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Abstract: In this paper, a novel optical fiber temperature sensor based on surface plasmon
resonance (SPR) is presented. The sensor consists of multimode fiber-photonic crystal fiber-
multimode fiber (MMF-PCF-MMF) structure coated with gold film, whose refractive index
(RI) sensitivity was found to range from 1060.78 nm/RIU to 4613.73 nm/RIU in the RI range
of 1.3330-1.3904. Through simulation and experimental results, the RI sensitivity of the
MMF-PCF-MMF structure is found to be higher than that of multimode fiber-single mode
fiber-multimode fiber (MMF-SMF-MMF) structure. The sensing area was coated with
polydimethylsiloxane (PDMS) that has a high thermal coefficient, obtaining a high
temperature sensitivity of —1.551 nm/°C in the temperature range of 35-100 °C, which means
it has a broad application prospect in medical, environmental monitoring and manufacturing
industry.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. Introduction

Temperature plays a significant role in many fields, such as medical, environmental
monitoring and manufacturing industry. Sensors for temperature measurement have attracted
much attention in the last few years. As a relatively new type of sensor technology, optical
fiber based sensors have many advantages, such as small size, high sensitivity, anti-
electromagnetic interference [1, 2]. At present, there exist many kinds of structures for optical
fiber temperature sensor, such as Mach-Zehnder Interferometer (MZI) [3], fiber Bragg grating
(FBG) [4, 5], photonic crystal fiber (PCF) [6, 7]. Wang Qi [8] et al. have reported a PDMS-
coated long-period fiber grating temperature sensor with a sensitivity of 255.4 pm/°C in the
range of 20-80 °C. A Fabry-Perot configuration has also been designed for temperature
sensor, whose sensitivity was 0.13 dB/°C [9]. Ding Ming [10] et al. have proposed a
temperature sensor based on single mode-multimode FBG-single mode structure, achieving a
temperature sensitivity of 266.25 pm/°C in the temperature range —40 °C to + 40 °C. The
sensors mentioned above have made some progress in temperature. However, the intensity-
modulated temperature sensor is easily affected by some factors, such as the intensity of the
light source. Therefore, the wavelength-modulated sensor can better meet the actual needs.

In order to further improve the temperature sensitivity, Zhao Yong [11] et al. have
reported an optical fiber temperature sensor based on the SPR principle. The optical fiber
probe coated with a silver film was encapsulated into a capillary filled with alcohol to achieve
enhanced sensitivity, which was a combination of the alcohol characteristic (with a high
thermal coefficient) and SPR technology. The sensor showed a relatively high temperature
sensitivity of 1.575 nm/°C. However, the alcohol is not easy to encapsulate, which makes the
manufacturing process of this device complicated. Therefore, an optical fiber temperature
sensor with simple manufacturing process and high sensitivity is needed.

In this paper, a novel optical fiber surface plasmon resonance (SPR) temperature sensor is
presented which comprises a multimode fiber-photonic crystal fiber-multimode fiber (MMF-
PCF-MMF) structure. The sensing area was coated with a 60 nm thickness gold film by
magnetron sputtering, achieving a high refractive index (RI) sensitivity. After coating with
polydimethylsiloxane (PDMS) on gold film, the optical fiber SPR temperature sensor shows a
high temperature sensitivity of —1.551 nm/°C in the temperature range from 35 °C to 100 °C.
Due to the simple manufacturing process and high temperature sensitivity, the novel optical
fiber SPR temperature sensor based on MMF-PCF-MMF structure and gold-PDMS film may
have widespread applications in the field of medical, environmental monitoring and
manufacturing industry.

