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Abstract

:

This paper presents a photonic crystal fiber (PCF) sensor that can be used to measure the temperature and magnetic field simultaneously, and to monitor the changes in them in the environment. When we designed the fiber structure, two circular channels of the same size were added to the fiber to facilitate the subsequent addition of materials. A gold film is added to the upper channel (ch1), and the channel is filled with a magnetic fluid (MF). The sensor can reflect changes in the temperature and magnetic field strength. The two channels containing MF and PDMS in the proposed fiber are called ch1 and ch2. The structure, mode and properties (temperature and magnetic field) were analyzed and discussed using the finite element method. By using the control variable method, the influence of Ta2O5 or no Ta2O5, the Ta2O5 thickness, the diameter of the special air hole, the distance from the fiber core and the distance between them in the displacement of the loss spectrum and the phase-matching condition of the coupling mode were studied. The resulting maximum temperature sensitivity is 6.3 nm/°C (SPR peak 5), and the maximum magnetic field sensitivity is 40 nm/Oe (SPR peak 4). Because the sensor can respond to temperature and magnetic field changes in the environment, it can play an important role in special environmental monitoring, industrial production and other fields.
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1. Introduction


As a basic physical parameter, magnetic fields are of great significance in earthquake early warning, medical detection, geological exploration, microscopic measurement, planetary research, industrial production and so on [1,2,3]. Application magnetic field sensors can be divided into low-intensity magnetic field sensors and high-intensity magnetic field sensors. Low-intensity magnetic field sensors are mostly used in the medical and military fields. Fluxgate and anisotropic magnetoresistive sensors are medium-strength magnetic field sensors. The high-intensity magnetic field sensor includes a reed switch, Lorentz force device, Hall sensor, giant magnetoresistive magnetic field sensor and so on [4,5,6]. Most of these sensors are complex in structure, large in volume, expensive in price, easily affected by the geomagnetic field or surrounding magnetic field when working, and have low sensitivity, and migration and noise are obvious [7,8,9]. Temperature magnetic field sensors are sensors that can measure both the temperature and magnetic field at the same time. They usually operate on the principle of the magnetoresistive effect or the Hall effect. Magnetoresistive effect sensors take advantage of the fact that the magnetoresistance ratio of a material changes with the temperature and magnetic field. When the temperature or magnetic field changes, the resistance value of the sensor will also change, so that the temperature and magnetic field strength can be determined by measuring the resistance. Hall effect sensors are based on the Hall effect, which creates a voltage difference when a magnetic field exerts an effect on a semiconductor chip. By measuring the magnitude of this voltage difference, the strength of the magnetic field can be determined. Some Hall effect sensors can also measure temperature by combining the temperature sensor and Hall effect sensor, so that the temperature and magnetic field can be measured at the same time. Their simultaneous-measurement capabilities make it easier to obtain environmental information in some applications and can improve the accuracy of monitoring and control. The optical fiber magnetic field sensor proposed in this paper has the characteristics of a small structure and excellent sensitivity and is easily disturbed by the external environment, and it has wide application prospects in the aerospace, metallurgy, medical and other fields [10,11,12,13]. The basic principle of magneto-liquid fiber magnetic field sensors is that light directly or indirectly interacts with the magneto-optical materials during transmission, thereby changing the parameters of the light, including its intensity, wavelength and polarization state.



With the development and replacement of technology, the demand for information monitoring has greatly promoted the development and updating of optical fiber. Optical fiber has the characteristics of high sensitivity, a smaller size, a quick response speed and a strong anti-interference ability. Photonic crystal fiber has attracted more and more attention. Compared with laser-type fiber, its unique structure and excellent performance have greater development prospects. One of its characteristics is its porosity, which makes it easy to fill with analytes with different sensing characteristics [14]. By introducing the SPR effect of PCF, high-sensitivity, multi-parameter sensing can be realized, and the application range of optical fiber sensing is expanded. Surface plasmon resonance (SPR) sensing is a sensing technology that can achieve high-sensitivity, real-time monitoring without fluorescent labeling [15,16,17,18,19]. The SPR effect caused by the change in refraction caused by the change in the surrounding environment is introduced into the optical fiber sensor to improve its sensitivity. By analyzing the change in wavelength, the refractive index and corresponding physical parameters of the analyte can be calculated by the formula function [20,21,22,23,24]. Photonic crystals are regular optical structures made of periodically arranged media of different refractive indices. The refractive indices of these media present a periodic change in space, resulting in a change in the spatial refractive index. When the refractive index of the medium changes sufficiently and the period of the change is related to the wavelength of the light wave, the dispersion relationship of the light wave will appear as a band structure [25,26]. Photonic band gaps are one of the most significant characteristics of photonic crystals. They consist of a range of frequencies (or energies) in which no mode of propagation of electromagnetic waves exists [27,28].



