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Abstract

:

This paper proposes a Photonic Crystal Fiber (PCF) refractive index sensor model based on the surface plasmon resonance effect. The proposed PCF model also uses the full vector finite element method to transfer the structure under the anisotropic Perfect Matching Layer (PML) boundary condition. Numerical calculations were carried out on the sensor characteristics. The calculation results show that the elliptical air hole on the left side of the PCF core is coated with a gold-nano film which serves as a Surface Plasmon Resonance (SPR) sensing channel to detect the refractive index of liquid materials. Compared with other structures, the resonant peak generated by the excited SPR effect from the elliptical sensing channel has a high sensitivity to the change of the refractive index of the liquid to be measured. With the help of this attribute, it is relatively easy to adjust the sensitivity. The refractive index range of this structure is within 1.43–1.49 and the sensitivity is up to 12,719.97 nm·RIU−1. The linearity is good; R2 = 0.99927, which is very suitable for liquid sensing.
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1. Introduction


Photonic Crystal Fiber (PCF), when comparing it with the traditional fiber, shows more excellent optical characteristics due to its unique structure, such as non-stop single mode [1,2,3,4], low loss, high-nonlinearity [5,6], high-birefringence [7] and controllable dispersion [8], and large mode field area. According to different light transmission mechanisms, it can be divided into Total Internal Reflection Photonic Crystal Fiber (TIR-PCF) and Photonic Bandgap Photonic Crystal Fiber (PBGF). Comparing these two photonic crystal fibers, the TIR-PCF is simpler in principle and structure, and it is more suitable for optical fiber sensing. Surface Plasmon Resonance (SPR) is an optical phenomenon in which most of the energy of the incident light is absorbed by the plasma on the metal surface and the energy of the reflected light is drastically reduced. The SPR effect is sensitive to changes in the refractive index of the medium on the metal surface [9,10,11,12]. As we all know, the refractive index is the most basic optical parameter [13] and by testing the refractive index, various physical and optical properties, such as the concentration and purity of the substance, can be analyzed. Therefore, this feature is favorable to various types of optical fiber sensing and has broad application prospects and research value.



The PCF-SPR sensor uses the Surface Plasmon Polariton (SPP) mode and the core mode to produce the SPR effect when the phase-matching condition is met. This is because most of the energy in the core is coupled to the metal surface at this time and the energy in the core is rapidly reduced. This phenomenon is characterized by the confinement loss of the optical fiber, that is, the loss as the resonance wavelength increases sharply. The PCF-SPR sensor has also become a hot spot in various studies and research [14,15,16,17,18,19]. In 2006, Boris T. Kuhlmey et al. demonstrated that the confinement mechanism of PCFs with high refractive index-coated holes is wavelength dependent and exhibits plasma resonance in metal-coated PCFs. In the same year, P. Sazio of the University of Southampton enhanced the research of filling semiconductors and metal materials into PCF [20]. The Japanese research group Akira Nagasaki et al. also studied the sensing properties of gold nanowires filled in PCF and highlighted the reasons for the analysis in principle. Hassani also proposed two PCF-SPR sensor models with different structures and provided their application value [21,22].



The continuous growing research in this domain, to improve the dynamic detection range and sensitivity of SPR-PCF sensors, has become the most important research direction. In 2015, Ahmed A Rifat et al. proposed a solid-state core PCF sensor with graphene-silver deposition [23]. In 2016, Rahul Kumar Gangwar et al. proposed a surface plasmon resonance sensor based on D-type photonic crystal fiber for refractive index sensing [24]. The refractive index range is 1.43–1.46, and the average sensitivity is 7700 nm·RIU−1. In 2017, Guowen An et al. proposed a D-type photonic crystal fiber sensor based on surface plasma resonance [25]. The results show that the refractive index range is 1.33–1.38, and the maximum sensitivity is 10,493 nm·RIU−1. Liu et al. put gold nanowires into PCF in 2018, and the detection range of this sensor is 1.33–1.38, and the highest sensitivity is 4111 nm·RIU−1 [26]. In the same year, Vigneswaran et al. reported a PCF-based salinity sensor and found a maximum salinity sensitivity of 5675 nm·RIU−1 [27].



