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Abstract

:

In this correspondence, a new photonic crystal fiber biosensor structure on the basis of surface plasmon resonance is proposed for the measurement of the refractive index (RI) and TSM temperature simultaneously. In this design, the central and external surface of the biosensor structure are coated with thin gold film. A hole adjacent to the inner gold film is filled with temperature-sensitive material (TSM). With the implementation of internal and external gold coatings along with TSM, the biosensor achieves the measurement of the RI and temperature with two disjoint wavelength coverage. Numerical simulations and calculation results illustrate that the average wavelength sensitivity of the biosensor structure, respectively, achieves 7080 nm/RIU and 3.36 nm/°C with RI coverage from 1.36 to 1.41 and temperature coverage from 0 to 60 °C. Moreover, benefiting from realization of different wavelength regions in RI and temperature sensing, it is believed that the proposed biosensor structure for the measurement of the RI and temperature will have range applications in the fields of medical diagnostics and environmental assessments.
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1. Introduction


Surface plasmon resonance (SPR) is a collective oscillation of conduction band electrons which are interacting with the oscillating electric field of the incident light to cause resonance [1]. It is an optical effect wherein the incident light with an appropriate incidence angle brings photons to the surface of metal and plasmonic materials, resulting in the surface-located electrons being interacted and excited. Then, the electrons propagate parallel to the surface and produce energetic plasmon electrons through non-radiative excitation [2,3]. When the effect happens, a minuscule change in the reflective index (RI) or other variables of the background medium or multi-scale system will alter the phase-matching condition and further hinder the occurrence of the excitation of the SPR effect, which makes it feasible for the measurement of analyte RI or other objects in the field of sensing, especially medical testing services in the context of the coronavirus disease [4,5,6]. In recent years, with extensive studies and applications on photonic crystal fibers (PCFs) [7], the findings have concluded that PCFs are a satisfactory environment for the SPR effect to be excited due to its distinctive optical properties and a designable structure with a variety of geometrical topologies and plasmonic materials to choose from [8,9,10,11]. A significant number of works have been dedicated to propose SPR-based PCF sensors to achieve favorable results in multiphysics measurement, such as analyte RI [12], TSM temperature [13], magnetic density [14], structure strain [15], etc.



With development of structural design and fabrication technologies, a multitude of works have focused on various geometry topologies and fabrication materials of the sensor structure. In 2020, Islam et al. proffered a superior RI sensing performance by introducing a circular air hole array with a strategic pattern method in the fiber structure. In this work, a maximum wavelength sensitivity (  S n  ) of about 41,500 nm/RIU along with a maximum amplitude sensitivity (  S a  ) of about 5060   RIU  − 1    were achieved with a coverage for analyte RI sensing from 1.32 to 1.43 [16]. During the same period, Wang et al. obtained a novel fiber sensor structure by applying a symmetrical geometry, which had an ultra-wide coverage for the detection of analyte RI from 1.29 to 1.49 for both   x −   and   y −  polarized modes. The   S n   value was, respectively, found to be −4156.82 nm/RIU and −3703.64 nm/RIU [17]. In 2022, Fu et al. achieved a fiber structure consisting of two cladding layers along with square-arranged holes filled with gold and temperature-sensitive material (TSM) chloroform, which resulted in a maximum and average temperature sensitivity (  S T  ) of −10.4 nm/°C and −8.25 nm/°C, respectively [18].



However, in complicated scenarios, the measurement of a single parameter cannot meet the requirements in operational applications. Moreover, the optimization of a single parameter cannot achieve the optimal outcome. Furthermore, the measurement of a single parameter in the sensor implies a serious cross-talk problem between the correlated parameters in a complex system. For that reason, a number of multi-scale sensors have been proposed to efficiently address the issue to break through the bottleneck in the contemporary research. In 2019, Liu et al. achieved a RI and temperature measurement sensor which was polished into a D shape for high polarization-maintaining. The research results demonstrated the corresponding maximum sensitivity, respectively, to be of 44,850 nm/RIU with a coverage for RI detection from 1.43 to 1.50 and −16.875 nm/°C with a coverage for temperature measurement from 36 to 86 °C. A coverage of the operating wavelength for the RI and temperature detection ranged from 0.9 to 2.2  μ m and from 1.0 to 1.6  μ m, respectively. Seemingly, it is incapable of achieving the measurement of analyte RI and temperature in two distant wavelength regions simultaneously [19].



In contemporary research, some of the studies have achieved the measurement of different parameters with the same coverage of wavelength simultaneously by applying orthogonal polarization states of two modes. In 2022, Zhang et al. achieved a thin polarization-maintaining fiber (TPMF) with simultaneous temperature and strain measurement. In the work, it was revealed that the temperature and strain sensitivity reached adequate levels of 91.84 pm/°C and −2.37 pm/  μ ϵ  , respectively. Meanwhile, the resolution of the structure achieved 0.41 °C and 0.07   μ ϵ  . Furthermore, the maximum measurable value of strain was concluded as 8000   μ ϵ   [20]. In the same year, An et al. obtained a flat polished sensor structure for temperature and RI measurement by utilizing a fiber coated with gold films, while some air holes were filled with TSM toluene. The research results illustrated that the   S n   and   S T   value, respectively, achieved 17,000 nm/RIU and −5 nm/°C along with a coverage of analyte RI from 1.32 to 1.41 and a coverage of temperature from −30 to 40 °C [21]. Previous works have reached multi-parameters measurement but still cannot guarantee the disjoint wavelength regions when applied in different parameters. Therefore, a sensor structure for the measurement of multi-parameters simultaneously with disjoint coverage of operating wavelengths for each variable in the system is urgently sought.



In this work, a new biosensor structure is obtained for the measurement of analyte RI and TSM temperature simultaneously. The sensing performances of the fiber structure are investigated through numerical simulation with the help of the finite element method (FEM). With the utilization of internal and external Au films along with TSM, the biosensor achieves the measurement of the refractive index and temperature with two disjoint wavelength coverage. The numerical simulation and calculation results demonstrate that the average   S n   and   S T   values of the biosensor structure can, respectively, reach 7080 nm/RIU and 3.36 nm/°C with a coverage of analyte RI from 1.36 to 1.41 and a coverage of TSM temperature from 0 to 60 °C. It is believed that the proposed biosensor fiber structure will have a range of applications in the fields of medical diagnostics and environmental assessment.