2. Sensing structure and experimental principle

The sensor consists of the MMF-PCF-MMF structure, which is shown in Fig. 1(a). At the two
ends of the sensor, there are two common multimode fibers (62.5 pm core diameter and 125
um cladding diameter). In the middle of the sensor probe, a photonic crystal fiber [Fig. 1(b)]
was inserted between two multimode fibers using a standard fusion optical fiber splicer
(FSM-60s, Fujikura Ltd. Japan) and an optical fiber cleaver (CT-30, Fujikura Ltd. Japan). The
coating layer of the PCF was removed to expose the sensing region. Then, the sensing region
was coated with a layer of 60 nm gold film by magnetron sputtering, whose microscope
image is shown in Fig. 1(d).
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Fig. 1. (a) Multimode fiber-photonic crystal fiber -multimode fiber (MMF-PCF-MMF)
structure. (b) Optical microscope image of cross section of photonic crystal fiber. (c) Optical
microscope image of the junction of photonic crystal and multimode fiber. (d) Optical
microscopic image of the sensing area before gilding and after gilding.

Figure 1(a) shows that the light transmitted inside the multimode fiber is limited in the
core and the corresponding modes are core modes. The sensing region is a single mode PCF,
whose core diameter is much smaller than that of MMF. Thus, when light is transmitted from
MMF to PCF, only a small part of the light is transmitted along the core of the PCF, while the
majority of the light energy is transmitted into the cladding of the PCF [12]. As shown in Fig.
1(c), there is a collapsed region at the junction of the photonic crystal fiber and multimode
fiber, which can excite higher order modes to the cladding and gold film interface [13].

The light is totally reflected at the interface between the cladding and the gold film, since
the thickness of the metal thin film is smaller than the depth of penetration of the evanescent
wave, there is still an evanescent wave at the boundary between the outer side of the metal
film and the medium. The component of the wave vector interface is:

K, =2z, sino 1)

c
where o is the angular frequency of the incident light, c is the speed of light, & is the
dielectric constant of the cladding, and @ is the angle of incidence.

At the interface between the film and the ambient medium, the plasma oscillation
confined to the metal surface produces an electromagnetic wave propagating in the Z-
direction and whose amplitude is attenuated in the Z-direction, which is called the surface
plasmon wave. The wave vector is:

w & &
K = Re[— [ ———
c\e+s,

O]

where ¢; is the dielectric constant of the metal film, &, is the dielectric constant of dielectric
material on the metal film.

When K, = Ksw, surface plasmon resonance absorption occurs, the intensity of the
reflected light decreases to a minimum, and the resonant absorption peak appears in the
spectrum. The wavelength of the incident light is called the resonant wavelength of SPR. By
measuring the change of the resonant wavelength, the relationship between the refractive
index of the surface of the metal film and the resonance wavelength can be obtained. Since
the resonant wavelength is very sensitive to the change in the refractive index of the
surrounding environment, the SPR sensor has a high refractive index (RI) sensitivity.
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Due to the high thermal coefficient of the PDMS material, the Rl of PDMS varies with
temperature [9]. It is therefore feasible to develop an optical fiber temperature sensor based
on surface plasmon resonance by combining PDMS and SPR technology. In experimental,
PDMS mixed with the curing agent (Sylgard 184) at the ratio of 10:1 was stirred for 10
minutes. The mixture was then enclosed in the vacuum pumping device to remove any air
bubbles. After that, sensing region was coated with PDMS and heated at 80 °C for 2 hours.
The novel optical fiber SPR temperature sensor based on MMF-PCF-MMF structure and
gold-PDMS film was therefore fabricated in a relatively simple manner.

3. Results and discussions
3.1 Study of the optimal PCF length
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Fig. 2. Normalized transmission spectra of three sensors with different photonic crystal fiber
length ((a) 0.5 cm, (b) 1.0 cm, (c) 1.5 cm) in different glycerol concentrations. (d) The relation
spectra between the wavelength and refractive index of three sensors with different photonic
crystal fiber length.

