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Abstract

:

In this paper, a metal–insulator–metal (MIM) surface plasmon waveguide structure is proposed and numerically investigated. It is composed of a square-ring cavity with a silver baffle, an isosceles triangle cavity, and a bus waveguide with a silver baffle. The results show that the structure can produce triple Fano resonances that can be independently tuned by changing the structural parameters. The detection of refractive indexes at different positions in the structure was also accomplished, with a maximum sensitivity of 2259.56 nm/RIU. On the basis of this, the simultaneous measurement of multiple parameters (plasma concentration and glucose concentration) was performed. The numerical simulation results are beneficial to the applications of MIM waveguide structure in nanosensing and biosensing with time-sharing or simultaneous measurement of multiple parameters.
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1. Introduction


Fano resonance is a universal resonance phenomenon first proposed by Ugo Fano in 1961, and it has been proven to be caused by the interference between discrete and continuous states in atomic systems [1,2,3,4]. Different from Lorentz resonance, the Fano resonance line shape is very sharp, so small changes in the geometry or the surrounding environment can usually lead to a great impact on Fano resonance, resulting in high sensing sensitivity [5,6,7,8,9]. Surface plasmon polaritons (SPPs) are electromagnetic waves propagating along the metal–dielectric interface that can be used in biomedical [10], chemistry [11], and information technology [12,13]. SPPs are excited by the interaction between incident photons and free electrons on the metal surface, and they can break the limitation of traditional optical diffraction. The metal–insulator–metal (MIM) waveguide structure is a typical surface plasmon waveguide used to produce SPPs. The MIM waveguide with SPPs has the advantages of high efficiency and simple structure, and Sekkat et al. theoretically accomplished giant field intensity enhancement with a maximum enhancement factor of 107, which has applications in ultra-sensing and enhanced spectroscopy [14,15,16]. To date, the MIM waveguide with SPPs has been widely used in optical integration [17,18,19,20,21,22,23] and designed into a variety of optoelectronic devices [24,25,26,27].



In the past few years, Fano resonance based on MIM waveguides has been proposed for different applications, such as filters [25,26,27], slow-light devices [18,28,29], and especially sensors [30,31,32,33,34,35,36]. Meanwhile, more and more researchers are turning their research focus to the independent tunability of Fano resonance because it may make MIM waveguide sensing devices more flexible and functional [12,15,19,20,21,22,23,24,33]. For example, Fu et al. proposed a cross rectangular cavity on two MIM waveguides that could achieve double Fano resonances, and the positions of the resonances could be manipulated independently by changing the size of the rectangular cavity [37]. Liu et al. reported an MIM structure with a semi-ring cavity and obtained triple Fano resonances that could be independently tuned well by changing the parameters of the semi-ring cavity [33]. Zhou et al. also achieved independently adjustable multiple Fano resonances in an MIM waveguide consisting of two stub resonators and a ring resonator, and the maximum sensitivity of the refractive index sensing was up to 1650 nm/RIU [38]. Although the independent tuning of Fano resonance has been achieved, its application has not been fully investigated and is still unclear. We found that it could be used to achieve time-sharing or simultaneous measurement of multiple parameters, which might greatly promote the applications of Fano resonance in integrated optical sensing and biosensing.



In this paper, a metal–insulator–metal (MIM) waveguide structure with a square-ring cavity and an isosceles triangle cavity is proposed and numerically investigated to produce multiple Fano resonances. The independent tuning of triple Fano resonances is discussed by changing the structural parameters. Then, the detection of refractive indexes at different positions in the structure is investigated by utilizing different Fano resonances. Finally, the simultaneous measurement of the plasma concentration and glucose concentration is performed in the structure.




2. Materials and Methods


Figure 1 shows the proposed MIM waveguide structure consisting of a square ring cavity with a silver baffle (SRCSB), an isosceles triangle cavity (ITC), and a bus waveguide with a silver baffle. The blue and white parts are defined as silver and air. The relative permittivity of air is    ε i   =   1.0   , and the complex relative permittivity of silver is characterized by the Drude model [39]:


   ε m  ( ω ) =  ε ∞  −    ω p 2    ω ( ω + i γ )   ,  



(1)




where    ε ∞   =   3.7    is the relative permittivity at infinite frequency,  ω  is the angular frequency of incident light,    ω p   =   9.1   eV    is the plasma frequency, and   γ  =   0.018   eV    is the damping frequency.