2. Design and Operating Principle of the SPR-Based PCF Sensor


Figure 1a,b, respectively, show a 3D view and the 2D schematic of the proposed biosensor structure. Insert sub figures (i) and (ii) illustrate the mode field distributions of area A and area B, which are, respectively, applied for RI and temperature measurement. The proposed biosensor structure contains an area consisting of an air holes array with two cladding layers. The air hole array has an arrangement of a triangle lattice with a spacing denoted by   Λ = 3  μ  m. Some air holes are replaced with elliptical holes to strengthen the SPR effect in area A. To ensure that the SPR effect is successfully excited, two thin Au coatings are attached to the internal face of the central air hole and outside of the fiber area. These two coatings are, respectively, described as the inner and outer gold films with a thickness denoted by   τ 1   and   τ 2  . On the intersection of the right side of the fiber structure and outer gold film, a capillary which forms the air hole is replaced by a solid rod in order to form core area A; while the four adjacent air holes are replaced with elliptical holes pointing to core area A to strengthen the SPR effect, the major and minor semi-axis of those elliptical holes are presented as a and b, respectively. In fabrication, deviation exists when controlling the elliptical air holes to head for core area A, which may influence the sensing performance of the biosensor. The analysis of deviation will be discussed in the next section. Meanwhile, to make the SPR effect of core A fully excited and further strengthen the mode distribution of the evanescent field, the core A area is designed to be close to the outer gold film with an appropriate value. Exceeding a 150 degree angle from the straight forward x-axis, the inner-layer air hole with the diameter denoted by   d 3   is filled with TSM in order to construct area B. Adjacent to the core B area, two air holes located at a distance of    3  Λ   from the central air hole are increased to a diameter denoted by   d 2   to improve the sensing performance.   d 4   and   d 1  , respectively, stand for the diameter of the central air hole along with other air holes. A layer consisting of liquid analyte with a thickness of   3  μ  m is attached to the external part of proposed fiber. This work applies numerical simulations with the help of the finite element method to solve eigenmode problems. Moreover, a perfectly matched layer (PML) is placed outside of the analyte area to truncate the region beyond the biosensor structure and limit the computational area by absorbing all the radiation energy [22,23].



Figure 2 demonstrates the 2D schematic of the proposed biosensor structure in the fabrication process. In the fabrication process, we utilize an external container for gathering different types of capillaries and rods. In this correspondence, thin-wall, thick-wall, elliptical-core, and gold-inner-coated capillaries are applied to form, respectively, the small hole, big hole, elliptical core, and central hole. A solid rod is used for forming area A. After bringing these capillaries and rods together, liquid silica infiltrates the space among these structures and the biosensor structure is thereby made.



Fused silica is applied as the material of the fiber for its superior performance and properties with a material RI, which can be calculated applying the following three-order Sellmeier Equation (1) [24,25], where  λ  is the free-space wavelength:


   n  S i l i c a  2  = 1 +   0.6961663  λ 2     λ 2  − 0 .  0684043 2    +   0.4079426  λ 2     λ 2  − 0 .  1162414 2    +   0.897479  λ 2     λ 2  − 9 .  896161 2     



(1)







Gold, just like other metal materials, is applied as the coating for exciting the SPR effect. The dispersion of the inner and outer gold film can be obtained by applying a Lorentz–Drude model, which is represented as the following Equation [26,27]:


   ε m  =  ε ∞  −   ω  D  2   ω ( ω − j  γ D  )   −   Δ ε ·  Ω  L  2     (  ω 2  −  Ω  L  2  )  − j  Γ L  ω    



(2)




where    ε ∞  = 5.9673   denotes the dielectric constant with ultra-high frequency, and   ω = 2 π c / λ   stands for the angular frequency of the light propagating through the PCF fiber.   ω D   and   γ D  , respectively, represent the plasma and damping frequency.   Δ ε = 1.09   is the weight factor.   Ω L  , along with   Γ L  , are the frequency and spectral width of the Lorentz oscillator, respectively, where    Ω L  / 2 π = 650.07  THz   and    Γ L  / 2 π = 104.86  THz   in angular frequency.



TSM is a medium similar to magnetic fluid, the RI of which varies with temperature. The RI of TSM can be calculated through the formula below [28,29]:


   n  T S M   = 1.454 − α  ( T − 25 )   



(3)




where  α  and T denote the thermal optical coefficient and the temperature in degrees Celsius, respectively. In this paper,  α  is chosen as   3.9 ×  10  − 4   /  °C.



It is generally acknowledged that the SPR-based PCFs work owing to a mechanism of interactions between electrons on the surface of plasmonic material along with the evanescent field [30,31]. The confinement loss (  C L  ) is a good metric which represents the loss in propagation, which can be calculated by Equation (2) [32], where   n  e f f    is the effective RI of the core mode. The unit of   C L   value is dB/cm.


  C L = 8.686 ×   2 π  λ  × I m  (  n  e f f   )  ×  10 4   



(4)







In this article, we select x-polarization for sensing. With the implementation of both inner and outer gold coatings for exciting the SPR effect with variate physical values, the proposed biosensor structure is able to measure the RI and temperature with two disjoint coverage of wavelength.



Figure 3a illustrates the CL curve of the   x −  polarized mode of area A and a real part of the effective RI of core mode and zero-order SPP mode when analyte RI is 1.38. Furthermore, Figure 3b–d show the mode field distributions of the proposed biosensor structure simulated with wavelengths, respectively, chosen as 670, 754, and 890 nm. From Figure 3a, it can be seen that the   x −  polarized mode of area A along with the zero-order SPP mode are coupled together on the area of the outer gold coating with a wavelength coverage from 0.7 to   0.8  μ  m. The value of the CL curve is small in those wavelength regions wherein resonance is almost not excited. A reasonable explanation for this phenomenon is that a majority of the energy is limited in the core region of area A when the wavelength is in those non-resonant wavelength regions, which are illustrated in Figure 3b,d. When the SPR effect is fully excited with a resonant wavelength   λ  S P R   ,   x −  polarized mode in area A, it is coupled along with a zero-order SPP mode and the energy distributions alter from core area A to the surface outer gold coating, which is demonstrated in Figure 3c. At this moment, the phase-matching condition is satisfied, as shown in the intersection of the blue solid curve and the blue dotted curve in Figure 3a. Meanwhile, the CL value of the   x −  polarized mode of area A reaches a summit.



