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Experimental evaluation of curved polymer waveguides with air trenches
and offsets
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Excess waveguide bend loss can be minimized through the use of offsets and air trenches. Offsets,
used for reducing the junction loss between straight and curved waveguides, and air trenches, which
prevent bend radiation loss, were simulated by a three-dimensional, semivectorial beam propagation
method. Low loss polymer waveguide bend structures, employing both offsets and trenches, were
fabricated. A reduction of the 180° bend insertion loss from 17.7 to 3.0 dB with a bending radius
�BR� of 1.5 mm is experimentally confirmed at �=1.55 �m. BR ranging from 5 to 0.5 mm are
evaluated with decent match when compared with simulation results. The polarization dependent
loss is BR dependent with a maximum value of 0.4 dB when the BR is reduced to 0.5 mm. The
experimental results confirm that the joint use of air trenches and junction offsets is effective in
reducing the bend radii of low index contrast polymer waveguides in planar lightwave circuits.
© 2006 American Institute of Physics. �DOI: 10.1063/1.2218038�
I. INTRODUCTION

Planar lightwave circuit �PLC� technology has become a
standard method for fabricating passive and active optical
components such as arrayed waveguide gratings,1 delay
lines,2 and optical switches.3 Several material systems have
been used to produce PLCs including silicon on insulator
�SOI�, silica, and polymers.4 High index contrast �large �n,
where �n is defined as the difference between the indices of
refraction of the core and cladding� waveguide material sys-
tems such as SOI have the drawback of greater coupling
losses to optical fiber due to numerical aperture �NA� and
mode size mismatch. Additionally, high index contrast sys-
tems exhibit larger scattering loss than low index contrast
systems for an equal waveguide sidewall roughness formed
during the dry etch process. The propagation loss of
waveguides formed from the Si/SiO2 material system has
been reported to be proportional to the third power of the
sidewall roughness.5

Low index contrast systems such as polymers and SiO2

can provide lower propagation losses and low fiber to wave-
guide coupling losses due to the small difference of refrac-
tive index between the core and cladding which leads to
similar boundary conditions between the waveguide and fi-
ber. In comparison with the silicon dioxide material system,
polymer waveguides are easy to fabricate on almost any sub-
strate. Spin-on polymer waveguide fabrication processes
open the possibility of monolithic integration with active
PLC components such as lasers, modulators, and detectors.6,7

The high temperatures required to grow SiO2 waveguide ma-
terials could potentially alter the device performance of ac-
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tive devices present on a substrate. Polymer waveguides can
be formed at room temperature so that active devices’ ther-
mal budgets are not affected.

A major drawback of any low index contrast system for
a PLC application is the large footprint attributable to the
requirement of large waveguide bend radius for low loss.8

Polymers have the advantage of a widely tunable refractive
index,4 but this still leaves a compromise between coupling
loss and bend loss. The large bend radius requirement for
low index contrast systems is not practical for devices requir-
ing large scale integration such as optical delay lines2 and is
detrimental to the device yield.

Air trenches have been proposed to reduce the radii by
increasing the index contrast of a curved waveguide
segment.9–12 By increasing the index contrast within the
waveguide bend region, the mode is tightly confined in order
to prevent bend radiation losses while the propagation losses
are not significantly affected. Another modification to the
waveguide design used to decrease bending losses is the off-
set. Waveguide offsets shift straight waveguide segments lat-
erally with respect to curved waveguides in order to decrease
the mode mismatch.13,14 This in turn minimizes the junction
loss between the curved and linear waveguide segments.

Despite comprehensive theoretical and simulated results
of trench and offset structures, there have been no experi-
mental data to validate the simulated offset and trench results
in fabricated devices. Additionally, trench and offset struc-
tures have never been investigated for use with a polymer
waveguide. In this paper an experimental comparison is re-
ported between fabricated polymer waveguides and simula-
tion results to determine the usefulness of trench and offset
structures for polymer PLCs. A general explanation of the
waveguide trench and offset is presented in Sec. II. Section

III describes the design of the trench and offset structures for
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fabrication, and Sec. IV presents a comparison between ex-
perimental and simulated results followed by the concluding
remarks.

II. TRENCH AND OFFSET BACKGROUND

A. Trench

Although an asymmetric index distribution is an effec-
tive mean for reducing bend loss,15 it is difficult to fabricate
a cladding with multiple refractive index values in only a
curved section. A curved waveguide with an air trench struc-
ture is a relatively simple way to confine the mode through
the bend. Yamauchi et al.16 describe the configuration param-
eters of a trench and waveguide bend and explain the ex-
pected effects with the use of an equivalent index transfor-
mation. Figure 1 illustrates a top view of a step index
channel waveguide junction between straight and curved
waveguide segments. The structure utilizes both a trench,
which is assumed to be filled with air �ntr=1�, and an offset.
The core and cladding indices are nco and ncl, respectively,
and the waveguide has a bend radius R. The width of the
trench wtr and the separation between the inside radius of the
trench and the outside radius of the waveguide core, d, are
also labeled. By placing the air trench sufficiently close to
the waveguide core �reducing d�, the evanescence tail is re-
duced and a decreased bend loss should be observed.

