in
the area of the S-bend, when the distance between waveguide
centers was approximately twice as large as that in the nominal
interaction region. This has to be taken into account when
designing waveguide components containing DC devices.

IV. CONCLUSION

Polymer-based LR-SPP stripe waveguide components con-
stitute a new alternative for integrated optical circuits. In this
paper, the guiding and routing of light along thin gold stripes
embedded in polymer via excitation of LR-SPPs were investi-
gated and LR-SPP properties such as MFD, propagation, and
coupling loss at the telecom wavelengths were studied. The
propagation loss of ~6 dB/cm and coupling loss of ~0.5 dB
(per facet) have been obtained for 15-nm-thick stripe waveg-
uides of 8 pym width. The performance of the S-bends with
the offset of 200 pm has been studied, and the S-bend loss of
less than 3 dB has been obtained for a 4.5-mm-long S-bend.
A lossless Y-splitter that can be used as a symmetrical power
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Fig. 16. Dependence of the transmitted power through the direct and coupled
arms on the interaction length for DCs based on 8-pm-wide waveguides with
(a) 4- and 0-m separation (b) between waveguides together with the sin? and
cos? fits ((5), (6)) giving the coupling length of 1.9 and 0.8 mm, respectively.
The inset shows an example of the DC output for the waveguide widths 8 pm
and separation 4 gm. The output arms separation is 112 gm.

divider or 3-dB coupler has been demonstrated. MMI devices
based on LR-SPP stripe waveguides have been demonstrated
opening up the possibility of designing different routing and
coupling components as well as wavelength demultiplexing
elements based on LR-SPP MMIs. DCs based on 15-nm-thick
and 8-pum-wide stripe waveguides have also been investigated,
and coupling lengths of 1.9 and 0.8 mm have been found for
DCs with 4- and 0-pm-separated waveguides, respectively, im-
plying that quite short (a few millimeters) and thereby low-loss
functional components (splitters, couplers, etc.) can be realized.
All LR-SPP waveguide components have been modeled using
the effective-refractive-index approach, and good agreement
with the experimental results has been obtained.

LR-SPP waveguide devices have emerged as a new class of
components that can provide guiding and routing of light as
well as coupling and splitting from/into a number of channels
with reasonable insertion loss and good balancing. Since all
conventional passive circuits can be fabricated on the base of
LR-SPP stripe waveguides, some advantages of LR-SPP-tech-
nology are worth mentioning here. In the first place, it is truly
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planar technology (the metal thickness is negligibly small)
based on a simple and low-cost fabrication procedure involving
the standard photolithography and metallization processes.
Second, the efficient coupling with SMF (ideally as low as 0.1
dB) is achievable due to the possibility of the mode shaping
by choosing proper waveguide dimensions. The propagation
loss of ~6 dB/cm can, in principle, be reduced down to at
least 1.5 dB/cm via material and processing optimization. The
design procedure for LR-SPP waveguide components can be
performed quite easily using a numerical mode solver and the
effective-index approach. Finally, the very same metal stripes
that are used for the radiation guiding can be employed as
electrodes carrying signal currents influencing the waveguiding
characteristics, e.g., thermo-, electro- or magnetooptic effects,
depending on the cladding material. Further investigations in
this area are being conducted and increasing exploitation of
the LR-SPP waveguide components is foreseen in the area of
integrated optics.
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