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We demonstrated a simple technique for a highly sensitive temperature sensor based on an “S”-shape fiber taper
Mach-Zehnder interferometer (MZI) with no need of special fibers or micromachining technique using high
power lasers. To enhance the sensitivity, an S-shape single mode fiber (SMF) taper was encapsulated in a
capillary filled with high thermos-optic coefficient liquid. We experimentally investigated the tuning parameters

for the sensor, such as the taper shape, the material of the capillary, and the role of the filling liquid. Our results
show a maximum sensitivity of —15.66 nm/°C in a measurement range of 28-32 °C, and —11.88 nm/°C from
25.1 °C to 35 °C for isopropanol sealed in Teflon capillary. The multi-interference model simulation shows that a
critical cladding mode is responsible for the high sensitivity. Simple configuration, ease of fabrication, robustness
and low cost make it suitable for high sensitivity temperature sensing applications.

1. Introduction

High-sensitivity temperature sensing measurement plays an impor-
tant role in many fields, such as environmental science, biomedical and
manufacturing industry. Compared to conventional electrical sensors,
fiber-optic temperature sensors have been extensively studied owning to
their intrinsic advantages of light weight, capability for remote sensing,
and immunity to electromagnetic interference. In recent years, various
types of fiber-based sensors have been demonstrated that enable tem-
perature measurement, for example, fiber Bragg gratings [1-4], various
configurations of modal interferometers [5-11], and new techniques
such as surface plasmon resonance (SPR) [12,13]. Among these con-
figurations, inline Mach-Zehnder interferometers (MZIs) have attracted
a lot of research attentions due to their compact structure and ease of
fabrication. In most MZIs designs, however, since both the core and
cladding modes involved in the interference mainly propagate in the
same material silica, the relative difference of the thermo-optic coeffi-
cient is small, resulting in a low sensitivity of tens of pm/°C [9,10], or
hundreds of picometers per degree [11] when using some special fibers.

One way to enhance the sensitivity for an MZI sensor is to create
large difference in thermo-optical coefficient between the fiber core and
cladding. There are several ways to achieve this. One can use special
fiber, for example, few-mode multicore fiber [14], or artificially create
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such conditions by selectively infiltrating liquids with high thermo-optic
coefficient [15,16]. Although the sensitivity can reach 40-55 nm/°C,
they suffer from narrow measurement range. Moreover, these configu-
rations usually require micromachining using high power femtosecond
lasers.

Considering fabrication complexity and cost, infiltrating liquids into
a capillary is an effective method to realize a simple and compact
structure with high sensitivity and moderate measurement range. Yang
et al. reported sealing an S-shape fiber taper with refractive index (RI)
liquid inside a silica capillary, and obtained a sensitivity of 1.403 nm/°C
[17]. Xue et al. showed an improved sensitivity of —3.88 nm/°C by
filling isopropanol in an optical microfiber taper-based MZI [18]. More
recently, Jiang et al. developed an optical microfiber coupler with RI
liquid encapsulated in Teflon capillary, with a sensitivity of —5.3 nm/°C
reported [19]. A technical disadvantage for these microfiber couplers is
that the waist diameter is limited to only a few microns, which makes
the device fragile and brings challenge for packaging. Moreover, the
papers mentioned above did not explain their results theoretically in
aspect of the interference modes.

In this paper, we proposed and demonstrated a compact in-line fiber-
optic temperature sensor based on multimode interference. We carefully
optimized several parameters for achieving high sensitivity: the length
and waist of the single mode S-taper, the material of the capillary, and
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the filling liquid. The experimental results showed that the highest
temperature sensitivity of —15.66 nm/°C with high linearity ®R? =
0.993) was obtained for as S-taper encapsulated with isopropanol in a
Teflon capillary, with a temperature range of 28-32 °C. In a larger range
of 25.1-35 °C, the sensitivity was —11.88 nm/°C. This is at least an
enhancement of compared with other capillary infiltrated temperature
sensors reported [17-19]. In addition, we also studied the underline
mechanism for achieving such high sensitivity. Our numerical simula-
tion showed there existed a critical cladding mode for a single mode
fiber. When the cladding mode involved in the interference with the core
mode is close to the critical mode, the sensor exhibits the highest
sensitivity. In addition, given the interference cladding mode, the di-
rection for the wavelength shift when temperature varies can be deter-
mined. The calculated results were consistent with our experimental
observation. The merits of compactness, robustness, and ease to pro-
duction make the proposed temperature sensor a strong candidate for
high sensitivity near room temperature measurement in applications
including industrial production and environmental monitoring.