B. Offsets

In a straight channel waveguide �R=��, the electric field
intensity pattern of the fundamental mode is symmetric
about the center of the waveguide core, Fig. 2�a�. In contrast,
the fundamental mode in a curved waveguide, with the same
core cross section, has the field peak displaced laterally to-
wards the outside of the bend, and the mode is asymmetric
with a width different from that of the straight waveguide,
Fig. 2�b�. Because the mode fields are mismatched, transition
losses will occur at the junction of two waveguides with
different radii, causing a reduction in the power transfer be-

FIG. 1. A diagram of the waveguide core using offset and trench �hatched
area� structures.
tween the two waveguides. A lateral offset at the junction of
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the two waveguides may be used to reduce the mode mis-
match. To a first approximation, it can be concluded that the
loss between waveguide segments of different radii will be
minimized when they are offset to make their field peaks
coincide.17

Subramaniam et al.17 have compared experimentally
measured loss values of offset rib waveguides to simulation
results. However, to date there has not been any comparison
between simulations and fabricated waveguides utilizing
trenches with offsets. The following section will provide an
overview of the design of these trench and offset structures
which is followed by a comparison of the simulation results
to fabricated structures.

III. DESIGN OF TRENCH AND OFFSETS
FOR FABRICATION

A. Trenches

In order to properly design the waveguide, trench, and
offset structures to work with our polymer material system,
we simulated the performance characteristics using a three-
dimensional, semivectorial beam propagation method
�BPM�. All simulations were based on core and cladding

FIG. 2. �Color online� Mode profile of a 6�6 �m2 channel waveguide that
is straight �a� and with a radius of R=3 mm �b�. The outline of the wave-
guide core is superimposed on the mode intensity contours. nco=1.46, ncl

=1.45, and �=1.55 �m.
materials with refractive indices of 1.46 and 1.45, respec-

 AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



023114-3 Howley et al. J. Appl. Phys. 100, 023114 �2006�
tively, and that the core was 6�6 �m2 square in order to
maintain single mode behavior at the wavelength of
1.55 �m.

The first group of parameters determined was the trench
width �wtr� and the separation distance �d� between the air
trench and waveguide core. The trench width should be at
least 1–1.5 times as large as the core width to prevent the
evanescent tail from spanning the trench.9 A wider trench
also keeps the height to width aspect ratio low to maintain
vertical sidewalls during the etching process. However, an
excessively wide trench may interfere with compact place-
ment of other PLC structures. A trench width of 20 �m was
chosen to maintain an aspect ratio of 1.

Figure 3 shows the simulated bend loss as a function of
the separation distance between the waveguide core and the
air trench for 180° bending radii of 1, 1.5, 2, and 3 mm.

FIG. 3. �Color online� Simulated 180° bend loss as a function of the trench
separation of four waveguide bend radii. Waveguide core is 6�6 �m2,
nco=1.46, ncl=1.45, ntr=1, �=1.55 �m, and TE polarization.

FIG. 4. �Color online� Simulated optimal offset values for 6�6 �m2

waveguides with and without trench structures. d=7 �m, nco=1.46, ncl
=1.45, ntr=1, wtr=20 �m, �=1.55 �m, and TE polarization.
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Several features are notable from these results. The first is
oscillations of the bend loss that occur as the trench separa-
tion is increased. This is an expected result, consistent with
the work of Yamauchi et al.,16 and is caused by the curved
waveguide guided mode coupling to a quasiwaveguide mode
in the area between the core and trench, resulting in a peak in
the bend loss. As the trench separation increases, higher or-
der quasiwaveguide modes are formed which repeatedly
match the propagation constant of the curved waveguide
guided mode, resulting in oscillations of the bend loss. The
second notable feature of Fig. 3 is that as the bend radius
increases, the oscillations become smaller and first occur at
larger separations. This is due to the index contrast of the
waveguides adequately confining the propagating mode at
larger bend radii.

In order to suppress these severe oscillations of the bend
loss, the trench separation should be kept small, especially
for smaller bend radii. However, there was a concern that
having the low index trench in close proximity to the core
would cause high polarization dependent loss �PDL� through
the bend. Typically, structures with high cross-sectional
asymmetry along the principal polarization directions exhibit
polarization sensitivity.12 From these considerations, a trench
separation of 7 �m for all radii was chosen with the under-
standing that radii of 1 mm and less would exhibit 5 dB or
more bend loss with this separation distance.

