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Abstract

:

Increasing sensor sensitivity and maintaining a large FOM (figure of merit) are challenging to achieve at the same time. Adding grooves and asymmetrical structures to the annular cavity increases sensitivity; however, it usually makes the FOM of the structure decrease. Herein, we propose a MIM (metal-insulator-metal) sensor of a novel structure with nano-cylinders loaded in a ring resonator (NCRR), whose sensitivity can reach as high as 3636.4 nm/RIU (refractive index unit). The FOM is maintained around 2000 in the mid-infrared (MIR) region. We find that grating effects only occur in the ring cavity when the cylinder’s distance is below three times its radius, and it can improve the sensitivity of the proposed structure up to 42.3% without decreasing its FOM. In addition, results suggest that our sensor has excellent resistance to eccentricity, which brings in manufacturing. Furthermore, we investigate the capability of the proposed device as a temperature sensor with ethanol, which exhibits a maximum temperature sensitivity of 1.48 nm/°C. We believe that our research has essential application prospects in miniature integrated sensors, optical switches, splitters, filters, and broadband passers.
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1. Introduction


Surface plasmon polaritons (SPPs) are transverse electromagnetic (TM) waves that propagate along the metal-dielectric interface and decay exponentially away from the metal-dielectric juncture. Since SPPs can place the local energy area beyond the diffraction limit in light-matter interactions, they have been considered a perfect potential information carrier to overcome the diffraction limit of light in future optical integrated circuits. Moreover, SPPs have a swift and sensitive response to changes in the ambient medium, which opens up new aspects in RI (refractive index) sensing applications. They can tune light-metal interactions and have a wide range of applications in filters [1,2,3], splitters [4], absorbers, sensors [5,6], switches [7], and other light-on-chip systems.



Optical signals have transmission flexibility, anti-interference abilities, high sensitivity, and relatively low costs. They are a better carrier to detect background changes in sensors than other targets [8]. Temperature sensors based on MIM structures stand out because SPPs can change the ambient temperature of the physical background signal into a noticeable change in the optic spectrum. Nevertheless, an SPP sensor is easy to combine with other light-on-a-chip systems, such as filters and switchers, and has high-resolution sensitivity. By exploring the relationship between the refractive index and the optical spectral lines, we can design an optical sensor device with high resolution that can detect ambient targets, such as temperature, pressure, and molecular concentration.



In this paper, we design a novel high-resolution temperature sensor based on the MIM structure [9,10,11]. It comprises a ring cavity studded with an array of silver nano-cylinders and a tiny cavity made by two silver walls in the propagating waveguide. We use the 2D finite element method (FEM) simulation (COMSOL 5.6) to optimize the parameters of the structure, and the silver cylinder grating structure can increase the sensitivity up to 42.3% without decreasing its FOM. Our structure can achieve a sensitivity  S  as high as 3636.4 nm/RIU in the mid-infrared region (MIR, at about 5 um), and its FOM is maintained at 2000 when the ring cavity is in fundamental mode. Compared to these proposed temperature sensors [12,13], stubs and grooves have been used to increase temperature sensitivity, while the FOM usually decreases to 100 or below. Our results have a significant advantage over other temperature sensors [14,15]. We believe that our research may bring inspiration to other broadband passers [16], switchers [17], and filters [13,18] that have a similar structural design.




2. Sensor Schematic and Theoretical Analysis


In FEM simulations, three-dimensional simulations are calculated according to the parameters of the structures, but their calculation time is very long, and additionally, the requirements for server configuration are also very high. Conversely, two-dimensional simulations treat the thickness of the structure as infinite, saving much computer memory by calculating the electromagnetic field’s evolution in a two-dimensional plane. Some works have mentioned before that for a TM (transverse magnetic) mode in a MIM structure, 2D or 3D simulations make little difference during propagation. As the thickness  h  increases, the results of the 3D simulation and 2D simulation converge, and the results tend to remain stable with h greater than 100 nm [19]. Therefore, the final result of the 2D simulation can be trusted. In this paper, a plane wave at the input port excites the TM mode of the MIM waveguide. Thus, the transmittance of power is calculated as T = output power (Po)/input power (Pi).



The three-dimensional schematic of the proposed structure is illustrated in Figure 1a, where the grey and transparent zones represent silver and the material under sensing (MUS), respectively. The reason for choosing silver is that the loss of silver is relatively low. The structure consists of a waveguide coupled with a ring resonator. Two 5 nm thick silver blocks induce a broad continuum mode. The initial simulation parameters are tabulated in Table 1. Figure 1b illustrates the transmittance profile of the structure at a refractive index (n) of 1. We can observe several asymmetric Fano resonances named modes 2, 3, and 4 at the NIR and visible spectra. The name of the mode is derived from the different coherent orders in the resonant ring.



