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Abstract: Photonic sensors offer the possibility of purely
optical measurement in contact thermometry. In this
work, silicon-based ring resonators were used for this pur-
pose. These can be manufactured with a high degree of re-
producibility and uniformity due to the established semi-
conductor manufacturing process. For the precise charac-
terisation of these photonic sensors, a measurement setup
was developed which allows laser-based spectroscopy
around 1550 nm and stable temperature control from 5 °C
to 95°C. This was characterised in detail and the result-
ing uncertainty influences of both the measuring set-up
and the data processing were quantified. The determined
temperature stability at 20 °C is better than 0.51 mK for the
typical acquisition time of 10 s for a 100 nm spectrum. For
a measurement of >24h at 30 °C a standard deviation of
2.6 mK could be achieved. A hydrogen cyanide reference
gas cell was used for traceable in-situ correction of the
wavelength. The determined correction function has a typ-
ical uncertainty of 0.6 pm. The resonance peaks of the ring
resonators showed a high optical quality of 157 000 in the
average with a filter depth of up to 20 dB in the wavelength
range from 1525nm to 1565nm. When comparing differ-
ent methods for the determination of the central wave-
length of the resonance peaks, an uncertainty of 0.3 pm
could be identified. A temperature-dependent shift of the
resonance peaks of approx. 72 pm/K was determined. This
temperature sensitivity leads together with the analysed
uncertainty contributions to a repeatability of better than
10mK in the analysed temperature range from 10 °C to
90 °C.
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Zusammenfassung: Photonische Sensoren bieten die Mog-
lichkeiten einer rein optischen Messung in der Beriih-
rungsthermometrie. In dieser Arbeit wurden hierfiir silizi-
umbasierte Ringresonatoren verwendet. Diese lassen sich
aufgrund der etablierten Halbleiterfertigung mit hoher Re-
produzierbarkeit und Uniformitat herstellen. Zur genauen
Charakterisierung dieser photonischen Sensoren wurde
ein Messplatz entwickelt, welcher eine laser-basierte Spek-
troskopie um 1550 nm und Thermostatisierung von 5°C
bis 95 °C ermoglicht. Dieser wurde ausfiihrlich charakteri-
siert und resultierende Unsicherheitseinfliisse sowohl des
Messplatzes als auch der Datenverarbeitung quantifiziert.
Die ermittelte Temperatur-stabilitdten bei 20 °C ist besser
als 0,51 mK fiir die typische Aufnahmezeit von 10's eines
100 nm Spektrums. Fiir eine Messung von >24h konnte
bei 30°C ein Standardabweichung von 2,6 mK erreicht
werden. Eine Cyanwasserstoff-Referenzgaszelle diente zur
riickfiihrbaren in-situ Korrektur der Wellenldnge. Die er-
mittelte Korrekturfunktion hat hierbei typischerweise ei-
ne Unsicherheit von 0,6 pm. Die Resonanzpeaks der Ring-
resonatoren zeigten im Durschitt eine hohe optische Gii-
te von 157 000 mit einer Filtertiefe von bis zu 20dB im
Wellenldngenbereich von 1525 nm bis 1565 nm. Beim Ver-
gleich verschiedener Methoden zur Bestimmung der zen-
tralen Wellenldnge der Resonanzpeaks konnte eine Unsi-
cherheit von 0,3 pm ermittelt werden. Es wurde eine tem-
peraturabhédngige Verschiebung der Resonanzpeaks von
ca. 72pm/K bestimmt. Diese Temperatursensitivitét fiihrt
mit den analysierten Unsicherheitsbeitragen zu einer Wie-
derholbarkeit von besser als 10 mK im untersuchten Tem-
peraturbereich von 10 °C bis 90 °C.

Schlagworter: Thermometrie, Photonik, Temperatursen-
sor, Optischer Ringresonator.

3 Open Access. © 2021 Eisermann et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International

License.


https://doi.org/10.1515/teme-2021-0054
mailto:stephan.krenek@ptb.de
https://orcid.org/0000-0001-9289-044X
https://orcid.org/0000-0001-6469-9293

