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Whispering gallery mode resonators (WGMRs) have proven their advantages in terms of sensitivity and precision
in various sensing applications. However, when high precision is pursued, the WGMR demands a high-quality

factor usually at the cost of its free spectral range (FSR) and corresponding measurement range. In this article, we

propose a high-resolution and wide-range temperature sensor based on chip-scale WGMRs, which utilizes a Si;N,

ring resonator as the sensing element and a MgF,-based microcomb as a broadband frequency reference. By
measuring the beatnote signal of the WGM and microcomb, the ultra-high resolution of 58 micro-Kelvin (nK)
was obtained. To ensure high resolution and broad range simultaneously, we propose an ambiguity-resolving
method based on the gradient of feedback voltage and combine it with a frequency-locking technique. In a
proof-of-concept experiment, a wide measurement range of 45 K was demonstrated. Our soliton comb-assisted

temperature measurement method offers high-resolution and wide-range capabilities, with promising advance-

ments in various sensing applications.
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1. INTRODUCTION

Chip-scale quantum metrology (CSQM) refers to those ena-
bling technologies that offer self-validating and self-calibrated
metrological standards and precision instruments that imple-
ment quantum effects on micro and nanoscale. For a chip-scale
system, it is expected to consist of three layers. The foundation
layer provides a high-stable laser source, the intermediate layer
offers a broadband optical frequency reference for the readout
process, and the top layer offers various functionalities to imple-
ment quantum standards and sensors. Significant efforts have
been made in developing CSQM systems, including the inte-
grated optical atomic clock [1], the chip-scale atomic magne-
tometer [2], and the photonic thermometer [3,4].

One of the focuses of CSQM research is the utilization of
whispering gallery mode resonators (WGMRs) and their ad-
vantages in high-resolution sensing. Owing to the high
Q-factor, small mode volume, high stability, and electromag-
netic interference immunity, WGMRs are widely employed
in precise measurements of temperature [5-8], humidity [9],
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acoustic waves [10], displacement [11], stress/strain [12,13],
and biological molecules [14,15]. Therefore, WGMRs can
meet the demands of the top layer of the CSQM system for
functionality. Although it is simple and convenient to integrate
conventional WGMR-based devices, achieving high resolution
and a wide dynamic range is still challenging. This limitation
stems from the dependence of the measurement resolution on
the frequency detection resolution, which is usually limited by
the Q-factor of the WGMR. Assuming a constant fabrication-
induced loss, it requires scaling up the size of the microcavity to
enhance its Q-factor, by which it sacrifices the free spectral
range (FSR) and the corresponding measurement range.
Despite the trade-off between the Q-factor and the FSR,
readout technology is another aspect that influences the reso-
lution and range of the sensor. In addition to the traditional
wavelength scanning and peak-searching method, the side-of-
fringe method detects power fluctuations when the pump fre-
quency is fixed to the linear region of the resonance fringe [16].
While this method has achieved a resolution of 2.9 mK for
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temperature sensing and less than 100 pK noise floor [16,17],
its dynamic range is limited by the slope rate of the fringe,
and the resolution is greatly affected by power and polariza-
tion disturbances. Another readout technique based on the
pattern recognition method was proposed [18], which greatly
enhances the measurement range by utilizing muld-mode
rather than single-mode transmission spectra to eliminate the
FSR limitation. However, the resolution is jointly limited by
the precision of the recognition algorithm and frequency detec-
tion. Besides, acquiring the resonance frequency still requires
laser scanning and a wavemeter, which limits the integration
and response time of WGMR-based devices. Thirdly, the
frequency-locking method, a promising readout technique,
demonstrates higher resolution than other techniques by taking
full advantage of the narrow linewidth characteristic of the
WGM. The most proposed frequency-locking method-based
WGM sensors were achieved by monitoring the measurand
induced voltage response of the Pound-Drever—Hall (PDH)
feedback signal [19-21]. However, the measurement range of
conventional frequency-locking methods is limited by the lin-
ear region of feedback voltage, and environmental disturbances
to the probe laser diode (e.g., vibrations) can induce additional
feedback voltage variations, thereby increasing the outliers
amount of readout data, which is detrimental to the accuracy.

