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A highly sensitive temperature sensor wasmade by use of a side-hole glass fiber filled with indiummetal,
and its optical properties were investigated. The temperature sensitivity of the fiber-optic temperature
sensor was dλ∕dT � −7.38 nm∕K. The temperature sensitivity was also examined in sensors made by
different lengths of the side-hole fiber and the indium-filled fiber region. The temperature sensitivity
could be varied in the range of −1.83 to −7.38 nm∕K by changing the relative length between the
side-hole fiber and the indium-filled fiber region. © 2013 Optical Society of America
OCIS codes: 060.2370, 060.2400, 060.2290.

1. Introduction

Fiber-optic sensors based on glass optical fibers have
been extensively studied because glass fibers have
attractive features, such as high sensitivity, time
and spectral multiplicity, large chemical stability, and
device compactness. Various types of fiber-optic tem-
perature sensors have been exploited; fiber Bragg
gratings and long-period fiber gratings have espe-
cially attracted great interest in temperature-sensing
applications [1–3]. However, the fiber sensors have
several drawbacks, such as a high sensitivity to bend-
ing and polarization and a low sensitivity to tempera-
ture. On the other hand, fiber-optic sensors based on
birefringent fibers have shown several advantages:
high temperature sensitivity, robust characteristics

on bending and polarization, and large tunability
on a spectral bandwidth [2,4].

Up to now, various optical fibers have been incor-
porated with metals, and their properties, such as
electro-optic effect [5–7], current-induced birefrin-
gence change [8], metallic mode confinement [9], and
surface plasmon resonance [10] were investigated.
Recently, we have demonstrated a new type of bire-
fringent fiber that has an elliptical core and side
holes filled with metals [11,12]. The temperature
sensitivity of the fiber was significantly enhanced
by filling the holes with metals having large thermal
expansion properties. In particular, the side-hole
fiber filled with indium metal exhibited very large
temperature sensitivities on wavelength shift
(dλ∕dT � −6.3 nm∕K) and birefringence change
(dB∕dT � −3.32 × 10−6∕K), and they were 10 and
60 times larger than those of the fiber without the
metal, respectively [11]. The effect of filler metals
(Bi, 80Au–20Sn alloy, Sn, and In) on the temperature
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sensitivity of the side-hole fiber was also investigated
using Sagnac loop interferometry [12]. The optical
properties of the fiber were found to be significantly
affected by the types of filler metals inside the fibers.
The magnitude of the fiber birefringence and the
temperature sensitivity increased with the increase
of the thermal expansion coefficients of the metals.

More recently, we have proposed a fiber-optic tem-
perature sensor with high temperature sensitivity as
well as a simple end-face optical configuration [13].
The sensor was composed of a side-hole fiber con-
nected to a fiber-pigtailed polarization beam splitter
(PBS), and the end face of the side-hole fiber was
mirror coated with aluminum. The end region of
the side-hole fiber was filled with indium and was
used as a sensing element of the device. The proposed
fiber-optic sensor was found to have the very large
temperature sensitivity of dλ∕dT � −7.5 nm∕K at
1400 nm, which is much larger than that of the most
sensitive sensors reported so far, dλ∕dT � −1 to
−2 nm∕K [2,4]. In this study, we made fiber-optic
temperature sensors with different lengths of the
side-hole fiber and the indium-filled fiber region,
and the optical properties of the sensors were
experimentally investigated and compared with the
theoretical expectation. It was found that the optical
properties of the sensors were strongly affected by
the relative length between the side-hole fiber and
the indium-filled fiber region.

2. Experiments

Using the conventional modified chemical vapor
deposition process, an optical fiber preform with a
germanium-doped core was fabricated, and the two
holes beside the core of the preform were made by
a mechanical drilling process. The preform was
drawn into the side-hole fiber with an elliptical core,
and the hole was slightly collapsed to introduce the
fiber birefringence. During the fiber-drawing pro-
cess, the drawing temperature and the drawing
speed were properly controlled to make the fiber with
cladding and hole diameters of 125 and ∼20 μm, re-
spectively. Molten indium at 180°C was infiltrated
into the side-holes of the fiber by the aid of nitrogen
gas at a pressure of ∼27 bars [7,11,14] to introduce
the large thermal-expansion property mismatch
from silica glass with α � 5.5 × 10−7∕K used as the
fiber cladding material. It is noted that the thermal

