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Abstract:

We report on the fabrication of an optical sensor based on channel waveguide Bragg gratings in pre-
cured inorganic-organic ORMOCER® hybrid-polymer substrates. The particular combination of the op-
tical component and chosen substrate lead to a planar structure with ideal characteristics for highly
sensitive temperature measurements. The resulting sensor element shows a linear dependence be-
tween temperature and sensor signal with a markedly high sensitivity of up to 294 pm K-, a thirtyfold
higher sensitivity as compared to commonly used silica based fiber Bragg gratings. For the applied
interrogation system this sensitivity corresponds to a notable resolution of 20 mK for temperature re-
cordings.
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Introduction

Due to numerous advantages like immunity to
electromagnetic fields or long distance remote
controllability fiber-optic sensor devices have be-
come a common technology in the field of tem-
perature sensing. An ever frequently discussed
type of fiber-optic temperature sensors are Fiber
Bragg Grating (FBG) temperature sensors [1-2].
This type of sensor is based on a periodic mod-
ulation of the refractive index within the fiber core
causing a defined portion of the in-coupled opti-
cal spectrum to be reflected, whereat the re-
flected wavelength As depends on the effective
refractive index nerr and the gratings modulation
period A as given in equation (1).

A8 = 2 ne A (1)

The applicability of Bragg gratings (BG) in the
field of temperature sensing is favored by the de-
pendence of both, the refractive index and the
Bragg grating period on the temperature, where
the shift of the reflected wavelength due to tem-
perature changes can be expressed as shown in
equation (2).

AAs = Ao (0 + Q) AT (2)

Where a = (9A /0T) A\ represents the coefficient
of thermal expansion (CTE) and { = (on/dT) n”’
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the thermo-optic coefficient (TOC), which both
are material-specific parameters.

Usually, Bragg gratings are fabricated in silica
based optical fibers but polymer waveguides are
as well under investigation to host Bragg grat-
ings for sensing applications [1-3]. The charac-
teristics of these materials, such as the CTE and
the TOC, lead to sensitivities of 11 pm/K for silica
[1,2] and -55 pm/K to -100 pm/K for polymer
based waveguide Bragg gratings [2,4]. Accord-
ingly, polymers represent the more suitable ma-
terial for hosting Bragg gratings when consider-
ing higher temperature sensitivities [5]. How-
ever, as compared to silica based Bragg gratings
the operable temperature range of common pol-
ymer Bragg gratings (PBG) is generally lower as
being limited by the glass transition temperature
of the polymer [5]. In addition, most PBGs are
not qualified in the presence of solvents which
may dissolve the polymer. A more recent class
of polymers that bridges the gap between high
sensitivity and high chemical and thermal stabil-
ity are inorganic-organic hybrid polymers such
as the organically modified ceramics OR-
MOCER® [6]. This particular class of material is
widely studied for the fabrication of wafer scale
optical elements [7] and is due to its beneficial
material properties [8,9] already under consider-
ation as an additive applied to common silica
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based fiber Bragg gratings in order to enhance
their temperature sensitivity [10-12]. In this con-
tribution, we therefore discuss the fabrication of
volumetric planar waveguide Bragg gratings for
temperature measurements in pre-cured inor-
ganic-organic ORMOCER® hybrid-polymers.