As can be seen in Fig. 2, the influence of different PCF lengths on sensor performance was
investigated. Figures 2(a)-2(c) show the SPR spectra for three different photonic crystal fiber
lengths (0.5 cm, 1.0 cm and 1.5 cm) at different concentrations of glycerol whose mass
concentrations are 0%, 10%, 15%, 20%, 25%, 30%, 35%, 40% and 45%, respectively. The
corresponding refractive indexes are 1.3330, 1.3443, 1.3509, 1.3570, 1.3634, 1.3701, 1.3766,
1.3836 and 1.3904, respectively. And the SPR spectra of the three sensors show a pronounced
redshift in the RI range of 1.3330 to 1.3904, whose wavelength shifts are 164.43 nm, 166.38
nm and 170.23 nm, respectively. From Fig. 2(d), it can be observed that there is a repeatable
relationship between the wavelength shift and the refractive index. The three curves almost
coincide, which proves that the length of the photonic crystal fiber has little or no influence
on the RI sensitivity of the sensor. Moreover, the RI sensitivity of the sensor increases with
the increase of refractive index, which is found to range from 1060.78 nm/RIU to 4613.73
nm/RIU in the RI range of 1.3330-1.3904. It has been previously reported that photonic
crystal fibers have potential applications for high accuracy refractive index measurement [14]
and the measurements recorded in Fig. 2 (d) confirm this.
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Figure 3 shows the transmission spectra of three different sensors with a PCF length of 0.5
cm, 1.0 cm and 1.5 cm recorded at a refractive index of 1.3904. The center wavelengths of the
dip in the case of the three different sensors are 806.53 nm, 808.11 nm and 807.40 nm,
respectively, which indicates that the resonance wavelength of the SPR is independent of the
PCF length. However, the dip width and the dip losses increase as the length of PCF
increases. The purpose of this work is to find an optimal PCF length of the sensor for
temperature monitoring, and based on the results of Fig. 3, the sensor with a PCF length of
1.0 cm shows the best combination of dip width and dip losses. At the same time, the blind
increase of the length of the sensor is not conducive to the application of the sensor, the
shorter the length, the greater the error caused by cutting, thus making | cm-long PCF most
suitable for fabricating the temperature sensor.
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Fig. 3. Normalized transmission spectra in the RI of 1.3904 for different photonic crystal fiber
length.

3.2 Comparison of MMF-PCF-MMF and MMF-SMF-MMF structure

The use of PCF between two multimode optical fibers as a sensing region is more effective
than single mode fiber (SMF) to stimulate SPR. A numerical analysis in COMSOL shows
that the fundamental modes of SMF and PCF can be well bound in the core region, while the
cladding pattern of PCF is quite different from SMF, as shown in Fig. 4. The simulation
wavelength was set to 750 nm, the square blue area represents the PDMS and the outer edge
of the fiber is a layer of 60 nm gold film. The refractive indexes of PDMS, PCF, SMF-core
and SMF-cladding were set to 1.4, 1.4546, 1.4679, 1.4613, respectively. And the refractive
index of gold film was set to 0.63869 + 4.3601i. As the thickness of the gold film is very thin
and more emphasis is given to the cladding mode to stimulate the SPR, it is reasonable to
neglect the effect of the gold film in the analysis, and focus on the mode distribution of the
cladding mode. The second-order mode field was selected for analysis. The simulation results
show that the effective RIs of the fundamental mode and the cladding mode of the SMF are
1.4646432 and 1.4612483, respectively. The effective Rl of the fundamental mode of the
SMF is greater than the effective RI of the cladding mode, which are both greater than the RI
of the PDMS. Combined with the mode field distribution of SMF [Fig. 4(b)], the energy of
the cladding mode is more concentrated in a position near the core. However, the silica
cladding on the outside of the PCF air hole forms a high refractive index ring, so that the
energy of the high-order cladding mode is concentrated in the vicinity of the gold film, as
shown in Fig. 4(a). The simulation results show that the effective Rls of the high refractive
index ring and the fundamental mode of the PCF are 1.4573572 and 1.4559824, respectively.
The effective RI of the high refractive index ring of the PCF is greater than the fundamental
mode, which are both greater than the RI of the PDMS, so PCF can stimulate a stronger SPR
and improve the RI sensitivity of the sensor.
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Fig. 4. (a) The mode field of photonic crystal fiber. (b) The mode field of single mode fiber.

