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In this paper, a novel nano sensor structure is proposed, which consists of a metal-insulator-metal waveguide (MIM) with rectangular baffles and a water droplet cavity with rectangular stubs (WDCRS). The WDCRS structure optimizes the sensitivity of a single water droplet cavity and makes the transmission curve clearer and smoother. The transmission characteristics of WDCRS structure were simulated using finite element method (FEM). The transmission characteristics of the exported structure were analyzed in detail. In addition, the influence of structural geometric parameters on sensing performance was also studied, and it was found that the size of the water droplet cavity is a key factor in improving sensitivity. When applied to a refractive index sensor, the structure achieves a sensitivity of up to 2,300 nm/RIU with a corresponding figure of merit (FOM) of 60.5. These works provide some ideas for the design of high-performance nanostructures and multiple Fano resonance excitation structures.
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1 INTRODUCTION
Nowadays, communication technology using light as a carrier shows tremendous potential. Photonic device has faster speed, stronger stability and lower energy consumption compared with electron device. So, it is inevitable that the photonic device become a research hotspot. Surface plasmon polaritons (SPPs) are electromagnetic waves, which are generated by the interference of incident photos and free electrons on metal [1–3]. Because SPPs can overcome the diffraction limit, it can control the photons in the nanoscale [4–6]. There are many carriers of SPPs, such as hybrid Bragg waveguides, Metal slots, plasma nanoclusters, Metal films, metal-media-metal (MIM) and so on. Among them, metal-insulator-metal (MIM) waveguides are regarded as one of the comparatively preferred waveguide in the integrated optical device because of its excellent properties in easy fabrication and strong local enhancement.
A host of researchers designed nanoscale structure based on MIM waveguide, which are applied in optical switches [7, 8], beam splitters [9, 10], filters [11–13], slow-light device [14–18] and nano sensors [19–22]. Thereinto, the research of nano sensor accounts for the majority, mainly focusing on the research and development of refractive index sensor. Common refractive index sensors include photonic crystal sensors and optical fiber sensors. These sensors have been developed for a long time and are comparatively mature. However, these sensors also have many disadvantages, most notably the difficulty in miniaturizing device size. This is seriously inconsistent with the future development direction of integrated optical devices. Compared with common optical sensors, the new device based on SPPs has obvious advantages in simple structure, easy integration, small size and easy machining. It will play an important role in the development of optical device integration and on-chip optical integrated devices. Therefore, many works about the nanostructure of MIM waveguide coupled with resonator are investigated in recent years. In 2015, Zhang et al. [19] designed a nanostructure, consisting of MIM waveguide and double rectangular cavity, which can reach 596 nm/RIU. Its proposed sensor structure, although less sensitive than nanosensors based on Kretschmann geometry, is easier to integrate with various photonic devices and chips. In 2018, Zafar et al. [20] proposed an ultra-compact plasmonic-based sensor with sensitivity of 1,100 nm/RIU and FOM (figure of merit) of 224, which was comprised of The MIM waveguide and a pair of elliptical resonator. The sensor structure was also applied to the detection of hemoglobin concentration in human blood, due to its high FOM value the structure was designed to provide the sensor with a very high stability. In the same year, Zhang et al. [21] presented a refractive index sensor with rectangular and dual side rings resonators based on MIM waveguide system that can maximally reach 1,160 nm/RIU. This sensor structure can be easily extended to other similar compact structures for detection and integrated with other photonic devices at the chip level. In 2020, Zhu et al. [22] designed a nanostructure with a semicircular resonator and a key-shape resonator, which can reach 1,261.67 nm/RIU. This sensor is used to detect the concentration of glucose solution, and the detection effect is achieved by calculating the frequency shift when the Fano resonance line moves towards a longer wavelength. Tathfif et al. [23] proposed a refractive index sensor structure based on a concentric triple ring resonator with a sensitivity as high as 3,639.79 nm/RIU, where in the refractive index range of 1.30–1.40 showing a maximum sensitivity of 7,530.49 nm/RIU.
In our works, a novel nano sensor structure is proposed, which consists of a waveguide with rectangular baffles and a water droplet cavity with rectangular stubs (WDCRS). The WDCRS structure optimizes the sensitivity of a single water droplet cavity and makes the transmission curve clearer and smoother. The transmission characteristics of WDCRS structure were simulated using finite element method. The transmission characteristics of the exported structure were analyzed in detail. Furthermore, the impact of structural geometric parameters on sensing performance was also investigated. By comprehensively considering these parameters, a Fano resonant and refractive index sensor model with ideal performance is designed, which helps to achieve high sensitivity, precision, and wide dynamic range refractive index measurement applications.