The soliton microcomb is a promising optical frequency
readout technique to solve the resolution and range trade-off
issue in frequency-locking methods. This is due to the high
coherence and low phase noise exhibited by soliton micro-
combs generated from high nonlinearity WGMRs [22], which
make soliton microcombs well-suited for the optical frequency
standard layer of CSQM systems. Recent studies have proposed
chip-scale, high-resolution frequency measurement methods,

On-chip photonic thermometer

sensing element
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such as the Vernier microcombs-based wavemeter and repeti-
tion rate (f rep) tuning microcomb-based wavemeter [23,24].
Although previous microcomb-based frequency measurement
systems have achieved ultra-high-resolution frequency
measurements, they primarily focused on spectroscopic mea-
surements of gas-phase chemicals, without exploring other
sensing applications, such as temperature sensing. Therefore,
for sensing applications, there is an urgent need for a high res-
olution and wide range readout technique based on a single
microcomb.

In this work, we propose a photonic thermometer that uses a
soliton microcomb to achieve high-resolution and wide-range
temperature sensing simultaneously. The laser frequency was
locked to the resonance frequency of the SisN, microring
via the PDH technique. And the temperature resolution of
58 pK was experimentally obtained by measuring the beatnote
linewidth and sensitivity. A feedback voltage gradient based
ambiguity resolving method was proposed to eliminate the
non-ambiguous temperature range (NATR) caused by two
symmetry beatnotes between comb-lines, which ensures the
ultra-high resolution over the measurement range of 45 K, si-
multaneously. The present microcomb-assisted microring pho-
tonic thermometer realized high resolution and wide range,
which holds significant potential for CSQM applications. As
the first demonstration of a microcomb-based temperature
sensor, our work showcases the vast prospects for the practical
applications of optical microcombs [25].

2. PRINCIPLE

The proposed microcomb-assisted microring photonic ther-
mometer consists of two primary devices: an on-chip microring
and a high-Q microdisk, as shown in Fig. 1.

Spectrum of photonic thermometer
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Fig. 1. Concept of the microcomb-assisted ultra-high-resolution and broad-range WGM photonic thermometer. The sensing element is an on-
chip microring WGMR, which generates WGM red shift with increasing temperature (positive thermo-optic coefficient). The PDH locking ensures
linewidth reduction and tracking of the WGM. The soliton microcomb provides broadband frequency references, thereby ensuring a broad range.
By combining PDH-locking microring with a soliton microcomb, the temperature sensing achieves ultra-high resolution and broad range.
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A. On-Chip WGMR-Based Photonic Thermometer

The on-chip WGMR is used as a micro-scale sensing element
to measure small temperature variations of the object. The tem-
perature variation A7 of the measured object is transmitted
from the chip substrate to the WGMR. And the frequency shift
Af of the WGM resonance can be monitored, which results
from the combination of the thermo-optic effect and thermo-
elastic effect of the WGMR material. As shown in Fig. 1, res-
onance redshift results from heating WGMR with positive
thermo-optic coefficient dng/07T, such as SisNy and Si.
Therefore, the temperature-frequency sensitivity S of an on-
chip WGMR-based photonic thermometer can be expressed

as follows [26]:
_Af _ f (ong | neg OL
S <a7'+’L oT )’ (1)

TAT @

where 7,, neg are the group index and the effective index of
WGMR respectively, and L is the perimeter of WGMR.
Note that the thermo-refractive effect induced frequency shift
Af is typically greater than the thermo-elastic effect.
Considering both the instrumental resolution and the
FWHM is crucial for determining the resolution Af . of
the conventional frequency scanning method. In line with
the assumption made in Ref. [18], we adopt the corresponding

A Afp
|¢gg?|== {JQM [26]. The

frequency-locking methods, such as PDH technique and
self-injection locking, can effectively break through the limita-
tion of the WGM linewidth A /'y since the laser linewidth
A f, 4 can be narrowed down to 1/1000 to 1/10,000 of the
A fewnm [27-30]. Assuming A f) 4 = Afpywm/ 1000, the
frequency-locking methods lead to an ultra-high measurement
resolution Ry, by [206]
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B. Microcomb-Based Readout Technique

By utilizing the balance of gain, loss, dispersion, and nonlin-
earity of the high-Q WGMR, combined with dispersion
engineering [31,32], a soliton microcomb with high stability
and specific repetition frequency f ., can be generated. The
temperature variation of the on-chip WGMR leads to the res-
onance frequency shift that is converted into the radio-
frequency (RF) frequency shift of the microcomb-WGM
(MC-WGM) beatnote f, between comb-lines f, .,
Fon =S+ mfrep, where f . is the carrier envelope offset
frequency) and frequency-locked probe laser f) .

