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Abstract: For this study, a temperature sensor utilizing a novel tellurite photonic crystal fiber (PCF) is

designed. In order to improve the sensor sensitivity, alcohol is filled in the air holes of the tellurite

PCF. Based on the degenerate four-wave mixing theory, temperature sensing in the mid-infrared

region (MIR) can be achieved by detecting the wavelength shift of signal waves and idler waves

during variations in temperature. Simulation results show that at a pump wavelength of 3550 nm,

the temperature sensitivity of this proposed sensor can be as high as 0.70 nm/◦C. To the best of our

knowledge, this is the first study to propose temperature sensing in the MIR by drawing on four-wave

mixing (FWM) in a non-silica PCF.
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1. Introduction

Temperature sensors based on photonic crystal fibers (PCFs) have been a research hotspot in

recent decades due to their small size and high temperature sensitivity [1]. In order to further improve

the sensitivity, various methods have been adopted, such as based on fiber loop mirrors (FLMs) [2] and

the modulation instability (MI) technique [3]. Materials other than the traditional silica dioxide have

also been used to fabricate the PCFs [4], and temperature-sensitive materials, like oil [5], alcohol [6],

liquid crystal [7], and silver nanowires [8,9], have been proposed for filling into the PCFs’ air holes.

Four-wave mixing (FWM), as an intermodulation phenomenon in nonlinear optics, is an

alternative method to enhance the temperature-sensing sensitivity [10–12]. FWM originates from

third-order nonlinear polarization of light and has been widely applied in fields, including wavelength

division multiplexing [13,14], magnetic field sensing [15], strain sensing [16,17], and generation of a

supercontinuum spectrum [18,19], to name a few. In optical fibers, at the occurrence of FWM, changes

in temperature would induce the signal wave and idler wave to shift the wavelength, which can be

utilized for temperature sensing.

Recently, tellurite glass has attracted extensive attention due to its unique features such as wide

infrared transmission range, high nonlinear refractive index, high insulation constant, low melting

temperature, low glass transition temperature (Tg), and excellent third-order nonlinear optical

properties [20]. Possessing a refractive index of ~2.0 [21], tellurite glass fibers could support light

transmission in near-infrared (NIR) and mid-infrared (MIR) regions, which is impossible for traditional
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silicon material due to its large loss. The tellurite material provides a good platform for the generation

of FWM and offers an opportunity for temperature sensing in the MIR.

In this paper, a temperature sensor utilizing a tellurite PCF is designed based on FWM. In order to

achieve MIR temperature sensing, we optimize the fiber parameters and design the fiber structure

to be solid with the exception of three adjacent holes filled with alcohol in Mode Solution software.

According to the amount of degenerated FWM, temperature sensing can be realized by detecting the

wavelength drift of signal wave and idler wave at the change of temperature. Through the use of

MATLAB software programming, the sensitivity of this temperature sensor can reach 0.70 nm/◦C at a

pump wavelength of 3500 nm. Being simple in structure and high in sensitivity, this sensor could be

used for light induction through human body MIR radiation detection.

2. Materials and Methods

2.1. Structure Design of the PCF

The tellurite PCF used for the proposed sensor consists of two kinds of tellurite materials:

TeO2-ZnO-Na2O-P2O5 (TZNP) for the cladding and TeO2-LiO2-WO3-MoO3-Nb2O5 (TLWMN) for the

fiber core and rods [22]. The component proportion of TLWMN for the rods is slightly different from

that for the core, leading to a refractive index difference of 0.025. The core diameter is indicated by

dc, and d1, d2, and d3 are the diameters of the first layer rods, the second layer rods and the third

layer rods, respectively. Λ1, Λ2, and Λ3 are the sizes of rod spacing in the first layer, the second layer,

and the third layer in Figure 1.
Λ Λ Λ

 

Λ Λ
Λ

Λ μ Λ √ μ Λ μ
μ

μ μ μ

μ
μ μ

μ μ
μ μ μ

Figure 1. Structure of tellurite photonic crystal fiber (PCF). dc is the core diameter, d1, d2, and d3 are

the diameter of the rods in the first layer, the second layer, and the third layer, respectively. Λ1, Λ2,

and Λ3 are respectively the size of rods spacing in the first layer, the second layer, and the third layer.

To realize temperature sensing in the MIR, we need to generate FWM in the MIR, which requires

the tellurite PCF to possess a dispersion curve with zero dispersion wavelength (ZDW) and be as flat

as possible in the MIR. For this purpose, the dispersion curve is simulated within the MIR range of

2500 to 4000 nm by respectively changing the core diameter (dc) and the rod diameters (d1, d2, and d3).