2 RESEARCH METHODS
In this study, we use COMSOL Multiphysics software based on the finite element method to analyze the transmission characteristics of the sensor. The finite element method (FEM) is an algorithm that allows the computation of electromagnetic values. The core of this method is to simplify the complex problem, i.e., to divide the continuous whole into several discrete small units, to form a continuous domain by connecting a finite number of subunits through nodes, and finally to calculate the solution of the original problem by solving the conditions that satisfy the whole continuous domain [24, 25].
In this paper, COMSOL software is used to select ultra-fine triangles as discrete units for the discretization analysis of the WDCRS structure and waveguide region, the finer the discretized subunits are, the closer the final result is to the actual solution, and the other regions are slightly coarsened to ensure that an accurate solution is obtained while space can be saved. Compared with other numerical computation methods, the finite element method is simple, highly accurate, and has a wide range of applications, capable of solving electromagnetic field distributions under different complex problem conditions.
3 GEOMETRY MODEL AND COMPUTATIONAL METHODS
Figure 1 shows a two-dimensional schematic of the designed structure. The structure consists of a waveguide with rectangular baffles and a water droplet cavity with rectangular stubs (WDCRS). R represents the outer radius of the lower ring of the water droplet type cavity, and the corresponding side length of the upper equilateral triangular ring cavity is 2R. Therefore, changing R can achieve amplification or reduction of the entire droplet shaped cavity. L denotes the length of the rectangular short bar, h and l denote the length and distance of the rectangular baffle on the waveguide, respectively. g is the coupling distance between the waveguide and the WDCRS, and P1 and P2 denote the input and output ports, respectively. Setting the width of the dielectric layer ω to 50 nm effectively restricts only one transmission mode to propagate in the waveguide, maintaining its uniformity and symmetry. It also improves the transmission efficiency and stability of the waveguide and reduces the possibility of mode coupling and interference. The sensor is fabricated by depositing a thin layer of silver on a silicon substrate and then etching the silver film. Specifically, a silver film is deposited on the quartz substrate and then a layer of electronic resist (resist) is spin-coated. Customized shapes on the resist can be produced by electron beam lithography. Then, to obtain the desired pattern, wet etching can be used to remove unwanted mercury. Finally, the resist is removed. However, due to the limitations of nanofabrication technology, the performance of the actual fabricated sensors may differ from the simulation results; however, with the development of nanofabrication technology, this difference will gradually decrease.
[image: Figure 1]FIGURE 1 | 2D diagram of WDCRS structure.
Resonance would be occurred in this structure when phase-match condition is satisfied. According to the standing wave theory, The resonance wavelength (λr) can be described as in Eq. 1 [26–29]:
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In Eq. 1, mode order is m, L is effective length of resonator. In Eq. 2, [image: image] is real part of effective refractiveindex. In Eq. 3, [image: image] is wavelength of SPPs, [image: image] can be expressed by Eq. 4.
To evaluate the sensing performance of the designed structure, two important evaluation indices should be considered, which include the sensitivity (S) and FOM. They can be described as [30]:
[image: image]
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In Eq. 5, ∆λ and ∆n are the variation of resonance wavelength and change of refractive indices, respectively. In Eq. 6, FWHM is full width at half maximum of resonant peak.
4 SIMULATION RESULTS AND ANALYSIS
Firstly, the WDCRS structure is compared with the Water Drop Cavity (WDC) structure to evaluate the influence of the rectangular stub on the whole system. The schematic of WDC structure is shown in Figure 2A. Set the parameters of WDC to the same as those of WDCRS, namely, R = 200 nm, h = 100 nm, l = 500 nm, g = 10 nm. Draw the transmission spectra of the two structures as in Figure 2B. If only a water droplet cavity is used, SPP can only generate localized excitation on the surface of the cavity. Considering only the excitation efficiency of SPP, the structure of a single water droplet cavity is not the optimal choice. After adding a rectangular short rod, the existence of the rectangular short rod can guide the propagation of SPP between the surface of the short rod and the surface of the water droplet cavity, thereby forming stronger localized excitation. The WDCRS structure optimizes the excitation efficiency of SPP, which can improve the sensitivity of detection and sensing. This is reflected in the transmission spectrum of WDCRS and water droplet cavity structure in Figure 2B. In addition, the presence of rectangular short rods can also make the light field uniformly distributed in the water droplet cavity, and this uniform distribution can make the transmission curve show more asymmetric and smooth characteristics, which is conducive to the study of the overall optical properties. It can also be seen from Figure 2B that two troughs appear in the WDCRS structure. According to Eqs 3, 4, different resonant modes will correspond to different trough positions since the relationship between different inclination angles and resonant wavelengths will vary in different resonant modes. Multiple troughs appear in the transmission curves at different resonance modes.