2. Sensor principle and theory

The proposed temperature sensor consists of two parts: the main part
was an S-shape tapered SMF, as illustrated in Fig. 1(a-b). The taper was
then encapsulated with RI liquid inside a Teflon capillary. Unlike normal
tapers, two curvatures were created in one S-taper to form the MZI. At
the first bend, multiple cladding modes are excited. After travelling a
certain distance along the waist, these cladding modes were coupled
back into the fiber core and combine with the core mode at the second
bend. Thus, a typical MZI was formed. The transmission spectrum is a
result of multimode interference among the core mode and a number of
excited cladding modes. As shown in Fig. 1(c), a nearly-defined FSR was
obtained implying that there exists a dominant interference. The shape
of the S-taper has an effect on the interference spectrum because it de-
termines the efficiency for the cladding modes excitement and power
distribution of the core and cladding modes. The resulting interference
intensity can be written as [20]:

I=1ly+ Y I+ 2L, T cosg” €h)

m

Here, m is the order number. Subscript co and cl denote for core and
cladding. ¢™ is the phase delay between core mode and mt-order
cladding mode, which is:

2xAn L,
¢ = @
where Anf,{f = nﬁ{,f —n?¥ s the effective refractive index (ERI) difference

clm
between core mode and m™-order cladding mode. A and L.¢ represent
the wavelength and the effective interference length for the taper. As the
external temperature changes, the RI of the sealed liquid varies, leading
to a variation in accumulated phase between the two inferencing modes.
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Fig. 1. (a) Schematic diagram and (b) micrograph picture of the S-taper
structure. L and D represents the taper length and waist, respectively. The
effective interference length L is along the taper direction and slightly larger
than L. (c) Transmission spectrum for an S-taper in air.
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To quantitatively analyze the transmission spectrum, we solved the
transcendental equation [21] and plotted the ERI of the core mode and
the first twenty HE. . cladding modes in wavelength range of
1000-1600 nm, shown in Fig. 2(a), m = 1 represents the first cladding
mode. In the calculation, SMF is considered as a three-layer structure of
core, cladding and external environment. The radius (RI) of the core and
cladding were set to be 4.07 pm (1.45205) and 62.5 pm (1.44681),
respectively. The calculated ERI for the fundamental core mode at 1550
nm was 1.44904, which agreed well with the modal field plot of SMF
using the same value in COMSOL, as shown in the inset of Fig. 2(a).
The sensitivity of a particular interference dip is an overall effect of
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Fig. 2. (a) The ERI versus wavelength for the core mode and the first twenty
HE,m cladding modes when external environment is 1.001. The inset shows a
modal field for the fundamental core mode in SMF. The ERI (black triangles)
and sensitivity coefficient (red squares) corresponding to (b) the first twenty

HEqm cladding modes when the SMF is exposed in air and (c) the first fifteen
HE m cladding modes when the external RI is 1.39.
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all interferences, which include both core-cladding and cladding-
cladding interferences. However, the major interference dips are
caused by core-cladding interferences. This is because the difference in
the ERI between the core mode and a cladding mode matches the nearly-
defined FSR, indicating that the major interference is between the core
mode and a dominate cladding mode. Meanwhile, the ERI differences
between any two cladding modes are small, corresponding to a much
large FSR. Therefore, interferences related to weakly excited cladding
modes only cause slight intensity modulation on the main interference
pattern. According to Ref. [22], the sensitivity for a certain interference
dip resulting from a core-cladding interference can be expressed as the
product of two terms:

