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Abstract: Photonic-based thermometers have been attracting intense research interest as a potential
alternative to traditional electrical thermometers due to their physical and chemical stability and
immunity to electromagnetic interference. However, due to the high requirements for the stability
of the laser source, the existing studies on resolution are only theoretical predictions and do not
include real-measured results. In this paper, we report on the fabrication and characterization of an
on-chip silicon whispering-gallery-mode (WGM) ring resonator thermometer. The strip grating and
the ring structure were fabricated on the silicon-on-insulator (SOI) substrate by two-step etching. The
quality-factor (Q-factor), temperature sensitivity, and measurement range of the packaged device
were 21,400, 42 pm/K, and 150 K, respectively. The real-measured temperature resolution of 2.9 mK
was achieved by virtue of the power and polarization stabilization of the laser source.

Keywords: photonic thermometer; WGM resonator; fabrication technologies

1. Introduction

The ability to measure temperature with high resolution is significantly in demand in
various fields of industrial production and scientific research, such as biomedicine monitor-
ing [1–3], fabrication process control [4], ecological environmental monitoring [5], etc. Until
now, the most widely used thermometers have been based on electrical methods, such as
resistance measurement [6] or the Seebeck effect [7]. Although electrical thermometers can
provide satisfying temperature measurement results, their chemical instability and sensi-
tivity to mechanical shock induce resistance drift and, furthermore, systematic error, thus
requiring frequent calibrations [8–10]. In addition, electrical thermometers are susceptible
to electromagnetic interference, thereby limiting their application scenarios.

In contrast, photonic thermometers that feature physical and chemical stability and
immunity to electromagnetic interference have become a hot topic for research [11–14].
Among the various kinds of photonics thermometers, WGM resonators have a compelling
application potential due to their advantages, including a high detection resolution and
a low fabrication difficulty [15–17]. Kim et al. first reported WGM resonators used for
thermometry; the authors proved that mode shifting based on the thermo-optic effect
could be used for temperature sensing, and the response time was less than 6 µs [14].
Since then, many groups have made efforts to optimize WGM resonator thermometers in
terms of temperature measurement range, sensitivity, and resolution. Xiao and Dong’s
research groups proposed a method to improve the temperature measuring sensitivity by
coating the surface of the resonator with organic materials to change the effective thermal-
refractive coefficient [18,19]. Ahmed et al. extended the concepts explored by Kim et al.,
optimizing the device geometry [20] and predicting the theoretical limit of the resolution to
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be 80 µK [15]. Furthermore, Ahmed et al. studied the issue of interchangeability in the mass
production process [21] and the performance stability of silicon photonic thermometers in
environments with strong radiation [22]. Yu et al. [23] applied the Vernier effect induced by
a cascaded ring resonator to improve the temperature measurement range and sensitivity.
Janz et al. [24] and Yang et al. [25] adopted pattern recognition and barcode methods,
expanding the temperature range to exceed the limit of free-space-range (FSR). Liu et al. [26]
and Gu et al. [27] utilized ring resonators for cryogenic temperature and dew point sensing,
respectively. Pan et al. studied the improvement of resolution [17] and the systematic error
induced by self-heating [28]. Nevertheless, the research on resolution has remained only in
the realm of theoretical evaluation, and there are no reports of real-measured results.

In this paper, an on-chip silicon WGM ring resonator thermometer is demonstrated,
and a real-measured temperature resolution of 2.9 mK is achieved. The device structure
and fabrication details are provided, and the related parameters of the device, such as
the Q-factor, temperature sensitivity, and measuring range, are measured. In addition, a
temperature resolution measuring system is proposed. Finally, using a PT100 temperature
sensor as a measurement reference, the resolution of the thermometry system is improved
by adjusting the power and polarization stability of the laser source.

2. Materials and Methods

The fabrication processing flow of the device is illustrated in Figure 1. The standard
1-mm-thick SOI wafer contains a Si substrate, a SiO2 layer with a thickness of 500 nm,
and a 220-nm-thick Si top with a crystal orientation of <100> direction. After cleaning
the surface with acetone, ethanol, and deionized water in turn, the surface was uniformly
coated with polymethyl methacrylate (PMMA) as the photoresist and etching mask. Next,
the electron-beam-lithography (EBL: JEOL, JBX-8100) and inductive coupled plasma (ICP:
Oxford PlasmaPro 100) etching were implemented for the pattern that forms the ring
resonator and the waveguide structure; the etching depth was 220 nm (Figure 1b). Next,
the above process was repeated, but the pattern used was for the grating structure, and the
etching depth was 70 nm (Figure 1c). Therefore, light can couple into the waveguide and
travel around the ring resonator, as shown in Figure 1d.
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Figure 1. Fabrication process of the device. (a) A standard SOI substrate; (b) waveguide and resonator
etching; (c) grating etching; (d) optical path diagram.