expansion coefficient and the melting temperature of
indium are α � 32.1 × 10−6∕K and 156°C, respec-
tively [15]. Figure 1 shows cross-sectional micropho-
to images of the fiber obtained before and after the
metal infiltration process and a scanning electron
microscopy (SEM) image of the side-hole region filled
with indium. As shown in the figure, an elliptical
core was found at the center of the fiber with the
two holes beside the fiber core, and the metal indium
was well incorporated inside the holes. Glittering
spots observed in the indium-filled side-hole region
of the photo image resulted from the reflection of
light at the metal surface.

The schematic structure of the fiber-optic tempera-
ture sensor is presented in Fig. 2. The optical config-
uration of the sensor was similar to that of the
polarimetric interferometer [7], and the sensing part
of the device was made by the side-hole fiber filled
with indium. Up to now, most fiber-optic temperature
sensors made by birefringent fibers have been stu-
died with the Sagnac fiber-loop interferometer
[2,4,11,12]. Compared with the sensor in the fiber-
loop configuration, the straight end-face-type sensor
exhibits the advantages of simplicity and compact-
ness in the device structure.

In a fiber-optic sensor (sensor A), the total length of
the side-hole fiber was 100 cm (L) and the length of
the indium-filled fiber region was 20 cm (Lm). The
end of the side-hole fiber was mirror coated with alu-
minum to increase the optical reflection. Broadband
light was launched into the input port of the fiber-
pigtailed PBS and was coupled to the side-hole opti-
cal fiber after passing through the transmitted fiber
port of the PBS. Then the light was backreflected
at the aluminum-coated fiber end, and the output
spectrum was measured using an optical spectrum
analyzer (Ando, AQ 6317B). A fiber polarization con-
troller was used to optimize the interference fringe
spectrum. The 50 cm long part (Lp) of the side-hole
fiber from the end face, including the 20 cm long fiber
region filled with indium, was heated at a tempera-
ture of 25°C to 83°C using an electrically controlled
thermal chamber. Thus, the heated length of the
side-hole fiber without indium inside the thermal
chamber was 30 cm (Ln � Lp − Lm). As a reference,
the characteristics of the fiber-optic sensor made
by the side-hole fiber without indium were examined
with the same experimental conditions, such as the

Fig. 1. Microphoto images of the side-hole fiber (a) before and (b) after the metal infiltration process, and (c) SEM image of the indium-
filled side-hole region near the elliptical core.
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total length of the sensor fiber, the heated length of
the fiber, and the temperature range.

Fiber-optic temperature sensors were also made
by using different lengths of the side-hole fiber
and indium-filled fiber region, and their optical prop-
erties were investigated. In sensor B, the 50 cm long
side-hole fiber with the 2 cm long indium-filled fiber
region was used. In the other cases, 25 cm long side-
hole fibers with 2 and 5 cm long fiber regions filled
with indium were used for fiber sensors C and D, re-
spectively. Temperature sensitivities of the sensors
with the different features were examined with the
same experimental procedure conducted for sensor
A. The sensor fibers were connected to the transmit-
ting fiber port of the PBS, and the 50 cm long fiber
regions from the end face including the indium-filled
fiber regions were heated using the thermal cham-
ber; then the output spectra were investigated
during the elevation of the temperature up to 85°C.

3. Operation Principle

The transmission properties of the Sagnac loop inter-
ferometers (SLIs) made by the birefringent side-hole
fibers filled with metals have been described in
previous studies [11,12]. On the basis of similar con-
siderations, the operation characteristics of the fiber-
optic temperature sensor made by the indium-filled
side-hole fiber were exploited in this study. The
transmission of the fiber-optic sensor is given by
the periodic form T � sin2�φ∕2�, where φ is the
birefringence-induced phase difference between the
principal polarization modes of the fiber core. Be-
cause light propagates the round trip of the sensor
fiber, the phase difference becomes twofold from
that of the conventional SLI and is expressed as
φ � 4πBL∕λ, where B is the fiber birefringence, λ is
the wavelength, and L is the length of the side-hole
fiber. The fringe spacing, or the spectral separation of
the interference fringe in the transmission, is given
by S � λ2∕�2BL�, thus φ � 2πλ∕S [16].