Based on such sensors, the current dynamic detection range is small and the sensitivity is low and not highly adjustable. This paper proposes a PCF refractive index sensor based on the SPR effect which introduces an asymmetric cladding structure and an elliptical detection channel. This method widens the dynamic detection range between 1.43–1.49 and a sensitivity of up to 12,719.97 nm·RIU−1, with good linearity which is suitable for liquid sensing with the high refractive index.




2. Structural and Theoretical Modeling


The cross-sectional structure for our proposed sensor is shown in Figure 1a. The cladding layer is formed by an asymmetric regular hexagonal air hole arranged with a lattice constant Λ. The diameter of the large and small air holes is d1 and d2 and the refractive index of air is nair = 1. These airholes help to lessen the confinement loss effectively and also help to raise up the birefringence slightly. An elliptical sensor channel coated with gold is introduced on the left side of the core to place the liquid to be detected. The gold layer coating thickness of the elliptical channel hole wall is Tox. One of the most important aims of this paper is to analyze the sensing performance. After watchful study, the ideal airhole parameters are Λ = 2 μm, d1 = 0.8Λ and d2 = 0.6Λ. When gold is used as the plasmonic material, we have kept the thickness of gold at 40 nm. The elliptical detection channel initial length is b0 = 0.8Λ, the ellipticity is e = a/b, and the initial is set at e0 = 0.7. Finally, the refractive index of the liquid to be detected is Na, to set the initial structural parameters.



The substrate and core materials of PCF are silicon dioxide, and the dispersion of the material can be obtained from the Sellmeier Equation (1):


   n 2     =   1   +      ∑    i   =   1   3     B i   Λ 2     Λ 2     - C   i    2     



(1)




where n is the wavelength-dependent refractive index of fused quartz; Λ is the input wavelength; and B1 = 0.6961663, B2 = 0.4079426, B3 = 0.8974764, C1 = 0.0684043 µm, C2 = 0.1162414 µm, C3 = 9.896161 µm.



Gold is used as the plasmonic metal for its stability as a chemical element. The dielectric constant of gold can be derived using the Drude‒Lorentz formula:


   ε     ( ω )      =      ε 1    +   i  ε 2    =      ε ∞    −      ω p 2    ω    (  ω + i  ω c   )     



(2)




where    ε 1    is the value of the real part of the metal-dielectric constant;    ε 2    is the value of the imaginary part of metal-dielectric constant; and  ω  is the angular frequency of the incident wave. The value of a metal-dielectric constant    ω ∞    is 9.84. The plasma    ω p    frequency was 1.36 × 1016 rad/s. The damping frequency    ω c    is 1.45 × 1014 rad/s.



All the simulations in this paper are based on COMSOL software. The fiber structure of this paper is analyzed in the wave optics module. The effective refractive index and loss of the core mode and SPP mode at each wavelength is calculated to make further study. Figure 1b shows an illustration of the experimental setup of the proposed sensor. The liquid to be detected is filled in the detection channel, and the liquid refractive index is changed due to the change of the external environment. The single-mode fiber (SMF) is fused at both ends of the photonic crystal fiber (PCF). We consider 0.5 m SMF and 1 cm PCF should be used, as the confinement loss is 3–4 dB/cm. If it is too long, unnecessary loss will be increased and the results will be affected, and the light emitted by the light source is output after passing through the PCF. The light source we chose is Hogen Tungsten Light Sourcevis-Nir (360–2000 nm), which is a broad band light source that can emit 360–2000 nm light for us to use. Then, this is received and analyzed using an optical spectrum analyzer (OSA). The OSA directly analyzes the intensity of the emitted light, under the premise of ensuring that the incident light is parallel to the PCF. In OSA analysis, there is a trough in the intensity of the emitted light. When the liquid changes significantly, the trough moves accordingly. We use this phenomenon to determine the resonance wavelength at which the SPR effect occurs. In our design, the change of the wave trough is consistent with the change of the loss peak in the paper, that is, with the increase of the refractive index, the wave trough will move to the long wave direction.