Λ1 is fixed to be 2 µm, Λ2 2
√

3 µm, and Λ3 4 µm.

Figure 2a shows the calculated dispersion curves with variation of dc (2, 2.2, and 2.4 µm).

Other parameters are as follows: d1 = 1.4 µm, d2 = 1.8 µm, d3 = 1.4 µm. We can see that with the

increase of dc, the ZDW appears in the wavelength range of 2500 to 4000 nm while the dispersion

curves become less flat. As a result, dc is 2.4 µm, which is the most desirable. Similarly, the dispersion

curves with the variation of d1 (0.6, 1, and 1.4 µm) and d2 (1, 1.4, and 1.8 µm) are respectively shown

by Figure 2b,c. Parameters d1 = 1.4 µm, d2 = 1.8 µm are selected.

Figure 2d illustrates the curve with the variation of d3 while dc = 2.4 µm, d1 = 1.4 µm, d2 = 1.8 µm.

It can be seen that the smaller the rod diameter, the flatter the dispersion curve. However, when d3 is

too small, the dispersion curve brings out a few changes, which means that the PCF’s binding force to
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the light is extremely weak, leading to more light being transmitted in the cladding and loss value

increasing. Therefore, there is a need to control the diameter of the third layer rods and ensure that

PCF has sufficient restraint on light and a dispersion curve as relatively flat as possible. In order to

achieve these two points, and taking advantage of comparing the dispersion and loss values obtained

by changing the diameter of the third layer rods, d3 was chosen as 1.4 µm. μ
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Figure 2. Dispersion curves of tellurite PCF for various values of (a) dc; (b) d1; (c) d2; (d) d3. Λ1, Λ2,

Λ3 are 2, 2
√

3, and 4 µm respectively.

2.2. Structure Design of the Temperature sEnsor

Based on the fiber parameters of dc = 2.4 µm, d1 = 1.4 µm, d2 = 1.8 µm. d3 = 1.4 µm,

Λ1 = 2 µm, Λ2 = 2
√

3 µm, and Λ3 = 4 µm, the tellurite PCF was designed as a temperature sensor.

However, the tellurite glass has a thermo-optic coefficient of minus six orders of magnitude, which

is not beneficial for temperature sensing. To overcome this problem, it was proposed to replace

certain rods with air holes filled with temperature-sensitive material: alcohol. The thermo-optic

coefficient of alcohol is ξ = ∆n/∆T = −4 × 10−4/◦C, which is two orders of magnitude higher than that

of tellurite glass. By replacing the solid rod with alcohol-filled air holes, the quantitative change of the

refractive index of tellurite glass with temperature variation can be ignored during the calculation

of the effective refraction index. The refractive index of alcohol can be calculated as a function of

temperature. The original refractive index of alcohol is shown by [23]. On the basis of formula

nnew = noriginal + ∆n = noriginal + ξ × ∆T, (1)
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Relevant fiber parameters such as effective refractive index, nonlinear coefficient, and dispersion

curve can be calculated using the finite element method.

In the next step, one, two, and three glass rods in the first layer are respectively replaced by air

holes filled with alcohol, and ∆T = 0 ◦C. Figure 3a,b, gives information about the effective refractive

index and the loss curves of these three replacement cases at wavelengths ranging from 2500 to

4000 nm. It is clear that in spite of increasing the number of alcohol-filled air holes, the loss presents no

significant disparity. Figure 3c describes the calculated dispersion curves of the three replacement

cases. It is to be noted that when adopting three alcohol-filled air holes, the dispersion curve is much

flatter, and it is not closer to zero than the other two filling methods at 2500 to 3000 nm but closer

to zero at 3000 to 4000 nm. In order to achieve FWM more easily, we chose filling three holes and

controlled the pump wavelength in the range from 3000 to 3600 nm, which is the flattest part of this

dispersion curve. Additionally, there are normal dispersion region and abnormal dispersion region

which can make contributions to the comparison of temperature sensing in the different dispersion

regions. Figure 3d demonstrates the calculated nonlinear coefficients whose values have an overall

increase with the growth of the replacement number. For the degenerate FWM, g =
√

(γP0)2 − (κ/2)2.