B. Offsets

Two-dimensional mode overlap integrals were per-
formed in order to determine the optimum offset distance
and junction loss between straight and curved waveguide
sections for each waveguide bend radius. Figure 4 shows the
simulated optimal offset values for bends with and without

FIG. 5. �Color online� The BPM simulated bend and junction loss for a 180°
bend as a function of waveguide bend radius for cases �1�–�4�. The wave-
guide dimensions are 6�6 �m2 and the trench separation is optimized at
7 �m with an operating wavelength of 1.55 �m.
trenches. The extreme variability of the simulated offset val-
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ues at small bend radii is contributed to the straight input/
output waveguides trying to couple to the waveguide radia-
tion mode of the bend.

C. Bend loss

Simulations were performed to evaluate the bend and
junction loss versus bend radius of four different cases: �1�
standard bends employing neither offsets nor trenches, �2�
waveguide junctions employing optimal offsets, �3�
waveguides with trench structures, and �4� both optimal off-
sets and trenches. The 180° bends were simulated with a
BPM equivalent index transformation in order to avoid
paraxial effects. This method has been shown to be accurate
for bends with radii much larger than the core width
dimension.13 Figure 5 shows the results of these simulations.
For case �1�, there is an exponential increase in the bend loss
as the radius decreases, as would be expected for any dielec-
tric waveguide.8 For case �2�, the curve shifts down because
the offsets decrease the loss of the two straight to curved
waveguide junctions. The simulated reduction in loss for this
case, in comparison with case �1�, increases as the bend ra-
dius decreases. In case �3�, there is a noticeable improvement
in the loss for bend radii less than 3 mm. Between approxi-
mately 1.5 and 3 mm the loss remains flat. However, as ex-
pected from Fig. 3, the loss rises sharply with smaller bend
radii because of the relatively large trench separation. Fi-
nally, due to the use of offsets, case �4� shows an improve-

FIG. 6. �Color online� �a�. Top view of a waveguide junction employing
both a trench and an offset. �b�. SEM cross-sectional image of the trench
structure. Approximate location of the waveguide core is indicated by the
square to the left of the trench.
ment over case �3� for bend radii ranging from
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2.5 to 1.5 mm. A 90% transmission value �0.45 dB insertion
loss� for a 180° waveguide bend can be used to quantify the
performance of the offset and trench features. The 90%
transmission value occurs at bend radii of approximately 3.3,
2.9, 3.1, and 1.4 mm for cases �1�, �2�, �3�, and �4�,
respectively.

IV. EXPERIMENTAL PROCEDURE AND RESULTS

An ultraviolet �UV� curable perfluorinated acrylate ma-
terial, supplied by ChemOptics Inc., was used to fabricate
low loss polymer waveguides. A viscous perfluorinated acry-
late cladding layer was spin coated onto a silicon wafer sub-
strate. The layer thickness was controlled by the spin speed.
After spinning, the polymer was cured by exposure to an

FIG. 7. �Color online� Simulated and measured insertion losses of 180°
waveguide bends as a function of the bend radius. Data points are measured
values and lines are fitted curves to the simulation data points.

FIG. 8. Measured PDL for waveguide bends employing trenches and

offsets.
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intense UV light source for several minutes in a nitrogen
environment. A subsequent core layer material was spun and
cured in a similar fashion. The refractive indices, measured
with a Metricon prism coupler, of the core and cladding ma-
terials after curing were 1.460 and 1.450, respectively. A
SiO2 hard mask was deposited with low temperature plasma
enhanced chemical vapor deposition �PECVD� and was pat-
terned by AZ5209 photoresist and an i-line contact lithogra-
phy tool. Reactive ion etching �RIE� was used to etch the
core material to the bottom cladding layer. The core was
intentionally overetched to insure that all core material was
removed. The hard mask was then removed and a top clad-
ding material was spun and cured. A second hard mask layer
was deposited and patterned in a similar fashion to form the
trenches. RIE was used to etch the cladding material in the
trenches to the silicon substrate. The channel waveguide
cores were 6 �m wide by 6 �m high, and the trench depth
was measured by an alpha-step profilometer to be 21 �m
deep. Figure 6�a� shows an optical microscope picture of a

FIG. 9. �Color online� Comparison between measured and simul
fabricated waveguide core with offset and trench structures.
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The trench corners are rounded to prevent the effects of
stress in the polymer. Figure 6�b� shows a cross-sectional
scanning electron microscope �SEM� image of the trench
structure. The location of the waveguide core is outlined by
the square on the inside radius of the trench.

