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This study presents a novel refractive index sensor based on Fano resonance, incorporating a metal-insulator-metal (MIM) waveguide coupled with a circular ring structure (CRC). Using finite element method analysis, we investigated the propagation properties of the sensor. To evaluate their influence on sensor performance, we systematically varied the parameters of each Circular Resonant Cavity structure component, including the refractive index, employing a controlled variable approach. At its optimal configuration, the sensor achieves a maximum sensitivity of 3,240 nm/RIU and a figure of merit (FOM) of 57.9. With its high sensitivity, straightforward design, and suitability for temperature detection, the refractive index sensor holds promise for diverse applications.
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1 INTRODUCTION
A surface plasmon polariton is a quantum state formed by the interaction of an electromagnetic wave with a surface charge oscillation on the surface or interface of a material. This exciton forms at the interface of a metal or conductive medium and a non-conductive medium as a result of a charge distribution change. It results from light waves interacting with free electrons on the metal’s surface. When a light wave strikes a metal surface, it can trigger free electron oscillations on the surface, resulting in a composite wave called a surface plasma wave [1]. In this phenomenon, the electric field energy is concentrated near the medium’s surface, resulting in heightened interaction between the electromagnetic wave and the surface electrons, which leads to the formation of a new excited state, the surface plasmon-polariton. Such polaritons have essential applications in optics, nanophotonics, and sensors, since they provide super-optical resolution and enhanced light fields, hence improving the performance of many optical systems.
This complex wave can propagate at the interface, concentrating the majority of the field energy there, while its strength rapidly diminishes vertically [2–4]. SPPs have significant application potential at the nanoscale since their wavelength is relatively shorter than that of traditional optical waves. To achieve control and use of the SPP, the type, thickness, and surface shape of the metal can be changed, as well as the frequency, propagation length, and coupling efficiency. In the field of nanooptics, a variety of nanostructures, including nanopore arrays, nanotroughs, nanospheres, and nanorods, have been designed using SPPs. These nanostructures can be used in surface-enhanced spectroscopy, nanomanipulation, nanosensing, and photonics devices, in addition to being able to manipulate the properties of SPPs and achieve local light field enhancement effects [5].
As a result of ongoing research and development, a diverse range of metal and insulator waveguides including configurations such as metal–dielectric–metal waveguides [6] and medium–metal–dielectric waveguides [7], have been demonstrated to effectively excite Surface Plasmon Polaritons (SPPs). Furthermore, SPPs can also be induced at interfaces where metal and media come into contact. Among the various types, Metal-Insulator-Metal (MIM) waveguides have been noted for their ability to achieve longer distances of SPPs transmission within very compact dimensions. Additionally, MIM waveguides are characterized by reduced ohmic losses and enhanced confinement of SPPs [8]. This set of advantages has facilitated the development of various innovative coupling cavities utilizing MIM waveguide structures. These include designs such as semi-annular, oblique pitch, bisymmetric rectangle, cross-shaped, and split-toroidal configurations [9–13], each offering unique benefits in the manipulation and control of SPPs.
In plasma waveguide-coupled systems, numerous optical phenomena, including Fano resonance, have been reported [14]. The Fano resonance phenomenon, which occurs when continuous bands and discrete energy levels interact in atomic systems, causes zero absorption at particular light frequencies [15–18]. Fano resonance in SPPs originates from a mechanical principle: a directly coupled differential clear-state superradiation mode results in a relatively flat line when light impinges upon the MIM linear waveguide. However, certain metal nanoparticles necessitate the coupling of light modes—referred to as the dark subradiation mode—with a narrower, sharper line shape for activation, as they cannot be directly stimulated by light. The phenomenon of Fano resonance, characterized by a steep and asymmetrical curve, emerges when these two radiation states overlap and interact with each other [19]. Fano resonance is the asymmetry of spectral lines caused by zero absorption at a particular light frequency. Fano resonance is a unique optical phenomenon that happens at a specific light frequency, causing light absorption by a material to drop to zero and producing an asymmetric effect of spectral lines. Fano resonance’s transmission spectrum is narrower than that of standard plasmon resonance, making it more sensitive to changes in the structure of the material and its surroundings. Furthermore, the Fano resonance generates a stronger local electromagnetic field, which increases sensitivity [9, 20].