DE GRUYTER OLDENBOURG

1 Introduction

Conventional temperature measurements in the industri-
ally relevant temperature range from about —200°C to
850 °C (according to IEC-60751) are usually based on mea-
suring the electrical resistance (e. g. Pt100) [1]. Especially
in applications including high electromagnetic fields or in
harsh environments photonic sensors offer new possibili-
ties for temperature measurement. In contrast to electrical
sensors, photonic sensors use light-matter interaction to
measure temperature. For example, a temperature change
leads to a change in the material-dependent refractive in-
dex. In an optical resonator, this cause a change of the
resonance wavelength, which can be measured [2, 3, 4].
Two main methods are used, fibre-optic sensors (e. g. fibre
Bragg gratings, FBGs) and integrated photonic sensors.
In the field of fibre-optic sensing, devices for temperature
sensing using FBGs are already commercially available.
They are suitable to determine temperature with an uncer-
tainty in the range of a few 100 mK [5, 6]. These sensors
are mainly limited by their temperature dependent shift of
about 10 pm/K together with the uncertainty in peak cen-
tre detection due to the typical FWHM (full width half max-
imum) of about 100 pm. Another solution are distributed
fibre optic techniques based on backscattering processes
(e. g., Rayleigh scattering) which are suitable to measure
distributed temperature changes over large distances [7].
Photonic integrated circuits based on silicon [2, 3, 4, 8, 9]
or silicon nitride waveguides [10] offer some advantages
compared to fibre optical sensors. For example, higher
temperature dependent resonance shifts (above 70 pm/K)
and lower uncertainty in peak detection due to a ten-fold
smaller peak width. National metrology institutes around
the world are working on solutions to enable integrated
photonic resonators for practical thermometry applica-
tions [2, 4, 8, 9, 10]. The realisation of a suitable test setup
and the determination and reduction of the measurement
uncertainty are highly demanding.

The Physikalisch-Technische Bundesanstalt (PTB)
and the Leibniz Institute for Innovative Microelectron-
ics (IHP) are working on microchip-based photonic sen-
sors for temperature measurements within the framework
of the EU-funded project “Photonic and Optomechan-
ical Sensors for Nanoscaled and Quantum Thermome-
try” (PhotOQuant) [11]. The project is focused on basic
research for high-precision measurements and the pri-
mary determination of temperature. For this purpose,
chip-based sensors are designed, simulated, manufac-
tured, characterised and calibrated. The production of
the photonic integrated circuits (PICs) is carried out in
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the production grade clean room facilities of IHP using
the “SG25H5_EPIC” technology [12]. For the characteri-
sation of the manufactured silicon ring resonators and
their temperature sensitivity, the measurement setup de-
scribed in this article was developed and characterised
at PTB. The main goal of this approach is to develop a
cost-efficient measurement system which is suitable to de-
termine temperature with an uncertainty below 10 mK in
the range between 5°C to 95°C. In addition, the sensor
read-out speed should be comparable or faster than con-
ventional electrical sensors (sampling rate higher 1Hz).
In the future, it is intended to use this system, consist-
ing of sensor and read-out setup, as a portable solution
for photonic sensor based thermometry within industrial
applications.

2 Experimental setup for the
temperature-dependent optical
characterisation of photonic
micro resonators

2.1 Overview of the setup and basic idea

Figure 1 illustrates the basic idea of the photonic inte-
grated circuit (PIC)-based temperature sensors together
with an overview of the setup. The narrow-linewidth emis-
sion of a tuneable laser (swept-wavelength) is guided
via glass fibres to the silicon waveguides. These fibre-
coupled optical path additionally contains a variable at-
tenuator and a polarization controller. Both elements are
adjusted manually to reduce possible self-heating [15, 16]
and polarisation-dependent effect are minimised

The fibre-to-chip coupling is achieved by using two
microstructured planar grating couplers. The transmitted
spectrum passing through the PIC is guided to variable
gain photoreceivers and digitized by a 24-bit analog-to-
digital converter with 675 kHz.

The light guidance of the PIC structures with sub-
wavelength size results from the refractive index contrast
between the silicon waveguide and the surrounding oxide
[12, 13, 14]. A second circular waveguide (ring resonator) is
evanescently coupled to the bus waveguide and works as
an optical cavity. If the wavelength A,,, fits m-times (m € IN)
into the optical length (n. L) the cavity is in resonance (1).
The effective refractive index n.¢ and the length of the res-
onator L are temperature dependent [13, 14]

Negt (T, A)L (T) '

Ay = o
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Figure 1: Schematic overview of the measurement setup for the thermal and optical characterisation of the PICs using a reference gas cell
and a temperature-controlled platform. The upper part illustrates the basic idea of the PIC based thermometry to determine the temperature

dependent resonance wavelength shifts of a ring resonator.

This condition leads to a multiple very narrow-band,
local minima in the transmission (upper part in Fig. 1). The
sharpness of the resonances is described by the quality
factor Q:

Am
Qn = FWHM,,’ )
with A, as central wavelength of the resonance m and
the corresponding full width at half maximum FWHM,,.
For temperature sensing applications a large Q-factor al-
lows a very precise detection of the peak wavelength due
to the small FWHM. On the other hand, a high Q-factor
together with high laser power leads to increased self-
heating, which limits the temperature sensitivity [15, 16].
Another important characteristic is the finesse F which is
defined as the quotient of the free spectral range (FSR) be-
tween two resonances and the FWHM:
FSR,, A = Anq

F. = = . 3
m = FWHM,, ~ FWHM,, G)

As shown in Fig. 1, the second optical path acts as
wavelength reference. The laser light passes through a ref-
erence gas cell, whose absorption spectrum is used for

in-situ correction of the wavelength (see Sec. 3.2). Due to
the known isotopic composition and pressure, the absorp-
tion spectrum of this standard reference material (SRM)
is traceable to the SI according to [17]. Finally, the data
is processed as described later in this work (Secs. 3.1 and
3.2).