When the phase-matching (PM) condition is satisfied, the theoretical maximum gain is γP0. As a

result, the larger the nonlinear coefficient γ, the bigger the gain coefficient g. When replacing three

adjacent rods in the first layer, the nonlinear coefficient is the largest, so is the gain at the satisfaction of

PM condition. Therefore, by replacing three solid rods in the first layer with alcohol-filled air holes

temperature sensing is accomplished.

°C

√ γ − κ
γ

γ
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(c) (d) 

Figure 3. (a) Calculated effective index curves of one hole, two adjacent holes, and three adjacent holes

with alcohol in the first layer, respectively. (b) Loss curves of three filling methods. (c) Dispersion

curves of three filling means. (d) Nonlinear coefficient of three filling methods.
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As can be seen from the above, when the structural parameters of the tellurite PCF are dc = 2.4 µm,

d1 = 1.4 µm, d2 = 1.8 µm, d3 = 1.4 µm, Λ1 = 2 µm, Λ2 = 2
√

3 µm, and Λ3 = 4 µm, a flattened dispersion

curve with one ZDW in the MIR can be obtained within the wavelength range of 2500 to 4000 nm.

Owing to the insensitivity of tellurite glass to temperature, we take out the rods and replace them with

air holes filled with alcohol. Through comparing three different filling methods, it is clear that the

curve obtained from three adjacent glass rods replaced with air holes filled with alcohol in the first

layer is relatively flat. In the following work, the pump wavelength from 3000 to 3600 nm was selected.

With three holes filled, dispersion in this wavelength range is closest to zero over the entire range. It is

beneficial to satisfy the PM condition and realize FWM in the MIR.

3. Results

On the basis of FWM theory, when the PM condition is satisfied, the change of temperature (∆T)

can induce a shift in the signal wavelength, which can be utilized as a means to realize temperature

sensing. PM condition is given by

K = ∆k + 2γP0 = 0 (2)

where κ and ∆k are, respectively, the nonlinear and linear phase mismatch, γ is the nonlinear coefficient,

and P0 is the sum of two pump powers.

Different pumping wavelengths were selected within the range of 3000 to 3600 nm to detect the

sensor’s temperature sensitivity in the MIR, which were 3000, 3100, and 3550 nm. The pump power

(P0) is 100 W and the fiber length is 8 cm. Firstly, ∆T = 0 ◦C, and the optical signal gain intensity and

PM diagram obtained at these three pumping wavelengths are given in Figure 4.

In each group of figures, the intersections of the red line and the yellow line meet the PM condition.

These intersection points correspond to the maximum peak value on the left and right side of the

blue curve in each group of images, which are idler gain peak and signal gain peak, respectively.

At 3550 nm, two PM conditions are satisfied, which induce two pairs of signal waves and idler waves.

We call the signal and idler wave near the pumping wavelength as the first-order signal/idler wave

while those far away as the second-order signal/idler wave. The generation of two pairs of signal and

idler waves could produce more nonlinear effects.

μ μ μ μ Λ μ Λ √ μ Λ μ

Κ γ

κ ∆ γ
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Figure 4. Cont.
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(b) 

 

(c) 

Figure 4. Optical signal gain intensity and phase matching diagram at different pump wavelengths

(a) 3000 nm; (b) 3100 nm; (c) 3500 nm.

Furthermore, the four graphs in Figure 5 are the curves of signal waves and idler waves moving as

temperature changes. Figure 5a illustrates the wavelengths shift when the pump wavelength is 3000 nm.

At this time, the dispersion value is in the abnormal dispersion region. The calculated sensitivities of

the signal wave and the idler wave are 0.46 and 0.23 nm/◦C, respectively. Similarly, Figure 5b shows

that the pump wavelength is 3100 nm, and the dispersion value is in the normal dispersion region.

As can be seen from the figure, the temperature sensitivity of the signal wave is 0.50 nm/◦C, while

the sensitivity of the idler wave is 0.30 nm/◦C. As shown in Figure 5c,d, the dispersion value is in the

anomalous dispersion region. After calculation, the temperature sensitivity of the first-order signal

wave is 0.70 nm/◦C, and that of the idler wave is 0.29 nm/◦C. The temperature sensitivities of the

second-order signal wave and idler wave are 0.41 and 0.17 nm/◦C, respectively.
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5. Theoretical spectrum of idler and signal wavelength shift with temperature change from 40 to

60 ◦C at different pump wavelengths. (a) 3000 nm; (b) 3100 nm; (c) 3550 nm (wavelength shift of the first

signal wave and idler wave); (d) 3550 nm (wavelength shift of the second signal wave and idler wave).
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Figure 6 describes the function of signal wavelength with the temperature at the pump wavelengths

of 3000, 3100, and 3550 nm. The obtained signal crests have a good linear relationship with the

temperature (∆T), so the signal wavelengths which shift with the changes in temperature wavelengths

can be utilized in temperature sensing. From the above theoretical analysis, it can be concluded that

when pump wavelength is 3550 nm, the temperature sensitivity of the proposed sensor is the highest,

which can reach 0.70 nm/◦C at ∆T changing from −40 to 60 ◦C.
−

 
 

(a) (b) 

 
 

(c) (d) 

−

Figure 6. The peak movement of the signal wave varies with temperature at different pump wavelengths.