The sum of the phase differences arising at each of
the segmented fiber regions gives the total phase
difference, φt, as follows:

φt�T� � φm�T� � φn�T� � φ0 � 4πBL
λ

� 2πλ
S

� 4π�BmLm � BnLn � B0L0�
λ

; (1)

thus

λ

S
� 2�BmLm � BnLn � B0L0�

λ
; �2�

where BmLm and BnLn are the birefringence-length
products for the fiber regions with and without in-
dium inside the heating chamber, respectively, and
B0L0 is the product for the fiber region without
indium outside the chamber. In the equation, B indi-
cates the effective fiber birefringence that manifests
the overall property of the side-hole fiber.

From Eq. (1), the fringe spacing is expressed as a
function of the birefringence-length products of the
segmented regions,

S � λ2

2BL
� λ2

2�BmLm � BnLn � B0L0�
; (3)

where L � Lm � Ln � L0. Therefore, the birefrin-
gence, Bm, in the fiber region with indium at the
varied temperature is derived as

Bm � L
Lm

B −

Ln

Lm
Bn −

L0

Lm
B0: (4)

As a reference, the birefringence, Bn, in the fiber
region without indium can be obtained by use of
the reference side-hole fiber without indium,

Bn � L
Lp

B −

L0

Lp
B0; (5)

where Lp � Lm � Ln. The variation of the fiber
length owing to the thermal expansion property of
the fiber is ignored in the equations. The fiber bire-
fringence, Bs, solely induced by indium can be esti-
mated by subtracting Bn of the reference fiber
from Bm of the fiber with indium:

Bs � Bm − Bn � L
Lm

B −

�
Ln

Lm
� 1

�
Bn −

L0

Lm
B0: (6)

From Eq. (2), the temperature derivation of the
phase difference gives

δ

δT

�
λ

S

�
� δ

δT

�
2�BmLm � BnLn � B0L0�

λ

�
: (7)

Fig. 2. (Color online) Schematic structure of the end-face-type fiber-optic temperature sensor made with the side-hole fiber with the
indium-filled fiber region near the fiber end face.
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During the variation of the temperature, the wave-
length shift with constant fringe spacing (in the left
side) can be obtained from the temperature deriva-
tion of the birefringence-length product terms at a
fixed wavelength (in the right side) [17]; thus the
equation becomes

1
S
dλ
dT

� 2
λ

δ

δT
�BmLm � BnLn � B0L0�; (8)

dλ
dT

� 2S
λ

δ

δT
�BmLm � BnLn � B0L0�

� 2S
λ

�
BmLm

�
1
Bm

δBm

δT
� 1

Lm

δLm

δT

�

�BnLn

�
1
Bn

δBn

δT
� 1

Ln

δLn

δT

��
: (9)

In the side-hole fibers with and without indium,
the thermal expansion coefficients α � 1∕LmδLm∕
δT ≈ 1∕LnδLn∕δT � 5.5 × 10−7 K−1 are three to four
orders smaller than those values of 1∕BmδBm∕δT ≈

−3.30 × 10−6∕2.00 × 10−4 K−1
≈ −1.65 × 10−3 K−1 and

1∕BnδBn∕δT ≈ −2.70 × 10−8∕1.06 × 10−4 K−1
≈ −2.55×

10−4 K−1 (see the optical characteristics given in
Table 1). Thus, the equation becomes

dλ
dT

≈

2S
λ

�
δBm

δT
Lm � δBn

δT
Ln

�
: (10)

Because the magnitude of δBn∕δT � −2.70 ×
10−8 K−1 in the fiber without indium is much
smaller than that of the fiber with indium
(δBm∕δT � −3.30 × 10−6 K−1), as shown in this study,
using Eq. (3) and Bn ≈ B0 we can make further ap-
proximation as follows:

BL � BmLm � BnLn � B0L0

� �Bs � Bn�Lm � BnLn � B0L0

� BsLm � �BnLm � BnLn � B0L0�
≈ BsLm � �BnLm � BnLn � BnL0� � BsLm � BnL;

(11)

dλ
dT

≈

2S
λ

δBm

δT
Lm � λ

BL
δBm

δT
Lm ≈

λ

Bs � BnL∕Lm

δBm

δT
:

