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Highly Sensitive Waveguide Bragg Grating
Temperature Sensor Using Hybrid Polymers
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Geert Luyckx, Joris Degrieck, and Geert Van Steenberge

Abstract— A waveguide Bragg grating temperature sensor
implemented using a hybrid inorganic-organic material
(Ormocer) with a 25-times higher temperature sensitivity than
a typical silica fiber is presented. The sensor consists of second
order gratings (1010-nm pitch) in 5 um x 5 um waveguides
fabricated on a planar substrate using the replication-based
methods. The gratings were imprinted in the under-cladding
layer, and the waveguide cores were patterned on top by capillary
filling of microchannels, which were defined in a transparent
and flexible mold. The somewhat larger, slightly multimode
waveguides facilitate pigtailing with an optical fiber but lead
to three reflection peaks corresponding to the different excited
waveguide modes. The peak at the longest wavelength (Bragg
wavelength at 1539 nm, corresponding to the fundamental
mode) was tracked during temperature testing, and a sensitivity
of —249 pm °C~! was found.

Index Terms— Bragg grating, capillary filling, high sensitivity,
imprinting, Ormocer, polymer waveguide, replication, tempera-
ture sensor.

I. INTRODUCTION

EMPERATURE sensors play an important role in

different sectors and applications such as healthcare,
consumer electronics, automotive, aerospace etc. The demand
for high performance, reliable and low-cost temperature sen-
sors is growing to satisfy the increasing automation needs in
manufacturing and monitoring. There is a trend to integrate
such sensors in materials (e.g. composites) during the fabri-
cation process. In certain applications, traditional electronic-
based temperature sensors are not suitable due to their
susceptibility to electro-magnetic interference [1]. A particular
type of optical sensors, based on Bragg gratings, represents a
growing market segment owing to their simplicity, low cost
and multiplexing capability. These Bragg gratings are mainly
implemented in fibers, however, the silica thermo-optic coef-
ficient is very low compared to other materials such as poly-
mers [2], [3] which leads to a lower temperature sensitivity.
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Several efforts have been made to enhance the sensitivity of
silica fiber sensors using additional transducer mechanisms [1],
[4], [5]. For example, the results obtained in [4], reporting a
sensitivity of 150 pm °C~!, were found to be comparable with
the performance of polymers but several steps were required
to deal with the inherent bad adhesion of Teflon. During the
last years, work on polymer optical fibers (POFs) has signif-
icantly progressed and Bragg gratings have successfully been
inscribed [6]-[12] leading to a typical temperature sensitivities
ranging from —50 pm°C~! to —100pm °C~!.

As an alternative to fibers for sensing, optical waveguides
on a planar substrate are interesting because additional func-
tionality, such as splitters, optoelectronic components [13], or
even complete Bragg grating interrogation systems [14] can
be integrated. Furthermore, the use of planar foils facilitates
orientation and positioning of the sensors during integra-
tion compared to discrete fiber sensors. Bragg grating-based
sensors in polymer waveguides are gaining more and more
interest in numerous applications [15]-[18] owing to the
variety of available materials, each having specific properties
and being optimized for certain fabrication methods. Ormocer,
an inorganic-organic hybrid polymer, is a good candidate
for implementing a Bragg grating-based temperature sensor
because of its good thermal stability, relatively low absorption
loss from visible to telecom wavelengths and high thermo-
optic coefficient. Furthermore, the material is cost-effective,
is easy to use and safe to handle without special protection.
However, it is difficult to define micrometer size waveguide
features using standard contact mask lithography due to
its oxygen inhibition and liquid state during UV-exposure.
As an alternative, an imprinting-based technology has been
proposed [19], but the reported structures achieved with this
technique are inverted-rib waveguides due to the rather thick
residual layer.

Therefore, we report a new capillary filling-based repli-
cation method for fabricating a highly sensitive Ormocer-
based waveguide Bragg grating temperature sensor. The sensor
consists of a (set of) polymer waveguide(s) patterned on
top of an under-cladding layer with a large area grating
imprinted, which results in a sensitivity of —249pm °C~!
around room temperature at an interrogation wavelength
around 1530 nm.

II. FABRICATION METHODS

The fabrication of the sensor comprises two main steps
i.e. (1) patterning of the grating on the Ormoclad cladding
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Fig. 1. Process flow showing the most important steps to define the waveguide
cores on top of the grating-patterned under-cladding. (a) Fabrication of the
soft mold. (b) Soft mold placed in contact with the cladding. (c) Capillary
filling of the mold channels. (d) Mold releasing revealing the core structures.

layer and (2) the definition of the Ormocore waveguide core on
top. Both materials are commercially available Ormocer for-
mulations (Micro Resist Technology) with a refractive index
difference of 0.02 at 1550 nm.