At the NIR region, the complex permittivity of silver is wavelength dependent, which is characterized through the Drude model. The equation can be derived as   I ε  ( ω )  = 1 −   ω  p  2   ω  ω − i  Γ 1      , where   ω p   and   Γ 1   are the plasma and resonant frequencies [9]. Table 2 presents the numerical values of these parameters.



The corresponding   t i   and   k i   are transmission and coupling amplitudes of these two regions, where    t  i  2  +  k  i  2  = 1  . The following equation can express the dispersion relation of SPPs in the MIM waveguide structure.


   ε d     β 2  −  ε m   k  0  2    +  ε m     β 2  −  ε d   k  0  2    tanh  ω    β 2  −  ε d   k  0  2     ) / 2   = 0  



(1)




where   ε m   is the complex dielectric constant of the background material,   ε d   is the dielectric constant of the medium,   β =  k 0  *  n  eff      is the propagation constant of the SPPs, and    k 0  = 2 π / λ   is the wave vector of light in a vacuum.



In standing wave theory, the resonant wavelength is proportional to the effective refractive index and length (L) of the resonator, which can be defined as:


   λ  res    =   2 Re   n  e f f    L   M −   φ  2 π      M = 1 , 2 ⋯  



(2)




where M and  ψ  denote the mode integer and the phase shift due to reflection from the resonator, respectively. The sensing performance of the proposed nanosensor can be evaluated by the sensitivity value (S), which can be expressed as   S =   Δ λ   Δ T    , where   △ λ   is the change in the resonance wavelength, and   △ T   is the temperature change in the MUS. The figure of merit can be expressed as   FOM =   Δ T   Δ n    , where   △ T   is the change in the transmission profile and   △ n   is the refractive index change in the MUS.




3. Numerical Analysis and Optimization


3.1. Numerical Optimization


When the standard sensor is simulated in visible and near-infrared wavelength regions, three Fano resonances are obtained as shown in Figure 1b. Two thin silver walls excite a broad continuous spectrum in the waveguide, and ring-shaped resonators of different orders can produce a narrow linewidth dip in the transmission pattern. Both of these are coupled to form a Fano line pattern. Then, we explore the relationship between the coupling distance and the transmission pattern. The coupling strength can be tuned by adding the distance between the ring resonator and the waveguide, and   λ  r e s    remains stable. In Figure 2a, we can figure out that when the distance g is relatively small (5 nm), the coupling is strong to induce a dip in the transmission pattern and broaden the linewidth. When the coupling distance g becomes more significant, the linewidth becomes narrower, but the maximum transmission pattern decreases. This phenomenon is because the coupling between the two modes is weaker. To keep the Fano peak prominent in the transmission profile and linewidth narrower, we keep the coupling distance g = 10 nm. Since we keep the waveguide w = 50 nm in the whole structure, the outer radius of the ring resonator has no effect on sensitivity but only affects the transmittance peak wavelength, and we can adjust the resonator length to explore other ambient indicators.



From a practical point of view, we also studied the effect of eccentricity due to processing on the transmission pattern. We defined the distance between the center of the inner circle and the outer circle as   ▵ r  ; w is the waveguide width, and the eccentricity of the ring resonator d =   ▵ r / w  . We set the eccentricity d from 0 to 95% nm at 19% intervals, then studied the effect of 6 different sets on the transmission pattern. By looking at the magnetic field distribution, the central wavelength of different order mode fields is confirmed. Taking FR3 and FR4 as examples, results in Figure 2b show that the asymmetry caused by the eccentricity is nonlinear to the center wavelength of different orders. With the gradual increase in the degree of eccentricity, the maximum transmittance of different orders will also decrease slightly, and the linewidth will be slightly widened. When the eccentricity is less than 40% (i.e., below 20 nm), the effect of this change on the center wavelength and line width is slight. Since the etching accuracy is in the sub-10 nm range, the effect of this wavelength shift due to eccentricity on the system can be ignored.



We next discuss the effect of the direction of the eccentric ring resonator on the transmission pattern at 60° intervals, and the results show that the eccentric direction does not change the transmission spectrum, which is physically intuitive. All this shows that our compact structure has excellent resistance to eccentricity.



In Figure 3a, we changed the refractive index of the medium in the MUS region and studied the effect of the refractive index on the transmission spectrum. The results show that the maximum value of each Fano formant is redshifted with the increase in the refractive index. Figure 3b–e shows that the linearity of this redshift is very high, making it ideal for use as a sensor. Figure 3g–n shows the magnetic field distribution of different orders at the peaks and valleys of Fano resonance.