As shown in Fig. 2, the beating between the comb-lines and
probe laser generates two symmetrical spacing beatnote RF sig-
nals £, and f, - f, which results in the NATR (Txar =
S rep/28). Note that the NATR is in the frequency domain,
which is similar to the non-ambiguous range (NAR) of ranging
applications in the time domain [33]. When measuring tem-
perature larger than the NATR, a crucial consideration is to
count the integer multiple of the NATR to accurately obtain
the real temperature 7', using [33]
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Fig. 2. Beatnote ambiguity during microcomb-assisted temperature
sensing. The blue dashed line, red solid line, and green dashed line are
the beatnote signals, real temperature curve, and non-ambiguous tem-
perature range (NATR) boundary, respectively.

where N is the integer multiple and T’ is the initial temper-
ature offset, which is obtained by the inital probe laser
frequency and its nearest comb-line at initial actual temperature
Twas Tog=T, £ f4,/S. Note that the sign of f,/S is de-
termined by /N, where “+” is for positive even integers and
negative odd integers /V and vice versa.

In order to readout integer multiple N of NATR by tracking
the target beatnote signal /', we proposed the gradient of the
feedback voltage to resolve the beatnote ambiguity. The basic
principle relies on the fact that the ambient temperature-
induced resonance frequency shift results in the voltage varia-
tion of the PDH feedback signal, as the PDH loop compensates
for the frequency shift in real time. Therefore, the actual tem-
perature gradient and corresponding beatnote frequency gra-
dient can be obtained by monitoring the voltage gradient of
the PDH feedback signal, which can be derived by calculating
the gradient of Eq. (3) as

1
0,7, =0,(Ty+N-Txar) £ gatfh

1 oV
=0i§@ﬁa—j§5 (@)

Note that the relationship between the feedback voltage gra-
dient and actual temperature gradient is inversely proportional,
which is obtained by pre-calibration.

Finally, the integer multiple /V and real-temperature 7, can
be obtained as follows.

() Set the integer multiple V=0 at the start of the mea-
surement.

(ii) Measure the nearest comb-line and 7,y using the pre-
calibrated probe laser and beatnote frequency [, since the
microcomb is generated with a fixed pump.
(iii) Reconstruct the measured beatnote f, and count N by
comparing the sign of the beatnote frequency /', and feedback
voltage, according to Eq. (4).

(iv) Use Eq. (3) to obtain the actual temperature 7', since f, is
measured; 7, f, are pre-calibrated in step (ii), and V is
counted in step (iii).
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Moreover, the microcomb frequency noise can induce addi-
tional measurement uncertainty, which is detrimental to the
accuracy. Considering f, = fowo +mf rep? 'the measurement
uncertainty A7, can be obtained by measuring the frequency
stability of comb-line f,, by using

Af, 1
7T = m A 2 A 2
=TS T VA S+ S

1
= E \/Afﬁump + [(m = mPumP)Afrep]2’ (5)

where Af,.., is the pump frequency stability.

3. FABRICATION AND EXPERIMENTAL SETUP

A. Fabrication of WGMRs

For on-chip photonic thermometry, we fabricated a microring
resonator on a 0.8 pm SizNy film, which is grown on the wafer
with a 3 pm buried SiO, layer and a 500 pm silicon substrate.
To mitigate cracking in thick SizNy film, we utilized a dia-
mond scribe and lithography with buffered oxide etch to create
trenches. We deposited the film in 400 nm steps and performed
post-annealing at 1100°C to reduce absorption loss and relieve
tensile stress [34]. Its scanning electron microscope (SEM) image
is shown in Fig. 3(a). The radius of the microring is 100 pm,
the cross section is 1.8 pm x 0.8 pm, and the gap between the
microring and the bus waveguide is 300 nm. We also character-
ized the fundamental TE mode of Si3sNy microring with the

(@)
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loaded-Q of 4.75 x 10°, the FSR of 228.8 GHz, and the temper-
ature sensitivity of § = -2.3 GHz/K [35].