The packaged device structure of the on-chip silicon WGM ring resonator thermometer
is shown in Figure 2a. The chip is stuck to a fiber terminal with UV-curing optical adhesives.
The light from the probe laser travels between the fiber and waveguide in the chip through
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the strip grating (Figure 2b). From the scanning electron microscope (SEM) image of the
micro-morphology shown in Figure 2c,d, the sidewall of the ring resonator is vertical and
smooth, reducing scattering loss and thus improving the confinement of the optical field.
The width and depth of the waveguide and ring resonator are 500 and 220 nm, respectively,
ensuring single-mode transmission [29]. The gap between them is 90 nm in order to obtain a
relatively high coupling efficiency. The radius of the ring resonator is 10 µm. The geometric
parameters of the grating structure were optimized by a finite-difference-time-domain
(FDTD) simulation of coupling efficiency. On the condition that the laser incidence angle is
8◦ and the grating fill-factor is 0.5, the effects of various etching depths and grating periods
on the coupling efficiency are simulated, as shown in Figure 3. When the grating period
and etching depth are 615 and 70 nm, respectively, the coupling efficiency at a wavelength
of 1550 nm can achieve 47%, which is enough for detection. A detailed description of the
grating structure can be found in [30].
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structure and laser path. SEM images of (c) the resonator and (d) grating area.
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Figure 3. The coupling efficiency as a function of the wavelength of the probe laser source. The
comparison of various (a) etching depths and (b) grating periods. The inset in figure (a) shows the
schematic and geometric parameters of the optimized structure.

Figure 4 shows the schematic of the experimental measurement setup. The emitted
light from the laser was separated into two paths by splitter-1. 90% of the light was
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modulated by an acousto-optic modulator (AOM) and then passed through an in-line
polarizer and splitter-2. Afterwards, 10% of the light was directed into a photodetector
(PD), thus converting the optical power into voltage. A proportional–integral (PI) controller
was used to maintain the PD voltage at a fixed value, and the feedback signal was input
to the radio frequency (RF) source for amplitude modulation. Because there is a positive
correlation between the optical power of the light passing through the AOM and the
amplitude of the RF signal applied to the AOM, the feedback loop (the part marked by a
green background in Figure 4) can stabilize the output laser power. The in-line polarizer
in the feedback loop was used to guarantee the uniform polarization of the output light,
which is necessary for resonator transmission spectra detection. The amplitude modulation
of the AOM induces a change in polarization of the output light, and the coupling efficiency
of the grating structure is selective for polarization; therefore, polarization stabilization
can avoid unnecessary fluctuations in the power of the transmitted laser. The packaged
device was immersed in a silicone oil bath with adjustable temperature, together with a
Pt100 temperature sensor for comparison. Because this method required the laser output
frequency to be locked on the side of fringe of the transmission mode, 10% of the light after
splitter-1 was sent into a wavemeter (WM) to measure the wavelength, and we utilized a
proportional-integral-derivate (PID) feedback signal to control the tunable semiconductor
laser, maintaining the wavelength at a fixed value.
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Figure 4. Diagram of experimental setup for device performance characterization. Blue lines represent
optical paths, and black lines represent electrical paths. Laser: Toptica, CTL1550; WM (wavemeter):
High Finesse, WSU10-IR2; DAQ (data acquisition card): National Instrument, USB-6361; PA (power
amplifier): Mini-circuits, ZHL-1-2W-S+; AOM: AA opto-electronic, MT200-IIR30-Fio; RF: Rigol,
DSG815; PI: New Focus, LB1005; Polarizer: Thorlabs, ILP1550PM-APC; PD: Thorlabs, PDA20CS-
EC; FPC (fiber polarization controllers): Thorlabs, FPC032; Bath: Fluke, 7341; OSC (oscilloscope):
Keysight DSOX3054T.

