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Ultracompact Optical Fiber Sensor for Refractive
Index and High-Temperature Measurement

C. R. Liao, H. F. Chen, and D. N. Wang, Senior Member, IEEE

Abstract—An ultracompact microfiber sensor head is demon-
strated for refractive index and high temperature sensing. Such
a device is a fiber in-line Mach-Zehnder interferometer formed
by creating an inner air-cavity along a section of microfiber and
exhibits a high refractive index sensitivity of ~4202 nm/refractive
index unit and a good temperature sensitivity of 41 pm/°C, with
excellent high-temperature sustainability up to 1100 °C.

Index Terms—Femtosecond (fs) laser ablation, optical fiber
interferometer, optical fiber sensors.

1. INTRODUCTION

O COPE with the rapid development of optical fiber sensor
T network, sensor heads that exhibit ultra compact size and
good capability of performing multiple sensing functions with
high sensitivity are critically important. One promising candi-
date of such sensor heads is fiber in-line interferometer, which
has been used in a wide range of sensing applications with vari-
ous configurations [1]-[19]. In recent years, optical fiber in-line
Mach—-Zehnder interferometer (MZI) based on open air-cavity
has been developed, which has large refractive index (RI) dif-
ference between the fiber core and air and hence high sensitivity
while exhibiting a compact sensor head with length of only a few
100s pm or less [13], [14]. Such a device has high sensitivities
for RI and temperature sensing and excellent high temperature
sustainability thus being suitable for many chemical, biological,
and environmental monitoring applications. However, most of
the sensor heads are still limited by the single mode fiber (SMF)
diameter of 125 pm. An effective way to reduce the optical fiber
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diameter and further improve the sensor head compactness is
to use microfiber [20]-[24]. Because of its small diameter of
down to micrometer order and large evanescent field for the
guided light, microfiber activates strong interaction between the
propagating light and the external environment, which makes it
a highly sensitive element to the surrounding medium.

In this paper, an ultra compact microfiber sensor head based
on inner air-cavity is presented for RI and high temperature
sensing. The sensor head has a diameter of a few 10s pm and
length of a few 100s pum and the sensitivities achieved for RI
and temperature are ~4202 nm/refractive index unit (RIU) and
41 pm/ °C, respectively, with excellent high temperature sus-
tainability up to 1100 °C.

II. DEVICE FABRICATION

The optical fiber sensor head is fabricated by using femtosec-
ond (fs) laser micromachining, fusion splicing, and heating and
pulling techniques.

During the fabrication process, a Ti: sapphire laser system
consisting of an oscillator (Mai Tai) and an amplifier (Spitfire),
with pulse duration of 120 fs, repetition rate of 1 kHz, and
operation wavelength of 800 nm was used. The laser pulses
were focused onto the fiber by a 20X objective lens with an NA
value of 0.5. A section of SMF (SMF-28 from Corning) with
the core diameter of 8.2 um and the nominal effective index
of 1.4682 (at 1550 nm) was mounted on a computer controlled
X-Y-Z translation stage with a 40-nm resolution. The steps of
fabrication are illustrated in Fig. 1.

1) A micro-hole of several micrometers in diameter at the
center of the cleaved fiber end facet was ablated by use
of fs laser with the on-target laser power of ~5 mW.
The micro-hole size determines the size and shape of the
hollow sphere and hence the air-cavity formed later.

2) The fiber tip with the micro-hole structure was spliced
together with another cleaved SMF tip by use of fusion
splicer with fusing current of ~16.3 mA and fusing du-
ration of ~2.0 s. The two splicing parameters also play
an important role in determining the size and the shape of
the air-cavity in microfiber formed later.

3) Since the air in the hole was suddenly heated, the hole
rapidly expanded to an elliptical hollow sphere.

4) The SMF with hollow sphere was mounted between two
translation stages and drawn into microfiber by use of
flame brushing technique, i.e., to use a small flame mov-
ing under an optical fiber that was being stretched. By
appropriately control the moving speed of the flame and
the holders, microfiber of different diameters could be
produced, with an inner air-cavity along the fiber length.
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Fig. 1. Schematic diagram of fabrication process of the microfiber with inner
air-cavity. (a) Micro- hole ablated by fs laser. (b) The fiber tip with micro-hole
spliced together with another cleaved SMF tip. (c) Hollow sphere formed in
SME. (d) Device produced by brushing technique.