Confinement loss is the light confinement ability within the core region. Due to confinement loss, the light signal will be weakened as it propagates distance through the fiber. The confinement loss (CL) formula is stated as:


  C L = 8.686 ∗  k 0  ∗ I m  (   n  e f f    )  ∗   10  4     (  dB / cm  )   



(3)




where 8.686 is confinement loss coefficient (4.343) multiplied by attenuation coefficient α (when the confinement loss unit is   dB / cm  , α = 2/cm),    k 0  =   2 π  λ    is the wave number in the free space, Λ is the operating wavelength,   I m    (   n  e f f    )    is the imaginary portion of effective index and 104 is converted from units [28]. The confinement loss is proportional to the imaginary portion of the effective refractive index. The larger the loss value, the stronger the SPR effect at that point.




3. Simulation Results and Analysis


The structure proposed in this paper is asymmetric, therefore, it is going to introduce birefringence. This will cause the incident light to produce light in two different transmission directions, namely x-polarized light and y-polarized light, during core propagating. The first thing to discuss is the intensity of the core modes in different polarization directions when they resonate with the metal surface plasmon.



Figure 2 is the loss curve of the core mode of x-polarization state and the core mode of y-polarization state when the refractive index of the liquid is Na = 1.45 and the studied waveband is 0.9–1.5 μm. It can be seen from Figure 2 that both the x- and y-polarized core modes can resonate with the plasmon (SPP) mode. It is not difficult to conclude from the magnitude relationship of the confinement loss that the SPR effect excited by the coupling of the core mode and the SPP mode in the x-polarization state is stronger than the SPR effect excited by the coupling of the core mode and the SPP mode in the y-polarization state. This is because when the light in the fiber core is coupled with the plasmon on the metal surface, the electromagnetic field on the metal surface will be excited. In this way, the plasma on the metal surface can oscillate to the x-polarization state and the y-polarization state at the same time, that is, the SPR effect will occur in both the x-polarization state and the y-polarization state. However, since the gold-plated film is in the x-polarization state, it will make the plasma more likely to oscillate in the x-polarization state than in the y-polarization state. As a result, the coupling efficiency of the x-polarization state is much higher than that of y-polarization state. Therefore, the SPR effect produced by coupling the core mode of the x-polarization state with the SPP mode is stronger and easier to distinguish and is more suitable for sensing. This article is based on the analysis of the sensing characteristics obtained by the SPR effect, which is generated by the excitation of the core mode and the SPP mode in x-polarization state.



Figure 3 shows the dispersion curve of the fundamental mode and the SPP mode in the x-polarization state, both the confinement loss curve of the fundamental mode in the x-polarization state when Na = 1.45. It can be seen from the figure that within the range of 0.9–1.5 μm, the confinement loss of the fundamental mode in the x-polarization state has three different peaks. According to the previously described theory, there are three SPR effects of the fundamental mode in the x-polarization state, resulting in three resonance loss peaks. It can be seen from the figure that each resonance loss peak is a point where the real portion of the effective refractive index of the fundamental mode is equal to the real portion of the effective refractive index of the SPP mode in the x-polarization state. This is because the wave vectors of the fundamental mode and the SPP mode are equal at this time, and the phase-matching condition is met. The SPR effect occurs so that the energy in the core is largely absorbed by the plasma and the loss reaches the peak.



Figure 4a shows the optical field of the core-guided mode and it mainly distributes in the core. Figure 4b–d shows the optical field distribution of the three SPP modes and it mainly distributes on the surface of gold film. Figure 4e shows the optical field of the core-guided mode and the SPP mode at the resonance wavelength. We can see that there is a strong coupling between the two modes, and the optical field distributes both on the surface of the gold film and in the core. This confirms the occurrence of the phase-matching condition.



Figure 5 shows the confinement loss curve of the core mode in the x-polarization state when Na = 1.45 and Na = 1.46. It is not difficult to see that the SPR effect excited by the fundamental mode and SPP3 mode is the weakest and it is not easy to distinguish. The resonance wavelength does not change significantly with the refractive index of the liquid to be detected and the sensitivity is low. Therefore, the SPR effect excited by the SPP3 mode is not suitable for liquid sensing. The SPR effect motivated by the fundamental mode and the SPP2 mode is the strongest. Although it is easy to distinguish, the resonance wavelength does not change significantly with the refractive index of the liquid to be tested. The sensitivity is low and the SPR effect motivated by the SPP2 mode is not suitable for liquid sensing. The SPR effect stimulated by the fundamental mode and SPP1 mode is relatively strong and relatively easy to distinguish, and the resonance wavelength changes significantly with the refractive index of the liquid to be tested. This is because most of the light field is concentrated in the elliptical channel hole. When the refractive index of the liquid to be detected changes, the range of the resonance wavelength varying with the refractive index of the liquid to be detected is the largest and the sensitivity is the best. In summary, the SPR effect excited by the SPP1 mode is the most suitable for liquid sensing. The following research in this paper is based on the resonance wavelength of the SPR effect excited by the coupling of the SPP1 and fundamental modes with the refractive index of the liquid to be detected.



