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A wavelength filter based on a polymer Bragg reflector has received much attention due to its simple
structure and wide tuning range. Tilted Bragg gratings and asymmetric Y-branches are integrated to extract
the reflected optical signals in different directions. To optimize device performance, design procedures are
thoroughly considered and various design parameters are applied to fabricated devices. An asymmetric
Y-branch with an angle of 0.3° produced crosstalk less than -25 dB, and the even-odd mode coupling
was optimized for a grating tilt angle of 2.5°, which closely followed the design results. Through this
experiment, it was confirmed that this device has a large manufacturing tolerance, which is important for

mass production of this optical device.
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I. INTRODUCTION

In a wavelength-division-multiplexed (WDM) optical
communication network, tunable wavelength filters are
required to filter a certain wavelength among the multi-
plexed wavelength signals arriving at a destination [1, 2].
Many different technologies based on thin films, Fabry-
Perot resonators, or ring resonators have been proposed. A
thin-film filter has advantages of thermal stability and good
reproducibility; however, it consumes a large amount of
thermal tuning power and has slow tuning speed [3-5]. A
Fabry-Perot filter has the merit of a wide tuning range;
however, multiple wavelength signals could pass if the
wavelength varies over the free spectral range (FSR) and a
long-term stability is still an issue related to the mechanical
actuator [6, 7]. The fiber-optic Bragg grating has advantages
of low loss and narrow bandwidth; however, it is bulky
and has a relatively small tuning range [8, 9]. The ring
resonator filter has a simple structure and it can be integrated
easily; however, it has a small tuning range limited by the
FSR [10, 11].

The Bragg grating filter, which only reflects a single
wavelength, is suitable for WDM optical communication
systems due to its narrow bandwidth and flat top passband
[12-14]. The Bragg reflectors based on polymer materials
have wide wavelength-tuning ranges due to the excellent
thermo-optic (TO) effects of the polymer materials [15-18].
However, in a conventional Bragg reflector, since the
reflected light returns to the input port, an additional
external optical circulator is required to extract the output
signal through another path. To achieve low-cost compact
tunable filters without using the external circulator, several
designs have been proposed for a polymer Bragg reflector
in which the input and output ports are separated [19-22].
A device using a Y-branch waveguide and a reflective
mirror was proposed as a straightforward solution, but the
additional loss was too high [19]. An asymmetric coupler
was incorporated along with a Bragg reflector to redirect
the reflected light; however, it was difficult to tune the
initial crossover state of the coupler [20]. An asymmetric
X-junction mode-sorting device was utilized to change the
direction of the reflected light [21]. In this device, however,
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a phase controller was necessary to adjust the relative
phases of the two reflected waves. In order to overcome
the burden of phase control, in our recent work, we used
a tilted Bragg grating along with a mode sorting Y-branch
[22].

In this study, a tunable polymer wavelength filter based
on a tilted grating is analyzed through design and manu-
facture, and it is determined whether the device has
sufficient manufacturing tolerance for mass production.
The design of the asymmetric Y-branch optical waveguide
structure and the effect of the angle change of the tilted
Bragg grating on the device characteristics are investigated.
Based on these results, we fabricated devices with different
structures over an appropriate range, and confirmed that
they have tolerances that are wider than the controllable
error range in the device fabrication process.

II. ANALYSIS OF THE MODE EVOLUTION
AND COUPLING

The proposed tunable filter consists of a tilted Bragg
grating and an asymmetric Y-branch waveguide as shown
in Fig. 1. When the input light launched into the narrow
waveguide propagates through the asymmetric Y-branch, it
goes through an evolution of the mode profile and arrives
at the two-mode waveguide in the form of an odd mode.
The tilted Bragg grating then reflects the odd mode to the
even mode as long as the wavelength matches the Bragg
condition. This reflected even mode propagates back to the
Y-branch, where it evolves and propagates onto the wide
waveguide. The efficiency of mode evolution and the mode
coupling between the even and odd modes can be analyzed
using the effective-index method (EIM), the overlap integral
of perturbed modes, and the beam propagation method (BPM).

