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A highly sensitive optical fiber temperature sensor based on a section of liquid-filled silica capillary tube (SCT)
between single mode fibers is proposed. Two micro-holes are drilled on two sides of SCT directly by using femtosecond
laser micromachining, and liquid polymer is filled into the SCT through the micro-holes without any air bubbles and then
sealed by using ultra-violet (UV) cure adhesive. The sidewall of the SCT forms a Fabry—Perot resonator, and loss peaks are
achieved in the transmission spectrum of the SCT at the resonant wavelength. The resonance condition can be influenced by
the refractive index variation of the liquid polymer filled in SCT, which is sensitive to temperature due to its high thermo-
optical coefficient (—2.98 x 10~* °C~1). The experimental result shows that the temperature sensitivity of the proposed
fiber structure reaches 5.09 nm/°C with a perfect linearity of 99.8%. In addition, it exhibits good repeatability and reliability

in temperature sensing application.
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1. Introduction

Optical fiber temperature sensor is increasingly popu-
lar for its compactness, immunity to electromagnetic interfer-
ence, and potential low cost. Various optical fiber tempera-
ture sensors based on optical fiber tapers,!’-?! special optical
fibers, 3! and fiber gratings!’-®! have been fabricated. How-
ever, most of them based on pure optical fiber material cannot
achieve high temperature sensitivities (only about 10 pm/°C-
200 pm/°C) due to the limitation of both low thermo-optical
coefficient (TOC, about 10~7 °C~!) and low thermal ex-
pansion coefficient (TEC, about 107> °C~!) of silica. Re-
cently, fiber optofluidic interferometer based on an optical
microbubble-on-tip structure was developed.!”) The optical
microbubble-on-tip is a hybrid solid/liquid/gas microstructure
generated by heating a fiber tip with laser. The diameter of the
optical microbubble-on-tip interferometer increases with time,
leading the free spectral range (FSR) to decrease. By mea-
suring the FSR, the temperature sensitivity is demonstrated to
be —1146 pm/°C. Although the temperature sensitivity of this
sensor is improved, it is still not high enough.

To further enhance the temperature sensitivity, the ma-
terials with high TOC and TEC are employed to fabricate
fiber optical temperature sensors, such as by infiltrating lig-
uid into photonics crystal fibers,'%!!] sticking organic mate-
rial on the end face of optical fibers to form a Fabry—Perot (FP)
cavity,['>14l immerging the sensor in liquid,!>'®! and imbed-
ding the sensor in metal V-shaped groove.l!'”) Most of these
sensors usually have much higher sensitivities because of the
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sensitive temperature response of the material.

In recent years, the silica capillary tube (SCT) has been
used for making optical fiber humidity'® or magnetic field!'"!
sensors through depositing particular material on the outer sur-
face of SCT based on the resonance in its sidewall.’?’! Ow-
ing to the unique hollow structure of SCT, the material with
high TOC can be filled and sealed inside the SCT to achieve
a highly sensitive temperature sensor based on a similar res-
onance phenomenon. In this paper, we splice a section of
SCT between single mode fibers (SMFs) and drill two micro-
holes on its two sides by using femtosecond laser. Liquid
polymer (HASUNCAST RTVS 901 PT-B) is filled into the
SCT through the micro-holes without any air bubbles and then
sealed by using UV cure adhesive. For the refractive index
(RI) of the liquid polymer is lower than that of the sidewall of
SCT, the sidewall of the SCT forms an FP resonator. The res-
onance wavelength can be influenced by the refractive index
variation of the liquid polymer, which is sensitive to tempera-
ture due to its high TOC. The proposed fiber structure attains
a high temperature sensitivity of 5.086 nm/°C with a linear-
ity of 99.8%. The experimental results also show its good re-
peatability and reliability in temperature sensing. Therefore,
the Fabry—Perot resonator has a bright prospect in the applied

domain of medical, biology, and environmental science.!*!]

