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Abstract

:

In this paper, a theoretical model of a surface plasmon resonance (SPR) biosensor based on the insulator-metal-insulator (IMI) structure is proposed. The sensor mainly consists of two IMI structures, MgF2/Au/Al2O3 and Al2O3/Au/sensing medium structure, respectively. Benefits from the symmetrical modes stimulated by the IMI structure, i.e., the electric field strength inside the sensing medium, are reinforced, resulting in a better overall performance in sensitivity and figure of merit (FOM). The influences of the thickness of the metal layers, the parameters of the dielectric layer materials, and the number of structural layers on the performance of this sensor are discussed. When the refractive index (RI) of the analyte varies in the range of 1.3494–1.3495, the optimized sensor could achieve a maximum wavelength sensitivity of 220 μm/RIU (refractive index unit) and a FOM of 3013.70 RIU−1. Compared with the conventional SPR sensor, the sensitivity and FOM of this structure are significantly improved.
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1. Introduction


In recent years, optical refractive index sensors have received much attention in chemical and biological sensing because of their small size, corrosion tolerance, high accuracy, and resistance to interference [1,2,3]. Surface plasmon resonance sensors are among the most critical sensor types used for direct label-free observation of biomolecular interactions [4]. The conceptualization of SPR sensor research started more than 80 years ago with the phenomenon first observed by Wood [5] until the first introduction of gas sensing and biosensing principles by Liedberg et al. [6]. Over the past three decades, SPR sensor technology has made significant advances and realized several applications in chemical sensing, food-borne marker screening, environmental monitoring, and medical diagnostics [7,8,9]. In 2001, Nenninger et al. [4] presented a Teflon-based SPR sensor for RI sensing, and the sensitivity was 30 μm/RIU. In 2016, Sreekanth et al. [10] proposed a plasmon biosensor based on hyperbolic metamaterials with a high sensitivity of 30 μm/RIU to detect the picomolar concentration of biomolecules with ultra-low molecular weights. In 2017, Feng et al. [11] theoretically analysed some parameters of side-polished fibre-based SPR sensor, LRSPR sensor, and symmetrical LRSPR sensor using a finite element method to explore the advantages of MgF2-based LRSPR sensor. The sensitivity was 5.28 μm/RIU. A surface plasmon is an electron sparsity wave generated by the collective oscillation of free electrons in metals interacting with photons and propagating along the metal-dielectric surface. This transverse electromagnetic wave is called a surface plasma wave (SPW). When the wave vector and frequency of the incident p-polarized light match the wave vector and frequency of the SPW, the two light waves resonate. Moreover, the resonance conditions depend on the angle of incidence, the wavelength of the incident light, and the dielectric constants of the metal and dielectric. The resonant angle and resonant wavelength are quite sensitive to changes in the refractive index of the dielectric of the adjacent metal. Therefore, detecting resonance conditions helps to determine the refractive index change of the sensing medium [12].