3.2. Nano-Cylinder-Added Ring Resonator


Maintaining high sensitivity and high FOM in MIM structures is challenging. Adding stubs and grooves to the cavity increases sensitivity but tends to decrease FOM simultaneously. Presently, the sensitivity of sensors based on the MIM ring resonator structure is mainly in the range of 1000–2000 nm/RIU. The FOM of the MIM structure with its sensing accuracy around 3000 nm/RIU is usually around 10 [12,13,20]. Herein, we effectively increased the sensitivity without reducing its FOM by introducing a grating effect into the cavity. We added silver cylinders in the ring resonator, as is shown in Figure 4a, and studied the effect of increasing the silver cylinders on the entire system from two dimensions. First, we studied the changes caused by the silver cylinders at different intervals to the silver cylinder transmission spectra. The distribution of the magnetic field confirms the order of these modes. We conclude that the grating effect occurs when the distance between the two silver columns is within three times the radius of the silver column.



On the other hand, since the width of the ring is 50 nm, we designed three sets of silver cylinders with different radii from 5 nm to 15 nm and studied the effect on the different silver cylinders’ radii. The effective refractive index   n  e f f    of the pattern increases significantly with the composition of silver increased in the toroidal resonator, so the resonance wavelength position of the same order is significantly redshifted. The effect of sensitivity improvement and the increase in the radius of the silver cylinder present a nonlinear relationship, such that sensitivity improvement after a diameter of 15 nm is not apparent. From this point of view, the sensitivity S is increased up to 42.3%. Additionally, the figure of merit (FOM) =   ▵ T  /T*n of the presented schematic is defined. The FOMs of FR3, FR4, FR5, FR6 are 1827, 2280, 2633, and 2911, respectively. Figure 4c shows the transmission pattern when the intervals are 10 degrees and the radius is 15 nm, and Figure 4d shows that the FOMs of these Fano resonances in the structure. The results in Table 3 show that increasing sensitivity slightly increases its FOM, which is rare in other structures [21,22,23,24].




3.3. Potential as a Temperature Sensor


Due to compactness, immunity to electromagnetic interference, wide sensing range, dependability, and high sensitivity, plasmonic temperature sensors are rapidly displacing traditional temperature measurement devices. This ring-shaped resonator is highly sensitive to the refractive index, which makes it perfect for sensing [6,20]. To assess the structure practically, we took temperature as an example. Compared with other optical sensors, the proposed structure has excellent advantages in miniaturization and integration. The refractive index of ethanol can be expressed as


   n   Ethanol     ( T )  = 1.36048 − 3.94 ×  10  − 4    T −  T 0    



(3)




where   T 0   is the typical room temperature (20 °C) and T is the temperature of the liquid [12]. Ethanol melts at −114.3 °C and boils at 78.4 °C, making it suitable for temperature sensing. Figure 5 plots the transmittance profile for T = 20 °C to T = 40 °C with a step of 5 °C. The results show that temperature has a linear relationship with the resonant wavelength, and our proposed temperature has a sensitivity of 1.48 nm/°C.



We compared the accuracy S and FOM of the sensor we designed with the sensing articles of the relevant articles that have been published before, as shown in Table 4. A high sensitivity of 3636.4 nm/RIU as well as a high FOM of 2000 has been achieved in our proposed structure, which shows that the proposed sensor has advantages over others.