2. Fabrication and principle

The fabrication process of the proposed sensor is shown
in Fig. 1. A section of SCT (internal diameter 50 um, external
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diameter 124 pm) was spliced between two sections of SMFs
by using a commercial fiber fusion splicer. The optical image
is shown in Fig. 1(a). The length of SCT is 980 wm, and the
thickness of the sidewall is about 37 um. The two interfaces
at the splicing points are parallel to each other. Two micro-
holes (14 um in its length and width) were drilled on two sides
of SCT directly by using femtosecond laser (120 fs, 800 nm,
1 kHz) micromachining. One hole is used for infiltrating poly-
mer, and the other is used as a vent. The image of the structure
with the micro-holes is shown in Fig. 1(b). Each micro-hole is
about 15 pm away from the nearby splicing surface between
SCT and SMF.

(a)

micro holes

50-_”-111
UV light cure adhesive

Fig. 1. (a) A section of SCT spliced between two sections of SMFs, (b)
image of structure with micro-holes, (c) image of SCT filled with liquid
polymer, and (d) image of final fabricated fiber structure.

Then, a kind of liquid polymer (HASUNCAST RTVS
901 PT-B) was filled into the hollow core of SCT. This ma-
terial was chosen because of its lower RI than that of silica,
small coefficient of viscosity, ultralow volatility, and low light
absorption coefficient. Besides, the TOC of the polymer is
high, which makes the sensor possess high temperature sensi-
tivity. In practice, the liquid polymer can work stably at least
between —30 °C and 100 °C, the proposed sensor based on the
polymer is mainly used for low temperature sensing. In this
process, the left micro-hole was immerged into the liquid poly-
mer, and the right micro-hole was kept out of the liquid poly-
mer. The liquid polymer flowed into the silica capillary tube
through the left micro-hole immediately due to liquid siphon
effect. Meanwhile, the air in the silica capillary tube was ex-

pelled to the outside environment through the right micro-hole.

The image of the SCT filled by liquid polymer is shown in
Fig. 1(c). From Fig. 1(c) we can see that the whole region
of hollow core is fully filled with liquid polymer without any
air bubbles due to the two well-designed micro-holes. Finally,
ultraviolet (UV) curable adhesive (HASUNCAST 3220) was
dipped on the two micro-holes and then solidified by UV light
exposure to seal the liquid polymer into the SCT. The image
of the final fabricated fiber structure is shown in Fig. 1(d). In
order to avoid generating microbubbles, the polymer with low
volatility was selected. The low volatility makes it much easier
to avoid generating the air bubbles in the sealing process. Be-
sides, we placed the polymer in ultrasound environment with
power 40 W for one hour, and then set it for about two hours.
Because of the self-leveling function of the polymer, the mi-
crobubbles can be avoided as much as possible. In addition, in
the fabrication process, the left micro-hole was emerged into
the liquid polymer, and the right micro-hole was kept out of
the liquid polymer. The liquid polymer can flow into the silica
capillary tube through the left micro-hole immediately due to
liquid siphon.

Since the refractive index (RI) of the liquid polymer filled
in the hollow core of SCT is lower than that of the sidewall,
the sidewall of SCT forms an FP resonator!!3-2%! as shown in
Fig. 2. Part of the propagating light is coupled into the side-
wall of SCT in the way of grazing incidence, and then reflected
at the outer wall of SCT. As a result, the core modes oscillate
through the cladding, and FP interference can occur between
the light reflecting from the inner wall and that from the outer
wall of SCT respectively. Single reflection from the inner and
outer walls of SCT is considered to simplify the calculation.
As shown in Fig. 2, h is the thickness of the sidewall, 0 and 0,
are the incident and refractive angles of the light respectively,
n1 and n, are the refractive indices of liquid polymer and silica
sidewall respectively.

micro-cavity

/’ —
p Pl T
/A,i/aﬁ Tt Ar ng —p——>

SMF SMF

/

low RI liquid

Fig. 2. Diagram of FP resonator based on sidewall of SCT.