Straight single mode waveguides were measured to have
a propagation loss of 0.45 dB/cm at the wavelength of
1.55 �m. The coupling loss due to mode size mismatch and
reflection loss between the polymer waveguides and a single
mode optical fiber were measured to be 0.7±0.1 dB/facet.
This is consistent with the coupling loss value of 0.75 dB
calculated from a two-dimensional �2D� mode overlap inte-
gral simulation and reflection loss calculation.

180° waveguides arcs with 2 mm straight waveguide
segments at each end were patterned for measurement of the
waveguide bending loss. The 2 mm straight waveguide seg-
ments were intended to provide ample length for mode trans-
formation to and from the optical fiber as well as a way to
test the performance of the offset structures. A fiber array

insertion loss values for 180° waveguide bends of cases �1�–�4�.
was used to couple 1.55 �m light into and out of the wave-

 AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



023114-6 Howley et al. J. Appl. Phys. 100, 023114 �2006�
guide bends. Each of the fibers of the fiber array was tested
and found to exhibit less than 0.1 dB loss. Insertion loss
measurements of the waveguide arcs were performed in or-
der to evaluate the effectiveness of the fabricated trench and
offset structures. The measurements were performed on arcs
with bend radii ranging from 500 �m to 5 mm in 500 �m
increments.

Figure 7 shows the insertion loss measurement results of
cases �1�–�4�. Each data point is the average of four mea-
sured samples. The lines in Fig. 7 represent the calculated
insertion loss values based on the simulated bend and junc-
tion losses for cases �1�–�4�. The calculations were made by
adding the waveguide propagation loss �0.45 dB cm−1� and
the coupling losses of the input and output single mode fiber
array �2�0.70 dB� to the simulated bend and junction loss.
The simulated and measured values suggest that for bend
radii greater than 3 mm, the use of trenches and offsets has
an insignificant effect on the insertion loss. However, for
small bend radii of less than 3 mm, trenches improve the
bend loss performance significantly. The use of trenches, or
the combination of both trenches and offsets, can result in
smaller radius bends having less insertion loss than bends
with greater radii because of smaller propagation losses. For
the polymer waveguides tested, the bend radius can be re-
duced to approximately 1.5 mm without significant increases
in the loss, a 50% bend radius reduction over the standard
waveguide bend. The use of offsets with trenches also re-
duces the bending loss further although not as strongly as
would be suggested by simulations.

The PDL �TM-TE� was also measured for each bend
radius of the waveguides employing both trenches and off-
sets. Measurement results are shown in Fig. 8. For bend radii
greater than 1 mm, the PDL was positive and less than
0.1 dB. For the 0.5 and 1.0 mm bends, the PDL was −0.39
and −0.40 dB, respectively, with TM polarization exhibiting
slightly more loss than TE. The trend for the magnitude of
the PDL to increase as the bend radius decreases is due to an
increased interaction of the TM mode with the roughness of
the trench sidewall.

Figure 9 separates the simulated and measured data into
each of the four cases to evaluate the trends more clearly.
The error bars of Fig. 9 represent ±1 standard deviation in
the measured data. The measured insertion loss values rea-
sonably match the simulated values. However, the measured
values have a larger standard deviation at small bend radii.
This could be contributed to random RIE induced defects on
the sidewalls of the cores and trenches in some samples,
which if present cause scattering of light in the bends. This
phenomenon would be more prevalent in bends of lesser

radii because of higher field intensities near the trench and
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core sidewalls. It is expected that this effect would become
more severe as the trench separation is decreased.

V. CONCLUSION

Polymer channel waveguide samples were fabricated
and characterized. Insertion loss measurements of 180°
bends revealed the dependence of the bending loss on the
bend radius, as predicted with BPM simulations. Simulations
and measurements show that bend loss could be slightly re-
duced with offsets. With bend radii less than 3 mm, air
trenches were more effective at reducing the bending loss.
However, as the radius is decreased below 1.5 mm, the bend
loss increases quickly even when air trenches are used.

It may be possible to maintain low loss and decrease the
bend radii further by decreasing the separation between the
trench and waveguide core. However, experimental data val-
ues show that there is a large variation in the measured in-
sertion loss at small bend radii. This is contributed to random
defects induced by the core and trench etching processes
which have more of an effect as the bend radius decreases.
Additionally, decreasing the trench separation further is ex-
pected to increase the PDL of the waveguide bend.

By choosing the correct trench and offset design param-
eters, the bend radius of low index contrast polymer
waveguides can be reduced by 50% or more. This bend ra-
dius reduction will improve the design and fabrication of
compact, high yield PLCs.
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