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We construct a dimethylsulfoxide (DMSO)-based photonic crystal fiber (PCF) temperature sensor with
enhanced sensitivity. A solid-core PCF with large mode area is employed to supply the in-line Mach—
Zehnder interference between the fundamental and cladding modes. Thus, temperature sensing can be
realized because of the shift of interference spectrum at different temperatures. The DMSO solvent is
infiltrated between the main sensor and a silica tube to increase the temperature sensitivity of the sensor.
The obtained sensitivity (0.315 nm/°C) is one or two orders of magnitude higher than that of previously
published results. The proposed sensor is adapted for high-temperature sensing.
OCIS codes: 060.0060, 060.2370, 060.5295, 060.2430.
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In-line fiber modal interferometer is widely used in var-
ious sensing applications. Among them, temperature
sensing by using a conventional optical fiber is a very
promising example!’ 3. Photonic crystal fiber (PCF)-
based in-line modal interferometer, which has unique
guiding mechanisms and modal properties, has shown
many advantages in these applications!*®. Different
PCF sensors based on modal interferometers are de-
signed and constructed to detect temperature, strain,
refractive index, and others(®7. High-sensitivity temper-
ature sensors based on PCF are still difficult to achieve
because of the low thermo-optic and thermal expansion
coefficient of fused silica (PCF material)l®l. A typical
PCF-based modal interferometer is obtained by sand-
wiching a PCF between two single mode fibers (SMFs).
Although different fabrication techniques, such as long
period grating, micro hole-collapsing, and taperingl®—11,
have been attempted, these structures normally provide
low temperature sensitivity. One way to increase the
PCF temperature sensitivity is to infiltrate liquids with
high thermo-optic and thermal expansion coefficients
into the holes of PCF['2l. However, the infiltration of
liquids inside the holes of PCF remains a challenge be-
cause of splicing difficulty and evaporation effects of
solvents during splicing. Nevertheless, long lengths of
expensive polarization maintaining PCF have been used
to enhance temperature sensitivity!'®. To the best of
our knowledge, all liquids that infiltrate PCF tempera-
ture sensor are limited to temperatures below 100 °C.
Recently, Zhang et al.'* proposed a Fabry Perot in-
terferometer by using polarization-maintaining photonic
crystal fiber for high temperature sensing with max-
imum obtained sensitivity of 13.8 pm/°C. Therefore,
developing a cost effective PCF-based sensor with oper-
ation temperatures over 100 °C with high sensitivity is
of great importance.

In this letter, we construct a PCF temperature sen-
sor based on external infiltration of high thermo-optic
coefficient solvent, that is, dimethylsulfoxide (DMSO).
DMSO is a safe solvent for both synthesis and formula-
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tion applications.This solvent has been used in medical
and chemical applications that could be found in several
nuclear magnetic resonance spectroscopes and micro-
electronic devices!'®. High boiling point (189 °C), low
evaporation effects at low temperature range, and low
toxicity contribute to the use of the DMSO in the exper-
iment. Thus, a new PCF sensor with high temperature
sensitivity is expected. This compact, rigid, responsive,
and highly sensitive device can be incorporated in alarm
systems and can withstand harsh environments.

In our experiment, a 2.3-cm-long large mode area
(LMA-8, NKT photonics, Denmark) PCF is used. The
PCF has an 8.4-um core diameter and voids with an
average diameter of 2.17 pym and an average separa-
tion of 5.3 pum between voids (see Fig. 1(a)). This
kind of fiber has been used to build the in-fiber modal
interferometer 121, The process to build the interfer-
ometer in the PCF by using a fusion splicer is simple.
A manual mode of a standard fusion splicer has been
selected because no special fusion splicer is available.
Optimal parameters for splicing have been chosen man-
ually. The separation of fusion splicer arc electrode is
controlled through the screen display of the fusion splicer.
The display indicates the exact distance. Thus, fusion
splicing can be carried out reliably by adjusting the elec-
trode tip. In our experiment, LMA-8 PCF is spliced
in both sides with two conventional single mode fibers
(SMF-28, Corning, USA). The modal interference com-
prises a sandwich configuration of SMF-PCF-SMF. The
similar diameter of LMA-8 and SMF-28 makes the light
easier to be coupled in the splicing point!'®!. To excite
the fundamental and cladding modes, a full collapse of
PCF air holes is achieved during fusion splicing. The
length of the collapsed region is fully controlled by ad-
justing the fusion splicer power and the fusion time. The
collapse of PCF holes creates the interferometer, and the
length of PCF affects the fringe visibility of the sensor.
The collapsed length of PCF was ~340 um. Figure 1(b)
shows the microscopic image of the PCF-SMF splicing
area.
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Fig. 1. (Color online) (a) Cross section of a PCF under the
scanning electron microscope; (b) microscopic image of the
PCF-SMF splicing area showing the collapsed length.