Alternatively, to the described swept-wavelength
mode where multiple resonances m (see Eq. (1)) are mea-
sured, it is possible to lock the laser wavelength to a sin-
gle resonance. To ensure a low wavelength uncertainty
it is necessary to replace the gas cell for example with a
wavemeter and a stabilised reference laser (see [9, 18]).
However, these components significantly limit the mobil-
ity and cost-effectiveness of the setup.

For the metrological characterisation of the temper-
ature dependent spectra two key parameter are crucial:
First, a stable and traceable temperature control of the
chip together with a sufficient stability of the entire mea-
surement setup (see Fig.1). Secondly, a high-resolution
optical measurement technique with low wavelength un-
certainty. In the following we describe our setup and ap-
proach for the traceable temperature and wavelength mea-
surement.
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Figure 2: Experimental setup of the thermostat platform and positioning system for the characterisation of photonic resonators.

2.2 Design of the temperature-controlled
platform and fibre-to-chip coupling

The setup for thermal characterization of the micro res-
onators was intended to meet two necessary conditions:
On the one hand, the characterisation and the calibration
with high temperature stability and a homogeneity in the
millikelvin range at working temperatures between 5°C
and 95 °C. Normally, these requirements for temperature
calibration would be realised with measurements within
stirred water baths [19]. On the other hand, a stable op-
tical coupling to integrated waveguide gratings. The nec-
essary coupling and decoupling of the laser radiation are
carried out in the current test phase with free space opti-
cal fibres. These fibres need to be adjusted a few microme-
tres (air gap) above the coupling grating of the chip [20].
This requires precise three-dimensional positioning of the
fibres relative to the chip, with an accuracy and stabil-
ity below 100 nm. Consequently, a water bath cannot be
used. The precise positioning system is mounted above
the temperature-controlled platform (see Fig.2). The mi-
croscope, also shown, is used for coarse visual position-
ing of the fibres. The reference temperature is measured
via a calibrated surface mounted Pt100 sensor clamped
onto and surrounded by the thermostatted copper block
(see Fig.2). This sensor is traceable to the International
Temperature Scale of 1990 (ITS-90) with an uncertainty

of 8.2mK (k = 1) and is measured with a resolution of
0.1 mK.

The part of the setup used for the temperature con-
trol of the photonic chip is shown in Fig.3. The copper
platforms (2) and (3) have each an independent water
flow through them. For the thermal decoupling they are
connected by ceramic spacers. The lower platform (3) is
stabilised by a constant temperature waterflow (labora-
tory cold water), so that the underlying positioning unit
is protected from the potentially high temperatures of the
upper platform. The stable temperature of the position-
ing unit reduces thermal related position changes and
leads to an improved position stability. The upper plat-
form (2) is used for the active temperature control. The
design is optimised for a homogeneous surface tempera-
ture. The insulated supply lines of this platform are con-
nected to a thermostat that can precisely regulate the tem-
perature of the water from 5°C to 95°C with mK stabil-
ity (according to their specification). An additional cop-
per collar (1) creates a 2mm high side wall around the
chip. These cause a more uniform temperature distribu-
tion inside the chip, as the temperature radiation losses
at the sides of the chip are reduced. A vacuum tweezer
(5) underneath the chip ensures secure positioning and
good thermal contact with the temperature-controlled
platform.
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Figure 3: CAD model of the tempered platform for thermal stabilisation and characterisation of the PIC-based temperature sensors: (1) Col-
lar, (2) Temperature controlled platform, (3) Base plate at constant temperature, (4) Position of the chip, (5) Vacuum tweezers, (6) Tempera-

ture sensor.

2.3 Characterisation and operation of the
temperature-controlled platform

The stability of the thermostat platform was investigated
from 10°C to 90°C with three different water thermo-
stat configurations to control the temperature (see Fig. 4).
The thermostats are controlled according to their internal
Pt100 sensors; however, the temperature of the platform
is determined with the calibrated Pt100 surface mounted
sensor as described in the previous Sec.2.2. An example
of the temperature variation over 30 min and the result-
ing standard deviation +¢ (30 min) is shown in Fig. 4a for
a two thermostat in series configuration (see below) at a
nominal temperature of 30 °C.