For high stability single-soliton microcomb generation, we
fabricated a MgF, microdisk resonator using the semi-auto-
mated precision grinding and polishing process [36]. As shown
in Fig. 3(b), the total radius of the fabricated MgF, microdisk is
4.67 mm, and the sidewall thickness is about 400 pm. The
measured intrinsic Q-factor of the MgF, microdisk is greater
than 9 x 10%, which has an extremely low four-wave mixing
threshold power at mW-level. The MgF, microdisk has high
temperature stability and a repetition rate of about 7.5 GHz
due to its millimeter-scale, which makes the generated MC-
WGM beatnote signal more stable and easily meets the require-
ments of most photodetectors (PD) in bandwidth.

B. Soliton Microcomb Generation and MC-WGM
Beatnote Characterization
The MC-WGM beatnote temperature measurement system is
shown in Fig. 3(d), which consists of a soliton microcomb and
a microring-based photonic thermometer. Each module adopts
PDH technique to obtain long-term stable single soliton micro-
combs and optical frequency signals, respectively. In addition,
RF synthesizers and other RF devices such as the real-time spec-
trum analyzer (RSA) are referenced to a 10 MHz frequency
reference derived from a commercial rubidium atomic clock.
In the soliton microcomb generation module, we used AWG1
(Keysight, 33500B) to control ECDL1 (Toptica, CTL1550) to
scan the fundamental TE mode near 193.402 THz. The pump

228.8 GHz
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|
, TE mode
1 ~1 1
192.0 192.2
Frequency (THz)

192.4
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Fig. 3. (a) SEM image of fabricated SizN; microring resonator; (b) image of fabricated MgF, microdisk resonator; (c) measured transmission
spectrum of Si3Ny microring resonator; (d) experimental setup of microcomb-assisted temperature sensing system: AWG, arbitrary waveform gen-
erator; ECDL, external-cavity diode laser; EOM, electro-optic modulator; EDFA, erbium-doped fiber amplifier; PD, photodetector; FBG, fiber
Bragg grating; PA, preamplifier; RSA, real-time spectrum analyzer; NTC, negative temperature coefficient thermistor; TEC, thermoelectric cooler;

Atten., attenuator.
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field was amplified by an EDFA to 350 mW and then coupled
into the MgF, microdisk through a tapered fiber with a total
loss of 1.5 dB, and the transmission spectrum with soliton steps
was obtained. Before coupling into microcavity, the pump light
was phase modulated using EOM1 to generate the PDH error
signal. The PDH feedback signal of the MgF, microdisk is then
fed back to the ECDLI current through servol to lock on the
single soliton step. In addition, we also used a programmable
thermoelectric cooler (TEC) controller to precisely control the
temperature of the sealed MgF, microdisk at the mK level, fur-
ther improving the stability of the generated single soliton
microcomb.

In the photonic thermometer module, the probe light of
192.176 THz was coupled into the bus waveguide by edge cou-
pling through a lensed fiber at room temperature. By scanning
the fundamental TE mode and using the PDH feedback loop
to control the currents, piezoelectric ceramic transducer (PZT),
and motor voltage of ECDL2, the probe laser can be locked on
the WGM resonance, and a well-maintained stable optical fre-
quency signal is obtained. The motor voltage feedback ensured
that the ECDL2 is continuous locked within a wide temper-
ature range. Since the FWHM of the SizNj resonance is
400 MHz, the EOM modulation frequency is set to 1 GHz.
To precisely control the temperature of Si;N4 microring, we
used a temperature controller (SRS, LDC501) and a waveguide
holder (Suruga Seiki, F274-18) with a pre-calibrated negative
temperature coefficient (NTC) thermistor and TEC. Note that
the maximum TEC temperature tuning step is 1 K due to the
current limitation. In addition, the intracavity power was re-
duced by an attenuator to minimize the self-heating induced
temperature deviation on temperature measurement [35].
The temperature controller and monitor were also remotely
controlled by a PC to read the device’s temperature with a sam-
pling time of 0.2 s. Note that both the temperature control and
monitoring resolution are 1 mK. Furthermore, we insulated the
Si3Ny microring with a 3D-printed protective cover that in-
cludes thermal insulation layers to minimize convective heat
transfer, which is detrimental to sub-mK-level temperature
measurements.