As shown in Figure 1, w is the width of the bus waveguide, and t is the length of the silver baffle in the bus waveguide. b and H are the height and the bottom edge length of the ITC, respectively. In the SRCSB, L is the side length of the external square, d is the width of the silver baffle in the square, R is the radius of the internal circle, and a is the shortest distance between the internal circle and the external square. G1 is the distance between the ITC and the bus waveguide, while G2 is the distance between the SRCSB and the bus waveguide. The basic fabrication of the structure began with the preparation of an adequately thick Ag layer on a silicon substrate using chemical vapor deposition (CVD). Then, the bus waveguide, ITC, and SRCSB were etched onto the Ag layer using the electron beam etching technique.



According to the standing wave theory, the resonant wavelengths can be obtained by the resonant condition [40,41]:


  λ =   2 Re (  n  eff   )  L  eff     m − φ / 2 π   , m = 1 , 2 , 3 , … ,  



(2)




where λ is the resonant wavelength, Leff is the effective length of the resonant cavity, φ is the phase shift caused by the reflection, Re(neff) is the real part of the effective refractive index, and m is the resonant mode order.




3. Results


Fano resonance can be achieved by the interference of broadband continuous states and narrowband discrete states, so we first investigated the transmission characteristics of the structure. The parameters used here were set as t = 10 nm, b = 300 nm, H = 450 nm, d = 10 nm, a = 10 nm, R = 180 nm, L = 2(a + R) = 400 nm, and G1 = G2 = 10 nm. w was set at 50 nm in order to make only the basic transverse magnetic mode exist in the structure. Figure 2 shows the transmission spectra of the structure without the silver baffle in the bus waveguide, the bus waveguide with the silver baffle, and the whole structure. The bus waveguide with the silver baffle provided a broadband continuous state for the structure, as shown by the blue line. In the absence of the silver baffle in the bus waveguide, the SRCSB and ITC coupled with the bus waveguide produced three transmission dips at 1041 nm, 1662 nm, and 2237 nm, which can be seen as narrowband discrete states indicated by the red line. Because of the interference between the continuous state and the discrete states, the whole structure formed three asymmetric Fano resonances at 1033 nm (FR1), 1617 nm (FR2), and 2208 nm (FR3).



Figure 3a–c shows the magnetic field distributions (       H Z     2   ) of FR1, FR2, and FR3, and Figure 3d–f shows the corresponding height expressions. In the SRCSB and ITC, the magnetic field distributions of FR1, FR2, and FR3 were all symmetric about the y-axis. Almost all the energy of FR1 was limited to the top of the ITC and mainly affected by H, indicating that the generation of FR1 is highly correlated with the ICT. On the other hand, almost no energy of FR2 or FR3 was in the ICT, and most energy was confined in the SRCSB; this means FR2 and FR3 depend on the SRCSB and are mainly affected by R. According to the above analysis, FR1 may be determined by the ITC, and FR2 and FR3 may be mainly determined by the SRCSB. Compared with H and R, other structural parameters had relatively little influence on the magnetic field distributions. Thus, triple Fano resonances can be effectively tuned by changing H and R.



Next, the influences of the structural parameters of the ITC and SRCSB on Fano resonances were investigated. In Figure 4, the height of the ITC is increased from 450 nm to 480 nm with a step of 10 nm, while other structural parameters remain unchanged. With the increase of the height of the ITC, the effective length of the resonant cavity for FR1 also increased, but that for FR2 and FR3 did not change. Therefore, FR1 made an obvious redshift from 1033 nm to 1095 nm, and FR2 and FR3 were fixed at 1617 nm and 2208 nm, as shown in Figure 4a. Meanwhile, there was no change in the transmittance of FR2 and FR3. Figure 4b shows the linear fitting relationships between the height of the ITC and the resonant wavelengths of FR1, FR2, and FR3, and the corresponding linear correlation coefficients were all greater than 0.999. In Figure 5, the radius of the internal circle of the SRCSB is decreased from 180 nm to 165 nm with a step of 5 nm. In this case, the effective length of the resonant cavity for FR2 and FR3 was reduced, and that for FR1 was fixed. Then, FR2 and FR3 had obvious blueshifts from 1613 nm to 1491 nm and from 2212 nm to 2041 nm, respectively. The linear fitting relationships between the radius of the internal circle of the SRCSB and the resonant wavelengths of FR1, FR2, and FR3 also had good performances of linearity, as shown in Figure 5b. It can be seen that the Fano resonances can be independently tuned by changing the structural parameters, and the linearities of the tunings were fairly good, which may be applied to the simultaneous measurement of multiple parameters.