Figure 4a shows the CL curve of the   x −  polarized mode of area B and a real part of the effective RI of the core mode and second-order SPP mode when the temperature is 40 °C. Furthermore, Figure 4b–d show the mode field distributions of the proposed biosensor structure simulated with wavelengths, respectively, chosen as 1120, 1250, and 1470 nm. From Figure 4a, it can be seen that the   x −  polarized mode of area B along with the second-order SPP mode are coupled together on the area of the inner gold coating with a coverage of wavelengths from 1.2 to   1.3  μ  m. The value of the CL curve is small in those wavelength regions wherein resonance is almost not excited. The same reasonable explanation for the CL curve is that a majority of the energy is limited in the core region of area B in those non-resonant wavelength regions, which are demonstrated in Figure 4b,d. When the SPR effect is fully excited with   λ  S P R   , the   x −  polarized mode of area B is coupled with the second-order SPP mode and the mode field distribution is altered from core area B to the inner gold coating, which is illustrated in Figure 4c. At that point, the phase-matching condition is achieved, as shown at the intersection of the blue solid curve and the blue dotted curve in Figure 4a. Moreover, the CL value of the   x −  polarized mode of area B reaches a summit.



Up to now, this work has found that the   x −  polarized mode of area A has a coupling wavelength coverage with a zero-order SPP mode from 0.7 to   0.8  μ  m, which is less than   1  μ  m. Furthermore, the   x −  polarized mode of area B has a coupling wavelength coverage with a second-order SPP mode from 1.2 to   1.3  μ  m, which is more than   1  μ  m. This indicates that the CL curve applied for themeasurement of both RI and temperature can be achieved simultaneously with the utilization of a broadband light source. Furthermore, this work makes a comparison between the mode field distributions when the   x −  polarized modes of area A and B, respectively, are coupled with different-order SPP modes on the surface of different gold coating and find no cross-coupling. This result further verifies the feasibility of the proposed biosensor structure in this work.



The variation of analyte RI and temperature do affect the effective RI in the region of the excited SPR effect, which further changes the mode field distributions and the related   λ  S P R    value. Eventually, the CL curve starts to shift and the peak value changes. Seemingly, it is of great significance to find an evaluation scheme to measure the correlation between changing parameters and the affected sensing performance. In this scenario, the correlation is appropriate for measuring the variation in the CL curve along with RI or temperature. Therefore, there are two satisfactory metrics: RI sensitivity   S n   and temperature sensitivity   S T  , which are defined as the equations below [33,34], where   Δ  λ  S P R    ,   Δ  n a   , and   Δ T  , respectively, represent the value changes in the resonant wavelength, RI, and temperature. The unit of the   S n   value is nm/  RIU   and the unit of the   S T   value is nm/°C.


   S n  = Δ  λ  S P R   / Δ  n a   



(5)






   S T  = Δ  λ  S P R   / Δ T  



(6)







Furthermore, we use the amplitude sensitivity   S a   to measure the correlation between the changing parameters and the affected intensity of the sensing curve. The calculating formula is illustrated in Equation (7) [35].


   S a  = −  ( Δ C L / Δ  n a  )  / C  L  i n i t i a l    



(7)




where   Δ  n a    is the RI variation.   Δ C L   represents a change in confinement loss and   C  L  i n i t i a l     denotes the initial confinement loss. The unit of the   S a   value is    RIU  − 1    .




3. Simulation Results and Discussion


In this correspondence, with a structure of four elliptical air holes pointing to core A, it is believed that the parameters of the structure inside and outside of the elliptical air hole region almost have an effect on the related regions. Furthermore, the inner and outer gold film have an effect on core B and core A, respectively. Hence, we analyze the sensing performance of core A, which varies with    τ 2  , a , b   and the sensing performance of core B, which varies with    d 3  ,  d 4  ,  τ 1  ,  d 1  ,  d 2    separately.



3.1. Effects on Core A


In order to obtain a overall insight into the investigation of the effect of the structure parameters on core A, we set the initial structure parameters as follows:   a = 1.4  μ  m,   b = 0.8  μ  m,    τ 2  = 50   nm.



Figure 5 shows the CL curve of the   x −  polarized mode of area A with   τ 2   respectively chosen as 50, 60, and 70 nm, and the analyte RI is 1.36, 1.39, and 1.40. From Figure 5, it can be seen that, when the analyte RI is set as 1.36 and 1.39 and   τ 2   rises from 50 to 70 nm, the   λ  S P R    value of the CL curve has a slight red shift and the peak value of the CL curve has a significant fall. When the analyte RI is set as 1.40, the   λ  S P R    value of the CL curve is almost still and the peak value of the CL curve firstly increases and then decreases. Furthermore, it is demonstrated from Figure 5 that, when the analyte RI is chosen as 1.40, the CL spectra with   τ 2   chosen as 50 nm is not smooth, with a distorted peak at about 850 nm. With the increase in   τ 2  , the distorted peak is gradually diminished. Furthermore, when making a comparison among those CL peak values and related envelopes, it is apparent that the distribution of the CL peak value results in red-shift visibly with   τ 2   increasing from 50 nm to 70 nm. A reasonable explanation for this is considered, according to which when   τ 2   is 50 nm, the SPR effect cannot be fully excited, which causes the occurrence of the distorted peak with the analyte RI set as 1.40. When   τ 2   increases, the SPR effect is gradually enhanced, which causes the red-shift of the envelope of the CL spectra. In accordance with Equation (5), the average   S n   value achieves 6087.5, 6100, and 6050 nm/RIU with   τ 2   chosen as 50, 60, and 70 nm, respectively, and the maximum RI sensitivity is always 10,700 nm/RIU. The calculation results demonstrate that the average   S n   value of the proposed structure firstly increases and then decreases, and reaches a summit when   τ 2   is about 60 nm. Furthermore, with a variation of   τ 2   from 60 to 70 nm, a new peak with an analyte RI of 1.41 appears, which can widen the coverage of the wavelength and further increase the average   S n   value of the proposed biosensor.



Figure 6 illustrates the CL curve of the   x −  polarized mode of area A with a respectively set as 1.4, 1.5, and 1.6  μ m, and analyte RI is set as 1.36, 1.39, and 1.40.