Based on the finite element method, the SPR sensor was analyzed using COMSOL software (https://www.comsol.com/, accessed on 19 August 2024). When designing the sensor, we considered adding two circular channels to the fiber of the sensor. A gold film is added to the upper channel (ch1), and the channel is filled with magnetic fluid (MF). ch2 is coated with gold film and Ta2O5 film, two media that can improve the sensing performance of SPR. ch2 is filled with polydimethylsiloxane (PDMS) to achieve a temperature response. Finally, the modal characteristics, structural parameters and sensing properties were studied. The influence of Ta2O5, the thickness of Ta2O5, the thickness of the gold layer, the diameter of the special air hole, the distance from the core and the distance between them in the phase-matching condition of the coupling mode and the displacement of the loss spectrum were studied by using the control variable method. Finally, we discuss the performance of the 50–150Oe sensor under varying magnetic field strengths. The PCF can be produced by the stake-and-draw method [29]. To incorporate nanomaterials into the pores inside the PCF, high-pressure chemical vapor deposition (HPCVD) can be used [30]. There are many processes for filling PCF pores with liquid in order to realize the liquid filling of the holes in the optical fiber, and the capillary and the holes can be added by using a splicer. For the splicer, we can adopt the method of manual splicing, which is a cheap method that can reduce the cost [31,32,33,34].



In order to study how the sensor works, the first thing was to determine the polarization direction of the study. Then, by analyzing the simulation results of the different structural parameters, better sensor parameters were obtained. Finally, the effects of the temperature and magnetic field intensity on the sensor operation were studied, and the corresponding data were obtained.




2. Modeling and Structural Parameters of the PCF Biosensor


2.1. Basic Structure


Figure 1a shows the cross section of the SPR sensor, where the PCF air holes are distributed hexagonally and contain three different diameters. Channel 1 is filled with MF, and a gold layer is added to improve the performance. Channel 2 is filled with PDMS, and Ta2O5 and gold film are added. When the temperature in the environment increases or decreases, and the magnetic field becomes stronger or weaker, the refractive index of the material in the two channels will change accordingly. This enables the simultaneous sensing of the temperature and magnetic field.



The basic parameters are set as follows (some of the following values will be changed in subsequent studies):



	Symbol
	Parameter
	Value



	-
	Radius of PCF
	15 μm



	-
	Radius of circular channel
	3 μm



	-
	Ordinary air hole radius
	2 μm



	-
	Special air hole radius
	1 μm



	dAu
	Gold thickness
	40 nm



	dT
	Thickness of Ta2O5
	40 nm








When there is a loss peak in the spectrometer, it means that energy is transferred. Energy is transferred from the core to the reaction surface, which is where mode coupling occurs. We use the following formula to calculate and express the loss value [35,36]:


    α   l o s s   = 8.686 ×    2 π   λ    I m     n   e f f     × 1   0   7        d B   c m       



(1)







The constant values of B1, B2, B3, C1, C2 and C3 are 0.6961663, 0.4079426, 0.9874794, 0.0684043, 0.1162414 and 9.896161, respectively, where   I m (   n   e f f   )   represents the imaginary part of the refractive index of the correct fiber core mode that we calculated [37]. The change in the refractive index will cause the SPP data to change to a certain extent. So, when we count the wavelength change, we can obtain the trend of the refractive index change. After the refractive index changes, the measured loss summit changes to a certain extent, such as the size and displacement of the peak. The change can be displayed by the instrument to realize the visualization of external changes affecting the data. For the convenience of calculation and statistics, the refractive index of air is always assumed to be 1. The main component of silicon is expressed by the Sellmeier equation [38]:


    n   2     λ   = 1 +      X   1     λ   2       λ   2   −   C   1      +      X   2     λ   2       λ   2   −   C   2      +      X   3     λ   2       λ   2   −   C   3       



