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Summary:

Photonic sensors offer new possibilities for the metrological temperature determination in specific ap-
plications including high electric fields or harsh environments. Within two EU projects the PTB develop
and validate different photonic thermometers from 0 °C to over 1500 °C. The aim of this work is to
develop and validate novel accurate photonic thermometers with uncertainties in the mK range and
sensors for application within harsh environments at high temperatures. We show first results using
silicon ring resonators which achieve high quality factors (Q = 160 000) and over 15 dB filter contrast.
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Introduction

In the industrially most relevant temperature
range from about —100 °C to 1000 °C tempera-
ture measurements are commonly based on the
measurement of electrical resistance (e.qg.
Pt100) or voltage (thermocouple). Photonic
sensors, in contrast, use the light-matter inter-
action to measure temperature or strain with the
additional advantage of a metal free, chemical
inert and mechanical robust sensor design. For
example, a change of the refractive index due
to temperature results in a resonance wave-
length shift of an optical resonator. Fibre optical
sensors using Bragg gratings (FBG) or distrib-
uted fibre optic methods are commercially
available and are highly promising for industrial
monitoring applications [1]. Approaches using
photonic thermometers show great potential to
reach measurement uncertainties comparable
to conventional electrical sensors [2,3]. Never-
theless, the determination and reduction of
temperature uncertainty is still a challenging
task.

The Physikalisch Technische Bundesanstalt
(PTB) is working on special photonic sensors
for temperature measurement within two Euro-
pean research projects.

The first project "Enhancing process efficiency
through improved temperature measurement 2"
(EMPRESS 2) has the overall aim of improving

the efficiency of key industrial manufacturing
processes through improved temperature
measurement and control. The project focuses
on accurate and S| traceable temperature
measurement with different stable, reliable,
durable and robust sensors. One objective is
the introduction of traceable fibre optic meas-
urements at high temperatures above 500 °C.
PTB is working together with the Leibniz-Institut
fur Photonische Technolgien (IPHT) on FBGs in
sapphire fibres which can be used at tempera-
tures exceeding 1500 °C.

The second project "Photonic and Optome-
chanical Sensors for Nanoscaled and Quantum
Thermometry" (PhotOQuant) deals with funda-
mental research for high-precision or primary
temperature sensors. Two micrometre-sized
chip-based techniques are designed, manufac-
tured, characterized and calibrated: opto-
mechanical sensors, in which the temperature-
dependent Brownian motion of nanostructures
is optically detected, and photonic resonators,
in which planar waveguides (e.g. ring resona-
tors) allow very high-resolution measurements
of the refractive index change. Together with
the Leibniz-Institut fir innovative Mikro-
elektronik (IHP), PTB investigates Si/ SiO2
structures which are manufactured by standard-
ized masking processes.
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Perspective and First Results

Our efforts are concentrated in two directions,
first, the validation and improvement of photonic
resonators (PhotoQuant) for moderate envi-
ronments and temperatures up to 100 °C with
measurement uncertainties below 10 mK. Sec-
ondly, the metrological characterization of sap-
phire based fibre Bragg gratings (SFBG) for
applications in harsh environments with tem-
peratures above 1500 °C (EMPRESS 2). Both
photonic thermometer principles are mainly
based on the determination of frequency (or
wavelength) changes of an optical resonance.

Photonic ring resonators offer a high tempera-
ture coefficient (= 73 pm/K) together with a very
high quality factor of the resonant frequency. In
this work a photonic integrated circuit with over
130 resonator structures on a 2 mm x 2 mm
chip were manufactured with IHP’'s BICMOS
silicon photonic platform [4] on a standard multi
project wafer. The resonators were character-
ised using a tuneable laser with a tuning range
from 1520 nm to 1630 nm, variable gain pre-
amplified photodiodes and a highly stable ther-
mostat stage. Reference gas cells (HCN and
C2H2) were used for an in-situ S| traceable
wavelength calibration [5]. Figure 1 shows an
example of the normalised transmissions spec-
trum of three ring resonators with rip waveguide
design. All three resonator are coupled to a
single bus waveguide, but with different spacing
between bus and ring. Each ring resonators
have a radius of r= 35 um, resulting in a free
spectral range of FSR = 3 nm. Due to the long
tuning range of the laser it is possible to track
the temperature shift of up to 50 resonance
peaks simultaneously. In the lower part of Fig. 1
the shift of one peak per resonator is depicted.
The resonators achieve very high quality factors
of Q=160000 and strong filter contrasts of
Ar = -15 dB. These outstanding values for tem-
perature applications [6-8], enable a very pre-
cise determination of the resonance wave-
length. According to our preliminary results our
photonic integrated circuits are potential suita-
ble for temperature uncertainty below 10 mK.

Another solution suitable for even higher tem-
perature above 1500 °C (probably up to
1900 °C) are Sapphire-FBG’s, which offer a
temperature coefficient of 26 pm/K [9]. Since
they are intrinsically multimodal the correspond-
ing resonance spectra is more complex com-
pared to conventional single mode FBG [9].
Due to that, the precise determination of wave-
length shift is the limiting factor for temperature
uncertainties (1 K region), which is still under
investigation.
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In summary, photonic thermometry sensors are
suitable to compete with conventional electrical
sensors, however some effort and research
have to be done in the future.
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Fig. 1. Normalised Transmission of three ring reso-
nators and temperature dependant shift of the reso-
nance wavelength.
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