From Figure 6, when the analyte RI is set as 1.36 and a rises from 1.4 to 1.6  μ m, the   λ  S P R    value of the CL curve with the analyte RI set as 1.36 is almost still and the peak value of the CL curve has a visible increase. The   λ  S P R    value of the CL curve with the analyte RI set as 1.39 has a slight red shift and the peak value of the CL curve almost remains the same. When the analyte RI is 1.40, it is apparent that the distorted peak is significantly enhanced with the increase in a from 1.4 to 1.6  μ m. Moreover, the   λ  S P R    value of the CL spectra with the analyte set as RI 1.40 has a red shift and the peak value of the CL curve rises. Furthermore, when making a comparison among those CL peak values and the related envelopes despite the distorted peak, it is apparent that the distribution of the CL peak value happens to visibly blue-shift and that the wavelength region is widened with a increases from 1.4  μ m to 1.6  μ m. A reasonable explanation for this phenomenon is that, when a increases, the core A area is compressed, which improves the confinement of the energy in core A and further strengthens the SPR effect, which changes the distribution and causes the blue shift of the envelope of the CL spectra. However, the elliptical air holes straight above and below core A area cover too little a region with the outer gold film, which leads to the distorted peak being magnified. In accordance with Equation (5), the average   S n   value achieves 6125, 6550, and 6475 nm/RIU with a, respectively, chosen as as 1.4, 1.5, and 1.6  μ m and the related maximum   S n   value is 10,800, 12,500 and 11,500 nm/RIU. The calculation results demonstrate that the maximum and average   S n   value of the proposed structure firstly increases and then decreases when a increases, and reaches a summit when a is about 1.5  μ m. Furthermore, the already existing distorted peak will be greatly enhanced with a increases from 1.5 to 1.6  μ m.



Figure 7 demonstrates the CL curve of the   x −  polarized mode of area A with b respectively chosen as 0.5, 0.6, and 0.7  μ m, and analyte RI is set as 1.36, 1.39, and 1.40.



From Figure 7, with a variation of b from 0.5 to 0.7  μ m,   λ  S P R    value of CL spectra with RI set as 1.36 is almost still and the peak value of CL curve has a slight boost,   λ  S P R    value of CL spectra with RI set as 1.39 is almost still and the CL peak value firstly rises and then diminishes,   λ  S P R    value of CL spectra with RI set as 1.36 has a slight red shift and the peak value of CL curve decreases. Furthermore, when making a comparison among those CL peak values and related envelopes, it is apparent that the distribution of CL peak value is widen with b set from 0.5  μ m to 0.7  μ m. The main reason considered is that when b is deviating from the center of symmetry in negative direction, more regions which can be used for the SPR are gradually revealed on the intersection of core A area along with the external gold coating, which changes condition of SPR effect and alleviates the peak value of CL curve. When b is deviating from the center of symmetry in positive direction, regions between those elliptical air holes are reduced, which changes mode field distributions in area A. In accordance with Equation (5), the average   S n   value achieves 5925, 6000, 6075 nm/RIU with b respectively set as 0.5, 0.6, 0.7  μ m and the related maximum RI sensitivity is 10,300, 10,600 and 10,900 nm/RIU. The calculation results illustrate the average and maximum   S n   value of the proposed structure increases with b increases, which further improves the sensing performance.



Another factor which should be taken into consideration is that, in fabrication processing, those four elliptical air holes may exhibit a deviation from pointing right to area A. In order to simplify the scenario into a symmetry case, we use   θ 1   to describe the deviation of the two elliptical air holes directly above and below core A,   θ 2   for another two elliptical air holes. The positive and negative  θ  values denote the anticlockwise and clockwise deviation, respectively.



Figure 8a,b shows the CL curve of the   x −  polarized mode of area A with the analyte RI respectively set as 1.36 and 1.40 and with   θ 1   being   −  10 ∘   ,   0 ∘  ,   15 ∘  ,   30 ∘  . From Figure 8a,b, with the   θ 1   increases clockwise to the maximum deviation   −  10 ∘   , the resonance wavelength of the CL spectra with the analyte RI set as 1.36 almost stays still and the CL peak value has a noticeable increase. The resonance wavelength of the CL spectra with the analyte RI set as 1.40 witnesses a blue shift and the peak value of the CL curve has a slight increase. Furthermore, when making a comparison among those CL peak values and the related envelopes despite the distorted peak, it is apparent that the wavelength region is widened with   θ 1   decreases from   0 ∘   to   −  10 ∘   . The main reason considered is that the clockwise deviation compresses the region between those two elliptical air holes and the external gold coating, which further excites the SPR effect and strengthens the couple of   x −  polarized mode of area A along with the SPP mode at the external gold coating with the analyte RI set as 1.36. However, the deviation holistically expands the core A region, which changes the coupling condition with the analyte RI set as 1.40. From Figure 8a,b, with the   θ 1   increases anticlockwise to the maximum deviation   30 ∘  , the   λ  S P R    value of the CL spectra with the analyte RI set as 1.36 is virtually unchanged and the peak value of the CL curve decreases. The   λ  S P R    value of the CL curve with the analyte RI set as 1.40 has a blue shift and the peak value of the CL curve has a slight boost. A reasonable explanation for this is that the anticlockwise deviation causes the expansion of the region between those two elliptical air holes and the external gold coating, which further diminishes the SPR effect and lessens the couple of   x −  polarized modes of area A along with the SPP mode at the external gold coating when the analyte RI has a low value. However, the deviation holistically expands the core A region, which changes the coupling condition with the analyte RI set as 1.40. In accordance with Equation (5), the average   S n   value achieves 6125, 6162.5, 6050, and 5812.5 nm/RIU when   θ 1   is, respectively, set as   −  10 ∘   ,   0 ∘  ,   15 ∘  , and   30 ∘  . The calculation results illustrate that the   S n   of the proposed structure increases with the elliptical air holes pointing directly to core A. Furthermore, the small deviation of   θ 1   has a negligible effect on the RI sensitivity of the proposed structure, which tempers the harshness of fabrication.