(12)

Therefore, the temperature sensitivity of the wave-
length shift increases with the increase of the tem-
perature sensitivity of the fiber birefringence, and
the sensitivity is a function of the wavelength (λ),
the fiber birefringences (Bs, Bn), and the ratio be-
tween the whole length of the side-hole fiber and that
of the indium-filled fiber region (L∕Lm). Using the
measured birefringent properties of the fiber
(Bs � 9.54 × 10−5, Bn � 1.06 × 10−4, and δBm∕δT �
−3.30 × 10−6 K−1 at 1500 nm) listed in Table 1,
Eq. (12) yields dλ∕dT � −1500∕�9.54 × 10−5 � 1.06×
10−4L∕Lm� × 3.30 × 10−6 nm∕K; thus the wave-
length-shift sensitivity depends on the length ratio,
L∕Lm, in the form of y � −51.89∕�1� 1.11x�.
4. Results

Figure 3 shows the measured output spectra of
sensor A with indium and the reference sensor with-
out indium. The periodic interference fringes were
found in the spectra. In the reference sensor, the
fringe spacing was 10.62 nm at 34.4°C near the
wavelength of 1500 nm. The spacing decreased to
9.46 nm in sensor A with indium at the similar tem-
perature of 35.2°C; this is due to the birefringence
increase induced by indium with the larger thermal
expansion coefficient than that of the cladding mate-
rial, silica glass [11]. In the reference sensor without
indium, the interference fringe near 1500 nm slightly
shifted (3.9 nm) to the shorter wavelength during the
temperature increase from 34.4°C to 42.8°C. The
blueshift was attributed to the decrease in the fiber
birefringence during the increase of the temperature
as explained in previous studies [2,4,11]. In the fiber
sensor with indium, the interference fringe shift was
very remarkable, and the amount of the blueshift
was 51.5 nm during the elevation of the correspond-
ing temperature range from 35.2°C to 42.2°C. In or-
der to obtain the interference-fringe shift spectra of
sensor A as shown in Fig. 3(b), we have continuously
monitored the variation of the interference fringes
during the temperature increase. Then, the spec-
trum was acquired with the increase of the tempera-
ture when the interference fringe shifted every
second multiple of the fringe spacing. The arrows
marking a particular interference peak represent
the guide to trace the wavelength shift.

Figure 4 compares the magnitude of the wave-
length shift of the interference fringe near 1500 nm
in the fiber-optic sensors during the temperature in-
crease from 25°C to 83°C. In the reference sensor
made by the side-hole fiber without indium, the
amount of the wavelength shift was ∼35 nm during
the temperature increase of 60°C. In sensor A with

Table 1. Optical Characteristics of the Fiber-optic Sensor with Indium (Sensor A) and the Reference Sensor

Fringe Spacing (S) Birefringence (Bm, Bn)

Properties at 25°C at 83°C at 25°C at 83°C dS∕dT dBm∕dT, dBn∕dT dλ∕dT

Unit nm nm — — nm∕K ∕K nm∕K
With indium 8.98 12.76 2.02 × 10−4 1.55 × 10−5 6.76 × 10−2 −3.30 × 10−6 −7.38
Without indium 10.62 10.69 1.059 × 10−4 1.046 × 10−4 1.36 × 10−3 −2.70 × 10−8 −0.70
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indium, on the other hand, the corresponding wave-
length shift was increased more than 12 times, and
the shift was 437 nm upon the temperature change.
The temperature sensitivity of the wavelength
shift, dλ∕dT, of the sensor with indium was
−7.38 nm∕K, and this was one order larger than
the value, −0.70 nm∕K, of the reference sensor. To

the knowledge of the authors, the temperature sen-
sitivity of the fiber-optic sensor demonstrated in this
study was larger than the values, dλ∕dT � −1 to
−2 nm∕°C, of the most sensitive sensors reported
so far [2,4].

