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Abstract: A highly sensitive temperature sensor based on hollow microsphere is demon-
strated for ocean temperature measurements. The effect of sensor parameters on tem-
perature sensitivity is investigated with the experiments using different parameters hollow
microspheres, tapered fibers with different waist diameters and different kinds of solution.
A high sensitivity of 396.70 pm/°C is obtained when the hollow microsphere is filled with
ethanol. A high temperature resolution 1.75 x 1073 °C is obtained when the hollow micro-
sphere is filled with cyclohexane. The volatilization process of 2 L ethanol is detected to
demonstrate good dynamical response of the sensor.

Index Terms: Hollow microsphere, whispering gallery mode, temperature, ocean
application.

1. Introduction

Temperature is an essential physical parameter of marine environment and needs to be acquired
for studying the marine life, aquaculture, meteorological research, etc. Conductivity, Temperature
and Depth (CTD) profiler [1] based on electric sensor has widely been used in ocean application.
Recently, CTD profilers based on optical fiber sensors attract intensive attention since optical fiber
sensors are electrical passive and less vulnerable to the water penetration induced short-circuit
damage. Many optical fiber temperature sensors based on fiber Bragg grating, Fabry-Perot and
photonic crystal fiber has been proposed. Though the measurement range of temperature sensor
for ocean is only from —5 °C to 35 °C, the high temperature resolution (~0.0002 °C to 0.01 °C)
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is required. Thus highly sensitive optical temperature sensor is needed. Microresonator with high
quality factor (Q-factor) can excite and sustain whispering gallery mode (WGM), so it is a highly
sensitive optical structure. WGM microresonators with various geometries, such as microdisks [2],
[3], microtoroids [4], [5], microrings [6], [7], microspheres [8], [9] have been proposed for bio-sensing
[10], [11], refractive index sensing [12], [13], pressure sensing [14], [15], magnetic field sensing [16],
[17] and so on. Some researches focus on temperature sensing using microsphere sensors. Yan
et al. [18] prepared a packaged silica microsphere by melting the end of the fiber. A sensitivity
of 13.37 pm/°C is obtained, and the resolution is 1.1 x 10~2 °C. Although the silica microsphere
sensor has high temperature resolution, its low sensitivity leads to a requirement of high-resolution
spectrometer (~0.015 pm). Dong et al. [19] used a microsphere with polydimethylsiloxane (PDMS)
material as the temperature sensor. The sensitivity is 245 pm/°C, and the resolution is 2.0 x 10~4°C
when temperature changes from 22 °C to 32 °C. The structure is relatively fragile because PDMS
microsphere is stuck to the suspended taper fiber stem. In addition to solid state microspheres,
liquid microspheres are also used to sense the temperature, such as nematic liquid crystal droplet
[20], 2-[2-[4-(dimethylamino)phenyl]ethenyl]-6-methyl-4H-pyran-4-ylidene doped oil droplet [21],
dye-doped cholesteric liquid crystal droplet [22], etc. The liquid microspheres have relatively higher
sensitivity (~267 pm/°C to 1500 pm/°C). But they are easily affected by environment and evapo-
rating, which prevent them from long-term measurement or reutilization. Microbubble sensors are
also used for temperature measurement. He et al. [23] used polymethylmethacrylate to fabricate
microbubble, but the sensitivity of 39 pm/°C is relatively low. Ward et al. [24] heated silica glass
capillary with CO, laser to form microbubble. The microbubble was filled with ethanol, and the
sensitivity of 200 pm/°C and resolution of 8.5 x 1073 °C were realized when temperature rose from
23.95 °C to 24.95 °C. Different from conventional solid core microspheres, hollow microspheres
or microbubbles can be flexibly adjusted with more parameters. Apart from temperature sensing,
the thin walls of hollow microspheres make them more sensitive to pressure changes and have a
nature fluidic channel for salinity sensing, which make them a good sensing element for compact
ocean all-optical CTD profile.

In this paper, we construct a highly sensitive temperature sensor based on hollow microsphere for
ocean temperature measurements. Hollow microspheres with different parameters, tapered fibers
with different waist diameters and different kinds of solution have been introduced to investigate
their effects on temperature sensing. The sensors filled with ethanol are measured from 0 °C to
36 °C, which covers the main temperature range (2 °C to 30 °C) in ocean application. A high
sensitivity of 396.70 pm/°C is obtained when the hollow microsphere is filled with ethanol. A hollow
microsphere sensor is filled with ethanol, acetone and cyclohexane in sequence when temperature
changes from 25 °C to 26 °C. A high temperature resolution 1.75 x 10~2 °C is obtained when the
hollow microsphere is filled with cyclohexane. The volatilization process of 2 uL ethanol has been
detected to demonstrate good dynamical response of the sensor.