Fig.2. (Color online) Schematic diagram of the sensor.

III. PRINCIPLE OF OPERATION

The schematic diagram of the sensor head is illustrated in
Fig. 2. The light lunched into the inner air-cavity is split into
two beams: one travels along the silica wall of the cavity, which
is denoted by I; and the other passes through the air-cavity,
denoted by I,. The interference takes place when the two beams
recombine at the cavity end. The output intensity of the MZI is
governed by [24]

29w LA
I=1 +1I + 2T, I cos (%) (1)

where [ represents the intensity of the interference signal, A is
the wavelength, L is the cavity length, An = nya — Neavity
denotes the effective RI difference of the two interference
beams, 7,11 and ngayvigy are the effective RI of the silica wall
mode and the air-cavity mode, respectively. Compared with
the conventional microfiber of similar size, the thinner cavity
wall leads to a large evanescent field in one arm of the MZI,
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Fig. 3. (Color online) (a) Transmission spectra of the device samples.

(b) Spatial frequency spectra of the device samples, and the insets show their
microscope images.

and hence, the enhanced light interaction with the surrounding
medium is expected. When the phase term satisfies the condition
2rLAn/A = (2m + 1), where m is an integer, the intensity
dip appears at the wavelength

2LAn

REES Y @

dip

Thus, the free spectral range (FSR) of the spectrum can be
expressed as

)\,2

F = .
SR AnL

3

IV. EXPERIMENTAL RESULTS AND DISCUSSION

To test microfiber in-line MZI sensor head based on inner air-
cavity, a number of device samples of different sizes have been
investigated and their transmission spectra, the corresponding
spatial frequency spectra obtained by use of fast Fourier trans-
form, and their microscope images are displayed in Fig. 3. It can
be seen from Fig. 3 that the insertion loss of the tapered MZI is
roughly ranged from 20 to 30 dB. Before the tapering process,
the insertion loss of this device is ~5dB. When the diameter
of the sensor head is relatively large (such as 95 pm), only one
dominant side peak is located in the spatial frequency spec-
trum and the smooth fringe pattern in the transmission spectrum
can be observed, due to the interference between the air-cavity
mode and the silica-wall mode. When the sensor head diam-
eter is gradually reduced, more side peaks exist in the spatial
frequency spectrum and the spectral fringe pattern experiences
more fluctuations. Finally, when the sensor head diameter is
close to 20 pm, many side peaks appear in the spatial frequency
spectrum and the interferometer is in multi-mode operation,
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which involves the interference among the air-cavity mode and
different silica-wall modes. Hence, more than one set of inter-
ference patterns can be observed in the transmission spectra of
the second and the fourth samples. As shown in Fig. 3, the spa-
tial frequency spectrum of the second sample has two relatively
large side peaks while that of the fourth samples has many, but
non-dominant side peaks, which makes some set of the fringe
patterns of the latter has only poor fringe visibility and hardly
to determine its FSR.

To test the system response to the RI change, the device sam-
ple was immersed into a series of RI liquids (from Cargille Lab-
oratories) and the transmission spectra recorded had a resolution
of 0.1 nm. Each time after the liquid sample was measured, the
fiber sensor head was rinsed with methanol carefully until the
original spectrum (i.e., the reference spectrum) could be restored
and no residue liquid was left on the sensor head surface. The
wavelength shifts of the two MZI sensor head samples with di-
ameter of 95 and 60 pm, respectively, corresponding to different
RI values, were plotted in Fig. 4(a) and (b), respectively. After
implementing linear fit to the experimental data, the sensitivities
obtained were 70 and 110 nm/RIU, respectively. The transmis-
sion spectra of the two samples, corresponding to a number of
RI values, are shown in the insets of Fig. 4(a) and (b), where a
red shift of the dip wavelength can be observed.