Figure 9a,b illustrate the CL curve of the   x −  polarized mode of area A when the analyte RI is respectively set as 1.36 and 1.40 and the   θ 2   is chosen as   −  10 ∘   ,   0 ∘  , and   10 ∘  . From Figure 9a,b it can be seen that, with the   θ 2   increases clockwise to the maximum deviation   −  10 ∘   , the resonance wavelength of the CL spectra with the analyte RI set as 1.36 is almost still and the peak value of the CL curve decreases. The   λ  S P R    value of the CL curve with the analyte RI set as 1.40 is almost still and the peak value of the CL curve has a clear rise. A reasonable explanation for the phenomenon is that the clockwise deviation expands the region of area A, which further weakens the SPR effect with an analyte RI set as 1.36. However, the deviation holistically enhances the coupling with the analyte RI set as 1.40. From Figure 9a,b, it can be seen that when   θ 2   increases anticlockwise to the maximum deviation   10 ∘  , the resonance wavelength of the CL spectra with the analyte RI set as 1.36 is virtually unchanged and the peak value of the CL curve alleviates. The   λ  S P R    value of the CL spectra with the analyte RI set as 1.40 starts to blue-shift and the peak value of the CL curve has a slight increase. A reasonable explanation for this phenomenon is that the anticlockwise deviation expands the region of core A, which further diminishes the SPR effect and lessens the couple of   x −  polarized modes of area A along with the SPP mode at the external gold coating with the analyte RI set as 1.36. However, the anticlockwise deviation expands the redundant region between those two elliptical air holes, and hence slightly changes the coupling condition. In accordance with Equation (5), the average   S n   value achieves 6162.5, 6162.5, and 6137.5 nm/RIU with   θ 2  , respectively set as   −  10 ∘   ,   0 ∘  , and   10 ∘  . The calculation results demonstrate that the average   S n   value of the proposed structure increases with the elliptical air holes pointing directly to core A. Moreover, the minuscule deviation of the   θ 2   has a small effect on the RI sensitivity of the proposed structure, which reduces the requirements in the manufacturing process.



For the biosensor structure in this correspondence, the effects of the structural parameters on the sensing performance of the   x −  polarized mode of area A is summarized in Table 1 as follows.




3.2. Effects on the Core B


Figure 10 demonstrates the CL curve of the   x −  polarized mode of area B with   d 3   respectively chosen as 2.0, 2.2, and 2.4  μ m, and temperature T is set as 0 and 50 °C. From Figure 10, it can be seen that, with a variation in   d 3   and from 2.0 to 2.4  μ m,   λ  S P R    the value of the CL curve with T set as 0 °C witnesses a blue shift and the peak value of the CL curve has an increase, while the   λ  S P R    value of the CL curve with T set as 50 °C has a slight red shift and the peak value of the CL curve remains the same. Furthermore, when making a comparison among those CL peak values and related envelopes, it is apparent that the distribution of the CL peak value happens to visibly blue-shift and that the wavelength region is widened with a variation of   d 3   from 2.0 to 2.4  μ m. A reasonable explanation for this is that, when   d 3   increases, there is more TSM in the filled air hole, which leads to the SPR effect being further excited and the CL peak value increased. However, meanwhile, with   d 3   gradually increasing, the energy cannot be fully confined in core B, which also leads to the coupling condition being changed and the SPR effect being weakened as well as the peak value of the CL curve being decreased with a large   d 3   value. In accordance with Equation (6), the average   S T   value achieves 3.06, 3.40, and 3.64 nm/°C with   d 3  , respectively, set as 2.0, 2.2, and 2.4  μ m. The calculation results illustrate that the average   S T   value of the proposed structure increases with   d 3   increases. Furthermore, the sensor has its effective working wavelength range from 1100 to 1600 nm and above when it is applied for temperature detection, which proves that the sensor can be simultaneously used for RI and temperature detection with two far disjoint wavelength regions.



Figure 11 shows the CL curve of the   x −  polarized mode of area B with   d 4   respectively chosen as 1.6, 1.8, and 2.0  μ m, and T is 0 and 50 °C. From Figure 11, it can be seen that, with a variation in   d 4   from 1.6 to 2.0  μ m, the   λ  S P R    value of the CL spectra with T set as 0 °C has a drastically red shift and the peak value of the CL curve has a slight change. The   λ  S P R    value of the CL curve, with T set as 50 °C, witnesses a dramatically red shift and the peak value of the CL curve has a small change. Furthermore, when making a comparison among those CL peak values and the related envelopes, it is apparent that the distribution of the CL peak value occurs to red-shift significantly with a variation in   d 4   from 1.6 to 2.0  μ m. The main reason considered for this is that, when   d 4   increases, the space between the inner gold film and the TSM-filled air hole is slightly compressed and the distance from the inner gold coating to the TSM is alleviated, which changes the condition of exciting the SPR effect, and affects the intensity of the CL peak value. According to Equation (6), the average   S T   value reaches 3.40, 3.98, and 4.00 nm/°C with   d 4   respectively chosen as 1.6, 1.8, and 2.0  μ m. The calculation results demonstrate that the average   S T   value of the proposed structure increases with   d 4   increases. Furthermore, the sensor has its effective working wavelength range from 1100 to 1700 nm and above when it is applied for temperature detection, which proves the feasibility of applying the sensor for simultaneously detecting RI and temperature in two far disjoint wavelength regions.



Figure 12 illustrates the CL curve of the   x −  polarized mode of area B with   τ 1   respectively chosen as 40, 50, 60, and 70 nm, and temperature T is 0 and 50 °C.



From Figure 12, with a variation in   τ 1   from 40 to 70 nm, the   λ  S P R    value of the CL curve with T set as 0 °C happens to visibly blue-shift and the CL peak value decreases, while the resonance wavelength of the CL spectra with T set as 50 °C starts to blue-shift gradually and the peak value of the CL curve diminishes. Furthermore, when making a comparison among those CL peak values and related envelopes, it is apparent that the distribution of the CL peak value has a blue shift and the related intensity of the CL curve falls visibly with a variation in   τ 1   from 40 to 70 nm. A reasonable explanation for this is that, when   τ 1   increases, though the distance from the TSM-filled hole to the inner gold film is almost unchanged, the central hole is compressed with the thickening gold film, which changes the SPR exciting condition and further causes the blue shift of the CL curve. Moreover, the intensity of the CL peak value is affected by the compressed area. In accordance with Equation (6), the average   S T   value reaches 3.98, 4.00, 4.10, and 3.98 nm/°C with   τ 1   respectively chosen as 40, 50, 60, and 70 nm. The calculation results demonstrate that the average   S T   value of the proposed structure firstly increases and then decreases with   τ 1   increases. Furthermore, the sensor has its effective working wavelength range from 1100 to 1600 nm and above when it is applied for temperature detection, which proves the feasibility of two wavelength regions which do not overlap when applied for RI and temperature sensing simultaneously.



