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Abstract: We propose a dual-parameter sensor for the simultaneous detection of temperature
and pressure based on a single packaged microbubble resonator (PMBR). The ultrahigh-quality
(~107) PMBR sensor exhibits long-term stability with the maximum wavelength shift about
0.2056 pm. Here, two resonant modes with different sensing performance are selected to
implement the parallel detection of temperature and pressure. The temperature and pressure
sensitivities of resonant Mode-1 are -10.59 pm/°C and 0.1059 pm/kPa, while the sensitivities of
Mode-2 are -7.69 pm/°C and 0.1250 pm/kPa, respectively. By adopting a sensing matrix, the
two parameters are precisely decoupled and the root mean square error of measurement are ~
0.12 °C and ~ 6.48 kPa, respectively. This work promises the potential for the multi-parameters
sensing in a single optical device.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical sensing technologies play significant roles in the fields of environmental monitoring,
biological sensing, and medical diagnostics due to the label free, anti- electromagnetic interference,
multiplexing and remote sensing capabilities [1-6]. In particular, the high quality (Q) factor
optical microresonators have been considered as promising platforms in optical detection by
virtue of the exceptional sensitivity, small footprint and fast response [7—12]. This is mainly
due to the fact that light can circulate millions of times in an ultra-high Q-factor optical
microresonator, which significantly enhances the light-matter interaction and thus leads to the
prominent improvement of sensitivity [13—17]. Moreover, the ultrahigh Q-factor of the resonator
determines a narrow linewidth of the spectrum, enabling the detection of tiny variations, and
thereby improving the detection limit [18-23]. Optical microresonators have been widely used in
recent years for the detection of individual nanoparticle, biomolecular, and physical parameters
[24-30]. Nevertheless, for practical applications, there are usually multiple effects in the optical
detection, which is challenging to differentiate various sensing parameters in the conventional
single-mode sensing scheme. For example, in the detection of nanoparticle, the sensing signal is
synergistically determined by multiple parameters, such as the size, orientation, and polarizability
[31].
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The optical microresonator arrays based on wavelength division multiplexing technology
provide multi-dimensional information, which enable the simultaneous detection of multiple
parameters. For the past few years, several effective techniques based on sensor arrays have
been developed for multi-parameters measurement [32-35]. Gao et al. innovatively proposed
a dual-parameter sensor for the simultaneous measurement refractive index and flow rate by
using an anti-resonant reflecting guidance [36]. Liu er al. achieved the detection of refractive
index and temperature simultaneously based on the cascaded photonic crystal nanobeam cavities
[37]. Mallik et al. realized the detection of ammonia vapor concentration and relative humidity
by using two cascaded functionalized microsphere cavities [38]. However, the sensor arrays
usually show the complex structure, sophisticate fabrication, and high detection consumption.
Recently, there is emerging interest in a single multimode optical microresonator, exhibiting
synthetic mode dimensions to different targets detection, which provides great opportunities for
multi-parameter sensing in a single platform. In the previous work, we have achieved the precise
decoupling of refractive index and temperature in the transition dynamics of a phase-change
material by simultaneously monitoring two selected modes [39].

In this paper, we demonstrate the simultaneous measurement of temperature and pressure in a
single packaged microbubble resonator (PMBR) with Q-factor of ~ 1.4 x 107. Empowered by
the two-parameters sensing matrix, the decoupling and parallel detection of multiple parameters
can be implemented by selecting two resonant modes with different responses. The temperature
sensitivities of Mode-1 and Mode-2 are -10.59 pm/°C and -7.69 pm/°C, respectively, while
the corresponding pressure sensitivities are 0.1059 pm/kPa and 0.1250 pm/kPa. The obtained
four sensitivities parameters can form a second-order full-rank sensitivity matrix. By applying
a sensing matrix, the dual sensing parameters are decoupled with root mean square error of
~0.12°C and ~ 6.48 kPa. This work combines optical microcavities detection with sensing
matrix, which enables the independent measurement of multiple parameters.