The dip wavelength shift with the RI change can be derived
from (2) as

2Lén

Ohaip = 577

“)
where dn denotes the change in the effective RI of silica wall
mode. As indicated by Eq. (4), the dip wavelength shift, and
hence, the RI sensitivity could be enhanced by reducing the
sensor head diameter, equivalent to thinning the silica wall or
increasing the air-cavity (sensor head) length. Such a fact also
becomes clear from the results shown in Fig. 4(a) and (b), re-
spectively. When the diameter of the sensor head is too small
(such as 20 pm), the interferometer device produces a multi-
mode fringe pattern, which is highly sensitive to the external
RI, however, the range of monotonic wavelength shift is only
small. Moreover, the robustness of device is also reduced. We
have also tested the RI response of a device sample with sensor
head diameter of 20 ym and length of 4 mm, and the results
obtained are recorded in Fig. 4(c), where an extremely high sen-
sitivity of ~4202 nm/RIU is achieved, superior to most of the
RI sensors reported [25], [26]. However, the RI measurement
range is small, between 1.3241 and 1.3280. The measurement
was implemented by immersing the sensor head into the RI
liquid with value of 1.33 at room temperature (with the temper-
ature coefficient of 3.37 x 107*/°C), and changing the liquid
RI value by varying its temperature.

The high temperature sensing capability of the sensor was
investigated by use of a tube furnace (CARBOLITE MTF
12/38/250). During the experiment, the sample was first heated
to 1000 °C and maintained there for 2 h to remove the burnt
fiber coating induced effects, and then, cooled down to room
temperature. Next, the temperature was gradually increased to
100 °C, and then, to 1100 °C with a step of 100 °C, and stayed
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Fig. 4. (Color online) The dip wavelength shift with RI, and the insets show

the transmission spectra of the device sample. (a) Sample with diameter of
95 pm. (b) Sample with diameter of 60 zm. (¢) Sample with diameter of 20 pm.

for half an hour at each step. The device was kept at 1100 °C
for 2 h before being cooling down, following the same steps as
that in the heating process. The sample used in the high tem-
perature test has a sensor head diameter of ~95 pm, the same
as that used in the RI test. Fig. 5 presents the dip wavelength
variation with the temperature change and its inset demonstrates
the transmission spectra at different temperatures. An offset of
10 dB is artificially introduced for every 200 °C in the vertical
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Fig.5. The dip wavelength shift with temperature. The insets show the trans-

mission spectra of the device sample at different temperatures. The device
sample diameter is ~95 pm.

axis to observe the dip shift more clearly; however, the insertion
loss of this device is hardly changed in the whole temperature
test. A fringe dip at ~1510 nm at room temperature was found
to experience a red shift with the increase of temperature. It can
be seen from Fig. 5 that a good repeatability in both heating and
cooling processes and a sensitivity of 41 pm/°C is achieved.
Such temperature sensitivity is similar with those of the
previously reported air-cavity based fiber MZIs [8], [13], [15].
From Eq. (2), the wavelength shift due to temperature increase
can be expressed as

Shup, = 2(L+6Lr)(An+dny)  2LAn
ap 2m +1 2m +1
- 2(AndLy + Lonr) )
2m + 1

where 6Ly is the change of inner cavity length induced by
material thermal-expansion and dnt denotes the change in
effective RI of the silica wall mode, due to thermal-optical
effect. The thermal-optical effect plays the dominant role as
the thermo-optic coefficient (7.8 x 107%) in silica is larger than
thermal expansion coefficient (4.1 x 1077).

Taking the sample with the RI sensitivity of 4202 nm/RIU
in Fig. 4(c) as an example, if no temperature compensation is
employed, the RI measurement error resulting from temperature
cross sensitivity is ~ 9.8 x 10~% RIU/ °C, which should be
considered in practical measurement.

V. CONCLUSION

By fabricating an air-cavity inside the microfiber, an ultra
compact optical fiber MZI sensor head can be created, in which
the fascinating features of microfiber are efficiently combined
with the highly sensitive MZI and the sensitivities achieved
for RI and temperature are ~4202 nm/RIU and 41 pm/ °C,
respectively, with excellent high temperature sustainability up
to 1100 °C. The device developed is a promising candidate
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for many chemical and biological sensing and environmental
monitoring applications.
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