Figure 13 demonstrates the CL curve of the   x −  polarized mode of area B with   d 1   respectively chosen as 1.4, 1.6, and 1.8  μ m, and T is 0 and 50 °C. From Figure 13, it can be seen that, with a variation in   d 1   from 1.4 to 1.8  μ m, the   λ  S P R    value of the CL curve with T set as 0 °C has a subtle blue shift and the peak value of the CL curve has a slight increase, while the resonance wavelength of the CL spectra with T set as 50 °C has a blue shift and the peak value of the CL curve witnesses a small increase. Furthermore, when making a comparison among those CL peak values and the related envelopes, it is apparent that the distribution of the CL peak value is almost unchanged and has a slight blue shift with   d 1   set from 1.4  μ m to 1.8  μ m. The main reason considered for this is that, when   d 1   increases, the space between the inner gold film and the TSM is compressed, which leads to the intensity of the CL peak value being enhanced. However, the distance from the TSM-filled hole to the adjacent holes decreases too, which offsets the influence from the compressed area between the TSM hole and the gold film, leading to the SPR condition being almost unchanged. In accordance with Equation (6), the average   S T   value reaches 4.02, 4.02, and 4.08 nm/°C with   d 1   respectively chosen as 1.4, 1.6, and 1.8  μ m. The calculation results illustrate that the average   S T   value of the proposed structure increases with   d 1   maximized. Furthermore, the sensor has its effective working wavelength range from 1100 to 1600 nm and above when it is applied for temperature detection, which proves the separation in wavelength regions applies for analyte RI sensing.



Figure 14 shows the CL curve of the   x −  polarized mode of area B with   d 2   respectively chosen as 1.8, 2.0, and 2.2  μ m, and T is 0 and 50 °C. From Figure 14, it can be seen that, with a variation in   d s   from 1.8 to 2.2  μ m, the   λ  S P R    value of the CL curve with T set as 0 °C witnesses a slight red shift and the peak value of the CL curve has a decrease, while the resonance wavelength of the CL spectra with T set as 50 °C witnesses a red shift and the peak value of the CL curve first increases and then decreases. Furthermore, when making a comparison among those CL peak values and the related envelopes, it is apparent that the distribution of the peak value of the CL curve has a red shift with   d 2   set from 1.8  μ m to 2.2  μ m. A reasonable explanation for this is that, when   d 2   increases, the energy cannot be fully confined in the center of the TSM hole, which alleviates the peak value of the CL curve. Furthermore, the area adjacent to the TSM-filled hole is compressed, which changes the coupling condition and causes the shift of the CL curve. In accordance with Equation (6), the average   S T   value reaches 3.88, 3.96, and 4.24 nm/°C with   d 2   respectively chosen as 1.8, 2.0, and 2.2  μ m. The calculation results demonstrate that the average   S T   value of the proposed structure increases when the   d 2   value rises. Furthermore, the sensor has its effective working wavelength range from 1100 to 1600 nm and above when it is applied for temperature detection, which proves the reliability of detecting temperature using a wavelength region far from the wavelength region applied for analyte RI sensing.



For the biosensor structure in this correspondence, the effects of the structural parameters on the sensing performance of the   x −  polarized mode of area B are summarized in Table 2 as follows.





4. Sensor Structure Parameters Optimization


After analyzing the effects of the structural parameters on sensing performance, we have achieved the conclusions shown in Table 1 and Table 2 above. In this section, we use two distinct methods to optimize the parameters of the proposed structure.



4.1. Optimization of Core A


Section 3.1 and Table 1 have illustrated the effects of structural parameters   τ 2  , a, b,   θ 1  , and   θ 2   on the sensing performance of core A. In these five parameters,   θ 1   and   θ 2   are not considered, for we analyze them only to verify that they have a trivial effect on the sensing performance of core A when some deviation occurs in the fabrication process and when those elliptical air holes are not pointing to the core A area, which lowers the difficulty of the manufacturing process.



For   τ 2  , it is clear that, when it varies from 50 nm to 60 nm, the distorted peak with the analyte RI set as 1.40 disappears. When it is set from 70 nm to 60 nm, the CL peak value increases, which also enlarges the AS value. Moreover, core A can achieve the largest average   S n   value of 6100 nm/RIU and the maximum   S n   value of 10,800 nm/RIU, which also brings the best resolution value. In conclusion, the optimal value of parameter   τ 2   is set as 60 nm.



For a, it is evident that, when it changes close to 1.6  μ m, the average and maximum RI sensitivity reach the summit and the intensity of the CL peak value is maintained at a relatively high value, which enlarges the AS value. Moreover, the distorted peak is significantly enhanced with a variation in the parameter from 1.5 to 1.6  μ m. In pursuit of a sensing performance with high sensitivity and with a minimally distorted peak, parameter a is set as 1.5  μ m as its optimal value.



After optimizing   τ 2   and a to optimal values of 60 nm and 1.5  μ m, respectively, we find that the effect of parameter b on the sensing performance results in a red shift, which means that the optimal value is increased from the initial estimation value   b = 0.6  μ  m. Figure 15 illustrates the CL curve of the   x −  polarized mode of area A with b respectively chosen as as 0.75, 0.78  μ m, and   τ 2   and a set as 60 nm and 1.5  μ m, with the analyte RI set as 1.36, 1.39, and 1.40. From Figure 15, we can obtain the maximum   S n   value as 11,700 nm and the average   S n   value as 7100 nm/RIU when considering the proposed sensor with a coverage of RI measurement from 1.36 to 1.41. In conclusion, the optimal value of the parameter b is set as 0.75  μ m.




4.2. Optimization of Core B


Section 3.2 and Table 2 have demonstrated the effects of the structural parameters   d 3  ,   d 4  ,   τ 1  ,   d 1  , and   d 2   on the sensing performance of core B. We choose a new step-by-step algorithm for optimizing the parameters of core B. First, we evaluate the priority of the effect of those structural parameters in accordance with Section 3.2 and Table 2. Then, we conclude the parameter sequence to optimize. After we have the optimal value of the first parameter, we use it as the new initial structural condition to continue optimizing the other parameters. From Section 3.2, it is clear that the parameters   d 1   and   d 2   have little effect on the sensing performance. Therefore, we put them last for optimization. The remaining three parameters have changing values in the temperature sensitivity sorted as   d 3  ,   d 4  , and   τ 1  , from largest to smallest. In conclusion, the optimization sequence is determined as   d 3  ,   d 4  ,   τ 1  ,   d 1  , and   d 2  .



For   d 3  , it is certain that, when it is set from 2.0  μ m to 2.4  μ m, core B can achieve the largest average temperature sensitivity of 3.64 nm/°C, which also brings the optimal resolution. Moreover, the intensity of the CL peak value achieves a high value, which also enlarges the AS value. In conclusion, the optimal value of parameter   d 3   is set as 2.4  μ m.