Conventional sensing techniques have generally worked on studying surface plasmons excited at a single metal-layer-dielectric interface within SPR sensors based on Kretschmann structures. In recent years, several reports have proposed advanced structures supporting surface plasmon modes [13]. These structures typically apply more layers compared to conventional single-layer SRP structures. The utilization of more layers causes more degrees of freedom in the design, thus allowing the control of the SPR feature width [14], the penetration depth of the surface plasmon field into the medium, the optimization of the sensor sensitivity, and even the excitation of more surface plasma modes with different penetration depths [15]. In addition, there are many further analyses and studies, ranging from structural configurations, experimental setups, and applications to different phenomena, which have flourished in the field of sensing. In 2022, Pei et al. [16] theoretically studied the classical analogy of double EITs in a periodic array of metal nanodisks on a dielectric film. Zhang et al. [17] proposed an optical gas sensor based on the SPR of nanoporous gold (NPG) thin films. Comparison of the spectral sensitivity to 100 ppm H2S indicated that the NPG-SPR sensor was at least 6 times more sensitive than a conventional Au-SPR sensor. Before this, Mohammad et al. [18] proposed and analysed an enhanced structure for a compact and high-sensitivity plasmonic refractive index sensor by coupling of two metal-insulator-metal (MIM) waveguides with a silver nanorod array embedded into a square resonator. The refractive index and temperature sensitivity values can be obtained as high as 2320 nm per refractive index unit and 0.84 nm/°C. Additionally, they presented a compact refractive index sensor in a two-dimensional plasmonic waveguide by hexagonal-ring cavity [19] and a high-sensitivity plasmonic sensor using three-dimensional plasmonic MIM waveguides and a racetrack resonator [20]. The refractive index sensitivity values could be obtained as high as 4270 nm per refractive index unit and 4650 nm per refractive index unit, respectively. For research based on MIM waveguide structures, Jian et al. [21] designed a structure coupled with symmetric T-type resonators, which achieved a maximum sensitivity of 1012 nm/RIU and a FOM of 5.57 × 104. Liu et al. [22] presented a refractive index sensor based on Fano resonance, which is generated by the coupling of a MIM waveguide structure and a toroidal cavity with a built-in elliptical ring structure. The structure has a maximum sensitivity of 2220 nm/RIU and a FOM of 58.7. As the analysis of this type of sensor is generally numerical, Muhammad analysed the feasibility of MIM-waveguide-based sensors [23]. Likewise, other configurations of the sensor yielded favourable results. Gavela et al. [24] reported on novel transducers and materials, improvements of existing transducers, new and improved biofunctionalization procedures, and the prospects for near future commercialization of these technologies. Alberto [25] presented an overview of the photonic-crystal-based biosensors for cancer biomarkers detection. Nabarun et al. [26] proposed a highly sensitive RI sensor based on a compact high-index-coated polymer waveguide Bragg grating with metal under the cladding. The structure has a sensitivity of 408–861 nm/RIU over a broad dynamic range of 1.32–1.44. Moreover, Butt et al. [27] presented a numerical study on the modified Bragg grating structure based on a MIM waveguide that could be simultaneously employed as an optical filter and temperature sensor. The modified Bragg grating structure could be simultaneously employed as a bandstop filter (bandwidth~200 nm) and temperature sensor with an attractive sensitivity of 0.47 nm/°C. In addition, a compact and ultra-high sensitive refractive index sensor based on modal interference in an integrated optic waveguide with a metal under-cladding was proposed by Ranjeet et al. [28]. The structure was found to vary in the range of 5.28–71.94 m/RIU for the RI range of 1.33–1.37, which is the highest reported RI sensitivity achieved in modal-interference-based sensors to date. Zhe et al. [29] proposed a method for refractive index sensing based on surface plasmon coupled emission, consisting of a reverse Kretschmann or a Tamm structure for the first time. The corresponding sensing sensitivity reached 87.61 deg/RIU and 67.44 deg/RIU, respectively.



Furthermore, terahertz metamaterials are also a hot topic of research. Zhe et al. [30] fabricated a transmissive terahertz metamaterial using a folding metamaterial comprising split-ring resonators with nano-profiles with a high aspect ratio of 41.4. The folding metamaterial has a small transmittance of −49 dB at its resonance frequency, significant transmittance contrast of approximately 6 × 104 to the transmittance of its substrate, sizeable refractive index sensitivity of 647 GHz/RIU, and a large quality factor of 37. Harry et al. [31] proposed a simple method that is compatible with all geometrical structures of terahertz metamaterials to increase their refractive index sensitivities. This method used a patterned photoresist to float the split-ring resonators (SRRS) of a terahertz metamaterial at the height of 30 μm from its substrate deposited with complementary SRRs. The floating terahertz metamaterial has a considerable refractive index sensitivity of 532 GHz/RIU because its near field is not distributed over the substrate, and the complementary SRRs confine the field above the substrate. Additionally, Yin et al. [32] reported a magnetic-free THz unidirectional perfect absorber and a functionality-switchable device between the band-pass filter and perfect absorber based on dielectric graphene multilayers containing a VO2 defect layer.