4. Conclusions


In this paper, a MIM high-resolution optical temperature sensor decorated with silver nano-cylinders was proposed and numerically analyzed through the FEM method. The maximum transmittance of different order modes increases linearly with decreasing temperature. At 10-degree intervals around the ring cavity, after decorating the radius of 15 nm silver nanodots, we investigated the correlation between temperature and improved the sensitivity S from 955.3 to 1246.8 nm/RIU while maintaining its FOM at about 3000. A maximum sensitivity of 3636.4 nm/RIU can be achieved in MIR. This paper also studied the effect of eccentricity on the transmittance profile due to the deviation in manufacturing and concluded that this machining error has a nonlinear effect on the spectrum. When the deviation in the machining error is less than 40% (i.e., 20 nm), it has little influence on the maximum transmission wavelength. All these characteristics make the proposed structure suitable for temperature sensing, and we achieve a temperature sensitivity of 1.48 nm/°C in MIR. Due to this high sensitivity to temperature, we believe that the structure we designed has essential application prospects in optical switches and all-optical integrated chips.
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Figure 1. (a) 3D schematic of the proposed nanosensor. (b) Transmittance profile at n = 1. The purple dashed-dotted line, blue dashed line, and solid orange line represent the transmittance profile of the Fabry–Perot cavity, the ring resonator, and the system. 
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Figure 2. (a) Transmittance spectra for different coupling distances, g = 5 nm to g = 20 nm. (b) Transmittance spectra of the nanosensor with different eccentricity from 19–95%, where d =   △ r / w  . (c) The peak wavelength of FR3 and FR4 for different amplitude eccentric ring resonators in detail. (d) The offset in the peak wavelength of FR3 and FR4 in the annular cavity with different eccentricities. (e) Transmittance spectra of the nanosensor with different eccentric directions. When eccentricity amplitude is fixed, the direction does not change the transmission profile. 
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Figure 3. (a) Transmittance spectra of the optimized structure for different refractive indices of MUS, n = 1.345 to 1.392. Relationships between the resonance wavelengths of (b) FR3, (c) FR4, (d) FR5, (e) FR6, and temperature.    | Hz |  2   distribution of the peak and valley wavelength in transmittance spectra when T = 60 °C, (f) FR3,   λ  p e a k    = 1274 nm; (g) FR3,   λ  v a l l e y    = 1300 nm; (h) FR4,   λ  p e a k    = 962 nm; (i) FR4,   λ  v a l l e y    = 981 nm; (j) FR5,   λ  p e a k    =778 nm; (k) FR6,   λ  v a l l e y    = 794 nm; (l) FR6,   λ  p e a k    = 659 nm; (m) FR6,   λ  v a l l e y    = 674 nm. 
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Figure 4. The proposed nanosensor in (a) 3D schematic and (b) its partial enlargement. (c) Transmittance spectra of the NDRR sensor, when radius of the silver cylinders r = 5 nm and intervals of the silver cylinders are 90°. (d) FOM of the NDRR sensor and empty ring sensor. 






Figure 4. The proposed nanosensor in (a) 3D schematic and (b) its partial enlargement. (c) Transmittance spectra of the NDRR sensor, when radius of the silver cylinders r = 5 nm and intervals of the silver cylinders are 90°. (d) FOM of the NDRR sensor and empty ring sensor.



[image: Photonics 10 00069 g004]







[image: Photonics 10 00069 g005 550] 





Figure 5. (a) Normalized transmittance spectra for NDRR sensor in MIR. (b) Enlargement of transmission profile in Figure 5a. The insert figure shows that resonance wavelength increases linearly with temperature. 
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Table 1. Initial simulation parameters of the sensor.
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	Parameter
	Symbol
	Value





	Waveguide width
	w
	50 nm



	Inner radius
	R1
	300 nm



	Outer radius
	R2
	350 nm



	Radius of the nanorods
	r
	20 nm



	Number of the nanorods
	n
	36



	Waveguide gap width
	g
	10 nm



	The thickness of the stub
	t
	5 nm



	Distance between the stub
	L
	15 nm
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Table 2. Drude parameter for silver.
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	Parameter
	Value
	Unit





	Dielectric constant
	3.7
	1



	Bulk plasma frequency
	9.1
	eV



	Electron collision
	0.018
	eV



	Incident frequency
	1.24
	eV
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Table 3. Summary of the sensitivity for different order modes in different structures. FOM is presented when r = 15 nm and gap interval is 10° .
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	FR3 (nm/RIU)
	FR4 (nm/RIU)
	FR5 (nm/RIU)
	FR6 (nm/RIU)
	FR7 (nm/RIU)





	Empty Ring
	955.3
	710.6
	548.9
	416.7
	



	Gap 30°
	980.9
	721.3
	602.1
	466.0
	



	Gap 45°
	972.3
	720.1
	605.4
	477.6
	



	Gap 90°
	961.7
	727.7
	619.1
	474.5
	



	R = 5 nm
	987.2
	740.4
	608.5
	480.9
	



	R = 10 nm
	1061.7
	814.9
	644.7
	557.4
	468.1



	R = 15 nm
	1246.8
	951.1
	780.9
	648.9
	553.2



	FOM
	1251.6
	1827
	2280
	2633
	2911
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Table 4. Comparison of sensitivity with recent literature. Sensitivity data converted to temperature sensitivity use ethnol as the MUS.






Table 4. Comparison of sensitivity with recent literature. Sensitivity data converted to temperature sensitivity use ethnol as the MUS.





	Reference
	Sensitivity (nm/RIU)
	Sensitivity (nm/°C)
	Year





	[25]
	2162
	0.848
	2020



	[26]
	1636
	0.641
	2022



	[27]
	1303
	0.511
	2021



	[18]
	1050
	0.412
	2022



	[28]
	1000
	0.392
	2022



	[29]
	2000
	0.784
	2018



	This work
	3636.4
	1.48
	2022
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