2. Principle

Fig. 1(a) shows the schematic diagram of the temperature sensor. The sensor is consist of a hollow
microsphere, injected solution and a tapered fiber. WGM resonance conditions can be expressed as:
21nenr = Mg g, Where r is the outer radius of the hollow microsphere, 4,4 is the WGM resonant
wavelength, a, | and g are the angular mode number, the radial mode number and axial mode
number, respectively. And ng is the corresponding effective refractive index. Temperature-induced
wavelength shift variation is related to the material thermal expansion effect and the effective
refractive index change, and the effective refractive index change rate can be expressed as follows
[25]:
N gff ONef ONef ONef ONef

= ki K k —_, 1
5T air N + Kcore MNeore + Kwall MNyar + dyall ot ( )

where ng,ir, Neore @and ny 4 are the refractive indices of the air outside the hollow microsphere, the
core and the glass, respectively. k,i;, kcore and ky, oy are the corresponding thermo-optic coefficients.
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Fig. 1. (a) Schematic diagram of the temperature sensor. (b) The microscopic picture of the hollow
microsphere with outer diameter 350.4 m. (c) The microscopic picture of the same hollow microsphere
filled with ethanol.

awar is the thermal expansion coefficient of the glass. t is the wall thickness. k,;, and . are
relatively small, so the terms kg, (0ngs/0n,ir) and aya1(dner /0t) can be ignored. Finally, the resonance
wavelength temperature response or sensitivity can be expressed as:

kcore 8”eli‘ kwa/l 8neff )
Nef ancore Nef anwa/l '

Sr = dr/dT =2 (a + @)

where o =5 x 1077°C™", kyar = 11 x 10°7°C™", ny21 = 1.45 for silica material, ksore @and Ngore are
determined by the solution injected. Take ethanol as an example, k%,,, = —3.9 x 1074°C™", n¢,, =
1.365. The wall has a positive thermo-optic coefficient and a positive thermal expansion coefficient.
However, the ethanol has a negative thermo-optic coefficient. The joint action of three factors
will make the resonance wavelength produce blue shift, i.e., resonance wavelength shifts to short
wavelength band. Assuming that the light field is 90%~95% lies in the ethanol core, which can be
adjusted by the wall thickness and the outer diameter of the hollow microsphere, the theoretical
temperature sensitivity can be 390.77 pm/°C~414.51 pm/°Cusing Eq. (2).

The temperature resolution of the hollow microsphere sensor can be calculated as: AT, =
AAmin/St, Where Alnin is spectral resolution, which is about one hundredth of the full width half
maximum of the spectral line [26].

3. Sensor Fabrication

The fabrication of the hollow microsphere has been reported in Ref. 27. Hollow microspheres are
made by two steps. In the first step, a silica capillary (TSP250350, Polymicro Inc.) is stretched under
the hydrogen oxide flame. At the same time, air with a set pressure is pumped into the capillary to
decrease the wall thickness and avoid capillary collapse. In the second step, thin wall silica capillary
is locally heated by another smaller hydrogen oxide flame nozzle while keep air pressure inside
capillary unchanged. Thus, the silica capillary swells and takes shape into a smooth sphere by
surface tension. In order to protect the hollow microsphere, it is fixed on a copper sheet by epoxy
glue. Hollow microspheres with different outer diameters and wall thicknesses can be fabricated by
adjusting the flame size, the stretching length and the internal air pressure. Based on the method
above, hollow microspheres with outer diameters ranging from 300 um to 500 x«m are fabricated. A
hollow microsphere with 350.4 um diameter is shown in Fig. 1(b). The hollow microsphere can be
filled with different solutions. Fig. 1(c) shows the microscope image of the same hollow microsphere
filled with ethanol. Tapered fibers used for WGM excitation are also fabricated by the flame-heated
stretching technique. The internal pressure can lead to the change of effective refractive index and
hollow microsphere size, thus the resonance wavelength is shifted. Based on this, the wall thickness
is deduced by the following formula [28]:

t=r. [1 _ (Ai_"sp)%} , (3)
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Fig. 2. (a) Schematic diagram of the temperature sensing measurements. (b) 3D layout of the hollow
microsphere coupled to the tapered fiber. TL: tunable laser, PC: polarization controller, TC: temperature
controller. (¢) The local experimental diagram of monitoring the temperature of ethanol volatilization

process.
TABLE 1
Parameters of Five Sensors
Number Outer Measured Q-factor Temperature Temperature
diameter thickness (ethanol core) sensitivity resolution
#1 444.0 um 1.834 um 2.34 x 10° 396.7 Opm/°C 1.67 x 102°C
#2 374.4 ym 1.074 ym 2.27 x 10° 315.6 5pm/°C 2.15x10%*C
#3 350.4 pm 1.905 ym 5.14 x 10° 202.9 8pm/°C 1.48 x 10°C
#4 456.0 um 3.865 pm 3.08 x 10° 126.3 9pm/°C 3.96 x 10°C
#5 367.2 um 2.683 pm 2.67 x 10° 92.90 pm/°C 6.24 x 10°C

where tis the wall thickness, Sp is the pressure sensitivity, A is a constant related to the refractive
index of the hollow microsphere, elastic-optic constant and the shear and bulk moduli of the silica.

4. Experimental Setup

Fig. 2(a) illustrates the temperature sensing experimental setup of the hollow microsphere sensor.
The light, output from a tunable laser (Keysight 81607A, linewidth <10 kHz), passes through a
polarization controller for polarization adjustment, and then it is coupled into the hollow microsphere
through a tapered fiber. The transmitted light from tapered fiber is detected by an optical powermeter
(Keysight 81636B). The WGM spectrum is acquired by sweeping the center wavelength of light
source. The sensor is placed on a heating station with high precision temperature controller. A
glass cover is placed above the sensor in order to avoid external factors affecting the measurement.
Fig. 2(b) shows the 3D layout of the hollow microsphere coupled to the tapered fiber.

Five hollow microspheres with outer diameters 350.4 um, 367.2 um, 374.4 um, 456.0 um
and 444.0 um are used for experiment. They are all filled with ethanol. The waist diameter of
tapered fiber is 2.7 um. A detail information of these five sensors is presented in Table 1. Fig. 3
shows the resonant wavelength variation of the transmission spectrum of the #1 sensor within 1 °C
temperature change. It can be seen that the resonance wavelength makes a blue shift as theoretical
expectation.

The proposed sensors are then used to measure the temperature from 0 °C to 36 °C stepped by
2 °C, which covers the main temperature range (2 °C~30 °C) in ocean application. The dwell time
at each temperature is 30 s to ensure that the temperature is stable during the data acquisition.
Fig. 4(a) shows the relationship between the resonance wavelength shift A)x and the temperature
change AT. The temperature sensitivities of five sensors are in the range of 92.90 pm/°C to
396.70 pm/°C. By comparing #2 sensor and #3 sensor, it can be seen that these two hollow
microspheres’ outer diameters are close and the sensor with thin wall realizes a relatively high
sensitivity. For hollow microspheres with same outer diameters, the light field in the ethanol core
is higher when the glass wall is thinner. Thus a higher temperature sensitivity is achieved. At
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Fig. 3. Transmission spectrum of the sensor from 10 to 11, with the increase of temperature, the
spectrum experiences a blue shift.
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Fig. 4. (a) Resonant wavelength shift of five different sensors versus temperature. (b) The measured
temperature sensitivities of the #3 hollow microsphere coupled with three different fiber tapers. The

solid lines are the linear fitting results.

the same time, by comparing #1 sensor and #3 sensor, it can be seen that the wall thickness
of these two hollow microspheres are close. The larger the outer diameter is, the higher the
temperature sensitivity is. This is because that, when the wall thickness is the same and the outer
diameter is large, the ratio of the wall thickness to the outer diameter is small and the light field in the
ethanol is also high. Since the temperature resolution of #3 hollow microsphere is the highest and
the outer diameter of it is the smallest among the five hollow microspheres, this hollow microsphere
is selected for further experiment. In addition, the influences of tapered fibers with different waist
diameters have also been investigated and the result is presented in Fig. 4(b). Waist diameters of
three tapered fibers are 2.4 um, 2.7 um and 3.3 um, corresponding the temperature sensitivities
are 247.23 pm/°C, 202.98 pm/°C and 136.62 pm/°C, respectively. For a microsphere with a fixed
size, the tapered fiber with smaller waist diameter can couple to higher radial modes [29]. The
higher the number of radial mode, the higher the light field distribution in the ethanol core, thus the
temperature sensitivity is also increased.