In addition to the structural configurations described above, another structure that consists of two metallic layers with similar refractive indices, namely the insulator-metal-insulator structure. When the film is thin enough, the plasmon-polariton modes guided by the interfaces become coupled due to field tunnelling through the metal, thus creating supermodes that exhibit a dispersion varying with metal thickness [33]. Surface plasma waves propagating on the surface of the metal layers start coupling when they have similar propagation constants, leading to the formation of two new modes, the low-loss long-range surface plasma (LRSPP) and the high-loss short-range surface plasma (SRSPP), respectively, where LRSPP is also called symmetric mode, and SRSPP is called antisymmetric mode. [34] These two coupling modes can be excited in the Kretschmann geometry. In optical sensing, LRSPP receives more attention compared to conventional SRP because LRSPP can produce narrower SPR characteristic curves, lower losses, and longer propagation distances. A higher local field strength and a relatively long propagation distance are incompatible with the traditional SPR sensor structure. Therefore, the IMI-based sensor design proposed in this work is capable of having a longer detection length and better sensitivity by generating LRSPP. The materials are more readily available and can provide a more convenient reference for preparing subsequent structures.




2. Theoretical Models and Numerical Methods


Figure 1 shows the proposed structure. The incident light is a TM wave, the incident wavelength sets to 816 nm, and the incident angle is 63.1°. In the composition of the structure, the sensing medium, Au, Al2O3, Au, MgF2, and BK7 prism, are in order from top to bottom. On the upper side of the sensing medium is air. The first IMI structure comprises three layers: MgF2, Au, and Al2O3; the second IMI structure is composed of Al2O3, Au, and the sensing medium. When these two structures satisfy the wave vector matching condition, the SPW generated at the MgF2–Au interface, the Au–Al2O3 interface, the Al2O3–Au interface and the Au–sensing medium interface will couple. The modes generated by these two structures result in a decrease in the field intensity distribution inside the two metal layers and an increase in the field intensity distribution in the dielectric layer. At this point, the sensitivity of the sensor will increase with the enhancement of the field strength in the sensing medium layer.



In this structure, the refractive index of the BK7 prism is given by the following expression [35]:


   n  B K 7   = (   1.03961212  λ 2     λ 2  − 0.00600069867   +   0.231792344  λ 2     λ 2  − 0.0200179144   +   1.03961212  λ 2     λ 2  − 103.560653   + 1  )  1 / 2    



(1)







The refractive index of the second layer medium MgF2 is given by the following expression (from https://refractiveindex.info/, accessed on 8 January 2023):


   n  M g  F 2     =   (   0.48755108  λ 2     λ 2  − 0.433840  8 2    +   0.39875031  λ 2     λ 2  − 0.0946144  2 2    +   2.3120353  λ 2     λ 2  − 23.79360  4 2    + 1 )   1 / 2    



(2)







Since the conventional Drude model fails in both the visible and UV regions [36]. The Drude-Lorentz model is an improvement on the Drude model. It is able to be implemented on various semiconductors and metals [37] and is compatible with the finite difference time domain method (FDTD), making it suitable for simulation of optical devices [38]. We generally use this model to calculate the dielectric constant of metals. The third and fifth layers are gold films, whose dielectric constants are expressed by the Drude-Lorentz mode [39]:


   ε m  = 1 −    λ 2   λ c     λ p 2  (  λ c  + i λ )   ,  



(3)




where is the incident wavelength; λc is the collision wavelength of the metal with a value of 8.9342 × 10−6 m; and λp is the plasma wavelength of the metal with a value of 1.6826 × 10−7 m [40].