In addition, the simulation results were verified by comparison with the experimental
results. The same length (1.0 cm) of PCF and SMF were selected as the sensing area. Firstly,
both the MMF-PCF-MMF structure and MMF-SMF-MMF structure were coated with a 60
nm thickness gold film by magnetron sputtering, and the RI sensitivity differences between
the two sensors were investigated. From Fig. 5, both the MMF-PCF-MMF structure and the
MMF-SMF-MMF structure show a clear red shift when the refractive index changes from
1.3330 to 1.3904, whose wavelength shift are 166.38 nm and 137.73 nm, respectively. There
is also a consistent curve relationship in each case between the wavelength shift and the
refractive index, as shown in Fig. 6. The RI sensitivity of the MMF-PCF-MMF structure is
higher than that of the MMF-SMF-MMF structure. For the RI value of 1.3904, the sensitivity
of the MMF-PCF-MMF structure (4613.73 nm/RIU) is higher than that of the MMF-SMF-
MMEF structure (3471.46 nm/RIU).
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3.3 Temperature sensing

The experimental interrogation system for the optical fiber SPR temperature sensor is shown
schematically in Fig. 7. Broadband light is delivered from the halogen lamp (12 mW, HL-
2000, Ocean Optic Co.) and produces an SPR effect in the sensing region. The temperature-
controlled chamber controls the temperature change of the sensing region. The SPR spectrum
is received using an optical fiber spectrometer (Flame-T-VIS-NIR, Ocean Optic Co.) and
recorded using a spectroscopy software (Ocean Optic Co.).

Li gh_t_ source Spectrometer

Temperature-controlled chamber

Sensing area

Fig. 7. Schematic diagram of the experimental setup.

Due to its high thermal coefficient, PDMS was coated on the sensing region of the sensor
with a PCF length of 1.0 cm, which facilitated the temperature measurement. In order to
evaluate the temperature measurement results of the sensor more accurately, 30 °C was used
as the reference spectrum and spectral changes were measured as changes from this value.The
experimental results are shown in Fig. 8. Figure 8(a) shows a clear blue shift of the
wavelength with the increase of temperature, which is the result of the decreasing refractive
index of PDMS as the temperature increases. The wavelength shift is 99.40 nm in the
temperature range of 35-100 °C.

Figure 8(b) exhibits a good linear relationship (R-square = 0.9977) between wavelength
and temperature, which can be expressed as:

y =—1.551x +948.086 ®)

where y represents the wavelength (nm) and x represents the temperature of the environment
(°C).The temperature sensitivity of the sensor is —1.551 nm/°C. As shown in Table 1,
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compared with many reported optical fiber sensors, the sensor has a high temperature
sensitivity [8, 11, 16, 17].
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Fig. 8. (a) Normalized transmission spectra of the sensor in different temperature. (b) Relation
spectra between resonance wavelength and temperature.

Table 1. Comparison of optical fiber sensor for temperature sensing.

Type Year S?:;:/t!\g)ty T (Zag;gje Sensistization method
LPFG [8] 2016 255.4 20-80 PDMS
SPR [11] 2015 1574.5 35-70 anhydrous ethanol
HCF [15] 2017 123.7 10-80 Graphene quantum dots
FBG [16] 2016 49.6 35-80 zinc
PMF [17] 2017 58.5 25-48 CdSe quantum dot
In this paper 2018 1551 35-100 Gold-PDMS

4. Conclusion

In conclusion, a novel optical fiber SPR temperature sensor has been designed and fabricated
based on MMF-PCF-MMF structure coated with a gold-PDMS film. The influence of
including the PCF on sensor performance has been evaluated experimentally and in
simulation. It was determined that the length of the PCF had no influence on the refractive
index sensitivity of the sensor, but affected the dip width and the dip losses. The refractive
index sensitivity of the sensor was found to range from 1060.78 nm/RIU to 4613.73 nm/RIU
in the RI range of 1.3330-1.3904 and when compared with the MMF-SMF-MMF structure,
the MMF-PCF-MMF structure exhibits a higher refractive index sensitivity. After coating
with PDMS on gold film, the newly formed temperature sensor achieved a high sensitivity
(-1.551 nm/°C), which may find widespread application in many fields, including medical,
environmental monitoring and manufacturing industry.
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