), Even mode evolution

-—

Narrow

waveguide Tilted Bragg grating

\ | region

' s Two-made waveguide

|| v _
= =
4 Odd mode evolution

FIG. 1. Schematic structure of a channel-drop wavelength
filter consisting of a tilted Bragg reflector and an asymmetric
Y-branch. The evolutionary mode profiles along the propa-
gation direction are shown for each cross-section.
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2.1. Design of Tilted Bragg Grating

The tilted grating is placed on a two-mode waveguide,
which supports both even and odd modes. We use EIM to
design the channel-type waveguide. The refractive index of
the core and cladding are 1.455 and 1.435, respectively. The
thickness of the core layer is 2.5 pum. According to the
calculation result shown in Fig. 2, the waveguide should be
wider than 4.6 pm to accommodate both even and odd modes.

The mode conversion efficiency between the odd and
even modes, 7., which depends on the tilt angle of the
Bragg grating, can be calculated using the following mode-
overlapping integration [23],

Noe = J [ 5 (xy) explizmx tan(8)/A] e (xy)dxdy |
0¢ [ [wi(xy o (xy)dxdy [ [ Wi(x,y)e(x.y)dxdy]/? M

w. and y, are the electric field distributions of the even
and odd modes, respectively. The perturbation by a grating
with a tilt angle of 6, and a period of A determines the
mode conversion efficiency. As shown in Fig. 3(a), for a 6
of 0° the two orthogonal modes will not couple and will
result in an 7, =0. In this case W; is 7 pm. #,. increases as
the grating perturbation effect grows, as 6, becomes larger,
and it reaches a maximum value at an optimum angle. The
tilted grating also causes coupling between the two even
modes and the two odd modes resulting in a mode conversion
efficiency of 7., and #., respectively, as shown in Fig.
3(a). In these results, at an optimum 6, #, becomes the
maximum and #,, becomes the minimum. Therefore, for an
optimal value of 6, if the odd mode is incident on a tilted
grating, the reflections will produce only the even mode,
and the tilted grating will exhibit the best mode conversion
efficiency.

The optimal 6; is also influenced by the mode profiles,
and it decreases when the width of the odd mode increases
proportional to the waveguide width. To find the optimal 6,
depending on the width of the two-mode waveguide, W, #o,
is calculated as a function of 6, as shown in Fig. 3(b). The
optimal 6, as well as the #,., depends on W, as shown in
Fig. 3(c) in which 6; is decreasing and #,. is increasing
slightly as W; increases.

The mode-coupling condition produced by the tilted grating
can be described using the K-vector diagram. The z-component
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FIG. 2. Effective-index calculation results of the even and odd
modes depending on the width of the waveguide. The two
modes propagating back and forth through the two-mode
waveguides are also shown.
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FIG. 3. (a) Mode coupling efficiency as a function of the tilt
angle 0, (for W, of 7 um), where #,, becomes minimum at the
optimum tilt angle (6, = 2.52°); (b) 7., values calculated for
various widths of the two-mode waveguide, W;, in which the
optimum tilt angle increases as W, increases; (¢) Optimum tilt
angle and #,. calculated as functions of 7.

of the K-vector and the grating wave vector K, corresponding
to the grating period A are presented in Fig. 4. For a wave-
length of A., even-even mode coupling occurs as shown in
Fig. 4(a), and the even-mode wave vector K, becomes half
of the grating vector, to satisfy the Bragg reflection. For a
wavelength of ., the odd mode satisfies the Bragg

condition with K,(As) = %Kg as shown in Fig. 4(b), where

K, is the odd-mode wave vector. Comparing the two Bragg
conditions, because the odd modes have smaller effective
indexes than the even modes, A, should be shorter than A
to satisfy K,(Aeo) = Ke(4e). For a wavelength of 4., Bragg
reflection occurs between the odd and even modes by
satisfying Ko(Aoe)tKo(loe) = Kg as shown in Fig. 4(c). Then,
by comparing the even-mode wave-vectors, one can find K,
(Zoe) > Ko(Aee), such that Ao, < A While A, <, because K,(4
oe) <Ko(4oo). These three cases of Bragg reflection conditions
will produce three peaks in the reflection spectra as shown
in Fig. 4(d). Because of the modal crosstalk in the asymmetric
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FIG. 4. K-vector diagrams concerning the mode coupling
between (a) even and even modes, (b) odd and odd modes, and
(c) even and odd modes. The reflection spectral peaks for the
three cases of Bragg reflection conditions could be appeared
as (d).

Y-branch, the reflection spectra measured in the wide and
narrow waveguides could contain some spurious peaks.