The birefringences of the side-hole fiber with and
without indium were investigated to clarify the large
temperature sensitivity of the fiber-optic sensor.
Figure 5(a) represents the fringe spacings of sensor
A and the reference sensor near 1500 nm in the tem-
perature range of ∼25°C to 83°C. In the reference
sensor, the fringe spacing was 10.62 nm at 24.8°C
and slightly increased to 10.69 nm at 83.1°C. As
represented in the figure, the fringe spacing with
the temperature could be linearly fitted. The tem-
perature sensitivity of the fringe spacing with the
increase of the temperature was estimated to be
dS∕dT � ∼1.36 × 10−3 nm∕K from the slope of the
fitted line. In sensor A, the fringe spacings were
8.98 and 12.76 nm at the similar temperatures of
25.4°C and 82.7°C, respectively, and the temperature
sensitivity of the fringe spacing (dS∕dT �
∼6.76 × 10−2 nm∕K) wasmuch larger than that of the
reference sensor. The temperature can be measured
from the fringe spacing itself because the fringe

Fig. 3. (Color online) Wavelength shift of the interference fringe
in the fiber-optic temperature sensors based on the side-hole fibers
without (reference sensor) and with (sensor A) indium. The arrows
represent the guide to show the wavelength shifts.

Fig. 4. (Color online) Wavelength shift of the interference fringes
near 1500 nm in the fiber-optic temperature sensors with (sensor
A) and without (reference sensor) indium in the temperature from
25°C to 83°C.

Fig. 5. (Color online) (a) Interference fringe spacing of sensor A
with indium and the reference sensor without indium in the tem-
perature range 25°C to 83°C. (b) Birefringence of the fiber regions
with and without indium and birefringence solely induced by
indium.
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spacing as well as the wavelength shift considerably
depends on temperature [17]. The temperature
sensitivity of the fringe spacing was large enough
for temperature sensing. The sensitivity was 18
times larger than the value, 3.70 × 10−3 nm∕K,
reported in [17]. The temperature resolution of
the sensor was estimated to be ∼0.15°C from
the spectral resolution (0.01 nm) of the optical spec-
trum analyzer and the temperature sensitivity
(6.76 × 10−2 nm∕K).

From the measured fringe spacings, the fiber
birefringences in the fiber regions with and without
indium were calculated using Eqs. (4) and (5), and
the results are shown in Fig. 5(b). The birefringence
in the fiber region without indium, Bn, was 1.059 ×
10−5 at 24.8°C and slightly decreased to 1.046 ×
10−5 with the temperature increase up to 83.1°C. The
temperature sensitivity of the birefringence was
dBndT � −2.70 × 10−8∕K from the slope of the fitted
line. The birefringence in the fiber region with in-
dium, Bm, was 2.02 × 10−4 at 25.4°C and strongly
decreased to 1.55 × 10−5 at 82.7°C. The temperature
sensitivity of the birefringence in the fiber with in-
dium was dBmdT � −3.30 × 10−6 and the sensitivity
was 122 times enhanced from that of the fiber
without indium. The fiber birefringence solely
induced by indium, Bs, was also investigated using
Eq. (6). The birefringence was 9.54 × 10−5 at 25.4°C
and also significantly decreased to −8.67 × 10−5 at
82.7°C; the temperature sensitivity, dBs∕dT, was
−3.28 × 10−6∕K . It is interesting that the sign of Bs
changed from positive to negative near 55°C. This
unique birefringence property can be explained by
the compensation effect between the tensile stress
from the thermal expansion of indium (positive effect
to the birefringence) and the compressive stress from
the applied gas pressure during the indium infiltra-
tion process (negative effect to the birefringence)
[18]. The positive effect on the birefringence by the
thermal property of indium decreased with the in-
crease of temperature while the negative effect on
the birefringence by the applied gas pressure did
not change regardless of temperature; thus the
birefringence became negative at a temperature
near 55°C.

In Table 1, optical characteristics of the fiber-optic
sensor with indium (sensor A) and the reference
sensor are summarized. As a material property,
the temperature sensitivity of the birefringence
was considerably enhanced by incorporation of in-
dium in the side-hole fiber; thus the dS∕dT and
dλ∕dT, which depend on the birefringence property
of the fiber, also increased. Using Eq. (12) with the
fiber lengths (L 100 cm, Lm � 20 cm) and the mea-
sured birefringent properties (Bm and dBm∕dT)
shown in the table, the temperature sensitivity of the
wavelength shift was estimated to be dλ∕dT � 1500
�−3.30×10−6�∕�9.54×10−5� 1.059 × 10−4× 100∕20��
−7.92 nm∕K, and the estimation showed good
agreement with the measured value of dλ∕dT �
−7.38 nm∕K.