This research introduces a novel design for a nanoscale refractive index sensor that incorporates an annular cavity within a circular structure, which is further embedded into a ring connected to a Metal-Insulator-Metal (MIM) waveguide. The design’s focus is on how to effectively manipulate light at the nanoscale using the coupled mode theory (CMT) [21] and the finite element method (FEM) [22] to analyze the propagation characteristics of the proposed structure.
The simulation findings reveal a phenomenon: the circular and L structures on the ring interact with one another, producing asymmetric resonant waveforms from the discrete narrowband modes generated by the CRC structure. This interaction leads to unique sensing capabilities by affecting the waveform in response to changes in the refractive index.
Additionally, the investigation explores the fine-tuning of the sensor’s performance through adjustments to specific geometric parameters of the CRC structure. These parameters encompass the side length (L1) of the L structure situated in the lower-left corner, the outer radius (R1) of the CRC, the radius (R2) of the circular structure in the upper right corner, and the coupling gap (g) between the MIM waveguide and the CRC structure. The sensitivity of the CRC’s resonance spectrum to these parameters allows for a highly customizable sensor design, enabling precise control over the propagation characteristics essential for various nanoscale sensing applications. This approach underscores the intricate balance between geometry and optical properties in designing effective nanoscale sensors.
2 STRUCTURE AND METHODOLOGY
Figure 1 displays the schematic diagram of this design’s fundamental structure. The 2D model can be used to approximate the 3D model because it has lower hardware configuration and meshing requirements than the 3D model, and because the 3D structure’s magnetic field characteristics are similar to those of the 2D structure. R2 is the radius of the ring in the upper right corner. The centers of the circular structure located in the upper right corner and the square structure located in the lower left corner are first located on the diagonal dividing line of the circle 45° to the right, and then in the middle of the cavity. R1 and r1 represent the outer and inner circle radii of the CRC structure, respectively. The radius of r1 is 50 nm different from the radius of R1 and concentric L1 and l1 are the side lengths of the outer and inner squares with a 100 nm difference in the side length of the lower left corner, respectively. The width of the toroidal cavity and L-cavity and the waveguide in the CRC structure is denoted by [image: image], while the coupling distance between the waveguide and the CRC structure is denoted by g. The dielectric layer width in the MIM waveguide construction is typically fixed at 50 nm to guarantee the existence of a single, symmetrical, uniform transmission mode. In Figure 1, the white and orange parts are air and silver, respectively, and the relative permittivity of air is taken [image: image] as 1, and that of silver is shown in the following equation [23]:
[image: image]
[image: Figure 1]FIGURE 1 | 2D Diagram of MIM waveguide and CRC with ring-embedded square structure.
In Equation 1, the conductivity of Ag is denoted as [image: image],and the relaxation time is denoted as [image: image]. [image: image] denotes the dielectric constant of Ag in the state of electrostatic field and is assigned as [image: image]. [image: image] is due to the fact that when silver is strongly magnetic shielded,its dielectric constant tends towards infinity. For MIM waveguides, the transverse magnetic mode equation is given in Equation 2:
[image: image]
Where k signifies the wave vector in the waveguide and is specified as [image: image] in free space; [image: image], [image: image]; [image: image] and [image: image] represent dielectric constants and metals, respectively.
Three key parameters are recommended for evaluating the performance of sensor characteristics: Half-width (FWHM), Sensitivity (S), and Figure of Merit (FOM). Specifically, the parameter S is employed to assess the sensitivity of the sensor, quantifying how responsive it is to changes in its environment. The FOM provides a comprehensive evaluation by considering both the half-width and sensitivity, offering a holistic measure of the sensor’s effectiveness. The FWHM parameter is crucial for evaluating the sharpness of the spectral line. It quantifies the width of the spectral line at half of its maximum height in the trough, thereby indicating the precision of the sensor’s spectral response. The researchers used Equation 3 and Equation 4 for the assessment, as detailed in references [16, 25]:
[image: image]
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The geometry of the sensor system was modeled in COMSOL Multiphysics 5.4a, where ∆λ and ∆n denote wavelength and refractive index changes, respectively. A precisely matched layer is formed to absorb the light reflected to the exterior. To ensure the accuracy of the computational results, we utilize a super-triangular mesh in the MIM waveguide and CRC structures, effectively capturing nanoscale details and boundary effects with mesh sizes ranging from nanometers to sub-nanometers, varying according to the structure. Specifically, the grid size is finer in areas with smaller intervals and coarser in regions with larger intervals. Additionally, we establish boundary conditions where the scale lines on our dials perfectly match those on the scale. We also implement boundary conditions at the top and bottom of the structure to absorb incident light on the simulation boundaries, minimizing the impact of boundary reflections on the simulation results. This setup ensures a smooth transition with the waveguide structure boundary, preventing discontinuities or interference. Next, to fully investigate the optical response of the sensor system, a 1 nm step-by-step simulation was performed over the wavelength range of 1800 nm–3,000 nm. Such an analog configuration offers a thorough insight of the sensor’s performance and guarantees that any potential optical effects are captured over a wide wavelength range.