[image: Figure 2]FIGURE 2 | (A) Schematic diagram of WDC structure; (B) Transmission Spectra of WDCRS and WDC Structures.
Based on the above description, analyze the impact of the change in short rod length L on the transmission curve in detail. The transmission spectrum curves of rectangular short rods with lengths of 130 nm, 140 nm, 150 nm, 160 nm, and 170 nm, with other parameters unchanged, are plotted as shown in Figure 3A. From Figure 3A, it can be seen that the transmittance hardly changes as L increases, and the transmission spectral line is slightly red-shifted, which is due to the fact that the increase of L makes the distance between the rectangular short bar and the waveguide decrease, and the convergence to the magnetic field increases, resulting in the shift of the wave peak to a larger wavelength. This is because the length of the rectangular short rod affects the resonance condition of SPP, and a shorter short rod length causes the resonance frequency of SPP to shift towards a higher frequency (lower wavelength) direction. The length of a rectangular short rod has little effect on transmittance. In addition to this, the introduction of short rods may lead to additional mode coupling effects, but since the length of the short rods is much smaller than the wavelength of light, its optical properties are only affected by the optical modes of the SPP. In this case, although changes in the length of the short rod can affect the resonance conditions and intensity of SPP, most of the light is reflected, absorbed, or scattered by the short rod, so the change in transmittance is not very significant. Linear fitting was performed for different short rod lengths L to obtain different sensitivities, as shown in Figure 3B. It can be seen that the slope gradually increases when the short bar length is gradually increased from 130 nm to 170 nm, i.e., the sensor is more sensitive to the change of the short bar length and the sensitivity increases with the increase of the short bar length. In practical applications, the most suitable short stick length can be selected to meet specific needs.
[image: Figure 3]FIGURE 3 | (A) Transmission spectra at different L; (B) Sensitivity fitted straight line with different L.
Adding two rectangular piles to the MIM waveguide can change the transmission characteristics of the waveguide and enhance the generation of resonance effects. Figures 4A, B show the schematic diagrams of the electric field with the addition of the rectangular baffle as well as without the rectangular baffle, respectively. It can be seen that when two rectangular baffles are added to the bus waveguide, the propagation of SPPs in the bus waveguide is hindered, and a magnetic field enhancement region is formed between the two rectangular baffles, which plays a role of converging magnetic fields. The waveguide can better couple the WDCRS structurel in the magnetic field enhancement region, enhance the coupling strength, and provide better performance for the sensor.
[image: Figure 4]FIGURE 4 | (A) Unadded rectangular baffle electric field diagram; (B) Add rectangular baffle electric field diagram.
By reasonably designing and controlling the size and position of rectangular piles, the regulation and optimization of resonance effects can be achieved. Change the length h and distance l of the rectangular pile to observe its impact. Draw the transmission spectrum curves of only changing h and only changing l, as shown in Figures 5A, B. It can be found that the spacing l between the rectangular baffles has almost no effect on the line shape of the Fano resonance, as well as on the wavelength and transmittance of the trough. While the height h of the rectangular baffle increases the asymmetry of the Fano resonance curve although it also does not affect the wavelength and transmittance of the wave valley, which is conducive to the improvement of the dynamic performance of the sensor, but too large an asymmetry will make the sensor less stable, so the appropriate height h of the rectangular baffle should be selected according to the need.
[image: Figure 5]FIGURE 5 | (A) Transmittance spectrums at different h; (B) Transmittance spectrums at different l.
However, as shown in Figure 5A, a change in the length h of the rectangular pile can make the Fano resonance curve more asymmetric. This asymmetry is caused by the introduction of additional resonance states by the rectangular pile that interfere with the continuous states. When the rectangular piles are large in size, multiple resonance states are introduced which interact with the continuum states in the waveguide. This interaction causes the resonance peaks to show asymmetrical features on the spectrogram. The frequencies and intensities of these resonance states vary with the length h of the rectangular pile, resulting in an asymmetric distribution of the intensities and widths of the resonance peaks in the transmission spectrum, with the resonance peaks growing with steeper slopes than decreasing slopes, thus making the Fano resonance curves more asymmetric. In practical applications, the size of the rectangular pile can be adjusted to make the position and shape of the Fano resonance peak more suitable for a specific sensor response curve, thereby improving the sensitivity and selectivity of the sensor.