Before the fusion splicing process, the coating of LMA-
8 PCF was stripped and split by using a high-quality
fiber cleaver to provide access to the evanescent field of
the PCF. After the fusion splicing process, a silica tube
with 1-mm diameter and ~350-pum thickness (fabricated
in Jiangsu, China) was used in the experiment to confine
the DMSO outside the PCF region. The tube length
was almost the same as the PCF length. Subsequently,
DMSO was infiltrated between the PCF region and the
silica tube. Epoxy was used to close the two ends of
the tube, thereby sealing the PCF inside the tube. The
process could create a resistant PCF against strain and
bending, thus making the PCF unsuitable for mechani-
cal sensing. However, the device will be more sensitive
to the environmental temperature because of the DMSO
infiltration. We adopted a new idea to design the modal
interferometer. The idea is to decrease the distance of
the fusion area between the PCF and SMF tips to zero
during fusion. By using this approach, the collapsed air-
holes will be more uniform and the two PCF modes can
be converted to each other at the fused area.

The voids of the PCF were collapsed in the spliced re-
gion, thus allowing the coupling and recombination of
PCF core and cladding modes!'".

Assuming that the interference between the intrinsic
light and the recoupled light is expressed as a function
of the core mode intensity I.,, the cladding mode inten-
sity I, and the phase difference ¢ accumulated during
a physical length L8]

I = Io + I + 2v/Teo e cos(2m AR/ N), (1)

where An is the difference of the effective refractive index
of the core and cladding modes, respectively. The maxi-
mum interference signal occurs if ¢ = 2rAnL /) between
core and cladding modes at 2kw, whereas the minimum
interference signal appears when ¢ = (2k + 1)7. The rel-
ative phase difference depends on the splicing conditions,
mismatch of the modal fields in the PCF-SMF junction,
and the surrounding refractive index!'”. The resonance
condition for the interference modes can be given by

2nAn/AL = mm, (2)

where m = 1,2,3---, L is the length of the PCF, and
A is the wavelength of light in vacuum. The free spec-
tral range (FSR) of the interference pattern is given by
FSR=MA?/AnL. In our experiment, the excited funda-
mental core mode during splicing is insensitive to the ex-
ternal environment,whereas the cladding modes are sen-
sitive because of the infiltration of DMSO between the

PCF and the silica tube. Depending on evanescent field
theory, the resonance wavelength of the interferometer
shifted according to the change in the propagation con-
stant. As the refractive index of DMSO changes, the
effective index of the guided modes increases, the An in
the PCF is modified, and the resonant wavelength shifts.
The sensitivity can be described as

o\ oT

5= (8T> (BAn)' 3)

An amplified spontaneous emission (ASE) source sup-
plies the necessary wide band input light (C+L band),
and an Ando AQ6370 optical spectrum analyzer (OSA)
is used as a recorder of the transmission spectra. The
device exhibits a sinusoidal interference pattern over a
broad wavelength (1525-1610 nm) range. The experi-
mental setup is shown in Fig. 2. A calibrated hotplate
was used to heat the PCF. A thermometer with 0.1 °C
graduations was used to record temperature. We tested
more than five PCF modal interferometer samples with
different lengths to evaluate the temperature dependence
of the fiber. The sensitivity of the modal interferometer
sensor without DMSO infiltration was only 4-5 pm/°C.
Due to the high sensitivity of this sensor, we divided
the measurements to reflect the ability of this sensor for
detecting small temperature variations and to determine
the trade-off between the sensing range and the detec-
tion limit. Figure 3 shows the transmission spectra of
the DMSO-PCF interferometer at 100-180 °C. The in-
terference dips shift when the temperature varied from
100 to 180 °C. This shiftis dominantly caused by the
evanescent field interaction of the cladding mode with
changes in the DMSO refractive index. As a result, the
effective refractive indices of core and cladding modes de-
crease with increasing temperature. Therefore, for every
temperature variation, the refractive index of the liquid
will be changed and the sensor (PCF section) becomes
responsive to the refractive index variation of the liquid.
The temperature sensitivity of the sensor reached up
to —0.315 nm/°C. The temperature sensitivity maybe
increased by tapering, etching, or side polishing the
fiber. The results indicate low interference visibility be-
low 100 °C for this sensor. This finding is caused by the
high refractive index of DMSO (1.4768) compared with
the effective refractive index calculated in LMA-8 PCF
(1.4452) at 1550 nm. In this case, all cladding modes are
lost, and only the core mode can pass the entire PCF.
The evanescent waves are restrained with the increasing
refractive index of DMSO. DMSO has a high refrac-
tive index below 100 °C; thus,the launched beam from
ASE will pass through the fiber without coupling with
the cladding modes. Therefore, no interference occurs.
Consequently, a straight line appears singly on the OSA,
indicating the transmission of only the core mode. When
the temperature reaches 100 °C, the refractive index of
DMSO is lower than that of PCF; therefore, high inter-
ference visibility appears on the OSA screen, as shown