2. Experimental setup and characterization

In Fig. 1(a), the experimental setup is shown in the left panel, a photograph of packaged
microbubble-taper coupling system is photographed in the middle panel, and an optical microscope
image of a microbubble resonator is shown in the right panel. The as-fabricated PMBR has a
diameter of about 84 um and a wall thickness of about 2 um, and the coupling microfiber diameter
is about 1.7 um. The high Q-factor microbubble resonators are chosen as the sensing platform
[40—42], which exhibits a hollow spherical section with large radial expansion size in comparison
to these cylindrical ones of the overall device. From the perspective of electromagnetics, the
extensive curvature of the microbubble resonator around the equatorial plane enhances the
light limitation along the polar direction, guaranteeing a high Q-factor [43]. Meanwhile, the
microbubble resonator has a natural microfluidic channel in the structure, and its light field can
be distributed inside to enhance the interaction between light and the internal analytes to be
measured and improve the sensing performance. The microbubble resonators are fabricated
via heating and expanding process [44,45]. Firstly, the outer diameter hollow silica capillary is
tapered to ~30 um with a hydrogen flame. Then, a syringe is used to pressurize the tapering
capillary. Finally, the microbubble cavity is formed by heating the pressurized capillary using a
CO; laser. The tapered fiber used for coupling is fabricated by “heating and pull” method using
a hydrogen flame. By using micro/nano positioning stages, the relative position of the tapered
fiber and microbubble is adjusted precisely. The microbubble-microfiber structure is embedded
in a low refractive index polymer (MY-133, MY Polymers Ltd) to protect the device from
environmental pollutants along with long-term coupling stability [46]. It is worth mentioning
that the polymer has less absorption loss at 780 nm, which is able to guarantee a higher Q-factor.

In the experiment, a tunable laser at ~ 780 nm is evanescent coupled to the microbubble
through the tapered fiber, thereby exciting resonant modes. The input laser power is kept as small
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Fig. 1. (a) Experimental setup for dual-parameter sensing (left panel). PC: polarization
controller, VOA: variable optical attenuator, PD: photodetector, DAQ: data acquisition card,
OSC: oscilloscope, AFG: arbitrary function generator, TEC: temperature controller; Photo-
graph of packaged microbubble-taper coupling system (middle panel); Optical microscope
image of microbubble (right panel); Scale bar is 50 um. (b) Schematic of multi-parameters
sensing method. (c) Typical transmission spectrum of a resonant mode in a packaged
microbubble resonator (PMBR). (d) Real-time acquisition of spectra (top) and the long-time
stability of PMBR at room temperature (bottom). The maximum wavelength shift is about
0.2056 pm.

as 9.5 pw to avoid opto-thermal effect, and the insertion loss is ~0.9 dB. Here, the polarization
controller and variable optical attenuator are employed to tune the polarization state and light
intensity, respectively. The transmission spectrum is collected by a photodetector, monitored by
an oscilloscope, and recorded in real time by a data acquisition card. For pressure sensing, one
port of the PMBR is connected with the pressure regulator and pressure gauge, and the other
is sealed with ultraviolet glue. The applied pressure to the PMBR is controlled by a pressure
regulator, and the pressure gauge is used for reference measurement. Figure 1(b) illustrates the
schematic of dual parameters, i.e., temperature and pressure, sensing method, which is based on
the variant sensing performance of two resonant modes. The ultrahigh Q-factor of 1.378 x 10’
enables the high-resolution sensing as shown in Fig. 1(c). Considering that our sensor is close to
the state of critical coupling, the intrinsic Q is about 2.8 x 10”. To assess the long-term stability
of the sensing system, we measure the resonant wavelength shift over a period of time at room
temperature. As shown in Fig. 1(d), the maximum wavelength shift of ~ 0.2056 pm is obtained
within ~ 5 minutes, demonstrating the superior stability.

3. Pressure and temperature sensing experiments

3.1. Numerical simulation

To verify the feasibility of the proposed multiple parameters sensing in a single PMBR sensor,
we simulated the geometry of the microbubble cavity using a rotational axisymmetric model in



Research Article Vol. 31, No. 12/5 Jun 2023/ Optics Express 18854 |

Optics EXPRESS N

two-dimensional COMSOL, and theoretically calculated the temperature and pressure sensitivity.
Figure 2(a) shows a simulation of the optical intensity profile of resonant Mode-1 and Mode-2,
and the insets are their corresponding optical mode-field distributions in PMBR. The calculated

spectral shift correlating to the temperature change is plotted in Fig. 2(b), where the temperature
sensitivity is calculated as [44]:

dAa 04 N o1 )
— = |0+ —0,
dT ong ° ony, p
where oy = 1.1 x 107/°C, 0p=-3X 1074/°C are thermo-optic coefficients of silica and polymer,
respectively. For the thermal response of PMBR, the resonant wavelength shift is mainly caused
by the thermo-optic effect of silica and encapsulating polymer, both of which should be considered