3 SIMULATION RESULTS AND ANALYSIS
The CRC structure was divided, and the parameters of each component were changed independently to examine their impact on sensor performance. Additionally, the effects of the parameters between the CRC structure and the waveguide were examined. Following comparison, it was discovered that the CRC structure had a higher FOM value and was around 600 more sensitive in the given refractive index range than the single-ring structure. As a result, CRC was chosen for additional research.
The sensor’s initial structural parameters are as follows: g = 10 nm, L1 = 240 nm, R1 = 240 nm, and R2 = 100 nm. The simulated split CRC structure and the simulated single rectangular baffle structure were done in order to have a better understanding of the Fano resonance production process and the propagation characteristics of the overall structure Figure 2. The transmission spectra of waveguide only a single ring, a ring and a square structure, a ring and a small circular structure, and a CRC structure are represented by the red, blue, green, and purple lines, in that order. Interference occurs between the background state (continuous mode) of the Fano resonance, i.e., the continuous distribution curve produced by the single waveguide structure, and the defect state (discrete mode), i.e., the discrete spectrum produced by the addition of the square and tiny circular structures, and the asymmetric line shapes produced by the interference can be seen in the spectral response plots of Figure 2. This results in an asymmetrical and sharply defined feature in the transmission spectrum of the system. In contrast, a single rectangular baffle structure exhibits a transmission spectrum characterized by a straight line with a slight downward slope. A continuous broadband mode is thought to exist at the spots on the line with higher transmittance. Straight waveguide linked CRC’s transmission spectral structure displays symmetrical troughs, a feature common to Lorentz resonance, which is seen as a distinct narrow-band mode that generates the Fano resonance.
[image: Figure 2]FIGURE 2 | Transmission spectra of single ring (red line), ring and square structure (blue line), ring and small circular structure (green line), and CRC structure (purple line),waveguide only (brown line).
To better understand the generation process of Fano resonance, the magnetic field distributions of single ring, ring and square structure, ring and Small round structures, and CRC structure (λ = 2,469 nm) were examined (Figures 3A–D, respectively). It is discovered that the SPPs in all four structures can flow through the waveguide and couple into the four structures. As shown in Figure 3A, although the total magnetic field is weak, especially in the bus waveguide, the normalised magnetic field is mainly dispersed in the upper and lower regions of the ring, with a sensitivity S of 2,320 nm/RIU. In Figure 3B, the addition of the tiny ring structure serves as a convergence of the magnetic field, so that the SPPs converge more in the ring cavity, which improves the performance of the sensor, and the sensitivity reaches 3,000 nm/RIU. In Figure 3C, although the separate square structure improves the transmittance, the straight waveguide is able to conduct the optical signal efficiently and reduce the optical loss. In Figure 3D, the normalised magnetic field is mainly dispersed in the CRC structure, with only a small portion present in the waveguide, which suggests that the resonance is strong, and the sensitivity S finally reaches 3,240 nm/RIU. The CRC’s magnetic field is spread in the upper right and lower left, and it is reversed. After combining the two structures, the magnetic field distribution converges in the symmetrical direction, and the coupling strength improves dramatically.
[image: Figure 3]FIGURE 3 | Normalized magnetic field distributions at λ = 2,469 nm of (A) the single ring; (B) ring and small circular structure; (C) ring and square structure; (D) CRC structure First, the refractive index is added from 1.00 to 1.05 in 0.01 steps on the basis of the fixed structural parameters R1 = 240 nm, R2 = 100 nm, L1 = 240 nm, g = 10 nm, ω = 50 nm to investigate the effect of refractive index on the performance of CRC structural sensors, and the results are given in Figures 4A, B. Figure 4A illustrates that when the refractive index increases, the transmission spectrum shifts practically evenly. The refractive index change solely affects the transmission spectrum’s position spectrum, not its overall waveform trend. As illustrated in Figure 4B, the wavelength shift of the inclination angle varies linearly with refractive index. Based on this feature, the proposed structure can function as a refractive index sensor. Calculating the slope of the fitting line yields the sensor’s sensitivity of 3,240 nm/RIU, with the ideal value of 57.9 being the best parameter for the structure.