The fourth layer is the Al2O3 film, which has the refractive index, as shown in the following expression (from https://refractiveindex.info/, accessed on 8 January 2023):


   n  A  l 2   O 3     =   (   1.4313493  λ 2     λ 2  − 0.072663  1 2    +   0.65054713  λ 2     λ 2  − 0.119324  2 2    +   5.3414021  λ 2     λ 2  − 18.02825  1 2    + 1 )   1 / 2    



(4)







Figure 2 shows the diagrams of these two IMI structures, in which the thickness of MgF2 (d1) and Al2O3 (d3) are set to 50 nm, and the thickness of the sensing dielectric layer (d5) is set to 4800 nm. Then, the dispersion equation is needed to calculate the thickness of the two gold films in the structure corresponding to d2 and d4, respectively. The dielectric constants of each layer of the dielectric layer from the bottom to the top are set as ε1, ε2, ε3, ε4, and ε5. The thickness of each layer is d1, d2, d3, d4, and d5.



From the boundary continuity of the electric and magnetic fields, the dispersion equation of the IMI structure can be solved. By Figure 2a,b, the dispersion equation of the first IMI structure is formulated by the following two expressions [41]:


   e  − 4  k 2  ⋅  d 2  / 2   =    k 2  /  ε 2  +  k 3  /  ε 3     k 2  /  ε 2  −  k 3  /  ε 3    ⋅    k 2  /  ε 2  +  k 1  /  ε 1     k 2  /  ε 2  −  k 1  /  ε 1     



(5)






   e  − 4  k 4  ⋅  d 4  / 2   =    k 4  /  ε 4  +  k 5  /  ε 5     k 4  /  ε 4  −  k 5  /  ε 5    ⋅    k 4  /  ε 4  +  k 3  /  ε 3     k 4  /  ε 4  −  k 3  /  ε 3     



(6)







In Formulas (5) and (6), the wave vector in each layer of the medium is denoted by kj, where j can be taken from 1 to 5. It is related to the propagation constant (βi) of the modes by the following equation:


   k j 2  =  β i    2  −  k 0 2   ε j   



(7)







When the effective indices of these two modes match, these two modes will couple together to produce a greater field intensity to achieve our optimization purpose. The effective refractive index can be calculated by the following equation:


   n  e f f i   =    β i     k 0     



(8)







In Formulas (7) and (8), the letter i can be taken as 1 or 2, indicating the propagation constants of the two IMI structures, respectively. Additionally, k0 represents the wave vector in vacuum. Therefore, the thickness of the two metal layers can be analysed and calculated by the effective refractive index. Due to the complexity of the calculations, we use Boundary Modal Analysis of COMSOL software to assist in the calculations. The effective refractive index of the overall structure is 1.3474. The thicknesses of the two metal layers, d2 and d4, can be acquired by the relational equation of the effective refractive index according to the dispersion relationship. From Figure 3, it can be seen that when the effective refraction is 1.3474, the thicknesses of the 2 gold layers are 18.8 nm and 20 nm, respectively.



The transmission matrix method (TMM) and the Fresnel equation based on the N-layer model are used to analyse the reflectivity of multilayer systems [42,43]. Each layer of the multilayer structure can be expressed as a matrix:


   M k  =           c o s  β k        − i  q k  s i n  β k              ( − i s i n  β k  ) /  q k        c o s  β k            ,  



(9)




where


   β k  =   2  d k  π  λ    (  ε k  −  n 1 2  s i  n 2  θ )   1 / 2    



(10)




and


   q k  =     (  ε k  −  n 1 2  s i  n 2  θ )   1 / 2      ε k    .  



(11)







Here, dk is the thickness of each layer in the multilayer sensing structure, εk is the dielectric constant of each layer, and n1 is the RI of the prism. The characteristic transfer matrix of the sensing configuration is as follows:


   M   =   ∏  k = 2   N − 1     M k  =              M  11          M  21                M  12          M  22             .  



(12)







The reflectivity of the multi-layer sensing structure is shown in the following equation:


  R =      r p     2  =       (  M  11   +  M  12    q N  )  q 1  − (  M  21   +  M  22    q N  )   (  M  11   +  M  12    q N  )  q 1  + (  M  21   +  M  22    q N  )      2  .  