Figure 6 shows the dispersion curve and the resonance wavelength when the refractive index Na of the liquid to be detected is within the range of 1.43 to 1.49. It can be seen from the figure that when Na changes from 1.43 to 1.49, the resonance wavelengths corresponding to the SPR effect motivated by the SPP1 mode are 885 nm, 1019 nm, 1146 nm, 1278 nm, 1404 nm, 1523 nm and 1636 nm, according to the wavelength sensitivity formula:


   S     ( λ )    =   Δ  λ  r w      (   N a   )  / Δ  N a   



(4)







The average sensitivity of each segment can be calculated as 13,400 nm·RIU−1, 12,700 nm·RIU−1, 13,200 nm·RIU−1, 12,600 nm·RIU−1, 11,900 nm·RIU−1 and 11,300 nm·RIU−1.



The values of the refractive index of different liquids are detected and their resonance wavelength into the fitting formula are obtained along with the fitting curve, as shown in Figure 7. Further fitting calculations demonstrate the average sensitivity of the structure, that is, 12,567.85 nm·RIU−1, and the maximum sensitivity is 12,719.97 nm·RIU−1. R2 = 0.99927, which shows that the linear fit is good.



Wavelength resolution is one of the crucial sensing parameters which shows how a minute change in refractive index can be detected by the sensor. A lower value of wavelength resolution gives rise to a better capability of detecting minute RI change. Wavelength resolution can be calculated as


  R    (  R I U  )    =   Δ  N a  ∗ Δ  λ  m i n i m u m     Δ  λ  r w      



(5)




where Δ   λ  r w     is the resonance wavelength difference, Δ   N a    is the change in refractive index of the liquid to be detected and Δ   λ  m i n i m u m     is generally assumed to be 0.1 nm. However, our proposed PCF shows minimum resolution of 7.46 × 10−6 RIU.



Figure 8 shows a confinement loss curve of d1 = 0.74Λ, d1 = 0.8Λ and d1 = 0.86Λ when Na = 1.45 and Na =1.46. A longitudinal comparison shows that, when Na remains unchanged, only d1 increases, and the resonance wavelength and the loss peak show no significant change. A horizontal comparison shows that when Na changes from 1.45 to 1.46, the resonance wavelength and the loss peak are going to increase gradually for the same d1 size. However, we can find that the sensitivity has no obvious change. Theoretically, the reason is that the large air holes are arranged in the outer layer of the entire cladding structure and the air holes around the core are composed of small air holes. When d1 is changed only, the coupling between the core mode and SPP1 mode and sensitivity is not going to be affected.



Figure 9a shows the confinement loss curves of d2 = 0.54Λ, d2 = 0.6Λ and d2 = 0.66Λ when Na = 1.45 and Na = 1.46. The longitudinal comparison shows that, when Na remains unchanged, only d2 increases, and the resonance wavelength is going to gradually increase. The loss peak is going to gradually decrease. Theoretically, the reason is that the small air holes are not only arranged in the outer layer of the cladding structure but also arranged around the core. When d2 increases, it gradually prevents the fiber core from coupling with the plasma on the surface of the elliptical detection channel, and the SPR effect gradually weakens and the loss peak gradually decreases. A horizontal comparison shows that when Na changes from 1.45 to 1.46, for the same d2 size, both the resonance wavelength and the loss peak are going to gradually increase. Figure 9b shows the resonance wavelengths of d2 = 0.54Λ, d2 = 0.6Λ and d2 = 0.66Λ when Na changes from 1.43 to 1.49. Through fitting calculations, we can get an average sensitivity of 12,125 nm·RIU−1 when d2 = 0.54Λ, 12,567 nm·RIU−1when d2 = 0.6Λ, and when d2 = 0.66Λ, the average sensitivity is 13,035 nm·RIU−1. The conclusion is that as d2 increases, the sensitivity increases to a certain extent and the size of d2 affects the sensitivity. To ensure the sensitivity, d2 should be slightly larger.