In addition, unlike conventional microspheres, the temperature sensitivity of hollow microspheres
can be changed by filling different solutions. The higher the absolute value of the thermo-optic
coefficient of the internal solution, the higher the sensitivity of the temperature sensing. Three
solutions (ethanol, acetone, cyclohexane) are injected into the #3 hollow microsphere for temper-
ature sensing experiments. The thermo-optic coefficients of ethanol, acetone and cyclohexane
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Fig. 5. The measured temperature sensitivities of the #3 hollow microsphere with three different solutions
injected. The solid lines are the linear fitting results.

TABLE 2
Comparisons of Different Optical Fiber Sensors Developed for Ocean Temperature Sensing

Sensor Temperature . .
structure sensitivity Advantage Disadvantage Published year
Three-wave 29 rC Simultaneous measurement  Low temperature 2011
fiber Fabry—Perot [30] pm of temperature and salinity sensitivity
Low
Microfiber o . temperature
knot resonator [31] 22.81pm/"C Small size sensitivity, 2014
fragile
High-birefringence o High temperature .
elliptic fiber Sagnac loop [32] 472 pm/'C sensitivity Bulky size 2015
Low
Fibre Bragg Gratings [33] 12.5 pm/°C Good stability temperature 2017
sensitivity

High temperature
sensitivity, small size

Hollow microsphere filled with

ethanol (this paper) Fragile \

396.70 pm/°C

are k%, = -39 x1074°C™", k3, .= -50x 1074°C™", k%, = —5.4 x 1074°C ™", respectively. The
deionized water is used to rinse the hollow microsphere for 5 min at first when different solutions
are injected. The temperature in experiment increases from 25 °C to 26 °C with a step of 0.1 °C, and
the results are shown in Fig. 5. The temperature sensitivities of ethanol, acetone and cyclohexane
are 133.18 pm/°C, 200.45 pm/°C and 240.91 pm/°C, respectively. The experimental results are con-
sistent with the theoretical analysis. The Q-factor of the hollow microsphere filled with cyclohexane
is estimated to be 3.85 x 10*, and the corresponding temperature resolution is 1.75 x 1072 °C.

A detail information about previous different optical fiber sensors developed for ocean temperature
sensing is presented in Table 2. From Table 2, we can see that the hollow microsphere sensor in this
paper has the advantages of small size and high temperature sensitivity.

The volatilization of ethanol is introduced to demonstrate the dynamical response of our sensors.
The volatilization of ethanol absorbs heat and will result in a dynamical temperature variation. The
experimental setup is shown in Fig. 2(c). The 2 uL ethanol droplet (99.8% volume concentration)
is dropped on the copper sheet, which is used to fix the hollow microsphere, at room temperature.
It repeats three times. Fig. 6 shows the dynamical response of the sensor. The temperature de-
creases rapidly at first and then increases slowly. The drop of the temperature means that ethanol
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Fig. 6. The temperature variation during the 2 pL ethanol volatilization process. The solid line is the
fitting result.

volatilization absorbs heat from the copper sheet. Then because the temperature of surrounding is
higher than that of the copper sheet, the temperature rises to a steady value. It takes about 22 s
for 2 uL ethanol to be completely volatilized, calculated by the temperature dropping from 10% to
90% of the steady value. The total temperature change during the volatilization of ethanol is around
0.23 °C.

5. Conclusion

In conclusion, we have studied hollow microspheres for temperature sensing from 0 °C to 36 °C. At
the same time, the effect of the parameters including hollow microspheres, the waist diameters of
tapered fibers and different kinds of solution on the temperature sensitivity have also been inves-
tigated. A high temperature sensitivity of 396.70 pm/°C is realized when the hollow microsphere
is filled with ethanol. A high temperature resolution 1.75 x 1073 °C is obtained when the hollow
microsphere is filled with cyclohexane. The temperature dynamical trace of ethanol volatilization
process is detected with the proposed temperature sensor, which demonstrates good dynamical
response of the sensor. High sensitivity, high resolution, small size and simple fabrication process
make the hollow microsphere sensor a promising candidate for ocean temperature sensing. Sub-
sequently, package the sensor is needed. One possible approach is using the ultraviolet polymer
to package the coupling part of the sensor, and the whole system can be solidified in a metal cover,
which can prevent water intrusion and avoid the environmental pressure affecting the performance
of the sensor.
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