3. Results and Discussion

The performance of the ring resonator thermometer is shown in Figure 5. The probe
laser scanned the wavelength around 1550 nm, and the transmission spectrum was obtained.
Figure 5a shows the transmission of an unpackaged device. The overall envelope shows
a maximum value at a wavelength of around 1545 nm, close to the expected value in
Figure 3. The power ratio of transmitted light to incident light is 9.73%, indicating a single
coupling efficiency of 31.13%, below the simulated value; this may be due to the difference
between the real geometric structure and the designed parameters as well as due to material
absorption loss. The full-width-at-half-maximum (FWHM) of resonating mode is 0.021 nm
as measured in an atmospheric environment, indicating a Q-factor of 73,400. After the
packaging, the transmission is as shown in Figure 5b: the Q-factor dropped to 21,400, and
the FSR is reduced from 8.64 to 6.59 nm, which results from the fact that the adhesives
change the refractive index environment around the resonator.
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When the environment temperature changes, the peak wavelength of resonating mode
shifts, approximately following the equation:

∆λ =
λ∆T
ng

(
∂ne f f

∂T
+

ne f f

L
∂L
∂T

)
, (1)

where λ, ∆λ, T, ∆T, ng, ne f f , and L are wavelength, wavelength variation, temperature,
temperature variation, group index, effective refractive index, and ring perimeter, respec-
tively. Given that the thermal expansion coefficient of silicon (3.57 × 10−6/K) is two orders
of magnitude smaller than the thermo-optic coefficient (2 × 10−4/K), an environment
temperature change has a negligible impact on the result. The wavelength shifting from
−30 to 120 K does not exceed the FSR (Figure 5c), indicating a temperature range over 150 K
with a sensitivity of 42 pm/K (Figure 5d). It should be pointed out that the reason why
this sensitivity is quite different from the values previously reported (~70 pm/K) is that
the adhesives change the effective thermo-optic coefficient, similar to the effect reported
in [23].
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Figure 5. The transmission spectrum of (a) unpackaged device and (b) packaged device. (c) The
transmission spectra under various temperatures. (d) Peak wavelength of resonating mode versus
various temperatures.

The above wavelength scanning method is suitable for the measurement of a relatively
wide temperature range, but for a small temperature change (<1 K), the wavelength locking
method should be applied, where the wavelength of the laser source is locked at the blue
detuning fringe of the resonating mode, and the power of the transmission laser is recorded
to represent the small temperature change. This method requires a high stability for both
the power and polarization of the laser source. Figure 6a shows the results of the power
stabilization; the relative fluctuations over a period of 20 min are reduced from 5‰ (red
line) to 2‰ (blue line) after implementing the power stabilization. In order to show the
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effect of the polarization stabilization, the output laser from the feedback loop is given
access to an additional polarizer, and then the power is recorded under two conditions:
with and without polarizers in the loop, as shown in Figure 6b. The in-loop polarizer
significantly reduces the relative fluctuations from 57.2 ‰ (red line) to 1.18‰ (blue line).
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Figure 6. Comparison of (a) power and (b) polarization stability with or without feedback control.

After the wavelength locking and stabilization of the laser source, the power stability
of the transmission laser is as shown in Figure 7a. The standard deviation of the equivalent
temperature fluctuation is 2.9 mK, with an actual environment temperature fluctuation of
less than 1 mK (measured by the Pt100 temperature sensor), representing the measurement
resolution of this thermometer. Figure 7b shows the behavior of the wavelength locking
method. The black line is measured by the Pt100 temperature sensor for reference. The
light red line is the origin data of PD, and the dark red line is the result of smoothing. We
implement three processes in the bath, two heating and one cooling, and the variation trend
of the device is consistent with the results of the Pt100 temperature sensor, showing a good
temperature response characteristic. The combination of the wavelength scanning and the
locking method can enable temperature measurement with a wide temperature range and
high resolution.
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Figure 7. (a) The equivalent temperature fluctuation as a function of time, converted from the
transmission power stability. (b) The temperature response characteristic of the device compared
with the Pt100 temperature sensor.

4. Conclusions

In conclusion, a fiber-packaged on-chip silicon thermometer with a WGM ring res-
onator was demonstrated, and the real-measured temperature range and resolution are
150 K and 2.9 mK, respectively. The device structure, fabrication process, detection system,
and measurement performance are presented. Further optimization of the thermometer
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resolution can be achieved by reducing the power noise of the laser source and designing
the transmission spectrum lineshape to obtain a steeper fringe.
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