(2)







In the expression, λ is the wavelength in microns. The constants,     X   1         X   2    ,     X   3    ,     C   1    ,     C   2     and     C   3     are 0.696166, 0.407942, 0.897479, 0.068404, 0.116241 and 9.896161. We quote the following Drude–Lorentz model to represent the dielectric constant of the thin gold layer [39]:


  ε   ω   =   ε   ∞   −      ω   p   2     ω   ω + j γ      +    Δ ε ⋅   Ω   L   2         ω   2   −   Ω   L   2     + j   Γ   L   ω     



(3)







In the equation,     Ω   L   ,     ω  ,     ε   ∞    ,   γ  ,     Γ   L    ,   Δ ε   and     ω   p     stand for the oscillator strength (1300.14π THz), angular frequency, permittivity at a high frequency (5.9673), damping frequency (31.84π), spectral width of the Lorentz oscillators (209.72π), weighting factor (1.09) and plasma frequency (4227.2π). The wavelength sensitivity (    S   λ    ) is expressed as follows for a more detailed study [40,41,42,43]:


    S   λ   =    δ   λ   p e a k     ∆     



(4)







    S   λ     is the wavelength sensitivity.   δ   λ   p e a k     is the change in the resonance wavelength. So,   ∆   is the change. In order to further study the performance of the sensor for temperature change and magnetic field change, the magnetic field and temperature sensitivities are expressed as the following two formulas [44,45,46]:


    S   T   =    δ   λ   p e a k     ∆ T     



(5)






    S   H   =    δ   λ   p e a k     ∆ H     



(6)




where   ∆ T   is the change in the temperature and   ∆ H   is the change in the magnetic field.



PDMS is a new polymer material (polydimethylsiloxane) that has the characteristics of transparency, elasticity and biocompatibility. Its refractive index changes with the temperature as follows:


    n   P D M S   = − 4.5 ×   10   − 4   T + 1.4176  



(7)







The temperature in this study (  T  ) was calculated in degrees Celsius (°C).



Ta2O5 coated in ch2 is an oxide with a high dielectric constant, insulation and high temperature resistance and corrosion resistance. The sensing performance can be changed by modulating the effective refractive index of the light field. The refractive index of Ta2O5 film can be given by the following formula [47]:


    n   T   a   2     O   5     = 1.88 + 178.4 ×      10   2       λ   2      + 52.7 ×   10   7   /   λ   4    



(8)




where λ is the wavelength.



Changes in the   m f   caused by changes in the external environment are represented by the following functions:


    n   m f   = (   n   s   −   n   0   )     coth  ⁡    α    H −   H   c , n     T      −    T   α ( H −   H   c , n   )        +   n   0    



(9)




where     n   s     is the saturation of the refractive index of the   m f  ,     n   0     is the initial refractive index of the   m f  ,   α   is the fitting coefficient,   T   is the working temperature,     H   c , n     is the threshold value of the magnetic field and   H   is the external magnetic field intensity. In this paper, these parameters are set to   α   = 5,     H   c , n     = 30 Oe,     n   0     = 1.4352 and     n   s     = 1.4385.




2.2. Influence of Structural Parameters


Firstly, the mode characteristics of the sensor with a refractive index of 1.38 were analyzed, as shown in Figure 2. It can be seen that there are five different loss peaks in the measured wavelength range. At loss peak 1 (1078 nm) and loss peak 2 (1178 nm), the SPP mode of ch1 regulated by the mf is a high-order mode [48]. The temperature-controlled PDMS is low-order only at loss peak 5 (1408 nm). The loss plot for x polarization is not given because the loss value is particularly small in this wavelength range compared to y polarization. Therefore, the following studies will only focus on the y-pol nuclear model. Since all SPR peaks may be related to the temperature and magnetic field, we focused on the influence of these two parameters on the sensor performance during the study. Comparing the SPR peaks, it is found that the y-pol core mode with loss peak 5 has more coupling energy and a higher temperature sensitivity to the SPP mode [49,50], while loss peak 4 is very insignificant and can even be found to be coupled with loss peak 5 later. Since most coupling modes occur in the long-wavelength range, the sensor is more sensitive.



