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Abstract

:

In this paper, we propose an all-dielectric metamaterials structure which contains four asymmetric square holes in the unit cell to design a high-sensitivity refractive index sensor in the long-wave infrared region. Theoretical analysis of the electromagnetic field distributions shows that the four transmission dips originate from magnetic dipole, electric quadrupole and Toroidal dipole. And its position can be tuned by adjusting different geometric parameters, which can optimize the structure to obtain a narrower linewidth to improve the performance of the sensor. Finally, we evaluate the performance of the structure as refractive index sensor by changing the refractive index of the tested substrate. The results show the refractive index sensor has high sensitivity in the long-wave infrared region: the highest sensitivity is 2803 nm/RIU and the figure of merit will reach up to 350.
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1. Introduction


Refractive index (RI) is an inherent property of materials. It is very important to identify different substances through the detection of RI in many fields, such as biological sensing [1,2,3], agriculture, food industry and other fields [4,5]. So far, many methods have been used for RI sensing, among which metamaterials [6,7] have attracted much attention because of their unique advantages such as simple volume, simple fabrication, and low losses. In the application of RI sensing, metamaterials are divided into plasmonic-based metamaterials and all dielectric-based [8] metamaterials. However, the metals used in plasmonic structures have intrinsic loss that leads to lower efficiency at optical frequencies [9,10]. These disadvantages will weaken the performance of RI device. All dielectric-based structures are favored because of their low losses versus plasmonic structures [11].



In the application of RI sensor, Fano resonance [12,13,14] is an effective method to improve the sensitivity (S) of RI sensor: a narrower linewidth and a large local field enhancement. The Fano resonance phenomenon was first discovered by Ugo Fano [15,16] in atomic physics, which originated from the interference between continuous state scattering and excited discrete states [17] meanwhile the difference of amplitude and phase between the two states leads to the asymmetric line shape of Fano resonance [18]. At present, the research interest of Fano resonance has shifted from single Fano resonance to multiple Fano resonance because of the different applications. Multiple Fano resonance [19,20,21,22,23] can be widely used in multi wavelength surface enhanced spectroscopy, multi-band slow light devices and multi-channel biosensors. For example, a multiple Fano resonance all-dielectric devices for RI sensing was proposed by Su et al. [24] whose the maximum S is 392 nm/RIU.



And by changing the size and shape of the all-dielectric metamaterials structure, we can adjust the resonance mode [25]. Based on this unique optical characteristic, it provides us with a method to improve the S of RI sensing. For example, an effective method is to obtain higher Q Fano resonance based on bound states in the continuum(BIC) [26,27] to obtain higher sensitivity RI sensing. BIC refers to a state in which the localized state with zero linewidth coexists with the continuous spectrum [28,29]. However, optical BICs shows zero linewidth and infinite Q value, which can not be used in the actual optical system. For practical application, BICs must be converted to the so-called quasi-BICs, which has higher Q value and narrower resonant linewidth [30]. At present, the most commonly used and effective method is to introduce asymmetry in the unit cell, which transforms BIC to quasi BICs governed by symmetry-protected BICs [31].



In this paper, we propose an all-dielectric metamaterials structure which contains four asymmetric square holes in the unit cell to design a high-sensitivity RI sensor in the long-wave infrared region. When the sizes of the four square nanoholes are the same, there are only two Fano resonance dips. By changing the size of the square hole to introduce asymmetry, four Fano resonance transmission dips will be produced which is because the asymmetric structure introduces two quasi-BIC resonance modes. Next, we analyze the electromagnetic field distributions of the four transmission dips, which are excited by magnetic dipole (MD), electric quadrupole (EQ), toroidal dipole (TD) and magnetic dipole respectively. Finally, we evaluate the performance of the structure as RI sensor by changing the RI of the tested substrate. The results show the RI sensor has high S in the long-wave infrared region: the highest S is 2803 nm/RIU and the figure of merit will reach up to 350.




2. Unit Structure and Simulation Methods


As shown in the figure above, Figure 1a is the structural diagram of the designed high-sensitivity RI sensor, and Figure 1b shows the structural details of each unit cell. The designed RI sensor is composed of two layers: the top layers of structure contains four asymmetric nanoholes etched in the square Si structure, and the lower layer is barium fluoride (BF2) substrate. The period p of each unit cell is set to 6.2 µm, the thickness   h 0   of the top layers of structure is 1.6 µm, the side length t is 5 µm, d0 and d1 is the side length of the nano square hole, and the distance L between the centers of the two square holes is 2 µm and the whole structure is immersed in a medium with RI of 1.33. We used a finite difference time-domain (FDTD) algorithm to analyze the optical proprieties of proposed RI sensor and set periodic boundary conditions along x and y directions; perfectly matched layers were selected in the z direction and it acted as a near-ideal absorber to simulate electromagnetic wave transmission to infinity. The permittivity values of Si and BF2 in the analysis were derived from Palik [32]. The polarization direction of the incident light is along Y axis of the asymmetric axis of the structure, which is to excite more obvious resonance dips responses. Meanwhile the mesh accuracy was set to 10 nm to ensure simulation precision. At the same time, we also analyze the feasibility of the experimental manufacture of the proposed RI sensor. The manufacturing process of the proposed RI sensor is well compatible with the traditional complementary metal-oxide-semiconductor (CMOS) technology. And a similar structure has been implemented in the previous work [33].