dAgip.i - a”f{m

e ¥ One, @
Adip,i Aipi [ O 0nfﬂm

g= =y S (e Q)
Any, An;? 04 04

The subscript i denotes for the i interference dip. In Eq. (3), y is
defined as the sensitivity coefficient of core-cladding interference, and
the partial derivative quantifies the dependence of the ERI of the mt"
cladding mode on the external RI, which was found positive for general
HE , cladding modes at wavelength of 1550 nm in air (not shown). As a
result, the direction for the wavelength shift of the interference dip
depends solely on the sign of y. In Fig. 2(b), both the ERI (black tri-
angles) and the sensitivity coefficient y (red squares) were plotted for the
first twenty HE i cladding modes at wavelength of 1550 nm, when the
SMF was exposed in air. Two trends were evident in Fig. 2(b): the ERI
became smaller for higher-order cladding modes; moreover, there
existed a critical cladding mode around which the magnitude of y
reached maximum. When the fundamental core mode interferes with a
higher-order cladding mode that is below the critical mode, e.g. HE 10,
the interference dips would experience blue shift as the ambient RI
increased. In contrary, when a higher-order mode above the critical
mode, e.g. HE. 13, is involved in the interference, the dips would
experience red shift. This result was consistent with the analysis in Ref
[22].

The magnitude of the sensitivity for a particular dip is more
complicated to predict. According to above theory, it depends on the
product of two quantities on the right-hand side of Eq. (3). The sensi-
tivity coefficient y was calculated in Fig. 2(b). We also calculated the
partial derivative for the cladding modes, but only at 1550 nm. The
preliminary result showed that this quantity was almost the same value
for all the first twenty cladding modes (not shown), except for a largest
value when m = 10. Considering both quantities, we have confidence to
conclude that it is preferable to excite cladding modes as close to the
critical modes as possible, in which case it is more likely to have a larger
RI sensitivity.

Fig. 2(c) shows the ERI (black triangles) and the sensitivity coeffi-
cient y when the external RI is changed to 1.39. A noticeable change is
that the critical cladding mode is shifted to lower order (m = 6 or 7).
This result can be explained as follows: The sign of the coefficient de-
pends on the relative slope of the effective refractive index (ERI) of
cladding mode with respect to that of the core mode. The slope of ERI of
the core mode on®'f /01 is negative as shown in Fig. 2(a), while oncf’ /02
starts with a small negative value for lower order cladding modes and
decreases to a more negative value for higher order cladding modes.

When ’()neff /6/1‘ < )()neff /()/1‘ Or Agipi (00t /04 — oncit /0A)/Anerm < 1, x

cl,m co 0 cl,m

is negative. Only when the condition A(on®'f /04 — on&lt /02)/Anesem > 1
is satisfied, ybecomes positive. The corresponding cladding mode at this
turning point is the critical cladding mode. When the external RI in-

creases to 1.39, dncif /0] remains the same but the onSf /91 decreases

cl,m
faster. Therefore, a smaller m order is required to reach the same value of

ongll /04 —ongt /04, indicating that the critical cladding mode becomes
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smaller for higher external RI.
3. Sensor fabrication

The S-taper was fabricated by a commercial fusion splicer (Fujikura
80S) using two SMFs. We started off by separating the two fibers with a
~62 pm offset in the vertical direction. During splicing, the fibers were
stretched outwards to create the tapering shape. A number of tapering
parameters have been tried to optimize the shape of the taper, such as
tapering speed, tapering length, arc current, and arc duration. Our re-
sults show that the shape of the S-taper is most sensitive to two pa-
rameters for controlling the tapering length L and the waist diameter D:
tapering speed and tapering length. Useful criteria for optimization
include the spectral shape, mechanical strength, and reproducibility. We
found that for each tapering sped, there exists a corresponding
maximum tapering length. For example, when we increased the tapering
speed from 10 bit to 100bit, the maximum tapering length is increased
from 240 pm to 360 pm. When the tapering waist is small, the efficiency
of cladding mode excitement is high, but it is more difficult to reproduce
the taper and the sensor becomes fragile. Another consideration is the
transmission spectrum. For each set of tapering parameters, we aimed at
obtaining a transmission spectrum with clean interference dips with
high contrast ratio. Based on the above considerations, we choose a
tapering speed of 25 bit and a tapering length of 270 pm as the final
recipe for S-taper. Due to the asymmetrical movement of the motor, the
produced taper usually has a non-symmetric shape, as shown in Fig. 1
(b). In our experiment, L (D) was chosen to be between 690-850 pm
(28-40 pm). Later, the taper structure was inserted into a capillary,
followed by filling liquid of high thermal-optic coefficient. The sensor
was then completed by a tight sealing with glue. During the temperature
test, we found it was essential to avoid trapping air inside the capillary.
Because even a small amount of air would expand to bubbles at high
temperatures, whose movement could lead to an unstable transmission
spectrum. To prevent leakage, both ends was secured twice: we applied
AB glue after the UV glue was dried.