(13)







The parameters of SPR sensors, such as sensitivity and figure of merit, can be used to evaluate the performance of the sensor. Since this research focuses on wavelength modulation, the corresponding sensitivity is defined as the ratio of the displacement (Δλ) of the resonance wavelength to the change in the refractive index (Δns) of the sensing medium, and the expression is as follows:


   S   =   Δ λ   Δ  n s    .  



(14)







Another performance metric, FOM, is defined by the expression:


  F O M =  S  F W H M   ,  



(15)




where FWHM is full width at half maximum, corresponding to half the width of the resonance peak.




3. Experimental Results and Analysis


3.1. Influence of Metal Layer Thickness


Compared to other metals, gold exhibits a farther resonance parameter shift associated with RI changes in the sensing layer [39]. Moreover, gold is chemically stable and is not easily oxidized. Therefore, gold is chosen as the preferred metal in this work. According to the effective refractive index results in Figure 3b, the 2 modes are coupled when the thicknesses of the first metal layer and the second metal are 18.8 nm and 20 nm, respectively. To verify this result, two different sets of metal layer thicknesses were selected for experiments. The experimental results are shown in Figure 4 and Figure 5.



Since the refractive index of metal has an imaginary part, the loss due to the imaginary part of the refractive index is higher as the thickness of the metal layer increases. From Figure 4 and Figure 5, it can be seen that when the thickness Au layer is bigger than 18.8 nm and 20 nm, respectively, the field strength, FOM, and sensitivity all decrease as the metal layer thickness increases. According to Figure 4, when the thickness of the first gold layer is 18.8 nm, the field strength, FOM, and sensitivity achieve their highest value. In Figure 5c,d, although the sensitivity obtained when the thickness of the second layer is 19 nm and 20 nm is 220 μm/RIU, the field strength and FOM obtained when the thickness is 20 nm are higher than those at 19 nm. Therefore, the thickness of the second layer of metal is chosen to be 20 nm.




3.2. The Choice of Dielectric Layer and the Impact of Different Dielectric Layers


MgF2 is a stable optical coating material that can be widely used in the design and development of various optical coatings. It is also a low refractive index material, similar to the refractive index of the analyte. Similar to MgF2, LiF has a comparable refractive index to the analyte. The refractive index of the sensing medium(ns) varies in the range of 1.3494–1.3500, and the dielectric material of the second layer is Al2O3. When the first dielectric layer is MgF2 and LiF, respectively, the sensitivity and FOM obtained by the model are shown in Figure 6a,b. As seen from the figures, the sensitivity decreases with the increase in the ns. When the first dielectric layer is LiF, the maximum sensitivity (Smax) is 200 μm/RIU, and the corresponding FOM is 2816.90 RIU−1. By the time the dielectric layer is MgF2, the Smax is 220 μm/RIU, and the corresponding FOM is 3013.70 RIU−1. The maximum sensitivity and FOM acquired for MgF2 in this range are above those for LiF. In this work, consequently, MgF2 is adopted as the first dielectric layer.



For oxides, usually, the imaginary part of the refractive index is negligible. When highly refractive oxides are combined with Au, the performance of the sensor is improved [44]. The first dielectric layer is MgF2; comparison of the performance of the sensor in the refractive index range of 1.3494 to 1.3500 for the analytes on the second dielectric layer for Al2O3, SiO2, MgO, and TiO2, respectively, is shown in Table 1. According to Table 1, the sensitivity tends to decline with the rise in RI of the measured medium for all four materials. The Smax of the sensor with Al2O3 is 220 μm/RIU, and the average sensitivity is 172.86 μm/RIU, which is higher than the sensitivity and average sensitivity of the other 3 materials with the corresponding sensors. The corresponding maximum FOM and average FOM are also the highest with 3013.70 RIU−1 and 2502.01 RIU−1, respectively. It is clear from Table 1 that when the second dielectric layer is Al2O3, the performance of the structure is better than those of the other three oxides. Moreover, Al2O3 is simpler to acquire and more chemically stable, with robust light transmission and adsorption ability. Therefore, in selecting of the second layer of the medium, Al2O3 is preferred.