[image: Figure 4]FIGURE 4 | (A) Transmission spectra with different refractive indices. (B) Fitting line of inclination wavelength as a function of refractive index.
Due to the significant influence of the geometric features of the structure on Fano resonance, we extensively investigated the impact of various parameters on the Fano resonance transmission spectrum. Initially We investigated the effect of the outer radius of the CRC structure on the Fano resonance. The outer radius R1 was tuned from 240 nm to 280 nm at 10 nm intervals, while keeping the remaining parameters constant. As depicted in Figure 5A, the transmission spectra at different outer radii show a slight increase in transmittance at the dip angle as R1 increases. Moreover, a notable redshift in the curve is observed with increasing radius R1, indicating that R1 plays a crucial role in determining the wavelength of the Fano resonance band. Figure 5B displays the sensitivity for various radii, calculated using linear fitting. It can be observed that the sensitivity increases from 1951 nm/RIU to 2,469 nm/RIU as the outer radius of the CRC structure grows. Thus, in practical applications, the appropriate radius can be selected based on the desired sensitivity requirements.
[image: Figure 5]FIGURE 5 | (A) Transmission spectra of the whole structure at different radii R1. (B) Sensitivity fitting lines at different R1.
The influence of another CRC structural component, the lower left square, on the sensor’s propagation performance was then investigated. The lower right square is shifted from 240 nm to 280 nm, while the other parameters stay constant. Figures 6A,B show the simulation results and sensitivity fit lines, respectively. As L1 increases, the transmission spectrum exhibits a small redshift. However, the transmission spectrum’s structure has remained substantially unaltered. Figure 6B shows that increasing the side length L1 improves the overall system’s sensitivity marginally. Therefore, as shown in Figure 6, when the edge length of a square structure is appropriately modified, it does not have much effect on sensitivity.
[image: Figure 6]FIGURE 6 | (A) Transmission spectrum of CRC structure with different square side lengths L1 in the lower left corner. (B) Fitting sensitivity lines for L1 with different side lengths.
The influence of another CRC structural feature on the sensor’s transmission characteristics was then examined. The radius of the circular structure in the upper right corner was changed from 60 nm to 100 nm, while the other parameters remained constant. Figures 7A,B show the simulation results and the sensitivity fit lines. Figure 7A displays the transmission spectra created at different exterior radii. As R2 grows, the transmittance at the inclination increases little. Furthermore, when radius R increases, the curve shows a little redshift, showing that radius R2 influences the wavelength of the Fano resonance band. When seen in the picture, the refractive index increases from 2,211 nm/RIU to 2,469 nm/RIU when the outer radius of the CRC structure grows. Thus, in real applications, the proper radius can be chosen based on the sensitivity requirements.
[image: Figure 7]FIGURE 7 | (A) Transmission spectra of CRC structures with different radius R2 in the upper right corner. (B) Fitting sensitivity lines for R2 of different circular structures.
Finally, we investigate the effect of the coupling gap between the waveguide and the CRC structure on the performance. While keeping the other parameters constant, g is varied between 5 and 25 nm. Figure 8A illustrates a significant blue shift in the curve, accompanied by changes in transmittance with the alteration of the coupling gap. Additionally, Figure 8B indicates a dramatic narrowing of the FWHM as g increases from 5 nm to 25 nm. This suggests a weakening interaction between surface plasmon polaritons (SPPs) and the CRC structure with increasing g. Figure 8C displays sensitivity curves for different coupling gaps. Sensitivity decreases as the coupling gap widens, peaking at 2,515 nm/RIU when g = 5 nm. However, at g = 10 nm, the difference in FWHM values compared to g = 10 nm is excessively significant, resulting in a relatively modest FOM value. Therefore, the system’s sensing performance is optimal at g = 10 nm. At this point, sensitivity is 3,240 nm/RIU, with an FOM of 57.9, which is better than many existing parameters listed in Table 1.
[image: Figure 8]FIGURE 8 | (A) Transmission spectra at different coupling gaps. (B) Sensitivity fitting lines at different coupling gaps. (C) Sensitivity curves at different coupling degree gaps.
TABLE 1 | Comparison of similar sensor parameters.