The influence of Ta2O5 on the sensing performance was studied. Figure 3 shows the relation of the loss spectrum with or without Ta2O5. Figure 2 shows that without Ta2O5, loss peak 1 and loss peak 4 have little influence, while loss peak 2, loss peak 3 and loss peak 4 seem to disappear. Because in Figure 2, we can see that the main mode of loss peak 4 is in ch1, while the other four peaks are the result of the joint action of ch1 and ch2, the electric field of the SPP mode exists in the PDMS and MF. Therefore, it is not difficult to conclude that in the absence of Ta2O5, the temperature sensitivity is very low, and, on the contrary, when ch2 is coated with Ta2O5 films, the SPP mode is further penetrated in the PDMS [51]. The results show that the Ta2O5 thickness can obviously affect the SPR peak value, and different SPR peaks can be separated better to reduce the mutual influence between them [52,53]. At the same time, the increase in the SPP mode energy that occurs in the circular hole containing PDMS can improve the sensitivity [54].



Then, the thickness of the Ta2O5 film is optimized. The loss spectrum is shown in the figure, where Ta2O5 goes from 37 to 46 nm. By observing the dark-blue curve, it can be found that there are four obvious peaks. In relation to the other three colors, when the thickness of Ta2O5 increases, the corresponding wavelength of each peak is redshifted and, until the red line can be found, there are only three distinct peaks [55]. One of the peaks increases with the increase in the thickness of Ta2O5, which is due to the enhanced energy coupling capacity of Ta2O5. As shown in Figure 4, the highest losses under different Ta2O5 thicknesses are 30.98dB cm−1, 28.4 dB cm−1, 29.83 dB cm−1 and 33.66 dB cm−1. The wavelength intervals are 46, 48 and 50 nm. It can be found that when Ta2O5 went from 37 to 46 nm, the maximum peak value did not change significantly, and the reason why 37 nm is a slightly higher maximum loss is that loss peak 4 and loss peak 5 are coupled together. The sensor is set at 46 nm, the loss is obvious, the observation sensitivity is good and the crosstalk is low.



As the key to stimulate the SPR effect, it is necessary to discuss the influence of gold on the sensor, as shown in Figure 5. It can be seen from the loss spectrum that the thinner the gold, the higher the loss value corresponding to each peak value. But, overall, the difference is not particularly large, but in the manufacturing process, thinner gold will lead to a more difficult process [56]. In particular, only SPR peak 3 has the most obvious change in loss value, when the gold was thinner, and the other loss peaks are relatively not so prominent. Therefore, to sum up, it is appropriate to select 40 nm gold for the next study.