4. Experimental results and discussion

The experimental setup for the temperature sensing test was illus-
trated in Fig. 3. The sealed sensor was placed inside a column oven with
accuracy of 0.1 °C. We used a broadband source (BBS, YSL, 900-1700
nm) as the input light source, which passed through the proposed sensor
and was received by an optical spectrum analyzer (OSA, YOKOGAWA
AQ6370B).

4.1. Mode analysis for different taper configurations

The first step was to investigate how the cladding modes were
excited for different taper configurations. Three tapers T1-T3 were
fabricated as shown in Table 1, corresponding to the splicer tapering
length setting of 250, 260 and 270 pm, respectively. We measured the
transmission spectra for the three tapers exposed in air at room tem-
perature, plotted in black curves in Fig. 4. The spectra consisted of
several regularly-spaced dips, which were from multimode interference.

Sealed S-taper

s 4 —— oA

~ -

~
~ g EEE
~ pa

L o
Tube furnace

Fig. 3. Schematic diagram of the experimental setup for temperature mea-
surement. BBS: broadband source, OSA: optical spectrum analyzer. The inset
shows an S-taper sealed in a silica capillary with RI liquid.
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Table 1
Parameters of three S-taper structures.

Taper Splicer setting Geometrical parameters

Offset (pm) Tapering length (pm) L (pm) D (pm) Offset (ym)
T1 62.4 250 697 39.2 51.0
T2 62.4 260 776 37.2 64.7
T3 62.4 270 835 29.4 56.8
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Fig. 4. Comparison of experimentally measured (black) and simulated (red)
transmission spectra of the tapered structure (a) T1, (b) T2, and (c) T3
measured in air.

For simplicity, we only considered interferences among the core mode
and two of the first twenty cladding modes in our simulation. The results
were represented by the red curves, which agreed well with the exper-
imental spectra. It was found that in all cases, the transmission spectra
were mainly determined by two contributions: a dominant interference
between the core mode and a high-order cladding mode, giving rise to
the relatively small FSR; and a minor interference between the core
mode and a lower-order cladding mode, which formed an envelope with
large FSR on top of the spectra. For example, in Fig. 4(a), the 19th
cladding mode interfered with the core mode, leading to the six trans-
mission dips, while the first cladding mode interfere with the core mode
and caused the overall intensity variation. As the tapering length
increased from 250 to 270 pm, larger FSR for the interference dips was
observed, suggesting that lower-order cladding mode were more likely
to be excited in the dominant interference.

The wavelength shift for a particular transmission dip was a com-
bination of different interference channels. For all the three spectra, the
cladding modes HE 19, HE¢17, and HE 13 responsible for the major
interference, which are above the critical mode (HE,10), have positive y
according to Fig. 2(b). This indicates that these interference dips would
experience red shift as the external RI increases. Meanwhile, for the
minor interference, HE 1, HE 2, and HE 3 were all below the critical
mode, and would give a blue shift and counteract part of the red shift
induced by the former interference. Among the three higher-order
cladding modes, HEj13 was the closest to the critical mode, and had
the largest positive y value. Moreover, Fig. 2(b) indicated that HE 1,
HE 2, and HE. 3 have almost the same y. T3 was therefore expected to
have a higher RI sensitivity than T1 and T2.
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4.2. Temperature performance in silica capillary