3.3. Effect of Different Numbers of Layers on Sensor Performance


To explore whether different numbers of layers have an impact on the performance of this structure, the performance of sensors with different numbers of layers is contrasted within a variation of the analyte refractive index of 1.3494–1.3500 under the same materials and thickness. The contrasted sensors include the long-range surface plasmon resonance (LPSPR) sensor (consisting of BK7 prism, MgF2, Au, and sensing medium), the first IMI-type sensor (consisting of BK7 prism, MgF2, Au, Al2O3, and sensing medium), the second IMI-type sensor (consisting of BK7 prism, Al2O3, Au, and sensing medium, where the Al2O3, Au, and sensing medium layers form the IMI structure), and the proposed sensor. As seen from Figure 7a, although the sensitivity of all 4 structures decreases, the sensitivity of the proposed structure is superior to the other 3 types of sensors in the range of 1.3494–1.3496 refractive index of the analyte. With the increasing refractive index of the analyte, the sensitivity of several structures is similar. It can be seen from Figure 7b that, like the sensitivity, the FOM also decreases gradually with the increase in the refractive index of the sensing medium layer. The figure of merit of the proposed sensor is about four times that of the LRSRP sensor and three times that of the first and second IMI sensors. Consequently, the overall performance of the proposed structure is higher than the sensing performances of the other three structures.




3.4. Sensor Based on IMI Structure


From Figure 3a, it can be seen that the effective refractive index of the incident angle from 60 degrees to 65 degrees is 1.3474. Under the condition that the incident angle is 63.1° and the incident light is a TM wave, Figure 8a,b show that the mode field inside the 2 layers of metal is tiny. The magnetic field intensity is only slightly attenuated near the centre of the metal and does not reach zero or a negative value. In both structures, the magnetic field intensity in the Z-direction generated at the gold–dielectric interface farther away from the prism is higher than that at the gold–dielectric partition interface closer to the prism, which means that the LRSPP of both IMI structures are excited [45]. At this time, the excited long-range surface plasmon wave (LRSPW) will be coupled when the matching condition is satisfied so that the field at the metal-sensing medium surface is enhanced. LRSPW has a long propagation distance. Additionally, the light wave will be reflected when propagating from one medium to another. Consequently, the LRSPW propagating from the metal-sensing medium interface will be coupled with the LRSPW reflected back from the sensing medium–air interface when the wave vector matching condition is satisfied. As seen from Figure 9a–d, the electromagnetic field distribution of the proposed structure is approximately the same as in the BK7/Al2O3/Au/analyte structure. In this case, standing waves are generated. However, the FWHM of the BK7/Al2O3/Au/analyte structure needs to be narrower, resulting in a lower FOM than that of the proposed structure, as shown in Figure 7b. At this time, the electric field strength in the sensing medium is powerful, about two folds of the field strength attained by the gold-sensing medium interface, as shown in Figure 10. The proposed sensor achieved a more desirable sensitivity due to the secondary enhancement of the field strength.