For   d 4  , it is evident that with a variation from 1.6 to 2.0  μ m, core B can achieve the largest average   S T   value as 4.00 nm/°C. Thus, for metric   S T  , the biosensor structure achieves the highest resolution value. Moreover, the intensity of the CL peak value is maintained at a high value, which also enlarges the AS value. In conclusion, an optimal value of parameter   d 4   is set as 2.0  μ m.



For   τ 1  , it can be observed that, when it is set from 40 nm to 70 nm, core B can achieve the largest average   S T   value as 4.10 nm/°C when   τ 1   is set between 40 nm and 70 nm. Thus, for metric   S T  , the biosensor structure achieves an ideal resolution value. However, the CL peak value decreases, which reduces the AS value. After weighing the pros and cons, parameter   τ 1   achieves an optimal value at 60 nm.



For   d 1  , it is known that, when it is set from 1.4  μ m to 1.8  μ m, core B can achieve the largest average   S T   value as 4.08 nm/°C, which also brings the best resolution. Moreover, the CL peak value rises, which also enlarges the AS value. In conclusion, the optimal value of parameter   d 1   is set as 1.8  μ m.



For   d 2  , it can be seen that when it is set from 1.8  μ m to 2.2  μ m, core B can achieve the largest average temperature sensitivity of 4.24 nm/°C. However, the CL peak value slightly decreases, which also marginally reduces the AS value. After weighing the pros and cons, the optimal value of parameter   d 2   is chosen as 2.2  μ m.





5. Sensing Performance


By optimizing the parameters of the proposed biosensor structure, we conclude that the parameters of the final biosensor structure are as follows:    τ 1  = 60   nm,    τ 2  = 60   nm,   a = 1.5  μ  m,   b = 0.75  μ  m,    d 1  = 1.8  μ  m,    d 2  = 2.2  μ  m,    d 3  = 2.4  μ  m, and    d 4  = 2.0  μ  m. In this section, we will discuss the sensing performance of the proposed biosensor structure.



Figure 16a demonstrates the CL curve of the   x −  polarized mode of area A with a variation in the RI from from 1.35 to 1.41.



From Figure 16a, with a variation in the RI, the CL curve of the   x −  polarized mode of area A witnesses a red shift, with the corresponding peak value of the CL curve increasing first and then decreasing significantly with the rising wavelength value. Figure 16b illustrates the variation in the   λ  S P R    value of the   x −  polarized mode of area A corresponding to RI and a fitting result. From Figure 16b, the fitting result of the   λ  S P R    value and the RI is   y = 99 , 400  x 2  − 261 , 800 x + 181 , 400  . The   λ  S P R    value has the following variation sequence: 652, 677, 710, 754, 818, 930, and 1035 nm with the following changing sequence for the RI: 1.35, 1.36, 1.37, 1.38, 1.39, 1.40, and 1.41. In accordance with Equation (5), the corresponding   S n   values are, respectively, calculated as 2500, 3300, 4400, 6400, 12,000, and 10,500 nm/RIU with a coverage of wavelength from 1.35 to 1.41. Thus, for metrics   S n  , the biosensor structure achieves the maximum resolution value as   8.333 ×  10  − 6   RIU  . Moreover, the average   S n   value can be calculated as 6383 nm/RIU.



Figure 17a illustrates the CL curve of the   x −  polarized mode of area B with a variation in T from 0 to 60 °C. From Figure 17a, it can be seen that, with temperature increases, the CL curve of the   x −  polarized mode of area B has a remarkable red shift, with the corresponding peak value of the CL curve gradually decreasing with wavelength increases. Figure 17b illustrates the variation in the   λ  S P R    value of the   x −  polarized mode of area B with temperature and a fitting result. From Figure 17b, it can be seen that the fitting result of the   λ  S P R    value and the RI is   y = 40 x + 1300   with a good linearity. The   λ  S P R    value has the following changing sequence: 1300, 1340, 1380, 1420, 1460, 1500, and 1540 nm with the following variation sequence in temperature: 0, 10, 20, 30, 40, 50, and 60 °C. In accordance with Equation (6), the corresponding   S T   values are, respectively, calculated as 4.0, 4.0, 4.0, 4.0, 4.0, and 4.0 nm/°C with a coverage of temperature from 0 to 60 °C. Moreover, the average   S T   value can be calculated as 4.0 nm/°C.



In related works, the coupling of the core mode and different-order SPP modes along with different polarized states are applied for the measurement of RI and temperature. In this correspondence, the proposed biosensor structure is capable of measuring the RI and temperature simultaneously with two disjoint coverage of wavelength, which further achieves the simultaneous measurement of these two parameters. Table 3 demonstrates the comparison results of the   S n   value of the proposed biosensor structure with related works. Table 4 illustrates the comparison results of the   S T   value of the proposed biosensor structure with related works.




6. Conclusions


In summary, an easily manufactured photonic crystal fiber biosensor structure on the basis of surface plasmon resonance with the realization of simultaneous measurement of analyte RI and TSM temperature is proposed. With an internal and external gold coating attached to the structure and one film-adjacent hole filled with TSM, the proposed biosensor structure achieves the measurement of both the RI and temperature simultaneously with two disjoint coverage of wavelength. The simulation and calculation results illustrate that the average and maximum   S n   values of the proposed structure reach 6383 nm/RIU and 12,000 nm/RIU with a coverage of RI from 1.35 to 1.41. Moreover, the   S T   value of the proposed structure achieves 4.00 nm/°C with a coverage of temperature from 0 to 60 °C. The proposed biosensor structure is expected to have a wide range of applications in the fields of medical diagnostics and environmental assessment.
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Figure 1. (a) A 3D view of the proposed structure. (b) The 2D schematic of the proposed structure. Insert sub figures (i) and (ii), respectively, show the mode field distribution of area A and area B. 
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Figure 2. The 2D schematic of the biosensor structure in the fabrication process. 
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Figure 3. (a) The CL curve of the   x −  polarized mode of area A, and the real part of the effective RI of the core mode and zero-order SPP mode when analyte RI is 1.38. (b–d) The mode field distributions of the proposed biosensor structure simulated with wavelengths, respectively, chosen as 670, 754, and 890 nm. 
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Figure 4. (a) The CL curve of the   x −  polarized mode of area B, and a real part of the effective RI of the core mode and second-order SPP mode when the temperature is 40 °C. (b–d) The mode field distributions of the proposed biosensor structure simulated with wavelengths, respectively, chosen as 1120, 1250, and 1470 nm. 
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Figure 5. The CL curve of the   x −  polarized mode of area A with   τ 2   respectively set as 50, 60, and 70 nm, and analyte RI is 1.36, 1.39, and 1.40. 
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Figure 6. The CL curve of the   x −  polarized mode of area A with a respectively chosen as 1.4, 1.5, and 1.6  μ m, and analyte RI is set as 1.36, 1.39, and 1.40. 
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Figure 7. The CL curve of the   x −  polarized mode of area A with b respectively set as 0.5, 0.6, and 0.7  μ m, and analyte RI is set as 1.36, 1.39, and 1.40. 
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Figure 8. (a) The CL curve of the   x −  polarized mode of area A with the analyte RI set as 1.36 and the   θ 1  , respectively, chosen as   −  10 ∘   ,   0 ∘  ,   15 ∘  , and   30 ∘  . (b) The CL curve of the   x −  polarized mode of area A with the analyte RI set as 1.40 and the   θ 1  , respectively, chosen as   −  10 ∘   ,   0 ∘  ,   15 ∘  , and   30 ∘  . 