3. Effect of Temperature and Magnetic Field


The flexible structure is one of the advantages of the sensor, and the size and arrangement of the pores play a crucial role in the study of the sensor performance [57,58]. Figure 6 depicts the distance position relationship between the small pores that constrain evanescent waves. In the section diagram given, Figure 6b,e,h is the relationship curve between the wavelength and loss, and Figure 6e,f,i is their contour diagram. It can be seen from Figure 6a–c that when the constrained pore diameter gradually increases from 0.8 to 1.4 μm, the energy loss decreases, and the loss peak gradually smooths out, but it does not move significantly. The loss values of the highest loss peaks are 40.82 dB cm−1, 28.25 dB cm−1, 18.26 dB cm−1 and 10.78 dB cm−1, and the corresponding wavelengths of the maximum loss peaks are 1410 nm, 1410 nm, 1405 nm and 1405 nm, respectively. This shows that if the confined porosity is too large, it will affect the transmission of polarized light. Figure 6e shows the dependence of the loss on the resonance wavelength when the porosity is constrained. As can be seen from Figure 6d–f, when the distance between the restraint hole and the core changes from 5 to 7 μm, the loss peak becomes obvious. But there is no significant redshift or blueshift. The loss values of the highest loss peaks are 84.73 dB cm−1, 54.5 dB cm−1, 28.4 dB cm−1 and 10.37 dB cm−1, respectively, and the corresponding wavelengths of the maximum loss peaks are all 1408 nm. By comparing Figure 6f–g, it can be seen that the contour diagram is symmetrical up and down, which indicates that the constraint of the constraint hole on the polarized light will be weaker as the distance gradually increases. In the contour diagram, red and blue represent, respectively, the highest and lowest energies in the color card on the right. The corresponding d1 = 0.8 μm corresponds to the highest energy at a wavelength of 1.4 μm, and d2 = 70 μm corresponds to the highest energy at a wavelength of 1.4 μm. As can be seen from Figure 6d–f, the influence of the constrained pore spacing on the loss-making wind corresponding to longer wavelengths is rather chaotic. The maximum losses of peak 5 with its change are 42.49 dB cm−1, 30.26 dB cm−1, 28.4 dB cm−1, 31.01 dB cm−1 and 34.92 dB cm−1, corresponding to the wavelengths of 1436 nm, 1422 nm, 1408 nm, 1396 nm and 1380 nm. The reason for the transition is that loss peak 4 and loss peak 5 are gradually coupled. It can be guessed that different pore positions can make polarized light transmit from different places, thereby leading to a relatively chaotic loss spectrum state.



The magnetic field temperature performance of the optimized sensor is studied in this paper. Figure 7 shows the result of the perception data. Since the PDMS is not affected by the magnetic field, the second peak in Figure 7a does not change. However, the first loss peak is split due to increasing changes in the magnetic field, presumably because the SPP is a higher-order mode. When the magnetic field is 50 Oe, loss peak 4 gradually redshifts to loss peak 5 corresponding to a longer wavelength. Therefore, with the increase in the magnetic field strength, the loss of the highest loss peak gradually increases because when the magnetic field strength is greater, the new loss peak contains the original two loss peaks [59]. Figure 7b shows the changes in the total loss and wavelength interval for loss peaks 4 and 5. It can be concluded that the field strength increases and the loss increases everywhere in the explored wavelength range, indicating that the magnetic field strength is positively correlated with the energy size. However, the wavelength spacing between loss peak 4 and loss peak 5 does not change significantly. Therefore, due to the change in the magnetic field intensity, the loss peak is affected by PDMS to a certain extent. The energy loss of peak 5 is always the highest. According to Figure 2, the SPP mode is caused by a low-order mode.



The change in the sensor performance at temperatures of 17.5 °C–37.5 °C was studied. The temperature in this section is divided into two parts as shown in Figure 8. This will make the image easier to see. When the temperature is the lowest temperature discussed, 17.5 °C, loss peak 4 is more obvious than the other temperatures, but it gradually disappears as the temperature rises. The most obvious loss peak in the calculated range is 19.01 dB/cm. As can be seen from the simulation diagram in Figure 2, the SPP mode is mainly concentrated in the ch1 region [60,61]. With the increase in temperature, this energy is gradually fitted with loss peak 5, and finally fused into a loss peak. Figure 9d shows the change in loss peak 1. The maximum loss is 8.51771 dB cm−1. The resonance wavelength can be found to blueshift between 17.5 °C and 37.5 °C. The maximum loss peak (loss peak 5) is blueshifted by 130 nm from 17.5 °C to 37.5 °C, with a temperature sensitivity of 6.5 nm/°C. The blueshift of loss peak 2 is 80 nm. The blueshift of loss peak 3 is 54 nm, and the temperature sensitivity is 2.7 nm /°C. By comparing Figure 8a, it can be found that the loss peak is split into two peaks, which indicates that the loss peak generated by the influence of temperature on the PDMS is gradually separated from the interaction between the magnetic field, which is also reflected in the inflection point diagram (32.5 °C) in Figure 9d. It can be seen from Figure 9b,c that with the increase in temperature, the loss peak energy gradually decreases, and the resonance wavelength also decreases, indicating that PDMS affected by temperature plays a leading role, and the MF affected by the magnetic field is not inhibited [62,63]. In Figure 8b, the loss peak value changes by 17.655 dB/cm and the wavelength changes by 40 nm in the temperature range studied. The peak loss variation in the temperature range explored in Figure 9c is 2.143 dB /cm, and the wavelength variation is 59 nm. All we can tell is that the temperature changes the resonance wavelength by about the same amount. Figure 9a shows loss peak 5. It can be seen that, as the temperature increases, the resonance wavelength shifts blue, but there is a less obvious peak. It can be seen that, above 32.5 °C, the increase in temperature causes the blueshift of the loss wind, and the loss peak decreases [64,65,66]. The redshift of loss peak 5 was linearly fitted, as shown in Figure 10. The result is    ∆   λ  =  −  6.3  ×   + 107.14. For loss peak 5, the loss peak value changes by 6.77 dB/cm, and the corresponding wavelength change is 80 nm. Because 32.5 °C is the highest value corresponding to the explored range, all wavelength changes are not 125 nm [67,68]. In Table 1, we present a comparison between our work and the existing work [69,70].