for the influence on temperature. In Eq. (1), the coefficients g—i for Mode-1 and Mode-2 are
602 nm/RIU and 600 nm/RIU, while the coefficients g—}fp for Mode-1 and Mode-2 are 40 nm/RIU

and 60 nm/RIU. Consequently, the temperature sensitivities S7; and Sr, are -11.40 pm/°C and
—5.42 pm/°C are derived for the two resonant modes. The variant sensing performance can be
used to differentiate the thermal effect for dual-parameter sensors.
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Fig. 2. (a) Angular field distributions of resonant Mode-1 (blue curve) and Mode-2 (red
curve). Inset: Simulated optical field distribution of resonant modes in PMBR. (b) Calculated
resonant wavelength shift of Mode-1 and Mode-2 related to the temperature. (c) Calculated
resonant wavelength shift with applied pressure of Mode-1 and Mode-2.

As for the pressure sensing calculation, the stress-induced changes in the refractive index and

strain-induced geometrical changes are considered, and the resonance wavelengths exhibit a red
shift as the pressure increases [47]:

dl dR d
Z-=. 2 @)
A R n
dR _ (4G + 3K)pir® — 4GpoR® - 3Kpor’ 3)
R 12GK(R3 - 13)
dn _ 3 — poR)C @
no neg(R3—13)

where R and r are the outer and inner radius of a microbubble resonator, p; and po are the
external and internal pressure, neg is the effective refractive index of resonant mode; the elastic-
optic constant, shear and bulk modulus of silica are C =4 x 10712 m%/N, G=31x 10° Pa and
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K =41 x 10° Pa, respectively. When the external pressure is a standard atmosphere, the pressure
sensitivity of PMBR can be further represented as [47]:

da _ (3C , 4G+3K r 5)
dP " \neg  12GK | (R3 - 13)

We employ the finite element method to determine the coefficients of formula (5). Specifically,
we set the following parameters: A=776 nm, R =43.9 um, r =42 pum. When applying the pressure
to PMBR, the stress field distributions of the polymer and the cavity wall is differed by 5 orders of
magnitude, and therefore the stress effect of polymer is neglected. The two pressure sensitivities
of Sp1 =0.1359 pm/kPa and Spy =0.1361 pm/kPa are obtained, as shown in Fig. 2(c).

3.2. Experimental results

Furthermore, the experiment is implemented by simultaneously monitoring two resonant modes.
Note that there should be certain spectral intervals between the modes to ensure that they do
not interfere with each other when disturbed by the external environment. Figure 3(a) shows
the evolution of transmission spectra as the temperature increases by 1°C increments from
30°C to 35°C, while the internal relative pressure is kept at 0 kPa. The extracted wavelength
shift on temperature is plotted in Fig. 3(b). The two temperature sensitivities St; and St are
-10.59 pm/°C and -7.69 pm/°C. The synergistic effect of the negative thermo-optical effect of the
polymer and the positive thermo-optical effect of the silica leads to a blue shift. Note that the
extinction ratio of Mode-1 is changed considerably during the spectral shift, which is probably
due to the adjacent mode coupling and the change of intrinsic mode loss. Figure 3(c) depicts the
evolution of transmission spectra when the internal relative pressure increases from 0 kPa to 96
kPa, and the temperature is set as 30°C. The two pressure sensitivities Sp; and Sp, are 0.1059
pm/kPa and 0.1250 pm/kPa, as shown in Fig. 3(d). The resonant wavelength shows red-shift
with increasing pressure, which is attributable to strain- and stress-induced geometrical variation
and refractive index change [48]. The sensitivities of the two modes are used to construct the
two-dimensional sensing matrix to achieve the decouple-measurement of the two parameters as
discussed later. The two-dimensional sensing matrix has a relatively wide applicability to achieve
decoupling of mode shifts in the same or opposite spectral shift for multi-parameter sensing [38].
Mathematically, the method is feasible when the sensing matrix is invertible. We also perform
experimental verification of the wavelength shift in the same direction, as detailed in Appendix.
Note that in our experiments, we mainly implement the high-order modes to realize high loaded
Q factor although the extinction ratio is reduced. The high Q factor can enhance the sensing
resolution for its narrow spectral resonance. Theoretically, the extinction ratio can be increased
by changing the microfiber coupler radius or the coupling distance.