Figure 10a shows the confinement loss curves of Λ = 1.8, Λ = 2 and Λ = 2.2 when Na = 1.45 and Na = 1.46. A longitudinal comparison shows that when Na remains unchanged, only Λ increases, and both the resonance wavelength and the loss peak are going to gradually decrease. Theoretically, the reason is that when Λ increases, the distance between the core and the ellipse detection channel gradually increases, making it much more difficult to couple the core and the plasma on the gold coating surface. The SPR effect gradually weakens and the loss peak gradually decreases. Horizontal comparison for the same size of Λ shows that when Na changes from 1.45 to 1.46, both the resonance wavelength and the loss peak are going to gradually increase. Figure 10b shows the resonance wavelengths of Λ = 1.8, Λ = 2 and Λ = 2.2 when Na changes from 1.43 to 1.49. Through fitting calculations, the average sensitivity is 13,875 nm·RIU−1 when Λ = 1.8, the average sensitivity is 12,567 nm·RIU−1 when Λ = 2, and the average sensitivity is 11,903 nm·RIU−1 when Λ = 2.2. That is, as Λ increases, the sensitivity decreases obviously. Thus, the size of Λ affects the sensitivity. To ensure the sensitivity, Λ should be slightly smaller.



Figure 11a shows the confinement loss curves of TOX = 35 nm, TOX = 40 nm and TOX = 45 nm when Na = 1.45 and Na = 1.46. A longitudinal comparison shows that when Na remains unchanged, only TOX increases, and the resonance wavelength is going to gradually increase. The loss peak is going to gradually decrease. Theoretically, the reason is that when TOX increases, due to the increase in the thickness of the gold-plated film, the distance between the core and the elliptical detection channel is indirectly increased and the coupling strength is weakened, which makes the SPR effect gradually weaken and the loss peak gradually decrease. A horizontal comparison shows that for the same size of TOX, when Na changes from 1.45 to 1.46, both the resonance wavelength and the loss peak are going to gradually increase. Figure 11b shows the resonance wavelengths of TOX = 35 nm, TOX = 40 nm and TOX = 45 nm when Na changes from 1.43 to 1.49. Through fitting calculations, we can get that the average sensitivity when TOX = 35 nm is 13,014 nm·RIU−1, the average sensitivity when TOX = 40 nm is 12,567 nm·RIU−1, and the average sensitivity when TOX = 45 nm is 12,503 nm·RIU−1. That is, as the TOX increases, the sensitivity gradually decreases and the TOX size affects the sensitivity. To ensure the sensitivity, TOX should be slightly smaller.



Figure 12a shows the confinement loss curves of e = 0.65, e = 0.7 and e = 0.75 when Na = 1.45 and Na = 1.46. e is changed by changing the length b but keeping the length a unchanged. A longitudinal comparison shows that when Na remains unchanged, only e increases, and both the resonance wavelength and the loss peak are going to gradually decrease. Theoretically, the reason is that when e increases, the length b decreases, resulting in the area of the elliptical detection channel decreasing, which weakens the coupling between the core, and the SPR effect gradually weakens and the loss peak decreases. The horizontal comparison shows that when Na changes from 1.45 to 1.46, for the same size of e, both the resonance wavelength and the loss peak are going to gradually increase. Figure 12b shows the resonance wavelengths of e = 0.65, e = 0.7 and e = 0.75 when Na changes from 1.43 to 1.49. Through fitting calculations, we can get that the average sensitivity when e = 0.65 is 12,710 nm·RIU−1, when e = 0.7 is 12,567 nm·RIU−1, and when e = 0.75 is 12,532 nm·RIU−1. It can be found that as e increases, the sensitivity gradually decreases, that is, the size of e affects the sensitivity, but the degree of the influence is very low.