Figure 11a shows the results of wavelength modulation for this structure in the analyte variation range of 1.3494–1.3507, where the refractive index of the medium to be measured changes by 0.0001. Ten sets of data are taken from this and plotted. The relationship is fitted to express the trend of resonance wavelength variation with analyte RI, as shown in Figure 11b. While the refractive index was varied from 1.3494–1.3504, the optimal resonance wavelength shift is 22 nm, the wavelength sensitivity is 220 μm/RIU, the full width at half maximum is 73 nm, the FOM is 3013.70 RIU−1, and the average wavelength sensitivity is 156.36 μm/RIU. Typical analytes that can be detected in this range are glycerol at low concentrations in deionised water [46], haemoglobin at around 150 g/l [47], and glucose solutions at around 15% mass fraction [48]. According to this current study on SPR, the comparison of wavelength sensitivity and figure of merit are shown in Table 2. Two different structures obtained a higher sensitivity of 330 μm/RIU [49] and 400 μm/RIU [50], respectively. The former sensor structure was based on metamaterials and obtains a better sensitivity. However, its FOM was not ideal. The FOM of the structure proposed in this paper is about six times higher. The latter proposed sensor was based on optical fibres and also achieved a relatively high sensitivity. Yet, its detection range is too narrow, being limited to the refractive index variation in the range of 1.33–1.3382. The structure proposed in this paper is capable of adjusting the RI detection range and operating wavelength of the analyte according to the angle of incidence. For example, when the angle of incidence is fixed at 60°, the proposed structure can operate in the refractive index range of 1.33–1.45, and the operating wavelength is 700–1950 nm. In this range, the sensitivity, FOM and electric field modes generated by wavelength modulation are shown in Figure 12. In summary, the overall performance of the structure proposed in this work has achieved favourable results.





4. Conclusions


In this work, a combination of MgF2/Au/Al2O3 and Al2O3/Au/sensing medium was used to constitute the proposed IMI-structure-based sensor. From the analysis of the electromagnetic field intensity distribution, it is found that the structure can excite symmetrical modes. The generation of LRSPP provides the sensor with enhanced field strength. Meanwhile, the impact of the thickness of the metal layer, the choice of the dielectric layer material, and the number of structural layers on the performance of the model were discussed. In a refractive index range of 1.3494–1.3504, the highest sensitivity of the optimized sensor by wavelength modulation is 220 μm/RIU, the figure of merit is 3013.70 RIU−1, and the average sensitivity is 156.36 μm/RIU. As the results indicate, the presented sensor is sensitive to slight variations of refractive index. The achieved sensitivity is about an order of magnitude higher than that of conventional SPR sensors. In addition, the measuring range and operating wavelength of the sensor could be adjusted by changing the angle of incidence. Therefore, the proposed sensor is considered to have potential applications in the field of biosensing.
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Figure 1. Schematic diagram of proposed structure. 






Figure 1. Schematic diagram of proposed structure.



[image: Photonics 10 00502 g001]







[image: Photonics 10 00502 g002 550] 





Figure 2. (a) Schematic diagrams of the first IMI structure; (b) Schematic diagrams of the second IMI structure. 
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Figure 3. (a) Effective refraction of the overall structure; (b) Relationship between metal thickness and effective refractive index in two structures. 
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Figure 4. Under the conditions of different thicknesses of the first gold layer, the electric field mode (a) at the metal-sensing dielectric layer interface and (b) in the middle of the sensing dielectric layer, (c) maximum wavelength sensitivity of the structure, and (d) FOM. 
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Figure 5. Under the conditions of different thicknesses of the second gold layer, the electric field mode (a) at the metal-sensing dielectric layer interface and (b) in the middle of the sensing dielectric layer, (c) maximum wavelength sensitivity of the structure, and (d) FOM. 
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Figure 6. (a) Sensitivity obtained when the first dielectric layer is MgF2 and LiF, respectively. (b) FOM obtained when the first dielectric layer is MgF2 and LiF, respectively. 
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Figure 7. (a) Sensitivity obtained for sensors with different types of structures in the refractive index range of 1.3494–1.3500; (b) FOM obtained for sensors with different types of structures in the refractive index range 1.3494–1.3500. 
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Figure 8. (a) Magnetic field mode distribution in the Z-direction for the first IMI structure; (b) Magnetic field mode distribution in the Z-direction for the second IMI structure. 
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Figure 9. (a) Magnetic field component in the Z-direction in the BK7/MgF2/Au/Al2O3/A u/analyte structure; (b) Electric field component in the Y-direction in the BK7/MgF2/Au/Al2O3/Au/analyte structure; (c) Magnetic field component in the Z-direction in the BK7/Al2O3/Au/analyte structure; (d) Electric field compone nt in the Y-direction in the BK7/Al2O3/Au/analyte structure. 
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Figure 10. Electric field mode distribution of the proposed structure. 
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Figure 11. (a) Plot of wavelength modulation results in the refractive index range of 1.3494–1.3507; (b) Linear fit of the sensitivity of the proposed structure. 
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Figure 12. (a) The sensitivity and FOM achieved by wavelength modulation of the sensor at an incidence angle of 60° and a RI range of 1.33–1.45; (b) The electric field mode of this structure at the Au-analyte interface and inside the analyte at 60°. 
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Table 1. Sensitivity, average sensitivity, FOM, and average FOM obtained for four different media in the RI variation range of 1.3494–1.3500.
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Oxide