Next, the effect of the change in R on the transmission curve is analyzed. By changing R, change the size of the water droplet chamber. As R increases from 160 nm to 200 nm, the entire water droplet cavity will achieve equal amplification, and its effective length will also increase accordingly. According to Formula 1, an increase in effective length will cause a redshift in the curve. This has been well verified in the transmission curves under different R conditions in Figure 6A. When the radius is 160 nm, there are multiple peaks in the curve, with the main peak located near 1,539 nm. When the parameter R is gradually increased in 10 nm intervals, the transmission spectrum undergoes a large redshift while the transmittance increases, which implies that the coupling strength between the WDCRS structure and the waveguide is weakened. Since the transmittance at point b has been at a higher position, only the effect of the parameter R change on the sensitivity at point a has been analyzed, and Figure 6B shows the sensitivity fitting line corresponding to the change of R. It can be seen that the sensitivity of the sensor is substantially increased with the increase of R. This suggests that although an increase in R may lead to a weakening of the coupling strength, the sensitivity enhancement of the sensor is significant. The reason for this change is that when the size of the water droplet type cavity is small, the propagation path of light inside the cavity is relatively short due to size limitations. As the size of the cavity increases, the propagation path of light inside the cavity becomes longer, and more light interacts with the interface inside the cavity, resulting in a more sensitive transmittance to changes in cavity size. It should be noted that here the parameter R becomes larger will also affect the cavity area of the tip cone part in the water droplet cavity, because the tip cone part is a straight waveguide, which is conducive to the propagation of light, and the increase in the tip cone area will lead to a more regionalized area of the magnetic field at the tip, and this regionalized strong magnetic field can enhance the interaction between light and the medium, which can serve to improve the sensitivity of the sensor. In addition, the increase in cavity size causes changes in the excitation and propagation paths of the SPP modes at the metal-dielectric interface, and the presence of the SPP modes has an impact on the propagation and transmission behavior of the light, which further enhances the sensitivity of the cavity size to the transmittance, with a consequent large change in the sensitivity. Therefore, parameter R is an important parameter used to adjust the sensitivity index in the structure, and a is the main sensing inclination angle of the structure. In practical applications, the appropriate size of the water droplet cavity can be selected according to needs to achieve the best transmittance and effect.
[image: Figure 6]FIGURE 6 | (A) Transmission spectra at different R; (B) Sensitivity fitted straight line with different R.
In order to investigate the effect of coupling distance g on the transmission curves, the transmission curves are plotted for g = 5 nm, 10 nm, 15 nm, 20 nm, and 25 nm, respectively, and the results are shown in Figure 7A. When the coupling distance g is raised from 5 nm to 25 nm, the transmission spectra are blueshifted and the transmittance is reduced significantly. This indicates that the smaller the coupling distance g is, the stronger the coupling strength between the WDCRS structure and the waveguide is. Combined with the sensitivity fitting line corresponding to g, Figure 7B shows that the sensitivity of the sensor increases as g increases. However, when g is 5 nm, the coupling distance is too small to make the energy transfer more scattered and incomplete, which cannot be effectively coupled to the target medium, resulting in a wider half-width of the curve, i.e., the FWHM increases, as shown in Figure 7C. Too large FWHM will make the FOM value of the sensor lower, leading to a reduction in the overall performance of the sensor. Therefore the balance between transmittance and half-width values should be considered when choosing the coupling distance. After comprehensive consideration, g = 10 nm is the most suitable coupling distance for this cavity.
[image: Figure 7]FIGURE 7 | (A) Transmission spectra at different g. (B) Sensitivity fitted straight line with different g. (C) Variation of FWHM values for diferent coupling distances.