To assess the dual parametric sensing performance, a sensitivity matrix Mt p is defined as
follows:

St Spi
Mrp = (6)

Sr2 Sp2

The wavelength shift of the two modes (A4; and AA,) induced by temperature (A7) and
pressure changes (4P) can be given by:

Ay AT
=Mrp @)
Al AP



Research Article Vol. 31, No. 12/5 Jun 2023/ Optics Express 18856 |

Optics EXPRESS

=
-
G5

6 Mode-1_Mode-2 35°C 0

A, W i

= T e Y s

o = L

< 4 \f—‘—'v—v\q—v—;—v—\/—]r—— = -20

7] ES)

] == "% X ¥ 1| i

E

2 2 ———\I/—rr—r-ﬂr—[—jf § 40+

i © Stq:-10.59 pm/°C

k= L - | = Srp: -7.69 pm/°C
0 L L L " 30°C 60 L L n L "
776.07 776.10 776.13 776.16 0 1 2 3 4 5

Wavelength (nm) ATemperature (°C)

(c) (d)
5L Mode-1 Mod;e-2 96kPa 12 | —= Mode-1

i € —e-Mode-2

= Ry ~ 2

s 3 ' 4 £ s}

= 5 5

- 4 v

r ; g

E 2 — —A 5§ 4}

2 I i 4 T

£ @ Sp,y:0.1059 pm/kPa
1Ty 4 = Se,: 0.1250 pm/kPa
A ) ) _|okPa 0 . . ) )

776.136 776.144 776.152  776.160 0 20 40 60 80 100
Wavelength (nm) APressure (kPa)

Fig. 3. (a) Transmission spectra of the PMBR change as the temperature increases from
30°C to 35°C in steps of 1°C. The curve is shifted for clarity. (b) Wavelength-temperature
dependence of Mode-1 and Mode-2. (c) Evolution of transmission spectra of PMBR under
different relative pressure variations (0 kPa, 32 kPa, 48 kPa, 73 kPa, and 96 kPa). The curve
is shifted for clarity. (d) Wavelength-pressure dependence of Mode-1 and Mode-2.

Further, the variation of temperature and pressure can be solved by following matrix:

AT Lo
=Mrp (8)
AP Ady

We investigate the temperature and pressure changes by concurrently observing the resonant
wavelength shifts of Mode-1 and Mode-2. Herein, the initial state is given as 30°C and 0 kPa.
The temperature changes from 30°C to 35°C, while the relative pressure changes from 0 kPa
to 142 kPa. Figure 4(a) shows the evolution of transmission spectra when the temperature and
pressure changes simultaneously, where the resonant wavelength changes of Mode-1 and Mode-2
can be obtained. By solving the inverse matrix equation in conjunction with Eq. (8), the dual
parameters can be decoupled, as shown in Fig. 4(b-c). The derived root mean square error of the
temperature and pressure are ~ 0.12°C and ~ 6.48 kPa, respectively, showing reasonably good
agreement. Table 1 gives a comparison of our proposed single microbubble sensor with related
typical sensing schemes in terms of multi-parameters sensing performances. Compared with
previous work, the single packaged microbubble resonator has the advantages of high sensing
resolution and small footprint.
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Fig. 4. (a) Evolution of transmission spectra of PMBR at different mixed temperature
and pressure variations (0°C-0 kPa, 1°C-33 kPa, 2°C-61 kPa, 4°C-126 kPa, and 5°C-142
kPa). The curve is shifted for clarity. (b) Temperature comparison between calculated and
measured data. (c) Pressure comparison between calculated and measured data.
Table 1. Comparison of typical sensing structures for multi-parameter sensing performance
Platform Quality factor Dimension Measurement range Resolution Ref.
Q)
Fiber Bragg grating - >9.5 mm 1.3330-1.3785 6.33x 107 RIU [49]
(FBG) + bending (length) RIU/ 25.4-95.4 °C 10.97 °C
fiber
FBG + nonadiabatic - > 10 mm 0-18 mT/ 25-50 °C - [50]
microfiber (length)
Anti-resonant wave- - > 6 mm 1.3355-1.3758 - [51]
guide + bending (length) RIU/ 25.4-85 °C
fiber
Fabry-Perot - >680 um 121-541 °C/ 0-3.5 - [52]
cavity + anti- (length) N
resonant
waveguide
Cascade cylindrical ~10% ~20 um 0-714 pe/ 25-50 °C - [53]
microresonators (diameter)
Cascade microrings ~10% ~2 mm 0-2.5%/ 22-28 °C - [54]
(diameter)
Cascade ~10* ~255 pm 40-69%RH/ 5.6x 1071 %RH [38]
microspheres (diameter) 0.46-2.19 ppm /42 ppb
Microbubble ~ 107 ~84 um 30-35 °C/ 0-142 0.003 °C/0.228 This
(diameter) kPa kPa work