Finally, two optical paths including the soliton microcomb
and microring-based photonic thermometer were combined at
a 50/50 coupler and were detected by a 12 GHz bandwidth PD
(Newport, 1544-B). The RF beatnote signal was sent to a re-
mote-controlled real-time spectrum analyzer (Rigol, RSA3030-
TG) and a PC readout the RF spectrum with a sampling time
of 0.3 s. In addition, we transmitted the PDH feedback signal

of the SizNy4 microring to the PC. And by monitoring the gra-
dient of the feedback voltage, we performed beatnote ambigu-
ity resolving at the NATR boundary, thereby improving the
dynamic range of temperature measurement.

4. RESULTS

To experimentally verify the capability of the proposed micro-
comb-assisted photonic thermometer, we performed MC-
WGM beatnote characterization, signal ambiguity resolving
near the NATR boundary, and high-resolution temperature

measurements in a broad range.

A. Soliton Microcomb Generation and MC-WGM
Beatnote Characterization

The proposed microcomb-assisted photonic thermometer was
first operated at well-maintained room temperature (7,9 =
294.65 K). As shown in Fig. 4(a), we used the offset-PDH lock-
ing technique to generate a long-term stable single-soliton mi-
crocomb [37], which has a smooth sech? envelope with a
repetition rate f,., of 7.47 GHz and a -3 dB bandwidth
(-3 dB-BW) of 1.2657 THz. The -3 dB-BW is significantly
larger than the FSR of the Si;Ny4 microring, indicating that
our method can surpass the limitation imposed by the sensing
element’s FSR. Considering the temperature sensitivity (S =
-2.3 GHz/K) of the Si3N4 microring, the derived theoretical
measurement range is -3 dB-BW/|S| = 550 K. In addition,
several dispersive waves (DWs) can be observed in microcomb
spectra, which results from the mode crossing caused by the
millimeter scale of MgF, cavity. Note that DW-induced power
enhancement of the MC-WGM beatnote does not affect the
resolution of beat frequency temperature measurement.

As shown in Fig. 4(b), we measured the MC-WGM beat-
note at room temperature (7o = 294.65 K), which has a
center frequency f,, of 940.1 MHz, a signal-to-noise ratio
(SNR) of 38 dB, and a -3 dB linewidth of 134 kHz. The tem-
perature resolution of the generated beatnote was calculated to
be 58 pK, indicating that the proposed method is capable of
pK-level resolution measurements. In addition, there are
47 MHz beatnote sidebands with SNR <10 dB, which result
from the EOM modulated signal and do not affect the temper-
ature measurement results.

To measure actual temperature 7°,, we derived the initial
temperature offset 7' as follows. Since the initial probe laser
frequency of 192.176 THz, the nearest comb-line can be de-
rived to be 192.17506 THz (fy = f ., +mf o, m = 25726),
and the integer multiple of NATR was set as N = 0. Thus, the
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initial temperature offset 7y can be derived to be T =
T - fh0/S = 295.062 K. Therefore, by measuring the 7
at initial actual temperature, and introducing ambiguity resolv-
ing method to count integer multiple NV, the actual tempera-
ture 7, of sensing element can be measured by using Eq. (3).