For each temperature step, the standard deviation of
the surface temperature over a duration of 30 min is de-
picted in Fig. 4b. In the first configuration the platform was
connected to a heating thermostat. In this thermostat, a
water bath of several litres is constantly stirred, and a part
of the water is pumped through the platform. The tem-
perature is controlled by a cooling loop and an electric
heater in the water bath. Near room temperature the lab-
oratory cold water supply (approx. 15°C) is used for op-
eration with higher stability. This configuration delivers a
stability between 8.5mK and 151 mK in the temperature
range from 20 °C to 50 °C. It was found, that for tempera-
tures above 50 °C a higher stability could be achieved with-
out laboratory cold water supply. Therefore, the thermo-
stat (2nd configuration) was used without additional wa-
ter cooling in the temperature range from 60 °C to 90 °C.
This results in a surface temperature stability of 9.1 mK to
15.3 mK over 30 min. Finally, in the third configuration we
replaced the laboratory cold water supply with a cooling

thermostat. This cooling thermostat can cool and heat its
water bath with an integrated cooling machine between
5°C and 95°C. The temperature of this thermostat was
set to a value that the following heating thermostat only
needs about 1% of its maximum heating power of 2.6 kW.
This method with two thermostats in series shows the best
stability of the surface temperature, with standard devia-
tions between 0.7 mK and 7.4 mK for the entire temperature
range from 10 °C to 90 °C (Fig. 4b). Additionally, the long-
term stability was investigated for 30 °C, which results in
a standard deviation of approx. 2.6 mK for a duration of
24 h. Over this period, no drift of the surface temperature
was detected.

Fig. 4c shows a statistical analysis of standard devia-
tions for 10 s segments oy (10s) of the two thermostats in
series configuration. These 10 s represent the acquisition
time for a transmission spectrum of our PIC-based sen-
sors, with a scan rate of 10 nm/s and a spectral bandwidth
of 100nm. The Pt100 temperature measurement speed
of 1.5s leads to 1200 of these short-term standard devia-
tions over the total 30 min time interval. For comparison
of the standard deviations investigated here for different
time scales, Fig. 4a shows the band that results from the
short-term standard deviations +20;, (10 s) around the k-th
temperature value. The 10s time interval of 054, has the
highest short-term standard deviation in this example and
leads to the outlier in the boxplot (Fig. 4c). The mean val-
ues of the short-term standard deviations shown in the
boxplots are also plotted in Fig. 4b. The values to be ex-
pected on average vary from 0.24 mK for 20 °C to 1.8 mK for
90°C.

The whiskers of the boxplots include 95 % of the short-
term standard deviations relevant for the measurement
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Figure 4: (a) Temperature variation of the surface temperature of the thermostat platform determined at 30 °C for 30 min for the two ther-
mostats in series configuration. The blue band represents the +20; using a sliding window of 10 s (acquisition time for a 100 nm spectrum).
(b) Standard deviation of the surface temperature at different temperatures of the platform with three water bath configurations. One heat-
ing thermostat with and without lab cold water supply (approx. 15 °C), and the heating thermostat in series with a second cooling thermo-
stat. (c) Statistical analysis of all short-term standard deviations o, (10 s) over the total 30 min time interval. Mean values are included in (b).

(corresponding to a +20 interval for normal distributed
data). Thus, 97.5 % of all measurements are below the up-
per whisker. We use these values for the estimation of
the maximal uncertainty contribution of the temperature
stability (see Sec. 4.2). The resulting values are between
0.51 mK for 20 °C and 4.2 mK for 90 °C. Considering a PIC
temperature sensitivity of 73 pm/K this leads to a maxi-
mum temperature related wavelength shift during scan of
the PIC spectrum between 0.037 pm and 0.31 pm, respec-
tively. In summary, the thermostat platform shows suffi-
cient stabhility to validate the photonic sensors.

2.4 Temperature dependent stability of the
fibre to chip coupling

As described in Sec. 2.2 (see Fig. 2) a fibre coupling config-
uration with a small air gap is used for the characterisa-
tion of the integrated photonic circuit. To ensure an opti-
mal power coupling between the input/output optical fi-
bre and the photonic gratings, the positioning with sub-

micron accuracy in all three axes, including the angle of
the fibres is crucial. In our case the optimum coupling an-
gle of 14° is provided by an angled mounted platform of
the bare fibre holder, which is attached to a manual po-
sitioner with 10 nm resolution (Fig. 2). With changing tem-
peratures of the temperature-controlled platform, the rela-
tive position between the fibre tip and the chip can change
due to thermal expansion of the copper platform and the
steel fibre holders. Therefore, we raised the coupling fibres
between the individual temperature steps and readjusted
the fibres in the temperature plateaus.

In the following we have determined relative coupling
changes for different temperatures in a 100 s long time in-
terval. The measurement condition is similar to the later
shown determination of spectral transmission, except that
the wavelength was kept constant at 1550 nm (outside the
ring resonance).