Finally, the transmission curves at different refractive indices were studied. Ensuring that the other parameters are constant, the transmission curves are plotted for refractive indices of 1, 1.01, 1.02, 1.03, 1.04, and 1.05, respectively, as shown in Figure 8A. A change in the refractive index will lead to a change in the frequency of the SPP, which will cause a shift in the transmission spectral curve. Based on the different transmission curves generated in Figure 8A, it can be seen that when the refractive index increases, the SPP will be affected by the difference in refractive index between the waveguide and the metal surface, which leads to an increase in the frequency of the SPP, causing the transmission spectral curve to shift towards longer wavelengths; on the contrary, when the refractive index decreases, the frequency of the SPP becomes lower, and the transmission spectral curve shifts blue. In addition, the transmittance decreases slightly when the refractive index changes to 1.05. This is due to the fact that the change in refractive index affects the dissipation process and energy transfer efficiency of SPP. When the refractive index increases, the dissipation process of SPP is enhanced, resulting in a relatively weaker intensity of the transmission spectral profile, which affects the transmittance. In addition, there is a slight increase in the FWHM value of the curve when the SPP frequency becomes higher.
[image: Figure 8]FIGURE 8 | (A) Spectral transmittance under different n; (B) Matching line of inclination wavelength with refractive index change.
It is worth noting that an increase in refractive index does not change the shape of the curve, but only a linear displacement occurs. As shown in Figure 8B, the displacement of the resonance and loss peaks of the transmission spectral line is linearly related to the refractive index of the medium within a certain range. Therefore, within a certain wavelength range, the wavelength shift can be used to accurately measure the change in the refractive index of the medium. Therefore, the designed structure can utilize the change in refractive index to achieve a high-precision refractive index sensor, which is widely used in biosensing, chemical sensing and other fields. Based on the response of the transmission spectral curve to the refractive index, the sensitivity of the sensor can be further evaluated to obtain the best performance of the designed structure. The sensitivity at this point is 2,300 nm/RIU and the value of FOM is 60.5.
In summary, since the refractive index has a good linear relationship with the resonance wavelength, the structure designed in this paper can be used to detect physical quantities related to the refractive index. For example, in the field of temperature sensing, changes in ambient temperature can lead to changes in the refractive index of the medium in the sensor structure, so the designed sensor structure can react to changes in ambient temperature through the shift of the transmission spectrum; in the field of solution concentration detection, changes in the concentration of alcohol solution can lead to changes in the refractive index, and it can also react to the changes in the concentration of alcohol solution through the position of the inclination of the transmission spectrum. Therefore, the sensor structure has a wide range of application prospects, providing a new choice of high-precision sensors for many detection fields.
5 CONCLUSION
In this paper, a nanostructure consisting of a waveguide with two rectangular baffles and a WDCRS cavity is proposed. The WDCRS structure can generate Fano resonance due to the interaction between the narrow discrete states generated by the WDCRS cavity and the broad continuous states generated by the waveguide with rectangular baffles in different resonant modes. The transmission characteristics of the entire design have been investigated using the finite element method. Several factors affecting the Fano resonance curve are also analyzed, including the length L of the rectangular short bar, the height h and spacing l of the rectangular baffle, the outer radius R of the circle under the teardrop-shaped cavity, the coupling distance g, and the refractive index n. We can draw the following conclusion: with the increase of parameter R, that is, the size of the entire WDCRS increases, the transmission curve will be redshifted, and the sensitivity can be increased from the lowest 1,540 nm/RIU to 2,300 nm/RIU. It can be seen that the parameter R is an important parameter for adjusting the structural sensitivity performance; The introduction of the rectangular short bar optimizes the excitation efficiency of the SPP and can improve the detection and sensing sensitivity. And as the length of the short bar gradually increases, the transmission curve will be red-shifted and the sensitivity will increase; Although the height h and spacing l of the rectangular baffle have little effect on the sensing performance of the structure and will regulate the transmittance of the resonance depression, a change in the length h of the rectangular pile can make the Fano resonance curve more asymmetric; The coupling distance g affects the overall performance of the sensor, and a decrease in g improves the coupling strength, resulting in a lower transmittance of the Fano resonance curve and an increase in the sensitivity of the sensor, while too small a g improves the FWHM, resulting in a decrease in the overall performance of the sensor. After comprehensive consideration, g = 10 nm is the appropriate parameter value of the structure; Finally, the feature that the transmission curve can be equidistant changed by changing n can be used as a refractive index sensor. When the structural parameters are R = 200 nm, L = 170 nm, h = 100 nm, l = 500 nm, g = 10 nm, the sensing performance of the structure reaches the best. The maximum sensitivity of the sensor is 2,300 nm/RIU, and the FOM is 60.5. In practical application, different parameters can be adjusted as needed to achieve the optimal effect.
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