2.2. Design of Asymmetric Y-branch

In an ideal adiabatic asymmetric Y-branch, to prevent
higher order mode excitation, the spatial distribution of modes
should change very slowly. 2-D BPM analysis was carried
out based on the effective-index profile of the channel
waveguide. The width of numerical sampling grid was 0.05
pm, and the widths of the narrow and wide waveguides
were taken as variables - W, and W, respectively. The light
launched into the narrow waveguide converts to an odd,
while the reflected even mode evolves into the wide wave-
guide, as shown in Fig. 5(a). The crosstalk of mode evolution
was calculated as a function of the branch angle 6, for
several combinations of W, and W,, as shown in Fig. 5(b).
The crosstalk decreased proportional to 6. For W, and W,
of 3 um and 4 pm, respectively, there were some points
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FIG. 5. BPM simulation results of the asymmetric Y-branch
waveguide: (a) mode profile evolution of the odd and even
modes along the propagation direction, and (b) modal crosstalk
produced in the Y-branch calculated as a function of the
branch angle 6 for several combinations of narrow and wide
waveguide widths, W, and W,,.
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FIG. 6. BPM simulation results to determine the effects of the
blunted Y-branch.

where the crosstalk did not decrease monotonically caused
by the directional coupling of the higher order modes.

The asymmetric Y-branch has very small angle and
produces a blunted tip as shown in Fig. 6, which could
affect the mode-evolution efficiency. The modal crosstalk
was calculated as a function of the blunt width W,, for 6,
fixed at 0.3°, as shown in Fig. 6. The crosstalk can be less
than -25 dB as long as the W, stays below 0.4 um, for W,
W, of 3, 4 um.
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II. EXPERIMENTAL RESULTS

3.1. Polymer Waveguide Device Fabrication

ZPU-series polymers by Chemoptics were used for fabri-
cating the tunable wavelength filter. The lower cladding
layer was formed by spin coating the ZPU polymer with a
refractive index of 1.435 on a silicon wafer. A Bragg
grating pattern with a length of 6 mm and a period of 534
nm was fabricated on the lower cladding layer by exposing
TSMR photoresist in a two-beam-interference laser set up.
It was then transferred onto the lower cladding through
oxygen plasma etching. The core layer with a thickness of
2.5 um was formed by spin coating another ZPU polymer
with a refractive index of 1.455. The waveguide pattern
was fabricated using AZ5214 photoresist and a 20-nm-thick
Cr metal mask. The core layer was then etched by 2.5 pum
to define a channel-type waveguide. The upper cladding
was formed by spin coating a ZPU polymer of 1.435
refractive index up to a thickness of 8 pm. A thin-film
heater was fabricated using a Cr-Au layer (10-100 nm).
The fabrication procedure is schematically shown in Fig. 7.

The angle of the tilted grating greatly affects the device
performance, and should therefore be controlled precisely.
For this purpose, the grating was first inscribed on a wafer
placed perpendicular to a flat zone, and then the angle
between the grating and the waveguide pattern was adjusted
under a mask aligner. In this manner, the 6, was controllable
with an error less than 0.1°. To fulfill the purpose of this
work, we need to prepare samples with various coupling
conditions for different angles. However, due to the difficulty
of changing the 6, instead of varying the angle, the widths
of the two-mode waveguides were varied, which resulted
in the same effect as that explained in Fig. 3.

Lower cladding

Tilted Bragg grating
coating /

patterning

Core layer coating &
waveguide patterning

Upper cladding coating
& electrode patterning

FIG. 7. Schematic fabrication procedure of the proposed
polymeric tunable wavelength filter.
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3.2. Characterization of the Device

To measure the mode evolution efficiency of the asymmetric
Y-branch, a Mach-Zehnder device was prepared by cascading
the two asymmetric Y-branches as shown in Fig. 8(a). A
distributed feedback (DFB) light source was used to launch
a 1550 nm light at the input port, and the two output ports
were monitored. A triangular voltage signal was applied to
the TO phase modulator. The results of the two devices
with 8, of 0.2° and 0.4° were compared as shown in Fig.
8(b). The devices had a W, and W, of 3 um and 4 pm,
respectively. Both devices exhibited less than -20 dB of
crosstalk. Although they had different branch angles, the
mode-evolution effect was not significantly affected, which
means that the device has a high manufacturing tolerance.

