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a b s t r a c t

Photonic integrated components with tunability, low power consumption and low fabrication cost are

of considerable interest for optical communications and optical signal processing systems. Based on the

high thermo-optic coefficient of polymer material, we demonstrate a tunable integrated waveguide

ring filter with a novel but very simple UV-based soft imprint technique. By properly incorporating a

Mach–Zencher interferometer (MZI), the tunability of the ring filter’s coupling states and resonant

wavelength are realized flexibly by the micro-heaters. The tuning efficiency of resonant wavelength is

8.2 pm/mW within one free spectrum range of the ring filter.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Photonic integration has been widely adopted for optical
communication, signal processing and optical sensors because it
can help significantly reduce the power consumption, cost and
size of the system while enhancing its reliability and functionality
[1–3]. As a basic photonic integrated component, the ring reso-
nator plays an important role for the realization of different
optical functions such as filtering, modulation, and switching.
Ring resonator-based devices with high performance have been
designed and demonstrated on different material platforms, e.g.

glass, silica, silicon-on-insulator (SOI) or polymer [4,5]. Among
them, polymer-based ring resonator devices, for example filters,
modulators and reflectors [6–10], have been attracting more and
more attention because of their advantages of low cost, good
performance and potential for hybrid integration with other
devices in inorganic or organic materials [11,12].

Polymer waveguide ring resonators with notch and bandpass
filtering functions and their relevant application have been
reported in References [6,10]. For the notch filter consisting of
one ring coupled to one bus waveguide, in order to achieve a high
notch depth, the critical coupling condition is usually required
[13]. It means that the optical power coupled from the bus
ll rights reserved.
waveguide into the ring should be equal with the round trip loss
of the ring itself. However, this condition cannot be achieved
easily due to the possible deviation between the designed and
fabricated devices. Therefore, it increases the complexity and
difficulty of device design and fabrication. If the coupling coeffi-
cient or the round trip loss (gain) could be tuned, for example,
with a tunable coupler instead of the fixed directional coupler or
with an optical amplifier inserted in the ring, the notch filtering
function would be obtained conveniently [14–16].

In this paper, a tunable coupler with a Mach–Zencher inter-
ferometer (MZI) is brought into the structure of a ring resonator.
The high thermal–optical (TO) coefficient of the polymer is utilized
to tune the equivalent MZI coupler with low power consumption.
Different states of coupling condition, namely, over-, critical- and
under-coupling, are realized. At the same time, the tunability of
resonant wavelengths is realized with the TO phase shifter on the
polymer waveguide ring. The tunable polymer ring resonator
has potential applications for microwave photonic filter, optical
switching and optical true time delay.
2. Material

In our work, a silicate based inorganic–organic hybrid optical
material named as polysiloxane-liquid series (PSQ-Ls), which is
developed in our group, is chosen for the fabrication of waveguide
devices [17]. Its two components, PSQ-LH and PSQ-LL, have
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refractive index values of 1.515 and 1.454 at 1550 nm, low optical
loss and high thermal stability, which can be used as waveguide
core and cladding, respectively [18]. The unique solvent-free
property and good UV curable property make it highly compatible
with our developed UV-based soft imprint technique [19].
3. Design and simulation

Fig. 1 shows the schematic picture for the structure of the
proposed tunable polymer ring resonator. The layout design for
the device is shown in Fig. 1(a). A MZI consisting of two 3 dB
directional couplers is used as the equivalent tunable coupler for
the ring resonator, while the ring resonator itself is constructed
by connecting one output port of MZI to one of its input ports. The
lengths of the two arms of MZI are equal. One micro-heater is
placed on one of them. The change of the phase relationship
between two arms through TO effect can result in a difference of
the optical power which is coupled into the ring resonator, thus
achieving the tunability of the coupling efficiency. Another micro-
heater is placed on the ring waveguide. The resonant wavelength
position control can be realized with this phase shifter. The
details of the dimension for this structure are as follows: the
length of the MZI arm L1¼1000 mm, the coupling length of the
3 dB directional coupler L2¼58 mm and the gap between the
waveguides d1¼1 mm. The bend radius of the ring resonator
R1¼500 mm. Several quasi-S bend waveguides are used to con-
nect the 3 dB directional couplers with the input ports, output
ports and the half circle bend waveguides. Their bend angles j
are designed to be 121 and bend radius R2 to be 1400 mm. The
length and width of the micro-heater on the ring resonator are
2000 mm and 10 mm, while that on the MZI arm are 1000 mm and
5 mm, respectively.
Fig. 1. The schematic picture for the structure of the proposed tunable polymer ring