Gratings with a pitch of 1010nm (second order reflections
around telecom wavelengths) were first fabricated in a
layer of AZ Mir 701 positive photoresist by phase mask
lithography, serving as a master mold. A replicated soft mold
was fabricated by casting a UV-curable transparent polymer
(OF-134, MyPolymers) on top of the master mold and
curing it with a UV lamp. The grating structure in the soft
mold was then transferred to an Ormoclad layer spin-coated
(30s at 3000rpm) on a Borofloat glass substrate by placing
the mold in contact with this layer taking care to avoid
trapped air bubbles. The Ormoclad layer is then UV-cured
under N, for 30s at 30mW cm ™2 and then the soft mold is
peeled off. The cladding with the transferred gratings was
post baked (hot plate, 85°C) and hard baked (convection
oven, 150 °C) prior to processing the waveguide cores.

The waveguide cores were defined by capillary
filling another soft mold with a mix of Ormocore and
ma-T 1050 solvent (Micro Resist Technology) prepared in a
1:1 ratio by weight (selected as a trade-off between viscosity
and limiting the amount of solvent). This soft mold for
defining the waveguide cores was prepared analogously to
the grating mold (Fig. 1 (a)) but using a master mold having
Sum x 5pum waveguides which were fabricated using laser
direct-write lithography in an Epocore layer spin-coated on
a silicon substrate. After peeling off the soft mold from the
master mold, a razor blade was used to open the waveguide
channels. The soft mold was then placed on top of the under-
cladding with the gratings (Fig. 1 (b)), a drop of the Ormocore-
solvent mixture was placed in contact with one side of the open
channels (Fig. 1 (c)) and the sample was allowed to rest (about
1 hour) until the required length was filled. A UV-curing
step for 2 minutes at 30 mW cm ™2 was then performed in a
N, chamber and afterwards the mold was released (Fig. 1 (d)).
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Fig. 2. SEM micrograph of the grating transferred to the Ormoclad under-
cladding (left). Cross-sectional view of an Ormocore waveguide fabricated by
capillary filling (right).

Finally, the Ormocore waveguides were hard-baked and
covered with an Ormoclad cladding layer using spin-coating.

After processing, the sample was diced with a DAD 322
Disco Automatic wafer dicer at 10000rpm and 1mms~!
to obtain optically-clear end-faces. To test the sensor in a
relevant environment, an SMF-28 single mode optical fiber
was pigtailed to one of the waveguides using a UV-curable
epoxy. On the other end-face of the waveguide, a drop of this
glue was used to reduce parasitic reflections.

III. RESULTS AND DISCUSSION
A. Fabrication Results

The gratings imprinted in Ormoclad were visually inspected
using a microscope and SEM, showing a good replication
quality and grating uniformity over a large area, see Fig. 2.
After the waveguide cores were defined, the sample was visu-
alized under the microscope showing defect-free waveguides
and the proper filling of the channels both in the regions with
and without gratings. Manual positioning the soft mold only
leads to a angular misalignment of about 1° between grating
and waveguide. As can be seen from the cross-section of an
Ormocore waveguide (covered with cladding) shown in Fig 2,
the capillary filled cores presented the same rectangular
shape as the soft mold, meaning that the channels were filled
over their complete cross-section and that no significant
shrinkage was observed during the UV-curing process. Using
this capillary filling technique, waveguides with a total length
of 1cm to 2cm can be obtained, which is sufficient for
implementing temperature sensors. For other applications that
require longer waveguides, a modified technique is currently
being optimized in which a vacuum is applied on 1 side
of the channels so that the capillary filling speed can be
increased and hence longer waveguides can be obtained.

B. Bragg Grating Reflection Spectrum
The Bragg reflection wavelength Ap is given by:
2 nerr - A
=—
where N is the reflection order (N = 2 in this letter),
A is the pitch of the grating and n.fs the effective index

of the waveguide mode. The reflection spectrum was deter-
mined with the setup shown in Fig 3 using a source with a

AB
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Fig. 3. Setup used to characterize the reflection spectrum of the waveguide
Bragg grating sensor.
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Fig. 4. Reflection spectrum of a Spum x 5um Ormocer waveguide Bragg
grating normalized to the source spectrum (recorded after the pigtailing
process; a moving average filter was applied over 5 datapoints).

broadband spectrum from 1530 nm to 1610 nm (ASE FL7002,
Thorlabs), a fiber-optic circulator and an Optical spectrum
analyzer (OSA). The spectrum obtained was normalized to the
source spectrum, yielding actual reflectivity values. To facil-
itate pigtailing with a standard SMF-28 fiber, slightly larger
Sum x 5um dimensions were chosen, therefore yielding a
waveguide supporting a few modes. Fig. 4 shows the reflection
spectrum after the pigtailing process revealing 3 peaks (around
1539 nm, 1535 nm and 1531 nm), corresponding with 3 excited
modes in the waveguide. Before pigtailing and after optimizing
the fiber-to-waveguide alignment, a maximum reflectivity of
—6.6dB (22%) was found. In this reflectivity value also
the waveguide losses (estimated to be about 1dBcm™! for
Ormocer around 1550nm) and fiber-to-waveguide coupling
losses (about 1.5dB per transition) are taken into account.
After the pigtailing, the reflectivity slightly reduced due to
small alignment shifts during this process.