The Bragg reflection spectrum was measured using a
superluminescent light emitting diode (SLED) light source
with a peak wavelength of 1550 nm and a 3-dB bandwidth
of 60 nm. The fabricated device had a W,, W,, and W, of
3 um, 4 pum, and 7 pm, respectively, and the single-mode
waveguide had a width of 3.5 um. The input light launched
into the narrow waveguide evolves into the odd mode at the
two-mode waveguide and is converted to the even mode
through the reflection by the tilted Bragg grating. Then, the
reflected light evolves into the wide waveguide. We define
this process as narrow-odd-even-wide (NOEW) conversion.
On the other hand, some of the light entering a narrow
waveguide can be converted to an even mode due to the
asymmetric Y-branch crosstalk. It is then produces an odd
mode by tilted grating reflection, and propagates toward the
narrow waveguide. This process could be called narrow-
even-odd-narrow (NEON) conversion. There can also be an
narrow-even-even-wide (NEEW) conversion due to the even-
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FIG. 8. (a) Mach-Zehnder device formed by cascading the two
asymmetric Y-branch devices for measuring the modal crosstalk
of the asymmetric Y-branch, and (b) the interference signal
obtained by operating the phase modulator, in which the
extinction ratio is over 20 dB indicating modal crosstalk as
low as -20 dB.
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even mode reflection from the tilted Bragg grating because
Nee 18 still as high as 50% even for the optimum 6. If the
6, deviates from the optimum 6, 7, cannot be zero to
produce a narrow-odd-odd-narrow (NOON) conversion. The
NOEW and NEEW conversions are detected in the wide
waveguide, while the NEON and NOON conversions are
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FIG. 9. Reflection spectra of the wavelength filters with
various Ws ranging from 6 pm to 13 pum. For a narrow
waveguide input, the output light is measured from the wide
waveguide (red line), while another output is measured from
the narrow waveguide (black line) using an external circulator.
The transmission spectra are also shown for comparison (blue
line).
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FIG. 10. (a) Reflectivity of NOON and NOEW conversions for
various W;s, and (b) comparison of the design and experimental
results of the Bragg reflection peaks for odd—odd coupling and
odd-even coupling.

returned back to the input narrow waveguides and an optical
circulator is needed to measure their reflection spectra.

As indicated in the previous cascaded Y-branch Mach-
Zehnder modulator experiment, because the crosstalk of the
mode-sorting waveguide is less than -20 dB, most of the
input light launched at the narrow waveguide will be converted
into the odd mode. With the 6, fixed at 2.5°, devices with
W, ranging from 6 pm to 13 um were prepared for the
comparisons with the design results. The reflection spectra
were measured as shown in Fig. 9. For the narrow wave-
guide input, the three reflection peaks explained in Fig. 4(d)
were expected. The peaks at A, and A, could be observed
clearly, while the A. peak was not found. It is because the
asymmetric Y-branch has low crosstalk suppressing the
even-mode coupling. In other devices with a poor crosstalk
in the Y-branch, the . peak was observed clearly.

As summarized in Fig. 10(a), the magnitudes of the NOEW
and NOON peaks were dependent on W, and the NOON
peak became the lowest for a W, of 8 pm. In the design, if
W is 8 um, the optimum 6, becomes 2.52°, which is very
close to the target angle of the fabricated grating, 2.5°. The
peak wavelength of the NOON and NOEW transitions are
dependent on #; as shown in Fig. 10(b). Experimental results
determined for various waveguide widths are very close to
the design results, which implies that the proposed device
can be produced with good repeatability.

IV. CONCLUSION

The complete process of designing a polymer waveguide
wavelength filter consisting of a mode alignment waveguide
and a tilted Bragg grating has been described and a device
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has been built to check manufacturing tolerances by carefully
evaluating device performance. The characteristics of the
tilted Bragg reflector was largely influenced by the tilt
angle, which was controllable with an error less than 0.1° in
this experiment. The mode-sorting device with a small branch
angle produced a blunted branch tip; however, it did not
have much effect on the crosstalk in the device. Moreover,
the device exhibited wide tolerances for the branch-angle
and waveguide-width changes. The reflection spectra from
the tilted gratings fabricated on various waveguides with
different widths were measured, and were compared with
the design results. The mode coupling that occurs in a tilted
grating matches very well with the calculated result. Based
on these results, we concluded that the proposed wavelength
filter has a large manufacturing tolerance and high-yield
mass productivity.
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