The Fig. 5a shows the relative transmitted power for
the two temperature extrema (20 °C and 90 °C). A maxi-
mum relative change below +1% for 20 °C (close to the
23 °C laboratory environment) and +4 % for 90 °C was de-
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Figure 5: (a) Optical coupling stability for a nominal thermostat temperature of 20 °C and 90 °C for a 100 s long measurement. (b) Mean stan-
dard deviation of 10 s long sliding window over the 100 s measurement interval.

termined. Our typical acquisition time is between 0.1s and
10 s for a 100 nm spectrum using a scan speeds between
10 nm/s to 1000 nm/s (Fig. 5a).

Figure 5b shows the relative standard deviation of
power changes for a temperature range from 20 °C to 90 °C.
The relative standard deviations were calculated from 100
short-term standard deviations using a 10s sliding win-
dow with 9s overlap over the full 100 s time interval. The
mean of these short-term standard deviations represents
the typical fluctuation within the acquisition time of 10 s.
We determined a mean standard deviation of (0.21 + 0.01)
% for 20 °C and (1.0 + 0.4) % for 90 °C.

The main causes of the observed optical power
changes can be divided into three categories: mechani-
cal, optical, and thermal relate contributions. Examples
for mechanical related optical power changes are vibra-
tion and acoustic noise or air flows caused by the labora-
tory air conditioning. We already minimised the influence
of mechanical interference in the first iteration steps of our
setup. Optical related contributions are for example fluc-
tuations of the stabilised laser power, reflections and in-
terference or polarisation changes along the optical path.
Whereas thermally induced disturbances could be ther-
mal expansion related position changes (copper plate) or
convection (at higher temperatures). The different distur-
bances are further discussed in Sec. 4.2 (see also Fig. 12).

One possibility to avoid coupling changes, is to glue
the fibres or a fibre array directly to the chip as described
in [2]. However, this has the disadvantage that a hysteresis
may occur due to mechanical stress of the adhesive with
changing temperatures as described by [4, 9]. Further it is
reported by [9] that ageing and drift effects induced by the
packaging could lead to an expanded uncertainty of 170
mK, which is the limiting factor in this work.

In summary we determine a high optical coupling sta-
bility over the full temperature range from 20 °C to 90 °C
of our thermostat platform. Mean standard deviations of
power coupling changes for 10 s segments of the 100 s du-
ration are below 1.5%. Ongoing work suggests that the
coupling is suitable for even longer measurement periods
(minutes to hours) without significant drift over time.

3 Data processing and evaluation

3.1 Signal processing of the photonic chip
and gas cell spectra

In the following we describe the digital postprocessing of
our measurement data. As can be seen in Fig. 1, we simul-
taneously determine the spectra of the gas cell together
with the photonic chip using two variable gain photodi-
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odes. To ensure a time synchronisation both photodiodes
use the same Analogue-digital converter (ADC) and con-
troller. Further the laser provides a internally measured
(uncalibrated) wavelength which is acquired simultane-
ously with the photodiodes by the controller.

Figure 6 shows the determined spectra of the gas cell
and photonic chip using a scan speed of 10nm/s and a
stabilised laser power of 20 mW. To decrease nonlinear ef-
fects like self-heating the power to the photonic chip was
attenuated down 10 pW using a variable optical attenua-
tor [15, 16]. As the spectrum of the photonic chip (black
line) shows, the transmission of the three micro resonators
is combined with the one of grating couplers. To separate
these from each other the baseline was determined us-
ing a low pass filter within the first post processing step.
The baselines for both spectra are represented by the red
(PIC) and orange (gas cell) curves (see in Fig. 6). Subse-
quently, the signal amplitude was divided by the baseline
leading to relative transmission signals. Due to the high
extinction ratios of the ring resonators the baseline close
to the resonances is slightly to low. Since the main pur-
pose of this baseline correction is to ensure a reasonably
flat background for the later peak detection and fitting,
these deviations are negligible. In the next postprocessing
step the increments of the internal wavelength detection
(of the laser) are corrected. As shown in Fig.7 the wave-
length values detected internally by the laser has a wave-
length resolution or step size of 0.5pm (red diamonds).
This means that for a usual scan speed of 10 nm/s a min-
imal sampling rate of 20 kHz is required to ensure a suf-
ficient digital sampling. The AD converter and photodi-

odes are suitable for a MHz sampling rate. Considering the
reachable wavelength accuracy of <0.2 pm (expanded un-
certainty) of the gas cell we used a digital sampling fre-
quency (f;) of 200 kHz, which leads to 10 amplitude values
every 0.5 pm. Taking into account that in contrast to the
wavelength sampling the laser is continuously tuning the
wavelength, we converted the wavelength sampling to 1
amplitude value every 0.05 pm using a rolling mean along
the wavelength axis (over 10 adjacent points). The result
of this postprocessing steps is shown by the purple circles
in Fig. 7. Hereafter low pass filtering of the relative trans-
mission with f. = f;/10 was applied for a slight smoothing
(green stars). This reduces high frequency signal fluctua-
tions which are for example caused by reflections and op-
tical cavities along the optical path. For example, the two
grating couplers cause internal reflections due to the re-
fractive index modulation needed for the functionality of
the gratings.