micro-heater.
The cross section of the polymer waveguide loaded with
micro-heater is shown in Fig. 1(b). To prevent extra substrate
leakage loss, the thickness of the under cladding layer hl is chosen
to be 6 mm. The single mode condition of the polymer waveguide
can be guaranteed by selecting the waveguide width w to be
2.5 mm and height hc to be 2.1 mm. With such waveguide dimen-
sions, the bending loss of the curved waveguides can be negli-
gible. In our current design, there is an extra layer (SU-8 polymer
in experiment) with a thickness of around 1 mm on top of the
waveguide’s upper cladding. It is used to protect the waveguide
layer during the later lift-off process and this will be further
explained in the Section 4. Although its refractive index of 1.57 is
a little bit higher than that of the waveguide core, according to
our simulation, if the thickness of the upper cladding between the
waveguide core and the layer hu can be controlled appropriately,
the extra radiation loss of the waveguide mode caused by this
layer can be neglected. The simulation result is shown in Fig. 2.
The device is designed to be working in the TE mode, as its loss is
much lower than that of the TM mode with a radius of 500 mm. In
this work, the thickness of the upper cladding is chosen to be
2.8 mm. Further increasing such thickness can hardly decrease the
radiation loss but lower the power efficiency of the micro-heater
[20].
4. Fabrication of the device

A simple UV-based soft imprint method was adopted in our
work to fabricate polymer waveguide structures. Such a trans-
formed soft lithography method has been proved to be a cost- and
throughput-efficient way for patterning not only the photo resist
but also the polymer waveguides straightforwardly [19,21].
Especially for the waveguide devices fabrication, the simple UV
resonator. (a) The device layout design and (b) The waveguide cross section with



Fig. 2. (a) The relationship between the bend loss of the fundamental waveguide

mode and the thickness of the polymer upper cladding and (b) The fundamental

TE mode of the designed waveguide with a bend radius of 500 mm.
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imprinting technique makes good use of the plastic property of
polymer material, which avoids the complicated multi-steps of
the CMOS process, such as lithography, metal mask fabrication
and dry etching. As a result, it reduces the fabrication time and
cost efficiently.

The detailed fabrication process is shown from step 1 to step
5 in Fig. 3. First, a SiO2 layer with a thickness of 6 mm is deposited
on top of the silicon substrate by plasma-enhanced chemical
vapor deposition (PECVD), which acts as the under cladding of the
waveguide. Secondly, a thin layer of PSQ-LH is spin-coated on top
of it, followed by the imprinting of the soft PDMS mold upon this
layer. The mold is replicated from a master mold using the casting
method. When the PSQ-LH layer becomes solidified after UV
exposure, the PDMS mold is peeled off. Because of the good UV
curing property of PSQ-Ls material and its solvent-free character-
istic, the waveguide structures can be transferred from the PDMS
mold to the PSQ-LH layer with this one step imprinting, drama-
tically reducing the fabrication time and cost. Besides that, the
waveguide quality can be further optimized by methods such as
the thermal reflow technique [22], which helps reduce the
propagation loss of the polymer waveguide. The sample is then
baked for 2 h at a temperature of 180 1C to fully cure the
waveguide core layer. PSQ-LL layer of around 4.9 mm is used as
upper cladding.

For the fabrication of the micro-heaters, although photo litho-
graphy and dry etching are widely used, such a process will
counteract the benefits brought by the UV imprinting process,
which is rather simple and of low cost. Compared with that, the
lift-off process has been proved to be an ideal alternative for the
fabrication of the micro-heaters [23]. In our work, in order to take
advantage of this process, a thin SU-8 protecting layer with a
thickness of 1 mm is added on top of the upper cladding. By
experiment, it was found not only to have good adhesion with the
deposited metal, but more importantly, it is quite stable during
the whole process of lift-off, protecting the already fabricated
waveguide’s structures underneath from the attack of different
solvents. These processes are shown from step 6 to step 10 in
Fig. 3. The pattern definition for the micro-heaters was achieved
with the positive photo resist AZ5214 (MicroChemicals), after
which titanium with a thickness of 110 nm was sputtered. The
metal lift-off process was finally realized by immerging the
sample into acetone for 1 h. As can be seen, the fabrication
process, including both the waveguide fabrication and the
micro-heaters’ definition, is very simple, of low cost and suitable
for mass production. The microscope image of the final fabricated
devices is shown in Fig. 4.
5. Measurement results

The measurement setup is shown in Fig. 5. The electric power
is loaded onto the fabricated device through four micro-needles,
the head size of which is 12 mm. In order to measure the
transmission of the device, the light from a tunable laser is
launched into the input waveguide via a lensed fiber. Its polariza-
tion state is carefully tuned to TE with a polarization controller to
prevent extra loss, as predicted by the simulation. The output light
is collected by a cleaved single-mode fiber, which is connected to a
power meter.