Experimental

Different commercially available ORMOCER®s,
which have been specifically designed for the
fabrication of optical elements, namely Ormo-
Core®, OrmoClad® and OrmoComp® (micro re-
sist technology), have been employed as pur-
chased in this study. For the fabrication of the
planar hybrid-polymer substrates, the OR-
MOCER®s are spin coated onto an oxygen
plasma pre-treated silicon wafer and subse-
quently cured by UV irradiation using a mercury-
vapor lamp at an exposure dose of 2.5 J/cm?
(quantified for the i-line) resulting in a homoge-
nous resist layer thickness of about 14 ym. Be-
fore and after UV irradiation the hybrid-polymer
substrates are applied to a 2 minute pre-expo-
sure bake at 80°C and a 10 minute post-expo-
sure bake at 130°C, respectively. In case of Or-
moCore® and OrmoClad®, an inhibition layer (a
small layer of uncured material) can be found af-
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ter the UV irradiation, which necessitates an ad-
ditional development step and a subsequent
10 minute hardbake at 130°C. For the fabrication
of waveguides, a KrF excimer laser (Bragg Star
Industrial by Coherent) is used operating at a
wavelength of A = 248 nm, a repetition rate of
200 Hz and a pulse energy of Ep = 12 mJ. The
waveguide inscription is carried out with the laser
beam homogenously expanded using a fly’s eye
condenser (SUSS MicroTec) and a chromium
amplitude mask in soft contact to the pre-cured
hybrid-polymer substrate at a laser fluence of
15 J/cm?. By this measure, 6 to 12 um wide, well
defined waveguides have been achieved. For
the inscription of Bragg gratings, the excimer la-
ser beam is shaped into a rectangular geometry
using a cylindrical lens arrangement and focused
through a phase mask (Ibsen Photonic) in soft
contact to the previously written waveguides at a
repetition rate of 100 Hz and a laser fluence of
15 J/cm? (measured in front of the phase mask).
The applied phase masks feature grating pitches
of Apm = 1008 nm for OrmoCore® and
Apm = 1036.79 nm for OrmoClad® and Ormo-
Comp®. A schematic illustration of the fabrication
process and the resulting layer composition is
shown in figure 1.
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Figure 1: Schematic illustration of the fabrication process of the planar channel waveguides and inscrip-

tion of the planar Bragg grating.

The fabricated planar sensor chips are bonded
to a single mode fiber via butt coupling using a
v-groove fiber assembly and are connected to an
interrogation system operating at telecom wave-
length. The used interrogation system (sm125-
500 by Micron Optics) operates at a wavelength
range between 1510 nm and 1590 nm and fea-
tures a 2 Hz sampling rate with a resolution of
1 pm. The interrogation system furthermore has
been expanded by an automatic LabVIEW
based Bragg peak detection and tracking which
allows to monitor the temporal Bragg wavelength
shift. For measuring the Bragg peak response
due to temperature changes, the fabricated sen-
sor chips are placed onto a hotplate. A fiber ther-
mometer and a hygrometer are positioned di-
rectly on top of the sensor surface serving as a
reference for the actual local temperature and
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relative humidity, respectively. During the meas-
urement, the whole setup is placed in a glove
box under constant nitrogen purging in order to
guarantee a consistent environment free of ex-
ternal interferences.

Results

The fabricated ORMOCER® channel waveguide
Bragg gratings exhibit a well-defined Bragg re-
flection with a small FWHM of up to 130 pm and
a reflectivity of up to 78 %. Figure 2 depicts the
reflected spectrum of a fabricated sensor chip,
whereas the inset shows the Bragg peak shift
due to an increasing temperature. By constitut-
ing the relative Bragg wavelength shift with re-
spect to the applied temperature, a linear rela-
tionship can be found for all ORMOCER® chan-
nel waveguide Bragg grating sensors as de-
picted in figure 3.
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Figure 2: Spectral shift of the OrmoComp® wave-

guide BG reflection due to temperature changes
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The sensors exhibit a sensitivity of -131 pm K’
for the OrmoComp?®, -238 pm K-' for the Ormo-
Core® and -294 pm K-' for the OrmoClad® wave-
guide Bragg grating. Taking into account the in-
terrogation system’s spectral resolution of 1 pm,
acquisition steps of up to 3.4 mK are possible.
However, due to background noises of the inter-
rogation system a Bragg wavelength shift which
can be considered as reliable is given for
AAs = 3 o0, where the standard deviation of the
interrogation system’s background noise ¢ was
found to be 2 pm. Based on these considera-
tions, a minimal detectable temperature shift of
46 mK for the OrmoComp®, 25 mK for the Ormo-
Core® and 20 mK for the OrmoClad® channel
waveguide Bragg grating can be deduced.
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Figure 3: Spectral shift of the channel waveguide Bragg grating reflection due to temperature changes.

The results firstly show the general possibility of
producing volumetric channel waveguide Bragg
gratings directly into pre-cured ORMOCER®,
whereas the fabrication method itself is consid-
ered fast, cost efficient and reproducible. Sec-
ondly, the so produced channel waveguide
Bragg grating sensors exhibit a linear depend-
ency of the sensor signal on temperature
changes with a withal very high sensitivity which
was found to be up to thirty times higher than the
sensitivity of common fiber based Bragg grating
temperature sensors [1,2]. Considering these re-
sults, the here described fabrication of wave-
guide Bragg gratings in ORMOCER®s opens a
novel and low-cost possibility to produce highly
sensitive and fit for market temperature sensors.
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