4. Conclusions


Compared with other sensors, our proposed PCF sensor has many advantages. Based on the regular hexagon structure, there are two kinds of air holes, d1 and d2. Although the size is different, the arrangement is regular. Elliptical detection hole can also be obtained by controlling the temperature and air pressure during optical fiber drawing, so it is relatively simple. For metal-coated film, we only coat a gold film in the elliptical detection hole to get a better result. Compared with the traditional round hole, the elliptical hole is easier to make the SPR effect occur, so the change of the liquid in the elliptical detection hole is more sensitive to the resonance and easier to distinguish. Our refractive index range is relatively wide, the sensitivity is also high, the linear correlation is closer to 1 and the linear correlation is better. Thus, it has a certain value in the future for biological sensing and chemical sensing. For example, we consider filling magnetic fluid materials to make a sensor relating to magnetic field and temperature, which is feasible. As for some details about the practical design, we will use the capillary stacking method to make the prefabricated rod. According to the cross-sectional structure for our PCF, we need 36 glass tubes, including 17 thick-walled glass tubes of 8 mm inside diameter and 20 mm outside diameter (8 mm/20 mm), 18 thin-walled glass tubes (12 mm/20 mm) and 2–3 thin-walled glass tubes (18 mm/20 mm), which are put into a (14 mm/20 mm) glass tube. We put the prefabricated rod in the special fiber wire drawing tower of the high temperature graphite furnace and heat it. We control the temperature at 1800 °C and control the air pressure at 5 kpa. In order to adjust the size of the air holes and obtain the elliptical air hole, through controlling the pressure, the thin walls of the air holes (18 mm/20 mm) are squeezed and broken to become the ellipse. In this way, the optical fiber can be made successfully. Then, we consider using UV glue to seal air holes other than elliptical air holes under the light microscope. We can also consider the use of arc discharge, as long as the discharge intensity and discharge time is well controlled; it can also make other air holes except elliptical air holes collapse. We can use chemical vapor deposition (CVD) to coat the wall of the elliptical air hole with gold. We can also use the simple principle of capillary siphon, so that the liquid smoothly fills into the ellipse detection hole. However, we use an arc discharge-type welding machine, but the welding time is very short. In the “ms” magnitude, because of such a short time, the liquid will not have enough time to evaporate, so the filling liquid will basically be retained. That is everything about the practical design; we will conduct follow-up research and discussion on these issues.



In this paper, a photonic crystal fiber liquid refractive index sensor is proposed, designed and simulated which is based on the SPR effect. The refractive index of the liquid to be detected is 1.43–1.49. The average sensitivity is 12,567.85 nm·RIU−1 and the maximum sensitivity is 12,719.97 nm·RIU−1. This has a certain improvement in dynamic detection range and sensitivity with a good linear fit. The structure is sensitive to several parameters of the optical fiber, and a better dynamic detection range and sensitivity can be obtained by changing the parameters of the optical fiber. It provides a reference for studying the SPR-PCF refractive index sensor.







Author Contributions


Conceptualization, Y.W. and X.Y.; methodology, Y.W.; software, T.C. and S.L.; formal analysis, Y.W.; resources, T.C. and S.L.; writing—original draft preparation, Y.W.; supervision, X.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China [grant number 61775032, 11604042], Fundamental Research Funds for the Central Universities [grant number N170405007, N160404009] and the 111 project [grant number B1009].




Acknowledgments


The authors wish to thank the anonymous reviewers for their valuable suggestions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Du, C.; Wang, Q.; Zhao, Y.; Li, J. Highly sensitive temperature sensor based on an isopropanol-filled photonic crystal fiber long period grating. Opt. Fiber Technol. 2017, 34, 12–15. [Google Scholar] [CrossRef]

	



Hu, D.J.; Ho, H.P. Recent advancesinplamonic photonic crystal fibers:design, fabrication and applications. Adv. Opt. Photonic 2017, 9, 257–314. [Google Scholar] [CrossRef]

	



Birks, T.A.; Knight, J.C.; Russell, P.S.J. Endlessly single-mode photonic crystal fiber. Opt. Lett. 1997, 22, 961–963. [Google Scholar] [CrossRef] [PubMed]

	



Kim, B.Y.; Blake, J.N.; Huang, S.Y.; Shaw, H.J. Use of highly elliptical core fibers for two-mode fiber devices. Opt. Lett. 1987, 12, 729–731. [Google Scholar] [CrossRef]

	



Cao, Y.; Li, R.M.; Tong, Z.R. Investigation of a new kind of high birefringence photonic crystal fiber. Acta Phys. Sin. 2013, 62, 244–249. [Google Scholar]

	