[image: Table 1]4 APPLICATION IN TEMPERATURE SENSING
Given the specific requirements of the CRC(Circular Resonant Cavity) structure, ethanol was chosen as the ideal filler ingredient due to its notable refractive index temperature coefficient of 3.94 × 10−4 (°C−1). This value indicates a high degree of sensitivity and stability, making the structure particularly suited for temperature sensing applications. In comparison, silver and quartz exhibit much lower refractive index temperature coefficients, at 8.60 × 10−6 (°C−1) and 9.30 × 10−6 (°C−1) respectively. Such low coefficients mean that variations in temperature have a negligible impact on their refractive indices, thus making them less suitable for this specific application.
The selection of ethanol enhances the CRC structure’s efficiency and reliability in temperature sensing. This is due to ethanol’s refractive index being linearly proportional to temperature across a wide range, from its melting point at −144°C to its boiling point at 78°C. This proportionality allows for precise and accurate temperature measurements within this range, which is crucial for applications where exact temperature monitoring is essential. Equation 5 can be used to express the refractive index of ethanol as a function of temperature [32]:
[image: image]
T denotes the ambient temperature and the reference temperature T0 is set to 20°C. Determine the operating temperature of this sensor to be −80°C–70°C. In order to ensure the detection effect, we determined that the limited detection upper limit is 130°C.Nevertheless, When the sensor is operating in the environment exceeds this range, the sensor’s measurement accuracy diminishes, leading to increased measurement errors. The structural parameters are as follows: g = 10 nm,R1 = 240 nm, R2 = 100 nm, L1 = 240 nm, [image: image] = 50 nm. We utilize the sensitivity of the refractive index of the ethanol medium to temperature changes and calculate its refractive index by detecting the spectral shift. This principle, based on spectral displacement, endows the sensor with remarkable sensitivity and precision, rendering it a reliable temperature measurement instrument. The temperature sensor sensitivity ([image: image]) was calculated using Equation 6 [33]:
[image: image]
Based on the specified test temperature range, the temperature change ([image: image]) is set to 150°C, and ∆λ represents the shift in the transmission spectrum. The test results are depicted in Figure 9, which shows how the temperature is progressively increased from 80°C to 70°C. Figure 9A vividly demonstrates that as the temperature rises, there is a significant shift in the transmission spectrum toward the blue end of the spectrum. This shift is quantifiable, with the transmission valley moving from 2,191 nm to 2,325 nm, which corresponds to a wavelength shift ([image: image]) of 134 nm. Such sensitivity to temperature variations is critical in modern optical devices, which are capable of detecting wavelength changes at the nanoscale level. The FWHM is recorded at 202 nm.
[image: Figure 9]FIGURE 9 | (A) Transmittance curve at temperatures from −80°C to 70°C. (B) Sensor sensitivity fitting curve.
Furthermore, Figure 9B presents the sensor’s sensitivity fitting line, where linear fitting is applied to ensure the accuracy of measurements. This method of linear fitting is instrumental in deriving the sensor’s sensitivity, which is determined to be 0.9 nm/°C. This sensitivity value is crucial for the sensor’s ability to provide precise and reliable temperature readings, particularly in environments where exact temperature monitoring is essential.
5 CONCLUSION
In this research, we devised a nanoscale refractive index sensor utilizing Fano resonance. This resonance arises from the coupling of an MIM waveguide structure with a CRC structure. We examined how the refractive index and geometric parameters of both the CRC and MIM waveguide affect the sensor’s overall sensing characteristics using the finite element method. During incremental modifications to the CRC structure’s parameters, we observed that the impact of different parameters on final sensitivity varied significantly in a step-like pattern. Specifically, the wavelength of the Fano resonance shifts towards redshift as the refractive index (n), the radius of the outer circle (R1), the radius of the upper-right circular structure (R2), and the side length of the lower-left L structure (L1) increase. However, when g increases, the Fano resonance wavelength exhibits a significant blue shift,and sensitivity increases. The highest sensitivity occurs at a gap of 5 nm, but this configuration is impractical due to its excessively large FWHM, resulting in a substantial reduction in the final figure of merit (FOM). Upon analyzing the structure, optimal sensing performance is achieved when the parameters are set to R1 = 240 nm, R2 = 100 nm, L = 240 nm, [image: image] = 50 nm, and g = 10 nm. Finally, we investigated the structure’s application in temperature sensing. The resulting temperature sensor exhibits a sensitivity of up to 0.9 nm/°C. Moreover, this design shows promising application prospects in various optical fields.
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