(a) 3000 nm; (b) 3100 nm; (c) 3550 nm (the first-order signal waves generate); (d) 3550 nm (the

second-order signal waves generate).

4. Discussion

Table 1 compares the performance of our proposed temperature sensor with those reported

previously. It is clear that the FWM-based temperature sensor has a sensitivity much higher than

that of [4,14,24,25], and is only lower than that of [26]. However, the detection range of our work is

−40~60 ◦C, which is five times that of [26] (20~40 ◦C). Additionally, the fiber proposed in [26] is a

gold-coated PCF, and the thickness of its gold film cannot be controlled accurately in real practice,

which may greatly influence its temperature sensitivity. This study clearly shows the efficiency of

FWM in a tellurite PCF for temperature sensing, which not only obtains higher sensitivity but also

realizes the temperature sensing in the MIR.
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Table 1. Comparison with predecessors.

Type of Sensor Sensitivity Reference Detection Range

A solid core photonic crystal fiber filled with a layer
based on FWM 0.61 nm/◦C [4] 30 ◦C–170 ◦C

A photonic crystal fiber based on FWM with oil-filled 0.207 nm/◦C [14] 22 ◦C–72 ◦C
Fabry-Perot interferometer −0.029 nm/◦C [24] 0 ◦C–50 ◦C
D-shaped gold coated PCF 12.31 nm/◦C [26] 20 ◦C–40 ◦C

Soft glass fiber Bragg grating sensor 0.1757 pm/◦C [25] 0 ◦C–200 ◦C
Our tellurite PCF based on FWM 0.70 nm/◦C This work −40 ◦C–60 ◦C(∆T)

5. Conclusions

In this paper, by carefully designing the fiber parameters of a tellurite PCF and further improving

the fiber structure, a temperature sensor with high sensitivity in the MIR has been designed. It has a

solid structure except for three adjacent holes filled with alcohol to avoid the difficulty of selective

filling in the experiment. Unlike traditional fiber-optic temperature sensors, we draw on the FWM to

realize temperature sensing. When pumped at 3550 nm in the MIR, this sensor achieves a sensing

sensitivity as high as 0.70 nm/◦C. It can be applied in fields such as fingerprint unlocking and the

body radiation photosensitive system. Due to the limitation of experimental conditions, this work

only provides the theoretical simulation and analysis, which hopefully lays a good foundation for the

development of MIR optical sensing devices in the future.

Author Contributions: Conceptualization, Y.S.; methodology, Y.S.; software, Y.S.; validation, Y.S., X.Y. and T.C.;
formal analysis, F.W.; investigation, X.Z.; resources, T.C., X.Y., X.Z., and S.L.; data curation, T.S.; writing—original
draft preparation, Y.S.; writing—review and editing, Y.S. and T.C.; visualization, Y.O.; supervision, T.C.; project
administration, T.C.; funding acquisition, T.C., X.Y., X.Z. and S.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This work is supported by National Natural Science Foundation of China (61475134, 61775032 and
11604042), Fundamental Research Funds for the Central Universities (N170405007, N180406002, N180408018,
and N160404009), JSPS KAKENHI Grant(15H02250, 17K18891 and 18H01504), JSPS and CERN under the
JSPS-CERN joint research program, and 111 Project (B16009).