The resistance of two micro-heaters, one on the arm of MZI
and the other on ring resonator, is first obtained by measuring
their voltage–current relationship. The results are shown in Fig. 6.
With linear fitting, resistance value of 2.4471 kO for the MZI
micro-heater and that of 2.5674 kO for the micro-heater of the
ring resonator can be estimated. Due to its length, the latter is a
little bit larger than the former, although it has a larger width.

Different coupling states are realized by applying the electric
power only to the micro-heater on the MZI arm. The result is
shown in Fig. 7. As can be seen, the extinction ratio of the filter
can be tuned by the applied electric power, corresponding to the
coupling coefficient of the MZI-based coupler. At first, the ring
resonator is working under the state of over-coupling as most of
the light in input waveguide is coupled into the ring resonator
after passing the MZI. Although in theory there should be no
resonance under zero applied electric power, a shallow dip around
1 dB is observed. This is because the two fabricated directional
couplers constituting the MZI are not strictly 3 dB. The light coupled
into the ring resonator is decreased with the applied power. When
this coupled energy equals with the roundtrip loss of the ring, e.g.

critical coupling condition [13] is met, the highest extinction ratio
(�11.5 dB) and narrowest bandwidth (�0.0163 nm) of the filter are
obtained. The Q factor of the device under such state can thus be
estimated to be around 9.5�104. The result for such a high Q factor
can be partly attributed to the low propagation loss of the fabricated
polymer waveguide, which is around 1.7 dB/cm for TE mode. The
continued increasing electric power will make the ring working
under under-coupling state. The tunability of coupling states can be
utilized to achieve the switch function. Compared with other kinds
of thermo-optics device (e.g. optical switch in Ref. [24]), the power
consumption for our device to obtain high extinction ratio of the
transmitted light is much lower if the working wavelength is chosen
appropriately. Such benefit is brought by the resonant effect of the



Fig. 4. The microscope image of the fabricated device, including polymer waveguide and the loaded micro-heaters.

Fig. 5. The scheme of the measurement setup.

Fig. 3. The whole fabrication process for the polymer-based tunable ring resonator. The UV-based soft imprint technique is illustrated from step 1 to step 5. The lift-off

process for the fabrication of micro-heaters is illustrated from step 6 to step 10.
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ring resonator. It is also noted that such effective coupling state
tuning during this process generates an additional phase shift to the
ring resonator, which results in a small resonant wavelength shift
[25]. When the ring resonator is used as a filter, the small resonant
wavelength shift should be compensated with the micro-heater on
the ring waveguide.

The resonant wavelength of the fabricated polymer waveguide
ring filter can also be tuned. This is realized by applying the
electric power to the micro-heater on the ring waveguide. The
power applied on the micro-heater of the arm of MZI should be
kept at the value where desired bandwidth and extinction ratio
are achieved. Here it is demonstrated with the one that the
critical coupling condition is met, which is 4.185 mW. As can be
seen, the resonant wavelength can be tuned freely within one free
spectrum range of the ring resonator, which is around 0.16 nm
(�20 GHz), also with low power consumption. The resonant
wavelength of the device decreases with higher electric power.
Fig. 6. The voltage–current relationship of the fabricated micro-heaters.

Fig. 7. The tuning of different coupling states of t
This can be explained by the shortening of the optical path of the
ring waveguide when a part of it is heated up, due to the negative
thermal–optical coefficient of PSQ-Ls waveguide. As shown in
he fabricated polymer tunable ring resonator.

Fig. 8. The tuning of filtering wavelength of the fabricated polymer tunable ring

resonator.
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Fig. 8, the resonant wavelength shifts linearly with the applied
power, and the tuning efficiency is about 8.2 pm/mW. According
to request, flexible filtering performance can be realized by
cascading such tunable ring resonators.
6. Conclusion

In this work, we propose and demonstrate a tunable ring
resonator based on polymer material. Different from the tradi-
tional one, the device gives much more flexibility by incorporat-
ing a MZI and two micro-heaters. Not only can different coupling
states be realized, but also the resonant wavelength can be tuned
easily, both with low power consumption. Moreover, the novel
UV-based soft imprint technique has been adopted to fabricate
the prototype device, which is compatible with the polymer
property and has the advantages of low cost and high throughput.
The device is expected to find useful applications in optical
switching and optical filtering.
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