Liu, X.D.; Li, S.G.; Hou, L.T. The study of waveguide mode an ddispersion property in photonic crystal fibers. Acta Phys. Sin. 2003, 52, 2811–2817. [Google Scholar]

	



Wang, E.L.; Jiang, H.M.; Xie, K.; Zhang, X.X. Photonic crystal fibers with high nonlinearity, large birefringence and mutiple zero disper-sion-wavelength. Acta Phys. Sin. 2014, 63, 199–204. [Google Scholar]

	



Liu, J.; Yang, C.X.; Claire, G. A novel Photonic crystal fiber with high nonlinearity and flattened dispersion. Acta Phys. Sin. 2006, 26, 1569–1574. [Google Scholar]

	



Yong, W.; Yudong, S.; Chunlan, L.; Lu, L.; Zongda, Z.; Yonghui, Z. Micro-displacement optical fiber sensor based on surface plasmon resonance. Laser Optoelectron. Prog. 2018, 55, 040606. [Google Scholar] [CrossRef]

	



Peng, Y.; Hou, J.; Huang, Z.H.; Lu, Q. Temperature sensor based on surface plasmon resonance within selectively coated photonic crystal fiber. Appl. Opt. 2012, 51, 6361–6367. [Google Scholar] [CrossRef]

	



Feng, L.H.; Zeng, J.; Liang, D.K.; Zhang, W.G. Development of fiber-optic surface plasmon resonance sensor based on taperedstructure probe. Acta Phys. Sin. 2013, 62, 281–288. [Google Scholar]

	



Xia, Y.N.; Halas, N. Shape-controlled synthesis and surface plasmonic properties of mentallicnanostructures. MRS Bull. 2005, 30, 338–348. [Google Scholar] [CrossRef]

	



An, J.L.; Jin, Y.X.; Sun, M.M. Refractive index sensor based on waist-enlarged tapers and single-mode-multimodesinglemode fiber structure. Chin. J. Lasers 2014, 41, s105013. [Google Scholar]

	



Li, X.J.; Yu, Y.Q.; Hong, X.M. Analysis of temperature sensing Characteristics of photonic crystal fiber based on liquid filling. China Laser 2009, 36, 1140–1144. [Google Scholar]

	



Ma, J.; Yu, H.H.; Jiang, X.; Jiang, D.S. High-performance temperature sensing using a selectively filled solid-core photonic crystal fiber with a central air-bore. Opt. Express 2017, 25, 9406–9415. [Google Scholar] [CrossRef] [PubMed]

	



Rabee, A.S.H.; Hameed, M.F.O.; Heikal, A.M.; Obayya, S. Highly sensitive photonic crystal fiber gas sensor. Optik 2019, 188, 78–86. [Google Scholar] [CrossRef]

	



Huang, G.G.; Peng, Z.Q.; Yang, X.Z.; Feng, W.L. Research on hydrogen sulfide gas sensing Performance based on nanometer Copper/graphene coated photonic crystal fiber. Acta Photonica Sin. 2019, 48, 94–100. [Google Scholar]

	



Shi, W.H.; You, C.J.; Wu, J. D-shaped photonic crystal fiber refractive index and temperature sensor based on surface plasmon resonance and directional coupling. J. Phys. 2015, 64, 282–287. [Google Scholar]

	



Chen, Q.H.; Liu, J.H.; Luo, H.F.; He, Y.X.; Luo, J.; Wang, F. A liquid refractive index measurement system based on surface plasma resonance. Acta Opt. Sin. 2015, 35, 166–172. [Google Scholar]

	



Kuhlmey, B.T.; Pathmanandavel, K.; McPhedran, R.C. Multipole analysis of photonic crystal fibers with coated inclusions. Opt. Express 2006, 14, 10851–10864. [Google Scholar] [CrossRef] [PubMed]

	



Hassani, A.; Skorobogatiy, M. Design of the micro structured optical fiber-based on surface plasmon resonance sensors with enhanced micro fluidics. Opt. Express 2006, 14, 11616–11621. [Google Scholar] [CrossRef]

	



Hassani, A.; Skorobogatiy, M. Design criteria for microstructured-optical-fiber based on surface plasmon resonance sen-sors. J. Opt. Soc. Am. B 2007, 24, 1423–1429. [Google Scholar] [CrossRef]

	