After we measured the transmission spectra in air, S-taper T1, T2 and
T3 were encapsulated with high thermo-coefficient RI liquid (n = 1.39)
into three separate silica capillaries for temperature performance test.
The silica capillaries have inner (outer) diameter of 320 pm (425 pm).
These three samples were denoted as S1, S2 and S3, respectively. When
the surrounding RI changes from air to RI liquid, the effective RI of the
cladding mode also varies, leading to a new refractive index distribution
at the taper waist. Since the efficiency for the cladding mode excitement
is determined by the waveguide structure, the power distribution of the
core and cladding modes change accordingly. This causes variation in
the major cladding mode involved in the interference. During the test,
the temperature was gradually increased from 30 °C to 65 °C at a step of
5 °C. All spectra were recorded ten minutes after the temperature was
stable. Since the thermo-optical coefficient of RI liquids is negative, as
temperature increases, the RI of the liquid would decrease, leading to a
blue shift for the interference dips as the spectral changes of S3 shown in
Fig. 5(a). These experimental observations were in accordance with the
characteristic tendency observed in Fig. 2 (b) for S-tapers in air, indi-
cating that the excited cladding mode for S3 taper is closer to the cor-
responding critical mode than that for S1 and S2. The linear fitting of the
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Fig. 5. (a) Transmission spectra of S3 at different temperature. (b) Comparison
of the temperature sensing performance for dip near 1600 nm: S1 (black solid
line), S2 (red dotted line) and S3 (blue dotted triangle). An offset of 1646.6 nm
(S1), 1649.0 nm (S2), and 1631.4 nm (S3) is subtracted in y axis for direct
comparison of slopes.



J. Ma et al.

wavelength shift shown in Fig. 5(b) gave a temperature sensitivity of
—0.517 nm/°C, —0.665 nm/°C, and —0.783 nm/°C for S1, S2 and S3,
respectively. Among the three, S3 had the highest sensitivity. Therefore,
taper T3 was employed in all later experiments. The error bars for all
data points were also included indicating a small wavelength uncer-
tainty in silica capillaries. For example, the uncertainty for S3 is +0.23
nm around 1632.95 nm.

4.3. Temperature performance in Teflon capillary

For further characterization, we investigated the role for the capil-
lary. Since Teflon has a higher thermal expansion coefficient of 0.8 x
1074/°C [23] compared with silica of 5.5 x 1077/°C [23], when tem-
perature increases, thermal-expansion effect occurs in addition to the
thermal-optic effect. The resulting consequence is that the expansion
causes strain along the axial direction of the S-taper. Both effects will
lead to wavelength shift of the interference dips. In order to investigate
the direction of the wavelength shift due to thermal-expansion, we
conducted an experiment to study the shift direction in response to axial
strain along the fiber. The strain was applied for a given S-taper in air by
stretching the S-taper outwards using translation stages. Our results
were shown in Fig. 6. The transmission spectrum exhibited a blue shift
with the sensitivity of —51.2 pm/ue. This is the same direction as the
shift caused by the RI liquid.

Sample S4 used the same taper T3 but encapsulated in a Teflon
capillary with inner (outer) diameter of 1.5 mm (1.9 mm). From the
fabrication point of view, it was quite reproducible for making T3 tapers
and obtain similar temperature sensing behavior. However, we found
that sometimes the sensors had similar sensitivity, but the dips exhibited
wavelength shift for opposite directions. Such cases were shown in Fig. 7
(a) and (c), in which two sensors S4-A and S4-B were made under exactly
the same condition. In Fig. 7, we compared the temperature sensing
performance and found they had similar sensitivity. The data we ob-
tained were not as linear as the results in silica capillary. In Fig. 7(b) and
(d), second order polynomial fit showed the maximum sensitivity was
—7.08 and 7.65 nm/°C for sensor S4-A and S4-B, respectively. This was a
factor of ten improvement over the results we obtained in silica
capillary.

The underline mechanism for the “opposite shift” behavior could be
explained by our “critical mode” model. Fig. 8 showed the comparison
between the simulation and the measured spectrum for sensor S4-B, we
found that the dominant cladding mode involved in the interference
with the core mode was HE; 5, which was very close to the critical mode
at presence of the RI liquid shown in Fig. 2(c). When the excited clad-
ding mode was close to the critical mode, it might have some uncertainty
in exciting cladding mode lower or higher than the critical mode.
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Fig. 6. Blue shift of the S-taper interference dip around 1515 nm in response to
axial strain in air. Inset shows the transmission spectra of T3 under different
amount of strain.
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Nevertheless, in either case, the sensor was very likely to have a high
sensitivity.