The central wavelengths of the interference peaks corre-

sponding to the resonant condition, A,,, can be expressed as!!8]

2hy/n% —n
2'm:#a m:1>273a"'7 (1)

m
where m is the order of the interference peaks. The guided
light at these wavelengths would transmit through the res-
onator and leak out of the sidewall of the SCT. Therefore,
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periodic and narrow loss peaks at these wavelengths appear
in the transmission spectrum. Besides, from Eq. (1) it can be
seen that the central wavelengths of the interference peaks are
determined by the thickness of the sidewall, if n; and n, are
fixed. The length of SCT is unrelated to the central wavelength
of the interference peak, which can be verified by the experi-
mental results shown in the next section.

By taking the derivative of Eq. (1) with respect to tem-
perature T, we can obtain the temperature sensitivity of the
proposed fiber structure based on the central wavelength shift

of the interference peak as follows:

Zh,/n%—n% 2%

Sy = o+ (n1€1 —no&)
m m nzfnz
Vi
= Ana+ 3 = 2(”181 —I’l()£())7 2)
ny—ny

where o is the TEC of silica, € and € are TOCs of the silica
and the liquid polymer respectively. Here, o = 5.5 x 10~7 /°C,
€ =1.1x107°/°C, n; = 1.4598, and h = 37 pum. To estimate
the value of n and &, we measured the RI values of the liquid
polymer at different temperatures by using an optical fiber lig-
uid RI senor reported by us before.[??! The results are shown
in Fig. 3. We can easily obtain € = —2.98 x 107*/°C and
n = 1.4045 at 22 °C. Assuming A,, = 1550 nm, the temper-
ature sensitivity of the proposed fiber structure can be calcu-
lated to be 4.1 nm/°C. The numerical calculation also shows
that n and € contribute to the majority of temperature sensi-
tivity, which means that the temperature sensitivity is largely
improved by filling high TOC liquid into the hollow core of
SCT.

1.406

1.404

1.402

1.400

1.398

Refractive index

1.396F 4 =1.41108—2.98X104x
1.394

20 25 30 35 40 45 50 55 60
Temperature/°C

Fig. 3. Plot of RI versus temperature of the liquid polymer, measured
by using optical fiber liquid RI sensor.

3. Experimental results and discussion

In the experiment, the broadband light with a wavelength
from 1250 nm to 1650 nm is launched into the fabricated fiber
structure. The transmission spectrum is measured by using an
optical spectrum analyzer (OSA, YOKOGAWA, AQ6370B).
The result is shown in Fig. 4. There are obvious interference

peaks in the transmission spectrum. The transmission loss
of the fabricated structure is about —5 dB, and the contrast
of the interference peak near 1450 nm reaches about 30 dB.
To prove that these loss peaks are induced by the resonance
in the sidewall of liquid-filled SCT, another two similar fiber
structures (the lengths of the liquid-filled SCTs are 1490 um
and 1650 pum respectively) are fabricated by using the same
method, and their transmission spectra are also measured as
shown in Fig. 4. From Fig. 4 it follows that though the SCT
sections of three fabricated structures are different in length,
their loss peaks in the spectra are located at nearly the same
wavelength positions. The experimental results accord well
with the results from the resonance theory in the sidewall of
the SCT that central wavelengths of the interference peaks
only depend on the thickness of the sidewall. What needs
explaining is that the minute difference between the central
wavelengths of the loss peaks of three different fiber struc-
tures may be induced by the nonuniform thickness of the SCT
sidewall.

—20

—40

—60

Transmission/dB

—80

—100 |
1250

1350 1450 1550

Wavelength/nm

1650

Fig. 4. Transmission spectra of proposed fiber structures based on
liquid-filled SCTs with lengths of 980 um, 1490 pm, and 1650 pm
respectively.