B. Ambiguity Resolving near the NATR Boundary

To verify the effectiveness of the proposed signal ambiguity
resolving method, we experimentally conducted temperature
measurement near the NATR boundary, as shown in Fig. 5.
We first controlled the temperature of SizN4 microring to
around 293.438 K (white dashed line) at the boundary of
the NATR (integer multiple of NATR N = 0), making the
target beatnote signal close to its symmetrical signal. Note that
we down-mixed the MC-WGM beatnote signal to meet the
RSA bandwidth requirements. The temperature of the Si;Ny
microring continuously increases and decreases within 150 s,
and the alternate MC-WGM beatnote signals can be observed
on the measured spectrum, as shown in Fig. 5(a). As shown in
Fig. 5(b), we synchronously acquired and solved the voltage
gradient of the feedback signal, which is directly related to
the temperature gradient in Figs. 5(a) and 5(c) by using
Eq. (4). It is worth noting that the ambiguity of measured beat-
note can be resolved in real time since the voltage sampling rate
of 512 Hz is much faster than the beatnote sampling rate. As
shown in Fig. 5(c), the reconstructed temperature curve is con-
sistent with the actual temperature near the NATR boundary,
which proves the effectiveness of the proposed ambiguity-
resolving method that can track the target beatnote signal
and readout integer multiple N.

C. Ultra-High Resolution Measurement in a Broad
Range

We performed a proof-of-concept experiment to verify that
the proposed temperature measurement method maintains
ultra-high resolution over a wide dynamic range. As shown

b  %10° 50
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in Fig. 6, the measured temperature range reached 45.15 K,
and the temperature measurements with mK-level steps were
carried out in room temperature, low-temperature (N = 9),
and high-temperature (N = -18) regions respectively. The
measured temperature is derived from the beatnote RF spec-
trum using Eq. (3), which can directly reflect real-time temper-
ature variation. As shown in Figs. 6(b)-6(d), by comparing the
measured temperature curves with the reference curves and
calculating the standard deviation of readout data before the
heating process, the proposed measurement method demon-
strates an ultra-high resolution of 136 pK over a broad range
of 45 K.

The deviation between the measured range and the refer-
ence range is 0.5 K, which is mainly due to the increment
of convective heat transfer between the TEC and the microring
in both the high and low-temperature regions. The temperature
deviation exhibited positive and negative values in the low- and
high-temperature regions, respectively, further validating the
presence of convective heat transfer. Moreover, the temperature
deviation curve reflects the heat transfer rate, causing the spikes
of temperature difference between the microring and the TEC
during each temperature rise, demonstrating the high response
rate of the proposed sensor.

The resolution of 136 pK is limited by the RF frequency
resolution at a sampling time of 0.3 s, and the range of
45 K is limited by the operating range of temperature control-
ler. Note that our proposed method can maintain frequency
locking over a wide range, and the MC-WGM beatnote crossed
28 comb-lines in the experiment, which indicates a broad range
that is not limited by FSR but limited by comb-line spanning.
The measured temperature profiles in each temperature region
reflect proportion integration differentiation (PID) overshoot
induced sub-mK oscillations during the heating process, further
proving that the proposed temperature measurement method
can maintain high resolution over a wide dynamic range.

100 150

1
100 150

0 50
(c) ; —[——TEC data
Q 20 | Reconstructed data

100 150

Time (s)

Fig. 5. (a) Measured waterfall spectrum shows signal ambiguity near the NATR boundary (white dash line); (b) measured voltage gradient of the
feedback signal for ambiguity resolving process; (c) reconstructed temperature curve (blue solid line) and reference temperature curve (red solid line).
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(a) Measured temperature curve shows ultra-high resolution in a broad temperature range, and the temperature deviation curve reflects the

heat transfer rate, proving our proposed sensor has a fast response (temp. deviation = meas. temp.-TEC temp.); (b)—(d) mK-level temperature
measurement in various temperature regions proves the ultra-high resolution of 136 pK.

5. DISCUSSION

To analyze the accuracy of our proposed measurement method,
we further measured the temperature uncertainty caused by mi-
crocombs. Considering the effect of soliton microcomb detun-
ing-locking method on measurement accuracy, we performed
auxiliary mode locking and offset-PDH-locking at room tem-
perature (294.65 K), respectively, as shown in Fig. 7(a). The
auxiliary mode exploits the thermal equilibrium between the
red-detuned soliton step of the pump mode and the blue-
detuned of the higher-order mode to obtain a long-term locked
microcomb without external active feedback [38,39]. It is
worth noting that, although a higher-order mode exists at
the soliton stage of the offset-PDH-locking spectrum, it has
a negligible effect on the soliton thermal balance due to insuf-
ficient thermal broadening.