In practice, the refractive index of the structure may be easier to adjust to achieve an independent tuning of Fano resonance more suitable for sensing. It is necessary to investigate the refractive index sensing characteristics at different positions in the structure on the basis of the triple Fano resonance. The sensitivity usually used to evaluate sensing performances is [33]:


  S =   Δ λ   Δ n   ,  



(3)




where Δλ is the change of resonant wavelength, and Δn is the variation of refractive index.



In Figure 6, the refractive indexes of the ITC and the SRCSB are increased separately from 1.00 to 1.08 with a step of 0.02. With the increase in the refractive index n1 of the ITC, only FR1 had an obvious shift, as shown in Figure 6a. On the contrary, when the refractive index n2 of the SRCSB increased, FR2 and FR3 showed significant redshifts in Figure 6b. Therefore, the independent tuning of the triple Fano resonances was achieved by adjusting the refractive index of the structure. When n1 was increased from 1.06 to 1.12 and n2 was decreased from 1.06 to 1.00, the transmission spectra of the structure were obtained, as shown in Figure 7. In this case, FR1 showed a redshift, while FR2 and FR3 showed blueshifts. Meanwhile, FR1, FR2, and FR3 all had good linearity, and their linear correlation coefficients were as high as 0.99996, 0.99987, and 0.99994 respectively. The sensitivities of FR1 and FR2 were 1082.54 nm/RIU and 1595.48 nm/RIU, as shown in Figure 7b. According to Equations (2) and (3), it can be seen that the sensitivity is approximately proportional to Leff/m, so the sensitivity of FR3 is larger than those of FR1 and FR2 and is 2259.56 nm/RIU. In this way, the detection of refractive indexes at different positions in the structure, such as the ITC and the SRCSB, was achieved. Comparing the refractive index sensing sensitivity with that of other structures [12,13,19,24,30,33,42,43], as shown in Table 1, the sensitivity of the structure is relatively high.



In order to verify the feasibility of multiparameter detection, two biological parameters, plasma concentration and glucose concentration, were selected for measurement. The air in the ITC was replaced with plasma, while simultaneously, the air in the SRCSB was replaced with glucose solution. The refractive indexes of plasma and glucose solution are [44,45]:


   n p  = 1.32459 + 0.000184  C p  ,  



(4)






   n g  = 1.33231 + 0.000119  C g  ,  



(5)




where Cp is the plasma concentration, and Cg is the concentration of glucose solution. In Figure 8, Cp in the ITC is decreased from 400 g/L to 0 g/L with a step of 100 g/L, and Cg in the SRCSB is increased from 0 g/L to 400 g/L with the same step. It is obvious that FR1 and the other two Fano resonances shifted in the opposite direction. The linear fitting relationships between the concentration and the resonant wavelengths of the triple Fano resonances are shown in Figure 8b. The linear correlation coefficients of FR1, FR2, and FR3 were 0.99993, 0.99989, and 0.99968 respectively, which are almost equal to those of refractive index sensing obtained in Figure 7b. The sensitivity of concentration sensing here was S = ∆λ/∆C, where ∆C is the variation of concentration. Then the sensitivity of FR1 for plasma concentration sensing was 0.198 nm·L/g, and the sensitivities of FR2 and FR3 were 0.195 nm·L/g and 0.260 nm·L/g for glucose concentration sensing. The results above show that time-sharing or simultaneous measurement of multiple parameters was achieved in the structure.