Although the waveguides were not single mode, a good
tracking of the individual peaks was possible owing to
the relatively large separation between the peaks and good
signal-to-noise ratio.

C. Response to Temperature

The temperature tests were performed in a temperature
controlled environmental chamber. The sample was positioned
in the center of the chamber and the pigtailed fiber was lead
out from a port at the bottom of the chamber. A thermocouple
was used to monitor the temperature of the sample. The tem-
perature test cycle was performed between 30 °C and 60 °C.
The upper temperature was limited by the stability of the
fiber-to-sensor connection. The spectrum acquisition were
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Fig. 5. Reflection spectrum of a Spum x 5um Ormocer waveguide Bragg

grating at different temperatures as obtained from the interrogator. The peak
at the longest wavelength (marked with a circle) was tracked during the
temperature test.
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Fig. 6. Relation between Bragg wavelength and temperature (measured data
and linear fit).

performed every 5°C after letting the temperature stabilize
in the chamber. In order to check the stability of the
measurements, each plateau temperature was maintained
stable for 15 minutes and the spectrum was recorded every
5 minutes (3 times for each plateau) showing a good overlap
of the signal. The reflection spectrum was tracked using a
similar configuration as shown in Fig 3, in which the source,
circulator and OSA were replaced by a dedicated optical fiber
sensor interrogator (FBGS FBG-Scan808D) operating from
1510nm to 1590 nm.

Fig. 5 illustrates the blue-shifting of the reflection spectrum
at increasing temperature. The reflection peak marked with
a circle in the figure was tracked during the thermal test and
the corresponding reflection wavelength is plotted with respect
to temperature in Fig. 6. The 3dB bandwidth of this peak
was calculated to be around 0.3nm. We can clearly observe
a blue-shift of the selected peak with temperature, and also
notice that the results for ramping up or down the temperature
match well, showing no clear effect of hysteresis. The linear
fit of the data points results in the following relation:

A (nm) = —0.249 (nm/°C) x T (°C) + 1545.050 (nm)

leading to a sensitivity (AA/AT) of —249 pm °C~!. Compared
to the typical sensitivity of silica fiber Bragg gratings
(=10pm °C~! around room temperature [1], [4]), this is about
25 times higher.
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The (relative) sensor sensitivity to temperature can be
expressed as [1]:

AL (a+<) AT,
AB0
where 45 0 is the (second order) Bragg wavelength at reference
temperature (25 °C), « is the thermal expansion coefficient and
¢ the thermo-optic coefficient.
For the peak at the longest wavelength (15,0 = 1539nm),
this results in:

A ~ o
AT (o +¢&) = —162ppm/°C.

According to the manufacturer’s data, the thermal expansion
coefficient (CTE or «) is both for Ormocore and Ormoclad
between 100ppm/°C and 130ppm/°C [20], and the thermo-
optic coefficient (¢) is about —250ppm/°C for Ormocore and
about —270ppm/°C for Ormoclad, leading to a theoretical
relative sensitivity (o + ¢) between —120ppm/°C and
—170ppm/°C which is in good agreement with the result
obtained.

IV. CONCLUSIONS

An Ormocer-based waveguide Bragg grating temperature
sensor, with a 25-times higher temperature sensitivity than a
typical silica fiber was presented. Ormocer, a hybrid inorganic-
organic material was chosen owing to its relatively low loss
from visible to telecom wavelengths, good thermal stability
and high thermo-optic coefficient. Both the gratings and the
waveguide required for constructing the sensor were fabricated
using a replication-based method. The gratings (1010 nm pitch,
second order grating around telecom wavelengths) were
imprinted in the under-cladding layer and the waveguide cores
were patterned on top by capillary filling of micro-channels
which were defined in a transparent and flexible mold. The
advantage of this technique is that waveguides are formed only
where the micro-channels are present in the mold, therefore
requiring very little material and avoiding a residual core layer
between neighboring waveguides. Owing to the replication
step, the quality and exact dimensions of the waveguides will
be determined by the quality of the mold (which can be very
high). This means that this technique allows fabrication of
waveguides with good quality, even using materials that are
difficult to process, e.g. when they are not directly compatible
with standard photo-lithography.

To facilitate pigtailing to a standard SMF-28 fiber, the
waveguides in the current sensor where chosen slightly
larger (i.e. Spum x 5pum) than the dimensions required for
single mode operation. Therefore, three clear reflection peaks
were found corresponding to the different waveguide modes
excited in the slightly multimode waveguide. With optimized
fiber-to-waveguide alignment, a maximum reflectivity of
—6.6dB (22%) was obtained and although this value slightly
reduced during the pigtailing process, precise peak tracking
was possible using a standard interrogator. The peak at the
longest wavelength (1p,0 = 1539nm, corresponding to the
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fundamental mode) was tracked during temperature testing and
a high sensitivity of —249 pm °C~! was found.
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