Figure 6 shows the measured output spectra
of sensors A, B, C, and D made by the different
lengths of the side-hole fiber and the indium-filled
fiber region at the temperature of ∼35°C. The
interference-fringe spacing of sensor A with L of
100 cm and Lm of 20 cm was 9.46 nm. The fringe spa-
cing of sensor B with the shorter L � 50 cm and
Lm � 2 cm increased to 26.3 nm. In sensor C with
the further decreased L of 25 cm and the same Lm
of 2 cm, the fringe spacing increased much more to
39.5 nm. In sensor D with L of 25 cm and the longer
Lm of 5 cm, the fringe spacing slightly decreased to
35.7 nm from that of sensor C. The length-dependent
fringe spacing was well explained by Eq. (3). Because
the phase difference increased with the increases of
the fiber length and the birefringence, the fringe spa-
cing decreased by the increase of the side-hole fiber
length and also by the increase of the length of
the indium-filled region even with the side-hole fiber
length fixed at a constant. Thus, the fringe spacing of
the sensor can be varied by properly changing the
lengths of the side-hole fiber and the indium-filled
fiber region as well.

Figure 7(a) shows the wavelength shift of the inter-
ference fringe in the fiber-optic sensors (sensors B, C,
and D) made by the different lengths of the side-hole
fiber and the indium-filled fiber region. The wave-
length shift was measured near 1500 nm in the tem-
perature range of 28°C–85°C. As shown in the figure,
the negative wavelength shifts increased linearly
with the increase of temperature in all types of sen-
sors. In sensor B with L � 50 cm and Lm � 2 cm
(R � L∕Lm � 25), the temperature sensitivity was
−1.83nm∕K. In sensor C with the smaller R �
12.5 (L � 25 cm, Lm � 2 cm), the temperature sensi-
tivity was found to increase to −4.07 nm∕K. The tem-
perature sensitivity was much higher, −6.76 nm∕K,
in sensor D with R � 5 (L � 25 cm, Lm � 5 cm),
and the sensitivity became similar to that
(−7.38 nm∕K) of sensor A with the same R.
Figure 7(b) represents the wavelength-shift sensitiv-
ity to the fiber-length ratio between the side-hole
fiber and the indium-filled region. The sensitivity

Fig. 6. (Color online) Output spectra of the fiber-optic tempera-
ture sensors (sensors A, B, C, and D)made with different lengths of
the side-hole fiber and the indium-filled fiber region at ∼35°C.
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was fitted by y � a∕�1�1.11x� from the theoretical
expectation with Eq. (12). The fitting result of a �
−47.68 was similar to the value, −51.89, obtained
by using the measured birefringent properties of
the fiber (Bs, Bn, and δBm∕δT) as already described
in Section 3.

The optical properties and the dimensions of the
side-hole fibers used in the sensors are summarized
in Table 2. Based on the experimental demonstra-
tions as shown in Figs. 6 and 7, we can deduce that
the magnitudes of the fringe spacing and the tem-
perature sensitivity can be controlled by changing
the lengths of the side-hole fiber and the indium-
filled fiber region. Therefore, the advantageous
characteristics of the fiber-optic sensor, such as the
high temperature sensitivity, the linearity in the

wavelength shift, and the controllabilities in the
fringe spacing and the sensitivity make the
sensor a potential device for temperature-sensing
applications.

5. Conclusion

A fiber-optic temperature sensor based on a side-hole
glass optical fiber filled with indium metal has been
made, and the optical characteristics of the sensor
were experimentally investigated. The fiber-optic
sensor exhibited the very high temperature sensitiv-
ity of dλ∕dT � −7.38 nm∕K, and the sensitivity was
varied by changing the relative length between the
side-hole fiber and the indium-filled fiber region.
The dependence of the temperature sensitivity on
the relative fiber length was in agreement with the
theoretical expectation. It was also found that the
temperature sensitivities of the fringe spacing and
the fiber birefringence significantly increased more
than 49 and 120 times by the incorporation of in-
dium, respectively. The enhancement of the tempera-
ture sensitivities resulted from the large thermal
expansion property of the indium inside the fiber.
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