Figure 8. (a) The CL curve of the   x −  polarized mode of area A with the analyte RI set as 1.36 and the   θ 1  , respectively, chosen as   −  10 ∘   ,   0 ∘  ,   15 ∘  , and   30 ∘  . (b) The CL curve of the   x −  polarized mode of area A with the analyte RI set as 1.40 and the   θ 1  , respectively, chosen as   −  10 ∘   ,   0 ∘  ,   15 ∘  , and   30 ∘  .
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Figure 9. (a) The CL curve of the   x −  polarized mode of area A with the analyte RI set as 1.36 and   θ 2  , respectively, set as   −  10 ∘   ,   0 ∘  , and   10 ∘  . (b) The CL curve of the   x −  polarized mode of area A with the analyte RI set as 1.40 and   θ 2  , respectively, set as   −  10 ∘   ,   0 ∘  , and   10 ∘  . 






Figure 9. (a) The CL curve of the   x −  polarized mode of area A with the analyte RI set as 1.36 and   θ 2  , respectively, set as   −  10 ∘   ,   0 ∘  , and   10 ∘  . (b) The CL curve of the   x −  polarized mode of area A with the analyte RI set as 1.40 and   θ 2  , respectively, set as   −  10 ∘   ,   0 ∘  , and   10 ∘  .
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Figure 10. The CL curve of the   x −  polarized mode of area B with   d 3   respectively chosen as 2.0, 2.2, and 2.4  μ m, and with temperature T is 0 and 50 °C. 
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Figure 11. The CL curve of the   x −  polarized mode of area B with   d 4   respectively chosen as 1.6, 1.8, and 2.0  μ m, and T is 0 and 50 °C. 
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Figure 12. The CL curve of the   x −  polarized mode of area B with   τ 1   respectively chosen as 40, 50, 60, and 70 nm, and T is 0 and 50 °C. 
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Figure 13. The CL curve of the   x −  polarized mode of area B with   d 1   respectively chosen as 1.4, 1.6, and 1.8  μ m, and T is 0 and 50 °C. 
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Figure 14. The CL curve of the   x −  polarized mode of area B with   d 2   respectively chosen as 1.8, 2.0, and 2.2  μ m, and T is 0 and 50 °C. 
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Figure 15. The CL curve of the   x −  polarized mode of area A with b respectively chosen as 0.75 and 0.78  μ m,   τ 2   and a set as 60 nm and 1.5  μ m, and analyte RI set as 1.36, 1.39, and 1.40. 
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Figure 16. (a) The CL curve of the   x −  polarized mode of area A with a variation in the RI from 1.35 to 1.41. (b) Variation in the   λ  S P R    value of the   x −  polarized mode of area A corresponding to the RI and a fitting result. 
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Figure 17. (a) The CL curve of the   x −  polarized mode of area B with a variation in T from 0 to 60 °C. (b) Variation in   λ  S P R    value of the   x −  polarized mode of area B with temperature and a fitting result. 
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Table 1. Effects of structural parameters on sensing performance of core A.






Table 1. Effects of structural parameters on sensing performance of core A.





	Parameter
	     λ SPR      1    
	Max    S n    Value
	Envelope
	Distortion





	   τ 2   ↑     2
	Red Shift
	  ↑ ↓    3
	Red Shift
	Disappear



	   a ↑   
	Red Shift
	   ↑ ↓   
	Blue Shift, Widen
	Enhanced



	   b ↑   
	Red Shift
	↑
	Widen
	N/A







1 resonant wavelength; 2 increases; 3 firstly increases and then decreases.













[image: Table] 





Table 2. Effects of structural parameters on sensing performance of   x −  polarized mode of area B.
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	Parameter
	     λ SPR      1    
	Max    S T    Value
	Envelope





	   d 3   ↑     2
	Blue Shift
	↑
	Blue Shift Widen



	    d 4   ↑    
	Red Shift
	↑
	Red Shift



	    τ 1   ↑    
	Blue Shift
	  ↑ ↓    3
	Blue Shift



	    d 1   ↑    
	Blue Shift
	↑
	Blue Shift



	    d 2   ↑    
	Red Shift
	↑
	Red Shift







1 resonant wavelength; 2 increases; 3 firstly increases and then decreases.
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Table 3. Comparison results of the   S n   value of the proposed biosensor structure with related works.
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	   λ   
	   RI   
	    S n    
	Refworks





	500~1000
	1.35~1.41
	8400 (Max)
	[36]



	700~1600
	1.0~1.6
	2275 (Max)
	[37]



	600~950
	1.35~1.40
	4520 (Avg) 8100 (Max)
	[38]



	550~1150
	1.35~1.41
	6383 (Avg) 12,000 (Max)
	This work
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Table 4. Comparison results of the   S T   value of the proposed biosensor structure with related works.






Table 4. Comparison results of the   S T   value of the proposed biosensor structure with related works.





	   λ   
	T
	    S T    
	Refworks





	1000~1600
	10~60
	10.2 (Max)
	[36]



	700~1600
	15~50
	9.09 (Max)
	[37]



	1200~1800
	20~60
	4.83 (Avg) 5.1 (Max)
	[38]



	1100~1700
	0~60
	4 (Avg)
	This work
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