3.2 Wavelength calibration using a H3C*N
reference gas cell

Following the data pre-processing described in the pre-
vious section (Sec.3.1), the transmission of the hydro-
gen cyanide (HPC¥N) gas cell at 3.3kPa (25Torr) was
used to perform the wavelengths calibration. Due to the
rotational-vibration absorption of HBCN, the spectrum
of the gas cell shows 54 absorption lines, which could solve
as a low-uncertainty wavelength reference [17]. Therefore,
it is necessary to determine the centres of the absorption
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lines as shown in Fig. 8. According to the SRM 2519A a
Lorentzian or Voigt line shape least square fitting is suit-
able for high-accuracy calibration with uncertainty below
3pm [17]. Compared to the Lorentz function, the Voigt fit-
ting is more complex because of the convolution of a Gaus-

Uncorrected Wavelength / nm

Uncorrected Wavelength / nm

sian and a Lorentzian part. To estimate the influence of
the fit model to the determined line centre we compared
a Gaussian, Lorentzian and Voigt fit. In the first step, a
simple and fast peak detection (local minimum) is used
for the first estimation of the centres and the full width
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half maximum (FWHM). Using this initial information, a
least square fit optimisation is performed for each of the
lines using all three fit models. The resulting fits for each
of the lines are shown in Fig. 8a for the full spectrum and
in Fig. 8c for the P8 line.

Figure 8b shows the amplitude residuals between
each fit and the determined gas cell spectra. The Voigt
function shows the best match with the absorption line
spectra and therefore has the lowest amplitude residuals.
Comparing the differences between Voigt fit model-based
line centre detection we determined a max difference of
0.52nm for a simple local minima peak detection, 0.32 pm
for Gauss fit and 0.20 pm for Lorentz fit. The deviation of
0.2pm between Voigt and Lorentz fit therefore provides
a reasonable estimation of our peak fit uncertainty. We
further determined the computing time required for each
method. The detection of local minima is clearly the fastest
method with approx. 50 ms, followed by the Gauss and
Lorentz fit with approx. 100 ms. Due to the higher com-
plexity of the Voigt model, the data processing took about
300 ms. For real-time applications using fast wavelength
scanrates, this three times higher processing time could be
alimiting factor and the Lorentz fit is a suitable alternative.

After the line centre determination, the wavelength
differences between the detected centre (by Voigt fit) and
the SRM 2519a literature values [17] are calculated as illus-
trated in Fig. 8c. Figure 9 shows an example of these differ-
ences as a function of the uncorrected wavelength. For the

wavelength correction a 3rd order polynomial fit, weighted
with the uncertainty of each absorption line (SRM 2519a
values [17]), was performed (red line).

The lower graph shows the resulting residuals, with
a typical standard deviation of approx. 0.6 pm (using
a dataset of 20 measurements). Hence, we can correct
the wavelength scale in the shown example with Al =
(22.0...31.4) pm + 0.6 pm. Considering the accuracy of the
wavelength reference data of <0.1 pm [17] together with our
typical fit residuals we estimate a combined wavelength
uncertainty of typically 0.6 pm.

It should be mentioned that the wavelength calibra-
tion is also possible without prior information about the
approximate wavelength. As described in [6] it is possi-
ble to perform an absorption line detection and use the
wavelength gap between the RO and P1 absorption line of
1.3614 nm as a marker to calibrate the wavelength. Com-
paring this approach with our method, some advantages
and disadvantages can be identified.

One advantage of the method of [6] is that the mea-
surement effort is lower, since no “uncalibrated” wave-
length has to be determined and processed. The achiev-
able measurement uncertainty should be comparable for
both methods. An advantage of our method is that the
wavelength calibration is also possible without the marker
(RO to PO). For example, if only the R or the P branch or
only some peaks of the gas cell spectrum are measured.
In addition, the integrity of the continuous tuning of the
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Figure 10: Q-factor (upper) and finesse (lower) of the three ring resonators for different surface temperatures of the temperature-controlled

platform.

laser wavelength is difficult to verify when only the ampli-
tude values are recorded. Errors during the measurement
process for example due to mode jumps, can remain un-
detected.