3. Results and Discussion


As shown in Figure 2 above, it is the simulated transmission spectrum of the RI sensor proposed when the nanoholes are symmetrical structure and asymmetric structure. The red dotted line is the spectral transmission curve when d0 = d1 = 1.3 µm. The transmission curve shows two asymmetric Fano dips. When we increase the size of d0 by to 1.5 µm. we change the symmetry of the structure, that is, when d0 ≠ d1, there are four asymmetric Fano dips, which are defined as P1, P2, P3 and P4. Compared with the transmission dips of symmetrical structure, the transmission dips of P1 and P2 have a slight blue shift, which is caused by the decrease of the effective RI of the structure when the size of the nanopore becomes larger [34]. At the same time, we were surprised to find that there were two asymmetric Fano resonance dips, P2 and P4 which is because the asymmetric structure introduces two quasi-BIC resonance modes. The traditional symmetry-protected BIC shows zero linewidth and infinite Q value [35,36,37]. By breaking the symmetry, the radiation channel between non radiation bound state and the free space continuum is established, so that the spectral curve shows wider and limited Q value.



Next, we study the electromagnetic field and vector distribution of different cross sections of the proposed structure to further analyze the mechanism of each Fano resonance. As shown in Figure 3, we will mainly observe the five cross sections of the whole structure: XY plane for z =   h 0  /2, XZ1 plane for y = L/2, XZ2 plane for y = −L/2, YZ1 plane for x = −L/2 and YZ2 plane for x = L/2. The coordinate origin is at the center of the bottom surface of the unit cell.



Figure 4 shows the electromagnetic field and vector distribution at P1 resonance. The magnetic field forms two opposite vector rings in the XY plane, while the electric field forms a counterclockwise vector ring in the YZ1 plane, which represents the formation of a magnetic dipole along the positive direction of the X axis at P1 resonance.



By observing the electromagnetic field and vector distribution at the P2 resonance, we can define the resonance mode here as an electric quadrupole in the XY plane. As shown in Figure 5, the magnetic field in the XZ plane forms two opposite vector rings, which indicates that two electric dipoles are formed in the positive and negative Y−axis directions.



Figure 6 shows the electromagnetic field and vector distribution at P3 resonance. The electric field forms two opposite vector loops in the XY plane, and the magnetic field forms a vector ring in the xz plane, which represents the formation of a Toroidal dipole at P3 resonance.



The electromagnetic field distribution of the resonance P4 is presented in Figure 7, where the electric field forms one vector loop in the XY plane, and the magnetic field in the XZ plane is almost linearly polarized along the z axis, corresponding to a MD resonance mode.



Next, we study the dependence of the four resonant modes on the geometric dimensions of the structure by adjusting several parameters of the structure, such as the thickness H0 of the upper silicon structure, the side length t of the silicon structure, and the period p of the structure. This step is to better optimize the structure for better sensor performance.



From Figure 8a, we can see that with the increase of the side length of the silicon structure, the transmission dips of the four Fano resonances have a significant red shift, because the effective refractive index of the structure has changed. At the same time, we also found that the P3 resonant transmission dip changes obviously. This is because the coupling between the ring dipole and the incident electromagnetic wave is relatively weak, which is often covered by other stronger electromagnetic effects [38]. Therefore, we wish to form the stronger Toroidal dipole through reasonable structural design.



In Figure 8b, we can see that by adjusting the thickness t of the silicon structure, the four resonance modes have redshift significantly, because the effective refractive index of the designed structure changes with the change of the thickness.



Figure 8c shows the transmission spectra at different periods. It can be seen from the figure that the transmission spectra of the four Fano resonances are red shifted in varying degrees. At the same time, we also found that with the increase of the period, the linewidth of P2 and P4 transmission dips caused by quasi BIC decreased significantly, and the Q factor of Fano resonance increased, which is conducive to the improvement of the S of our designed RI sensor. Therefore, in the end, we choose the period p = 6.2 µm, the side length of silicon structure t = 5 µm, and the thickness of silicon structure h0 = 1.6 µm to obtain better sensor performance.