4. Discussion


In this paper, a MIM surface plasmon waveguide structure, consisting of the SRCSB, the ITC, and the bus waveguide, was designed to produce triple Fano resonances, which can be independently tuned by changing the structural parameters. The detection of refractive indexes at different positions, such as the ITC and the SRCSB, was achieved, and the maximum sensitivity was 2259.56 nm/RIU with a linear correlation coefficient of 0.99994. Furthermore, the simultaneous measurement of multiple parameters was demonstrated by utilizing two biological parameters. The maximum sensitivities of the plasma concentration and glucose concentration sensing were 0.198 nm·L/g and 0.260 nm·L/g, respectively. The most prominent advantage of this structure is that two independent resonators can perform time-sharing or simultaneous measurement of multiple parameters. In addition, the structure can also be used to measure other parameters that can cause a change in the refractive index, such as alcohol temperature. The results will greatly promote the application of Fano resonance in integrated optical sensing and biosensing.
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Figure 1. Scheme of the MIM waveguide structure composed of a square ring cavity with a silver baffle, an isosceles triangle cavity, and a bus waveguide with a silver baffle. 
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Figure 2. Transmission spectra of the structure without the silver baffle in the bus waveguide (red line), the bus waveguide with the silver baffle (blue line), and the whole structure (black line). 
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Figure 3. (a–c) Magnetic field patterns of FR1, FR2, and FR3. (d–f) Height expressions of the magnetic field patterns of FR1, FR2, and FR3. 






Figure 3. (a–c) Magnetic field patterns of FR1, FR2, and FR3. (d–f) Height expressions of the magnetic field patterns of FR1, FR2, and FR3.



[image: Photonics 09 00291 g003]







[image: Photonics 09 00291 g004 550] 





Figure 4. (a) Transmission spectra of the structure with different heights (H) of the ITC. (b) Linear relationships between H and the resonant wavelengths of FR1 (blue), FR2 (green), and FR3 (red). (The parameters are t = 10 nm, b = 300 nm, d = 10 nm, a = 10 nm, R = 180 nm, L = 2(a + R), and G1 = G2 = 10 nm.) 
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Figure 5. (a) Transmission spectra of the structure with different radii (R) of the internal circle of the SRCSB. (b) Linear relationships between R and the resonant wavelengths of FR1 (blue), FR2 (green), and FR3 (red). (The parameters are t = 10 nm, b = 300 nm, H = 450 nm, d = 10 nm, a = 10 nm, L = 2(a + R), and G1 = G2 = 10 nm.) 
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Figure 6. (a) Transmission spectra of the structure with different refractive indexes of the ITC (n2 = 1.00). (b) Transmission spectra of the structure with different refractive indexes of the SRCSB (n1 = 1.00). (The parameters are t = 10 nm, b = 300 nm, H = 450 nm, d = 10 nm, a = 10 nm, R = 180 nm, L = 2(a + R), and G1 = G2 = 10 nm.) 
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Figure 7. (a) Transmission spectra of the structure with different refractive indexes of the ITC and the SRCSB. (b) Linear relationships between the refractive index and the resonant wavelengths of FR1 (blue), FR2 (green), and FR3 (red). (The parameters are t = 10 nm, b = 300 nm, H = 450 nm, d = 10 nm, a = 10 nm, R = 180 nm, L = 2(a + R), and G1 = G2 = 10 nm.) 
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Figure 8. (a) Transmission spectra of the structure with different glucose solution and plasma concentrations. (b) Linear relationships between the concentration and the resonant wavelengths of FR1 (blue), FR2 (green), and FR3 (red). (The parameters are: t = 10 nm, b = 300 nm, H = 450 nm, d = 10 nm, a = 10 nm, R = 180 nm, L = 2(a + R), and G1 = G2 = 10 nm.) 
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Table 1. Comparison of the sensitivity with that of other structures.
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	Reference
	Waveguide Structure
	Sensitivity





	[12]
	MIM waveguide with two silver baffles and a coupled ring cavity
	718 nm/RIU



	[13]
	MIM waveguide with tooth cavity-coupled ring splitting cavity
	1200 nm/RIU



	[19]
	MIM waveguide with a baffle and a circular split-ring resonator cavity
	1114 nm/RIU



	[24]
	Two side-coupled semi-ring cavities and a vertical cavity
	1405 nm/RIU



	[30]
	Square Convex Ring Resonator (SCRR) with single metallic baffle
	1120 nm/RIU



	[33]
	Side-coupled rectangular cavity and rightward-opening semi-ring cavity
	1550 nm/RIU



	[42]
	Circular split-ring resonance cavity and double symmetric rectangular cavity
	1180 nm/RIU



	[43]
	MIM waveguides coupled with double rectangular cavities
	596 nm/RIU



	This paper
	MIM waveguide structure with square ring and triangular cavities
	2260 nm/RIU
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