To investigate the response of the proposed fiber structure
to temperature, the fabricated structure with an SCT length
of 980 um is placed inside a glass tubewith an inner diame-
ter of 3 mm, which is then placed in a thermostat water bath.
The transmission spectrum of the structure is measured in real
time by using the broadband light source (BBS) and OSA. The
whole experiment setup is shown in Fig. 5. The lower and
higher threshold temperature of this sensor mainly depend on
the temperature characteristic of the polymer material. The
high temperature resistance and low temperature resistance
properties of the polymer determine the temperature sensing
range of the sensor. In practice, the liquid polymer sensor can
work stably at least between —30 °C and 100 °C. In our ex-
periment, the tested range is only from 25 °C to 55 °C, as the
temperature range is usually around room temperature in the
application of environmental science. At each temperature in-
crement point, the transmission spectrum is recorded after the
temperature has been stabilized for 10 min.
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BBS

tube sensor

thermostatic |
water bath !

Fig. 5. Setup for temperature response experiment.

To clearly show the shift of the interference peak near
1450 nm with temperature increasing, plotted is only a small
range of each spectrum where the interference peak is lo-
cated. The result is shown in Fig. 6(a). It can be seen that
the interference peak shifts to longer wavelength direction
with temperature increasing. Then the central wavelength val-
ues of the interference peak at different temperatures are read
and linearly fitted. The result is shown in Fig. 6(b). From
Fig. 6(b) we can see that there is perfectly linear relation-
ship (R-square = 0.998) between the central wavelength and
temperature. Meanwhile, the temperature sensitivity based on
the central wavelength shift reaches as high as 5.086 nm/°C,
which is in agreement with the theoretical expectation.

-1
0 —25°C (a)

—15}—28°C
m —31°C
T _gpl—sac
g —37°C
% —925f—40°C
g —43°C
& —30|—46°C
g —49°C
B _35l—>52°C
—55°C

_410410 14I50 1490 1530 1570 1610 1650
Wavelength/nm
1640
1620
1600}
15801
1560
1540
1520t
1500
1480

1460 — L L L . L L
25 30 35 40 45 50 55

Temperature/°C

(b)

y =1344.3294-5.086x
R-square = 0.998

Central wavelength/nm

Fig. 6. (a) Shift of the interference peak near 1450 with temperature
increasing, and (b) linear fitting result of central wavelength values.

The repeatability is also an important parameter to eval-
uate the performance of the sensor. To show the repeatability
of the fabricated fiber structure in temperature sensing, it is
heated and cooled between 25.0 °C and 55.0 °C in steps of

5 °C for three runs which are finished separately in three dif-
ferent days. In the same way as that mentioned above, the
transmission spectrum at each temperature is measured after
10 min of temperature stabilization. The central wavelength
values of the interference peak at different temperatures in
three repeated experiments including heating and cooling pro-
cess are shown in Fig. 7.

1640

— linear fit of 1st_U

g 1620F— linear fit of 1st_D

£ 1600F— linear f@t of 2nd_U

< — linear fit of 2nd_D

0 1580 linear fit of 3rd_U

2 1560— linear fit of 3rd_D,

o)

>

g Lodop " 1st_U

= 1520f e 1st_D

e} A2nd_U

5 1500¢ v 2nd_D

O 1480F e3rd U
1460} < 3rd_D

25 30 35 40 45 50 55
Temperature/°C

Fig. 7. Plots of central wavelength value of the interference peak versus
temperature in three repeated experiments.

From Fig. 7 it can be seen that the central wavelength
values of the interference peak are nearly identical in the three
runs of heating and cooling process. There is no obvious hys-
teresis in the forward and backward curves. These results
prove that the fabricated fiber structure has good repeatabil-

ity and reliability in temperature sensing application.

4. Conclusions

In this work, a highly sensitive optical fiber temperature
sensor is fabricated by infiltrating liquid polymer into the SCT
between SMFs. As the RI of the used liquid polymer is lower
than that of silica, its transmission spectrum shows obvious
lossy peaks induced by the resonance in the sidewall of SCT.
Due to the high TOC of the liquid polymer, the proposed
fiber structure obtains a high sensitivity of up to 5.086 nm/°C,
which is in agreement with the theoretical expectation. The
experimental results also show that the proposed fiber struc-
ture can have actual application in temperature sensing due to

its good linearity and repeatability.
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