4.4. Temperature performance with isopropanol

Since isopropanol has a higher thermo-optic coefficient of —4.5 x
1074/°C [24], and a high thermo-expansion coefficient of 1.07 x 1073/
°C, we replaced the RI liquid by isopropanol, with all other parameters
remained the same as S4. Fig. 9 illustrates the spectra response of two
such sensors S5-A and S5-B when the temperature increased from 25.1
°C to 35 °C. Fig. 9(a) shows the temperature sensitivity of an interfer-
ence dip at 1370 nm, which is —7.60 nm/°C and —7.57 nm/°C for the
heating and cooling process, respectively. The maximum difference in
wavelength variation is 4.8 nm (at 30 °C) during the heating and cooling
process. In Fig. 9(b), the sensitivity for the resonance dip around 1620
nm has a significant improvement over the RIliquid. The linear fitting of
the overall data gave a sensitivity of —11.88 nm/°C with an R? value of
0.982. The steepest slope indicated an even higher sensitivity of —15.66
nm/°C with R? equals to 0.993, however, in narrower range of 28 to 32
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Fig. 9. Temperature response for two S5 sensors packaged in Teflon capillary
(ID = 1.5 mm) filled with isopropanol. Insets show the corresponding trans-
mission spectra at various temperatures. Wavelength shift for interference dip
of (a) S5-A around 1370 nm, and (b) S5-B around 1620 nm.

°C. During the heating process, the intensity of the interference dip
varied by about 8 dB over 10 °C except that at 32 °C, the intensity
suddenly dropped 9 dB. The average intensity modulation sensitivity is
about 1.7 dB/°C.

The discrepancy in the sensitivity for S5-A and S5-B is because the
sensitivity is wavelength dependent. Fig. 10(a) shows the temperature
sensitivities for different interference dips from S5-A and S5-B. There is
an obvious trend that the sensitivity is higher for longer wavelength
dips. This result accords with sensitivity measurements from both sen-
sors. For real implementation of high sensitivity sensors, one can use a
fusion splicer with precise tapering control, and an infrared camera to
monitor the transmission spectrum during the tapering process [29]
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Fig. 10. (a) The relationship between the sensitivity and wavelength. (b) The
intensity versus time at 35 °C.
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such that a favorable interference dip at longer wavelength can be
achieved. Moreover, we evaluated the stability of the sensor by
measuring the wavelength and power fluctuations. Fig. 10(b) shows that
during 90 min, the wavelength fluctuation is £0.38 dB, while the power
fluctuation is 0.8 nm. The power stability was similar for Teflon con-
figurations either filled with RI liquid or isopropanol. Compared to silica
capillary, Teflon has almost twice the wavelength fluctuation, and over
ten times the power fluctuation than silica, probably due to its large
thermal-expansion coefficient.

A comparison with earlier work in Table 2 showed that the perfor-
mance of our sensor in terms of sensitivity was more superior than other
fiber temperature sensors by at least a factor of two. Compared to the
sensors which required special techniques, such as coating thin film or
microfiber machining using femtosecond laser, our design has advan-
tages of robustness, lower in complexity, and hence less manufacturing
difficulty and cost. These features make our proposed sensor suitable for
many high sensitivity temperature sensing applications, including
healthcare, biological sensing field, consumer electronics and etc.

5. Conclusions

In summary, we have demonstrated the simple design for an inline
fiber interferometer as a highly sensitive temperature sensor based on
encapsulated S-taper fiber filled with liquids. The multi-interference
model explains the underlying physics behind the high sensitivity. We
found that there existed a critical cladding mode, dependent on the
external RI. When the excited cladding mode involved in the interfer-
ence with the core mode was close to the critical mode, the sensor was
likely to exhibit high sensitivity. Given the cladding mode number, the
direction of the wavelength shift with temperature could be determined.
This agreed well with our experimental observations.

In the experiment, the performances for various taper configurations
the material of capillary, and the filling liquids were systematically
investigated. Our results showed that a long and thin S-taper was
favorable for achieving high sensitivity. Capillary material with higher
thermos expansion coefficient and filling liquid with high thermal-optic
coefficient were preferred. The maximum temperature sensitivity we
obtained was —15.66 nm/°C with measurement range from 28 °C to 32
°C for a transmission dip at around 1630 nm, based on an S-taper with
isopropanol sealed in a Teflon capillary. In a larger range of 25.1 °C to 35
°C, the sensitivity was measured to be —11.88 nm/°C. This was at least a
factor of two enhancement compared to previously reported capillary
infiltrated temperature sensors. We offered a simple solution for tem-
perature measurement with high sensitivity. The combined compactness
and robustness of our sensor implies applications in many fields such as
environmental monitoring, biomedical applications and industrial
production.
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