PCF
5o (O = O Lo
SMF . SMF
silica tube
filled DMSO

Fig. 2. Schematic of the experimental setup.
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in Fig. 4(a). Our sensor is adapted to measure the range
of temperature variations over 100 °C, which is higher
than that of previously reported PCF temperature sen-
sors infiltrated with liquids'?.

Another feature of the present sensor is seen with the
OSA display. Specifically, a straight line appears on the
OSA screen, which indicates that the temperature is still
below 100 °C. During the experiments, the sensor can
be operated at 150 °C, and during day operation, the
purity loss is less than 0.1%. The high fringe visibility
of the interferometer (10-20 dB) and the high signal-to-
noise ratio (SNR; 10-30 dB) show that the interference
formation is uniform, which is desired for sensing ap-
plications.The linear behavior between the resonant dip
wavelengths is shown in Fig. 4(b). The linear fitting
of curves can be expressed as y=1617.630—0.3156x and
y=1587.487—0.2836x. From these equations, the ob-
tained sensitivity reached 0.315 nm/°C at a resonant
wavelength of 1617.63 nm and 0.283 nm/°C at a reso-
nant wavelength of 1587.48 nm. The response time of
the sensor is higher than that of the conventional PCF
temperature sensors because of the high DMSO thermal
coefficient of 8.8x1074/°C of the former compared with
1076/°C for fused silica. Thus, multitude sensors with
orthogonal geometry for each PCF coupled with DMSO
can be produced.

In conclusion, a high-temperature sensitive PCF sensor
based on DMSO modal interferometer is designed and
built. The DMSO liquid that is adapted for high temper-
ature sensing is sealed between the main PCF and silica
tube. In-fiber modal interferometer is used to implement
core-cladding modes interference.The cladding modes
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Fig. 3. (Color online) (a) Transmission spectra of DMSO
PCF interferometer from 100 to 140 °C in the experiment;
(b) transmission spectra of DMSO PCF interferometer from
145 to 180 °C in the experiment.

0l @

40

Visibility (%)

30
20
0 *

40 50 60 70 80 90 100
Temperature (C)

1590

1580

1570

y=1617.630-0.3156x

1560

1550

1540

Resonant dip wavelength (nm)

y=1587.487-0.2836x
(®)

1530 L L L
100 120 140 160 180

Temperature (C)

Fig. 4. (Color online)(a) Relationship between fringe visibil-
ity and low temperature of DMSO temperature sensor; (b)
relationship between temperature and resonant dips from 100
to 180 °C.

interact with the DMSO refractive index depending
on the evanescent wave effect. A flat spectrum is ob-
served below 100 °C because of the high refractive index
of DMSO and the high scattering effects for cladding
modes. Blue shifts in the resonant dip wavelengths are
observed with increasing temperature. The effective in-
teraction of PCF cladding modes and DMSO solvent
can be achieved by stripping the PCF coating or by
decreasing the effective interaction length. A linear re-
lationship between the resonant wavelength and temper-
ature is obtained with temperature sensitivity reaching
0.315 nm/°C. The advantages of the sensor include small
size, simplicity, high response time, and high sensitivity.
Moreover, the silica tube around the fiber makes the
sensor robust. The proposed sensor can be utilized for-
monitoring small temperature change in highly sensitive
devices and for temperature sensing in alarm systems.
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