4. Conclusions


In this study, a PCF sensor was designed to respond to temperature and magnetic field changes at the same time. The modal characteristics of the sensor were studied using COMSOL software. It was found that the y-pol core mode has better sensing characteristics, and Ta2O5 can improve the sensitivity of the sensor and reduce the interaction between different SPR peaks. Then, the structural parameters of the sensor, such as the thickness of the gold layer, the thickness of the Ta2O5 and whether there is Ta2O5 or not, were analyzed. Finally, the data obtained from the optimized sensor were analyzed and studied. We found that the temperature sensitivity in the sensor performance was suppressed when the temperature exceeded 32.5°C. The maximum sensitivity of 6.5 nm/°C was calculated from 17.5 °C to 37.5°C. Due to its unique structural characteristics and excellent sensing performance, the sensor has the potential to perform sensing under complex environmental conditions. Selective detection and multi-parameter sensing are the keys to the development of multi-functional PCF sensor devices.
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Figure 1. (a) Two-dimensional cross section of the sensor. (b) The sensing model with stack-and-draw fabrication method. 
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Figure 2. The y polarization mode of the sensor, and the effective refractive index of the SPP mode and the loss spectrum. 
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Figure 3. Loss spectra and electric fields of nuclear modes with and without Ta2O5 films. 
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Figure 4. Loss diagram of thickness of Ta2O5 at 37–46 nm. 
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Figure 5. Under the initial parameter setting, the loss spectrum changes only when the gold layer thickness changes (from 37 to 46 nm). 
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Figure 6. The cross section of the sensor structure under different parameters: the size of the special air hole, the distance from the center of the fiber (three variables (a,d,g)) and the relationship between the three variables and the wavelength (b,e,h); contour analysis (c,f,i). 
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Figure 7. (a) Schematic diagram of the loss spectrum of the sensor at different magnetic field intensities of 50~130 Oe. (b) Total loss and change in wavelength spacing of SPR peaks 3 and 4. 
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Figure 8. (a) Influence of the optimized sensor on the loss spectra with different temperatures from 17.5°C to 27.5 °C. (b) Influence of the optimized sensor on the loss spectra with different temperatures from 27.5 °C to 37.5 °C. 
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Figure 9. (a–d) Wavelength variation diagrams corresponding to the maximum losses of SPR peaks. 
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Figure 10. Wavelength redshift fitting results at different temperatures. 
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Table 1. Comparison of temperature and magnetic field sensitivities of several sensors.
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	Magnetic Field Sensitivity
	Temperature Sensitivity
	Work





	132 pm/Gs (1,320,000 pm/Oe)
	−1.960 nm/°C (−1960 pm/°C)
	[69]



	65 pm Oe(−1) (65 pm/Oe)
	520 pm/°C and 2360 pm/°C
	[70]



	40 nm/Oe (40,000 pm/Oe)
	6.5 nm/°C (6500 pm/°C)
	This work
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