Acknowledgments: The authors thank the Liao Ning Revitalization Talents Program.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lee, B. Review of the present status of optical fiber sensors. Opt. Fiber Technol. 2003, 9, 57–79. [CrossRef]

2. Qian, W.; Zhao, C.L.; He, S.; Dong, X.; Zhang, S.; Zhang, Z.; Jin, S.; Guo, J.; Wei, H. High-sensitivity

temperature sensor based on an alcohol-filled photonic crystal fiber loop mirror. Opt. Lett. 2011, 36,

1548–1550. [CrossRef] [PubMed]

3. Nallusamy, N.; Raja, R.V.J.; Raj, G.J. Highly Sensitive Nonlinear Temperature Sensor Based on Modulational

Instability Technique in Liquid Infiltrated Photonic Crystal Fiber. IEEE Sens. J. 2017, 17, 3720–3727. [CrossRef]

4. Vo, T.D.; He, J.; Magi, E.; Collins, M.J.; Clark, A.S.; Ferguson, B.G.; Xiong, C.; Eggleton, B.J.

Chalcogenide fiber-based distributed temperature sensor with sub-centimeter spatial resolution and enhanced

accuracy. Opt. Express 2014, 22, 1560–1568. [CrossRef]

5. Geng, Y.; Wang, L.; Tan, X.; Xu, Y.; Hong, X.; Li, X. A Compact Four-Wave Mixing-based Temperature Fiber

Sensor with Partially Filled Photonic Crystal Fiber. IEEE Sens. J. 2018, 19, 2956–2961. [CrossRef]

6. Yu, Y.; Li, X.; Hong, X.; Deng, Y.; Song, K.; Geng, Y.; Wei, H.; Tong, W. Some features of the photonic crystal

fiber temperature sensor with liquid ethanol filling. Opt. Express 2010, 18, 15383–15388. [CrossRef]

7. Hameed, M.F.O.; Azab, M.Y.; Heikal, A.M.; El-Hefnawy, S.M.; Obayya, S.S.A. Highly sensitive plasmonic

photonic crystal temperature sensor filled with liquid crystal. IEEE Photonics Technol. Lett. 2015, 28, 59–62.

[CrossRef]

8. Luan, N.; Wang, R.; Lv, W.; Lu, Y.; Yao, J. Surface plasmon resonance temperature sensor based on photonic

crystal fibers randomly filled with silver nanowires. Sensors 2014, 14, 16035–16045. [CrossRef]

http://dx.doi.org/10.1016/S1068-5200(02)00527-8
http://dx.doi.org/10.1364/OL.36.001548
http://www.ncbi.nlm.nih.gov/pubmed/21540923
http://dx.doi.org/10.1109/JSEN.2017.2699186
http://dx.doi.org/10.1364/OE.22.001560
http://dx.doi.org/10.1109/JSEN.2018.2890013
http://dx.doi.org/10.1364/OE.18.015383
http://dx.doi.org/10.1109/LPT.2015.2480339
http://dx.doi.org/10.3390/s140916035


Sensors 2020, 20, 1007 10 of 10

9. Lu, Y.; Wang, M.T.; Hao, C.J.; Zhao, Z.Q.; Yao, J.Q. Temperature sensing using photonic crystal fiber filled

with silver nanowires and liquid. IEEE Photonics J. 2014, 6, 1–7. [CrossRef]

10. Tan, X.; Geng, Y.; Che, Y.; Li, S.; Wang, X. Four-wave mixing fits ultrasensitive refractive index sensing with

suspended-core microstructured Fiber. Optik 2018, 175, 203–208. [CrossRef]

11. Nagarajan, N.; Yamunadevi, R.; Raja, R.V.J.; Raj, G.J. Ultra sensitive nonlinear fiber optics-based refractive

index sensor using degenerate four wave mixing technique in photonic crystal fiber. IEEE Sens. J. 2018, 18,

6607–6614. [CrossRef]

12. Geng, Y.; Wang, L.; Tan, X.; Wang, J.; Du, Y.; Li, X. A highly sensitive four-wave mixing-based microstructured

fiber refractive index sensor for microfluid sensing applications. Appl. Phys. Express 2019, 12, 082008.

[CrossRef]

13. Markowski, K.; Chorchos, Ł.; Turkiewicz, J.P. Influence of four-wave mixing in short-and medium-range

1310 nm dense wavelength division multiplexing systems. Appl. Opt. 2016, 55, 3051–3057. [CrossRef]

[PubMed]

14. Geng, Y.; Wang, L.; Xu, Y.; Kumar, A.G.; Tan, X.; Li, X. Wavelength multiplexing of four-wave mixing based

fiber temperature sensor with oil-filled photonic crystal fiber. Opt. Express 2018, 26, 27907–27916. [CrossRef]

[PubMed]

15. Nallusamy, N.; Zu, P.; Raja, R.V.J.; Arzate, N.; Vigneswaran, D. Degenerate four-wave mixing for measurement

of magnetic field using a nanoparticles-doped highly nonlinear photonic crystal fiber. Appl. Opt. 2019, 58,

333–339. [CrossRef]

