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Summary: 

We report on the development of the next-generation photonics-based thermometry at National Insti-
tute of Standards and Technology (NIST). We provide details on design, fabrication, and performance 
of ultra-high resolution photonic thermometers. Our device shows a noise floor of sub-10 µK when 
measured at water triple point and gallium fixed-point cells, demonstrating the potential for photonic 
thermometry that is on-par or even better than the state-of-the-art resistance thermometry. 
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Introduction 

Temperature measurements play a crucial role 
in various aspects of modern technology. 
Among various temperature measurement solu-
tions, resistance-based thermometry is a time-
tested method of disseminating temperature 
standards [1]. Although industrial resistance 
thermometers can routinely measure tempera-
tures with uncertainties of 10 mK, their re-
sistances drift over time due to sensors’ sensi-
tivity to multiple environmental variables. These 
fundamental limitations of resistance ther-
mometry, as well as the desire to reduce sensor 
ownership cost, have ignited a substantial in-
terest in the development of alternative temper-
ature measurement solutions such as photon-
ics-based temperature sensors [2]–[4]. Here we 
present the results of our efforts at NIST in de-
veloping novel on-chip integrated silicon pho-
tonic temperature sensors with a nanoscale 
footprint and ultra-high resolution as an alterna-
tive solution to legacy resistance thermometers. 
These nanophotonic sensors operate in tele-
com frequency range and have a high-quality 
(high-Q) resonant frequency mode that is highly 
sensitive to even ultra-small temperature varia-
tions. We present a direct comparison of our 
photonic thermometers to Standard Platinum 
Resistance Thermometers (SPRT), the best-in-
class resistance temperature sensors used to 
disseminate the International Temperature 
Scale of 1990. Our preliminary results indicate 
that our photonic thermometers are capable of 
detecting changes of temperature as small as 
sub-10 µK and can achieve measurement ca-
pabilities that are on-par or better than state-of-
the-art resistance thermometry.  

Device design, fabrication, and packaging 

The integrated photonic thermometers de-
scribed in this work are silicon photonic crystal 
cavity (Si PhCC) nanoresonators that have a 
very sharp resonance optical mode in their 
transmission spectra [3]. The mode frequency 
shifts with temperature due to high thermo-optic 
coefficient of silicon [5] and can be used to 
trace temperature variations with high precision. 
Our photonic thermometer features Fabry-Perot 
cavity that is shaped out of two symmetrical 
photonic crystals (Fig. 1). To design photonic 
crystal cavity we follow a deterministic ap-
proach of Ref. [6] with additional optimization. 

The photonic chip with integrated silicon 
photonic thermometers was fabricated at the 
NIST NanoFab facility [7]. The integrated sen-
sors were patterned on silicon-on-insulator sub-
strate. The substrate consists of 220 nm-thick 
silicon, 3 μm-thick buried silicon dioxide, and 
670 μm of silicon handle. The devices were 
patterned via electron-beam lithography fol-
lowed by inductively coupled plasma reactive 
ion etch (ICP RIE) of the patterned topmost 

Fig 1: SEM image of silicon photonic thermome-
ter. The insert shows the resonant absorption 
peak of the sensor. 
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silicon layer. After the ICP RIE etch, devices 
were top-cladded with  a silicon dioxide layer 
with a thickenss of 1500 nm . After device fabri-
cation, we fiber-coupled the photonic chip on a 
custom-built photonic chip packaging station by 
bonding a v-groove fiber array to the in-
put/output ports on the chip using ultraviolet 
light curable adhesive. The fiber-coupled device 
was then placed in a sheath tube and sealed 
under inert gas. 

Results 

The fabricated photonics thermometer has a 

resonance peak at 1540 nm wavelength at 
300 K and a temperature sensitivity of 

67 pm/K. The photonic thermometer is interro-
gated using a telecom tuneable laser and a 
laser dither locking technique. To realize a dith-
er lock a laser frequency is modulated via a 
low-frequency laser current modulation. When 
the laser frequency is close to the photonic 
crystal cavity resonance, the frequency modula-
tion produces an amplitude modulation of the 
photodiode signal. A transmission signal from 
the cavity is sent to a phase-sensitive detector, 
which transforms this modulation signal into a 
derivative signal. The produced “error” signal is 
used in a feedback loop to adjust the laser fre-
quency to constantly track the PhCC resonance 
shift. Once a laser lock is realized, the laser 
frequency is locked to the top of the fringe of 
photonic crystal cavity resonance. Whenever 
the PhCC resonance frequency shifts due to 
external temperature variations, the laser fre-
quency is automatically adjusted via a feedback 
loop. 

To access sensor’s performance, we cali-
brated our photonic thermometer against two 
fixed-point cells with phase-transition tempera-
tures defined within the International Tempera-
ture Scale of 1990 (ITS-90): the triple-point of 
water (TP-W, 273.16 K) and the triple-point of 
gallium (TP-Ga, 302.9166 K). These two tem-
peratures bracket the most frequently used 
range of ITS-90 [9]. The resonance frequency 
of the photonic thermometer changes monoton-

ically with temperature. Calibration of the reso-
nance frequencies at the two fixed-point tem-
peratures allows the thermometer to make ab-
solute temperature measurements referenced 
to the ITS-90 temperature scale. The measured 
noise floor for TP-W and TP-Ga are at the 
10 μK level (Fig. 2). 

Conclusion 

In conclusion, we fabricated an ultra-sensitive 
photonic temperature sensor and demonstrated 
its performance at TP-W and TP-Ga in water 
and gallium fixed-point cells. The photonic 
thermometer shows a noise floor below 10 μK 
and is comparable to the performance of SPRT. 
Moreover, the photonic thermometer is more 
robust against mechanical shock and tempera-
ture stress than SPRTs. The results from this 
study show the potential for photonic thermom-
eters to serve as future standards for the dis-
semination of ITS-90 to commercial calibration 
laboratories and as transfer standards for inter-
national measurement comparisons between 
National Metrology Institutes.  
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Fig. 2: Allan deviation plot of photonic thermome-
ter TP-W and TP-Ga. 
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