For our proposed long-wave infrared refractive index sensor, it is necessary to evaluate the performance of the sensor by several typical parameters, such as S, figure of merit (FOM) and quality factor (Q). In that the S is defined as the wavelength shift per RI unit, which is usually defined by the following formula [39]: S =  Δ  λ / Δ n. And the wavelength shift greatly with the change of per RI unit at longer wavelength which will improve the S of RI sensor. The Figure 9 shows the transmission spectrum of the proposed RI sensor whose surface is covered by liquids with different RI, in which the RI of the liquid varies from 1.33 to 1.37 with a change step of 0.01, and we assumed that the liquid fills the hole and covers the entire surface. Figure 10 shows relationship between the wavelength shift of four Fano resonces and the RI of the tested materials. In the figure, the black, red, blue and green lines represent the fitted curves of P1, P2, P3 and P4 respectively, and the black square, red circle, blue upright triangle and green inverted triangle represent the dip position of P1, P2, P3 and P4 respectively. In the figure, we can also clearly see that the sensitivity of the four Fano resonant transmission dips of the proposed RI sensor is 2403 nm/RIU, 2803 nm/RIU, 1483 nm/RIU and 1083 nm/RIU respectively. S of the proposed structure significantly improved.



Then, we also use FOM and Q factor to evaluate the performance of the designed RI sensor. The calculation formula of the two parameters are as follows [40]: FOM = S/FWHM and Q =  λ /FWHM. RI has no effect on the value of FWHM, that is, the value of FWHM P1, P2, P3 and P4 remain 39 nm, 5 nm, 11 nm and 8 nm, so the value of FOM will not change. The FOM values of the four Fano resonces dips are: 56, 350, 134 and 135. At the same time, as the positions of the four transmission dips gradually redshift, the Q factor gradually increase.




4. Conclusions


In general, we have successfully designed a highly sensitive all dielectric RI sensor based on multi Fano resonance, which works in the long wave infrared band. Four Fano resonance dips, P1, P2, P3 and P4, were formed by etching four asymmetric nanoholes in the upper silicon layer. The formation of P2 and P4 Fano resonance dips are due to the breaking of structural symmetry, which makes BIC resonance into quasi BIC resonance. At the same time, we also analyze the electromagnetic field distribution at the four Fano dips. And the optimization of structural parameters enables us to design more sensitive sensors. Finally, the performance of the designed refractive index sensor is evaluated by S, FOM and Q values. The highest S of the designed RI sensor is 2803 nm/RIU, and the FOM value is almost unchanged. Its performance is higher than the current RI sensor based on metal materials.
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Figure 1. (a) Schematic of the proposed RI sensor. (b) Unit cell with the geometric parameters. Period p is 6.2 µm, the thickness h0 of the top layers of structure is 1.6 µm, the side length t is 5 µm, d0 and d1 is the side length of the nano square hole, and the distance L between the centers of the two square holes is 2 µm. 
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Figure 2. Transmittance spectra of the proposed RI sensor with different d0. The red dashed curve for d0 = d1 = 1.3 µm, the blue solid curve for d0 = 1.5 µm, d1 = 1.3 µm. 
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Figure 3. Different cross sections of unit cell. 
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Figure 4. Magnetic field distributions in the x−y plane and electric field distributions in the y−z plane at P1 resonance in a unit cell. The red arrows demonstrate the instantaneous flow direction of the magnetic field and Electric field. The color bars stand for the normalized electric field and magnetic field intensity. 
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Figure 5. Electric field distributions in the x−y plane and magnetic field distributions in the x−z plane at P2 resonance in a unit cell. The red arrows demonstrate the instantaneous flow direction of the magnetic field and Electric field. The color bars stand for the normalized electric field and magnetic field intensity. 
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Figure 6. Electric field distributions in the x−y plane and magnetic field distributions in the x−z plane at P3 resonance in a unit cell. The red arrows demonstrate the instantaneous flow direction of the magnetic field and Electric field. The color bars stand for the normalized electric field and magnetic field intensity. 
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Figure 7. Electric field distributions in the x−y plane and magnetic field distributions in the x−z plane at P4 resonance in a unit cell. The red arrows demonstrate the instantaneous flow direction of the magnetic field and Electric field. The color bars stand for the normalized electric field and magnetic field intensity. 
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Figure 8. (a) The simulated transmission spectrum of the proposed RI sensor when t is set to 4.8 µm, 5.0 µm, 5.2 µm. (b) The simulated transmission spectrum of the proposed RI sensor when h0 is set to 1.4 µm, 1.6 µm, 1.8 µm. (c) The simulated transmission spectrum of the proposed RI sensor when p is set to 6 µm, 6.2 µm, 6.4 µm. 
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Figure 9. The transmission spectra of the proposed structure when RI of the tested materials changes from 1.33 to 1.37 with a change step of 0.01. 
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Figure 10. Fitted curve between the wavelength shift of four Fano resonance dips and the external RI. 
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