4. Conclusion

In conclusion, we report a dual-parameter sensor based on a single PMBR for simultaneous
temperature and pressure detection. The PMBR sensor exhibits long-time stability with a
high Q-factor of ~1.4x 107. Two resonant modes with different responses are selected to
simultaneously detect the pressure and temperature. For Mode-1, the temperature and pressure
sensitivities are -10.59 pm/°C and 0.1059 pm/kPa, while those of Mode-2 are -7.69 pm/°C and
0.1250 pm/kPa, respectively. Furthermore, we verify the feasibility of parallel detection of
temperature and pressure by applying a sensing matrix. With the simple fabrication method, the
reported dual-parameter sensor can avoid the complex cascade operation, which exhibits the
potential for the multi-parameters detection in a single sensing platform. Besides, dual-parameter
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sensors also can be combined with other signal processing methods, such as machine learning,
which facilitates the promotion of intelligent multi-parameter sensing application.

Appendix

In our previous experiments, the sensor is encapsulated using a polymer with a negative refractive
index, resulting in a spectral blue-shift for temperature sensing. Thus, the wavelength shifts
caused by increased temperature and pressure are in the opposite direction. In the supplemental
experiments, the sensor is not encapsulated with a polymer, resulting in a spectral red-shift for
temperature sensing, thus the wavelength shifts caused by the temperature and pressure variations
are both in the same direction.

In experiments, two modes with a certain spectral separation are selected from the transmission
spectrum, i.e., Mode-3 and Mode-4, respectively. Figure 5(a) shows the evolution of transmission
spectra as the temperature increases by 1°C increments from 30°C to 33°C, while the internal
relative pressure is kept at O kPa. The resonant wavelength shows red-shift with increasing
temperature. The extracted wavelength shift on temperature is plotted in Fig. 5(b). The two
temperature sensitivities St3 and Sty are 1.137 pm/°C and 1.471 pm/°C. Figure 5(c) depicts the
evolution of transmission spectra when the internal relative pressure increases from 0 kPa to 71
kPa, and the temperature is set as 30°C. The two pressure sensitivities Sp3 and Spy are 0.1723
pm/kPa and 0.1692 pm/kPa, as shown in Fig. 5(d).

We investigate the temperature and pressure variations by concurrently observing the resonant
wavelength shifts of Mode-3 and Mode-4. Herein, the initial state is given as 30°C and 0 kPa.
The temperature changes from 30°C to 33°C, while the relative pressure changes from 0 kPa
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Fig. 5. (a) Transmission spectra of the PMBR change as the temperature increases from
30°C to 33°C in steps of 1°C. The curve is shifted for clarity. (b) Wavelength-temperature
dependence of Mode-3 and Mode-4. (c) Evolution of transmission spectra of PMBR under
different relative pressure variations (0 kPa, 30kPa, 42 kPa, 53 kPa, 60 kPa, and 71 kPa). The
curve is shifted for clarity. (d) Wavelength-pressure dependence of Mode-3 and Mode-4.
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to 52 kPa. Figure 6(a) shows the evolution of transmission spectra when the temperature and
pressure changes simultaneously, where the resonant wavelength changes of Mode-3 and Mode-4
can be obtained. By solving the inverse matrix equation in conjunction with Eq. (8), the dual
parameters can be decoupled, as shown in Fig. 6(b-c). The derived root mean square error of
the temperature and pressure are ~ 0.13°C and ~ 2.02 kPa, respectively. This demonstrates that
wavelength shifts in the same direction within a sensor can also be decoupled.
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Fig. 6. (a) Evolution of transmission spectra of PMBR at different mixed temperature and
pressure variations (0°C-0 kPa, 0°C-30 kPa, 1°C-26 kPa, 2°C-40 kPa, and 3°C-52 kPa). The
curve is shifted for clarity. (b) Temperature comparison between calculated and measured
data. (c) Pressure comparison between calculated and measured data.
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