4 Results and discussion

4.1 Temperature-dependent ring resonator
spectrum

In the following, we have investigated the temperature-
dependent shift of the resonance wavelength of the three
ring resonators connected to a single bus waveguide (see
insert in Fig. 11). Therefore, we determined the spectrum
for 3 different temperatures 20 °C, 50 °C and 80 °C. All data
were processes as previously described (Sec. 3) including
the wavelength calibration (comparable to Fig. 9).

A typical approach to determine the position of the
ring resonator peak is by using a Lorentzian function
(comparable to Fig. 8 for the gas cell) to fit the resonance
[13]. Using this Lorentzian fit for each resonance within
the spectrum (see Fig. 7) we determined the central wave-
length A,, and the FWHM of the resonances. Since the
peak shape of the ring resonators is not determined by
first principles, like the gas absorption spectra, there ex-
ists no pre-defined fit model. To estimate an upper bound
for the uncertainty of the ring resonator peak fits, we use a
similar approach as for the gas cell (see Fig. 8) by compar-

Table 1: Design parameter of the notch filter type ring resonators
used for the experiments. Experimentally determined mean Q-factor
and finesse with their standard deviation over the investigated
wavelength range for all three temperatures.

R1 R2 R3
Radius / pm 35.037 35.149 35.048
Gap / nm 470 500 485
Mean Q-factor / 1000 125+8 157 +8 130+ 6
Mean Finesse F 229+11 285+15 237+10

ing the peak centre results of 4 different models (fit with
Gaussian, Lorentzian and Voigt function, and minimum
of pre-processed date). With this approach, we also con-
sider effects arising from non-perfect baseline corrections
and fluctuations of the coupling (see Fig. 5), as the models
react differently here. The resulting standard deviations
of peak position values were analysed for over 160 indi-
vidual peak detections. A upper limit (mean + 20) of the
peak differences of 0.3 pm was determined and leads to an
uncertainty contribution of 4.1 mK (see Tab. 2).

Using the determined central wavelength A,, and the
FWHM of the resonances we calculate the quality factor Q
and the finesse F for each peak (see Egs. (1), (2)), which are
measures of the sharpness of the peaks and their relative
spacing. As Fig. 10 clearly shows, resonator R2 has both the
highest quality factor and finesse (see Tab. 1). Since R2 has
the largest round trip length and biggest gap, we assume
that the coupling of R1 and R3 is slightly to high (over cou-
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Figure 11: (upper) Relative transmission of the PIC for three exemplary temperatures of the thermostat platform. (lower) Temperature-
dependent shift of the resonance wavelength for each of the three ring resonators.

pling). Therefore, R2 should be close to critical coupling,
where the coupling power and roundtrip loss are equal.
Within this temperature range there is no significant effect
of temperature on the Q-factor and the finesse.

Figure 11 (upper part) shows a 6 nm wide section of the
transmission spectrum for the temperatures 20 °C, 50 °C
and 80 °C of the thermostat platform. These temperatures
are determined as described in Sec. 2.3 with the Pt100 ref-
erence sensor. For a better overview one resonance order
was highlighted in the graph. As a result of the three tem-
perature steps of about 30 K a resonance wavelength shift
of approx. 2.2 nm could be observed. It should be note that
the temperature difference between the Pt100 and the PIC
was not considered.

A comparison of the extinction ratios of the individ-
ual resonances shows an attenuation of the transmission
by up to a factor of 100 or 20 dB. The difference in extinc-
tion ratio of the three resonators mainly results from the
coupling gap of each resonator to the shared bus waveg-
uide (see Tab. 1). The peak positions in relation to the tem-
perature are shown in the lower part of Fig. 11. Each line
represents the linear fit for the wavelength change over
temperature. The determined linear slope or temperature
sensitivity is approx. 72.3 pm/K. This result is compara-
ble to the experimental findings of other groups [2, 13, 14,
20].

4.2 Discussion of uncertainty components
and noise sources

Figure 12 show the spectral density of different noise
sources (temperature and transmission) using compara-
ble datasets as shown in the previous sections (shown
in Fig. 4 and Fig.5). All temperature dependent datasets
were recorded at 20 °C and the wavelength values were
transformed to temperature using the determined factor of
723 pm/K.

For long time intervals of several minutes and
more, the fluctuation of the thermostat temperature is
the dominant temperature noise source with of approx.
10 mK/ VHz. Within the timescale of a single measurement
between 0.1s to 10 s (grey marked in Fig. 12) the dominant
uncertainty is caused by the wavelength calibration of the
spectrum (scan) with 8.2mK or 0.6 pm (see Sec. 3.2). The
main reason for this uncertainty is related to the inhomo-
geneous change of the wavelength during the scanning of
a spectrum. To avoid this measurement uncertainty, it is
possible to lock the wavelength to a frequency comb as de-
scribed in [21].