Rifat, A.A.; Mahdiraji, G.A.; Chow, D.M.; Shee, Y.G.; Ahmed, R.; Adikan, F.R.M. Photonic Crystal Fiber-Based Surface Plasmon Resonance Sensor with Selective Analyte Channels and Graphene-Silver Deposited Core. Sensors 2015, 15, 11499–11510. [Google Scholar] [CrossRef]

	



Rahul, K.G.; Vinod, K.S. Highly Sensitive Surface Plasmon Resonance Based D-Shaped Photonic Crystal Fiber Refractive Index Sensor. Plasmonics 2017, 12, 1367–1372. [Google Scholar]

	



An, G.W.; Hao, X.P.; Li, S.G.; Yan, X.; Zhang, X.N. D-shaped photonic crystal fiber refractive index sensor based on surface plasmon resonance. Appl. Opt. 2017, 56, 6988–6992. [Google Scholar] [CrossRef]

	



Liu, B.; Lu, Y.; Yang, X.; Yao, J. Tunable Surface Plasmon Resonance Sensor Based on Photonic Crystal Fiber Filled with Gold Nanoshells. Plasmonics 2018, 13, 763–770. [Google Scholar] [CrossRef]

	



Vigneswaran, D.; Ayyanar, N.; Sharma, M.; Sumathi, M.; Rajan, M.S.M.; Porsezian, K. Salinity sensor using photonic crystal fiber. Sens. Actuators A Phys. 2018, 269, 22–28. [Google Scholar] [CrossRef]

	



Namihira, Y.; Liu, J.; Koga, T.; Begum, F.; Hossain, A.; Zou, N.; Kaijage, S.F.; Hirako, Y.; Higa, H.; Islam, A. Design of highly nonlinear octagonal photonic crystal fiber with near-zero flattened dispersion at 1.31μm waveband. Opt. Rev. 2011, 18, 436–440. [Google Scholar] [CrossRef]








[image: Micromachines 12 00408 g001 550] 





Figure 1. (a) Across-sectional schematic structure of the Surface Plasmon Resonance Photonic Crystal Fiber (SPR-PCF) refractive index sensor. (b) Illustration of experimental setup of the proposed sensor. 
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Figure 2. Confinement loss curve of the core mode of x- and y-polarization states when Na = 1.45. 
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Figure 3. Dispersion and confinement loss curve of the fundamental mode and the Surface Plasmon Polariton (SPP) mode in the x-polarization state when Na = 1.45. 
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Figure 4. (a) The core-guided mode, (b) the SPP3 mode, (c) the SPP2 mode, (d) the SPP1 mode and the (e) optical field distribution in phase matching (Na = 1.45). 
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Figure 5. Confinement loss curves of x-polarization fundamental mode when Na = 1.45 and Na = 1.46. 
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Figure 6. The dispersion curve and the resonance wavelength when Na range is 1.43–1.49. 
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Figure 7. Wavelength sensitivity fitting curve. 
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Figure 8. Confinement loss curve of d1 = 0.74Λ, d1 = 0.8Λ and d1 = 0.86Λ when Na = 1.45 and Na = 1.46. 
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Figure 9. (a) Confinement loss curves of d2 = 0.54Λ, d2 = 0.6Λ and d2 = 0.66Λ when Na = 1.45 and Na = 1.46. (b) Resonance wavelengths of d2 = 0.54Λ, d2 = 0.6Λ and d2 = 0.66Λ when Na changes from 1.43 to 1.49. 
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Figure 10. (a) Confinement loss curves of Λ = 1.8, Λ = 2 and Λ = 2.2 when Na = 1.45 and Na = 1.46. (b) Resonance wavelengths of Λ = 1.8, Λ = 2 and Λ = 2.2 when Na changes from 1.43 to 1.49. 
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Figure 11. (a) Confinement loss curves of TOX = 35 nm, TOX =40 nm and TOX =45 nm when Na = 1.45 and Na = 1.46. (b) Resonance wavelengths of TOX = 35 nm, TOX =40 nm and TOX =45 nm when Na changes from 1.43 to 1.49. 
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Figure 12. (a) Confinement loss curves of e = 0.65, e = 0.7 and e = 0.75 when Na = 1.45 and Na = 1.46. (b) Resonance wavelengths of e = 0.65, e = 0.7 and e = 0.75 when Na changes from 1.43 to 1.49. 
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