16. Gu, B.; Yuan, W.; Frosz, M.H.; Zhang, A.P.; He, S.; Bang, O. Nonlinear fiber-optic strain sensor based on

four-wave mixing in microstructured optical fiber. Opt. Lett. 2012, 37, 794–796. [CrossRef]

17. Ghosh, C.; Priye, V. Ultrahigh-resolution interrogation of a fiber Bragg grating sensor based on higher order

four-wave mixing. Appl. Opt. 2018, 57, 9388–9391. [CrossRef]

18. Liao, M.; Gao, W.; Cheng, T.; Duan, Z.; Xue, X.; Suzuki, T.; Ohishi, Y. Flat and broadband supercontinuum

generation by four-wave mixing in a highly nonlinear tapered microstructured fiber. Opt. Express 2012, 20,

B574–B580. [CrossRef]

19. Perret, S.; Fanjoux, G.; Bigot, L.; Fatome, J.; Millot, G.; Dudley, J.M.; Sylvestre, T. Supercontinuum generation

by intermodal four-wave mixing in a step-index few-mode fibre. APL Photonics 2019, 4, 022905. [CrossRef]

20. Wang, J.S.; Vogel, E.M.; Snitzer, E. Tellurite glass: A new candidate for fiber devices. Opt. Mater. 1994, 3,

187–203. [CrossRef]

21. Cheng, T.; Tanaka, S.; Tuan, T.H.; Suzuki, T.; Ohishi, Y. All-optical dynamic photonic bandgap control in an

all-solid double-clad tellurite photonic bandgap fiber. Opt. Lett. 2017, 42, 2354–2357. [CrossRef] [PubMed]

22. Asano, K.; Duan, Z.; Tuan, T.H.; Suzuki, T.; Ohishi, Y. Tellurite hybrid microstructured optical fibers with

flattened dispersion at the telecom window. Phys. Status Solidi C 2012, 9, 2625–2628. [CrossRef]

23. Sani, E.; Dell’Oro, A. Spectral optical constants of ethanol and isopropanol from ultraviolet to far infrared.

Opt. Mater. 2016, 60, 137–141. [CrossRef]

24. Nguyen, L.V.; Vasiliev, M.K.; Alameh, K. Three-wave fiber Fabry-Pérot interferometer for simultaneous

measurement of temperature and water salinity of seawater. IEEE Photonics Technol. Lett. 2011, 23, 450–452.

[CrossRef]

25. Gao, W.; Li, X.; Wang, P.; Chen, L.; Ni, C.; Chen, L.; Chen, X.; Zhou, Y.; Zhang, W.; Hua, J.; et al. Investigation on

sensing characteristics of fiber Bragg gratings based on soft glass fibers. Optik 2018, 156, 13–21. [CrossRef]

26. Nallusamy, N.; Raja, R.V.J.; Arzate, N.; Torres-Gómez, I. Simultaneous measurement of salinity

and temperature in gold-coated D-shaped photonic crystal fiber using four-wave mixing technique.

IEEE Sens. Lett. 2018, 2, 1–4. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/JPHOT.2014.2319086
http://dx.doi.org/10.1016/j.ijleo.2018.09.008
http://dx.doi.org/10.1109/JSEN.2018.2848651
http://dx.doi.org/10.7567/1882-0786/ab2ffd
http://dx.doi.org/10.1364/AO.55.003051
http://www.ncbi.nlm.nih.gov/pubmed/27139874
http://dx.doi.org/10.1364/OE.26.027907
http://www.ncbi.nlm.nih.gov/pubmed/30469848
http://dx.doi.org/10.1364/AO.58.000333
http://dx.doi.org/10.1364/OL.37.000794
http://dx.doi.org/10.1364/AO.57.009388
http://dx.doi.org/10.1364/OE.20.00B574
http://dx.doi.org/10.1063/1.5045645
http://dx.doi.org/10.1016/0925-3467(94)90004-3
http://dx.doi.org/10.1364/OL.42.002354
http://www.ncbi.nlm.nih.gov/pubmed/28614308
http://dx.doi.org/10.1002/pssc.201200231
http://dx.doi.org/10.1016/j.optmat.2016.06.041
http://dx.doi.org/10.1109/LPT.2011.2109057
http://dx.doi.org/10.1016/j.ijleo.2017.10.154
http://dx.doi.org/10.1109/LSENS.2018.2823757
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Structure Design of the PCF 
	Structure Design of the Temperature sEnsor 

	Results 
	Discussion 
	Conclusions 
	References