We measured the Af ., of the two detuning-locking meth-
ods using a frequency counter at a gate time of 0.1 s and ob-
tained the Af ., by recording the pump frequency, as shown
in Figs. 7(b) and 7(c). Results show that the temperature

uncertainty caused by A £, of the offset-PDH-locking scheme
is much smaller than that in the aux-mode-locking at a gate
time of 0.1 s. The main reason for this difference is that
the aux-mode-locking is based on passive locking with intracav-
ity temperature compensation, while the pump light is still
free-running, resulting in poorer temperature stability.
Therefore, for high-resolution temperature measurement, the
offse-PDH-locking scheme has higher accuracy. Assuming
M = Myump = 500, we calculated the offset-PDH-locked mi-
crocomb induced uncertainty using Eq. (5), which is 5.65
pK at 0.1 s at room temperature, indicating that the accuracy
of our proposed method reaches pK-level. In addition, the gen-
erated microcomb can be well-maintained for several hours,
and the long-term temperature stability is below 11.91 pK
at 100 s, which shows the proposed microcomb-assisted
temperature measurement system has high repeatability and
robustness.

As shown in Table 1, frequency-locking method-based pho-
tonic thermometers not only achieve the resolution that is higher
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Fig. 7. (a) Transmission spectra of two different soliton locking regimes; (b) repetition frequency stability and corresponding temperature stability
of two different soliton locking regimes; (c) pump frequency stability and corresponding temperature stability of two different soliton locking
regimes.

Table 1. Comparison of Chip-Scale Photonic Thermometer Performance

Material Structure Resolution (mK) Range Limited by FSR (K) Readout Technique Reference
Silicon Microring 10.0 280 Frequency-scanning and peak-searching [46]
Silicon Microring 31.3 135 Frequency-scanning and peak-searching (71
Silicon Microring 2.90 157 Frequency-scanning and side-of-fringe (17]
Silica Microbubble 40.0 Not limited by FSR” Frequency-scanning and optical barcode (18]
Silicon Cascaded microrings 0.09 Not limited by FSR® Frequency-locking and reference microring [40]
Silicon nitride Microring 0.058 Not limited by FSR* Frequency-locking and microcomb This work

“Limited by original database range.
’Limited by PD bandwidth.

‘Limited by comb-line spanning.

by two orders of magnitude than that of frequency-scanning-
based thermometers but also eliminate the range limitation
caused by FSR. Additionally, our proposed microcomb-based
readout method ensures both ultra-high resolution and a broad
range simultaneously when compared with the reference
microring-based readout technique, which is limited by fast
PD bandwidth [40]. The microcomb-assisted photonic ther-
mometer does not require optical frequency calibration by a
large-volume and high-precision wavelength meter, making it

more integrated and faster, which meets the requirements of
high-resolution CSQM. In technical terms, the proposed ambi-
guity-resolving method overcomes the limitation of the dynamic
range of MC-WGM beatnote sensing, which can expand the
application of the MC-WGM beatnote sensing method.
In material terms, using temperature-dependent thermo-optic
coefficients [41,42] can further extend the dynamic range in
cryogenic applications. In the future, by introducing hetero-
geneously integrated microcombs [43], integrated Sagnac
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interferometers [44,45], and chip-scale atomic clocks, the pro-
posed method can realize fully integrated, mass-producible,
high-resolution, and wide-range photonic sensors.

6. SUMMARY

We proposed a novel sensing approach based on microcomb-
based readout technique. Our approach leverages the
microcomb-microring beatnote for temperature measurement
of on-chip devices with an ultra-high resolution of 58 pK.
Moreover, by utilizing feedback voltage gradient of the PDH-
locked loop to resolve beatnote ambiguity at each NATR, the
ultra-high temperature resolution and a broad range of 45 K
were obtained simultaneously in the proof-of-concept experi-
ment. By analyzing the frequency stability of the microcomb
frp and f o, we deduced that the soliton comb-line
frequency induced temperature uncertainty is 5.65 pK at
0.1 s, which ensures high accuracy of the proposed method.
With its high-resolution and wide-range temperature measure-
ment capabilities, our proposed method demonstrates its suit-
ability for scientific and industrial applications.
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