	
RI

	
S (μm/RIU)

	
Average S (μm/RIU)

	
FOM (RIU−1)

	
Average FOM (RIU−1)






	
SiO2

	
1.3494

	
180

	
171.43

	
2037.69

	
2443.73




	
1.3495

	
200

	
2857.14




	
1.3496

	
200

	
2898.55




	
1.3497

	
160

	
2381.84




	
1.3498

	
160

	
2253.52




	
1.3499

	
160

	
2253.52




	
1.3500

	
140

	
2153.85




	
MgO

	
1.3494

	
180

	
171.43

	
1689.11

	
2324.09




	
1.3495

	
200

	
2777.78




	
1.3496

	
200

	
2777.78




	
1.3497

	
160

	
2222.22




	
1.3498

	
160

	
2285.94




	
1.3499

	
160

	
2352.94




	
1.3500

	
140

	
2153.85




	
TiO2

	
1.3494

	
200

	
162.86

	
2985.07

	
2455.60




	
1.3495

	
200

	
3030.30




	
1.3496

	
160

	
2388.06




	
1.3497

	
160

	
2153.85




	
1.3498

	
140

	
2187.50




	
1.3499

	
140

	
2222.22




	
1.3500

	
140

	
2222.22




	
Al2O3

	
1.3494

	
220

	
172.86

	
3013.70

	
2502.01




	
1.3495

	
200

	
2777.78




	
1.3496

	
180

	
2571.49




	
1.3497

	
160

	
2318.84




	
1.3498

	
160

	
2406.02




	
1.3499

	
150

	
2238.50




	
1.3500

	
140

	
2187.50
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Table 2. Comparison of performance parameters of different sensor structures under wavelength modulation.
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	Configuration
	Operating Wavelength (nm)
	RI Range
	S (μm/RIU)
	FOM (RIU−1)
	Reference





	BK7/Teflon/Au/analyte
	-
	1.330–1.355
	59
	1552.63
	[51]



	BK7/Cr/Au/GeSe/analyte
	400–1000
	1.33–1.36
	3.58
	14.37
	[52]



	SF14/Teflon/Au/analyte
	500–800
	1.334–1.337
	38
	-
	[10]



	Fibre core-MgF2/Au/MgF2/analyte
	550–750
	1.33–1.38
	5.28
	156.19
	[12]



	BAF10/Cytop/ZnO/Au/ZnO/analyte
	580–730
	1.333–1.334
	60
	1857
	[53]



	SF10/Cytop/CH3NH3PbBr3/Au/analyte
	620–660
	1.33–1.34
	7.29
	1240
	



	HMM-Au Grating/analyte
	1200–1400
	1.3333–1.3336
	30
	590
	[11]



	HMM-Prism Ag/analyte
	1400–2526
	1.33–1.334
	330
	492
	[49]



	Fibre/Cu/analyte
	750–2700
	1.33–1.3382
	400
	-
	[50]



	BK7-MgF2-Au-Al2O3-Au/analyte
	700–1950
	1.3494–1.3507
	220
	3013.70
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