Another in Sec.2.1 mentioned possibility is to lock
the laser wavelength to a single resonance in a constant
power mode as shown in [18]. For a first evaluation of
this method using our setup, we determined the spectral
noise for a constant wavelength using a wavemeter (purple
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graph in Fig. 12). Using the factor of 72.3 pm/K, the corre-
sponding temperature noise would be between 50 uK/vHz
and 6 uK/VHz at a sampling rate in the range of 0.1Hz
to 10 Hz. Another relevant factor for constant power op-
eration (resonance locking) is the coupling stability and
the associated fluctuation in the transmission. Compara-
ble to Sec. 2.4 we determined the transmitted laser power
with PIC (on- / off-resonance) and without PIC (see Fig. 12).
The green curve shows the transmission without PIC,
which obviously provides the lowest transmission noise.
Due to the thermal fluctuations, the coupling between
the fibres and the PIC changes. Consequently, the trans-
mission noise including the PIC is higher and increase
with increasing temperature noise even for the PIC off-
resonance (orange in Fig. 12). Since the photonic resonator
itself is temperature-sensitive, the transmission noise is
higher compared to off-resonance measurement for sam-
pling rates up to approx. 1 Hz. The transmission noise for
the on- / off-resonance are comparable for higher sampling
rates (>1Hz). This is because the temperature fluctuations
decrease, and other noise sources become more important
(e. g. acoustic noise). An example of this noise is the peak
around 200 Hz, which is mainly caused by our vacuum
tweezers.

All previously discussed uncertainty contributions
within a typical measurement interval are summarised in
Tab. 2. Considering the uncertainty contributions marked

in bold, our setup shows a repeatability of 10 mK in the
range from 10 °C to 90 °C.

For the later sensor application and the finale ITS-90
tracible calibration of the PIC-based thermometer further
uncertainty contributions have to be take into account,
like effects arriving from packing (ageing or drift) [9], the
potentially different thermal contact of the Pt100 and the
photonic chip, or the residuals of a fitted temperature-
wavelength function. These contributions will be investi-
gated and discussed in our future work, while in this pa-
per we have focused on the precise characterisation of the
measurement setup.

5 Summary and outlook

In this paper, we proposed a measuring set-up suitable for
the thermal and optical characterisation of photonic ther-
mometers in the temperature range from 10 °C to 90 °C. Us-
ing two thermostats in series a long-term thermal stability
of the temperature-controlled platform of approx. 2.6 mK
was determined at 30 °C for a duration of 24 h. Statistical
analysis of the temperature fluctuation within a typical ac-
quisition time (10 s) for a 100 nm spectrum show a stabil-
ity of the surface temperature better than 0.51 mK for 20 °C
and 4.2mK for 90 °C. Using a H2C*N gas cell an in-situ
calibration of each PIC spectrum was performed with a



DE GRUYTER OLDENBOURG

R. Eisermann et al., Photonic contact thermometry using silicon ring resonators —— 653

Table 2: Summary of the discussed uncertainty contribution within a typical measurement interval of 10 s for the swept wavelength based

photonic thermometry sensing method.

Source

Temperature-Controlled Platform (mean + 20 of short-term standard
deviations, see Fig. 4)

ITS-90 calibration of Pt100
Wavelength stability (see Fig. 12)
Wavelength calibration (typical standard deviation, see Fig. 9)

Resonator peak fit, including coupling stability from Fig. 5 (mean + 20 of peak

difference standard deviations, see Sec. 4.1)
Packaging (ageing or drift), Tehip vS. Tpr100, T(A)-fit (see text)

Repeatability (includes bold printed values)

Value Uncertainty Contribution (k = 1) / mK
0.46 mK@ 20°C 0.46 @ 20°C
4.2mK@ 90°C 4.2 @ 90°C
8.2 mK 8.2
<3.6fm <0.05
600 fm 8.2
300fm 4.1
Unknown Unknown
<10

typical uncertainty of 0.6 pm. Results show a high optical
quality of the ring resonators with an average of 157 000 to-
gether with high extinction ratios of up to 20 dB between
1525 nm and 1565 nm. A temperature sensitivity of the ring
resonators of approx. 72 pm/K could be determined.

An analysis of the different uncertainty contributions
shows a repeatability of our measuring set-up better than
10 mK in temperature range from 10 °C to 90 °C. For a com-
plete determination of the uncertainty budget some as-
pects need further investigation, like packaging and age-
ing. Nevertheless, our results and findings provide a good
starting point and are promising for the goal of a photonic
ring resonator-based temperature sensor.

Funding: This work was carried out within the framework
of the project PhotOQuant (17FUNO5), which has received
funding from the EMPIR programme co-financed by the
Participating States and from the European Union’s Hori-
zon 2020 research and innovation programme.
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