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Abstract

:

A Friedrich–Wintgen bound state in the continuum (FW-BIC) is of particular interest in the field of wave physics phenomena. It is induced via the destructive interference of two modes that belong to the same cavity. In this work, we analytically and numerically show the existence of FW-BIC in a T-shaped cavity composed of a stub of length    d 0    and two lateral branches of lengths    d 1    and    d 2   , attached to an infinite waveguide. The whole system consists of metal–insulator–metal (MIM) plasmonic waveguides that operate in the telecommunication range. Theoretically, when    d 1    and    d 2    are commensurated, BIC is induced by these two branches. This latter is independent of    d 0    and the infinite waveguide, where the T structure is grafted. By breaking the BIC condition, we obtain a plasmon-induced transparency (PIT) resonance. The PIT resonance’s sensitivity to the dielectric material of the waveguide may be exploited to design a sensitive nanosensor suitable for sensing platforms, thanks to its very small footprint. A sensitivity of 1400 nm/RIU and a resolution of    1.86×  10  − 2      RIU showed a high level of performance that the designed structure achieved. Moreover, this structure could also be used as a biosensor, in which we have studied the detection of the concentration in the human body, such as    N  a +    ,    K +   , and glucose solutions, and these sensitivities can reach    0.21  ,    0.28  , and    1.74   nm dL/mg, respectively. Our designed structure advances with technology and has good application prospects, working as a biosensor to detect the blood’s hemoglobin level. The analytical results, obtained via Green’s function method, are validated via numerical simulations using Comsol Multiphysics software based on the finite element method.
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1. Introduction


The term “plasmonics” refers to a branch of nanophotonics based on surface plasmons (SPs); it has triggered considerable research efforts during the last decade. A part of plasmonics is concerned with studying plasmonic waveguide propagation properties. Contrary to the usual photonic waveguides such as dielectric waveguides, plasmonic waveguides benefit from highly confined light beams in the sub-diffraction domain, with low propagation loss [1,2]. Surface plasmon polaritons (SPPs) are surface optical waves that propagate along the metal–dielectric interface [3], which makes them appealing for several applications in the nanoscale range [4,5,6]. Moreover, SPPs are deeply bonded to metal–insulator interfaces, with a penetration magnitude of an order of 100 nm into dielectrics and with approximate skin depths of 10 nm–20 nm into the metal, depending on the frequency range. SPPs have an intriguing ability that makes them strong candidates for the construction of integrated optical circuits in the sub-wavelength domain; indeed, this ability is to control light propagation properties [7,8]. Among the extensively investigated plasmonic structures, the metal–insulator–metal (MIM)-type waveguides have been studied rigorously for the realization of integrated optical circuitry [9] because of their ability to generate SPPs with long propagation lengths [10], high-group velocity over a wide bandwidth [11], and their inexpensive manufacturing costs [12]. MIMs are plasmonic nanosized structures in which a dielectric is enclosed by two metals. Furthermore, the simple design, the small size, and the capability to confine light at a deep subwavelength are the key features of the MIMs; hence, they are suitable for commercial disposition while preserving the sensor performance. Also, it is established that the sensitivity of MIM waveguides is higher than multilayers [13]. These plasmonic devices incorporate filters [14], sensors [15], demultiplexers [16], Mach–Zehnder interferometer (MZI) [17], and applications in highly integrated optical circuits [18]. Experimentally, MIM plasmonic waveguides have been implemented to observe plasmon-induced transparency (PIT) [19] and Fano resonances [20] in the visible and infrared domain using silver (Ag) or gold (Au) as the metal layer [21,22,23].



Recently, there has been a surge of interest in bound states in the continuum (BICs) [15,24] that have revolutionized nanostructures by providing the way to high-throughput optical sensing devices with enhanced light–matter interaction at the nanoscale [25,26,27,28,29,30,31]. BICs [32] are special types of resonant modes with an infinite lifetime that are still confined in certain parts of the system even though their frequencies lie in the radiative area. Three main types may be distinguished among the physical mechanisms underlying the generation of BICs [24]: BIC protected via symmetry or separability (SP-BIC) [33], Friedrich–Wintgen (FW) BIC [34], and Fabry–Perot (FP) BIC [35]. SP-BICs refer to symmetry incompatibility between two sets of modes; namely, a bound state with one symmetry class may fall into a continuum state with another class of symmetry without any coupling between them. FP-BICs refer to destructive interference when the spacing between two resonant cavities is tuned to make the round-trip phase shift add up to an integer multiple of 2  π  , causing destructive interference between the two resonances and then the formation of a BIC. FW-BIC is induced via the interaction of two interacting resonant modes within the same cavity. The resonances leading to the FW-BIC are coupled via the same radiation channel. Moreover, by tuning particular parameters, these modes approach each other, their interference induces an avoided crossing of the two resonances, and, at a specific value of the parameter, one resonance’s width vanishes, giving rise to an FW-BIC, while the other mode becomes more lossy with a maximal width [36]. The FW-BICs were first proposed in quantum physics [34] and have since been extended to photonics [37] and plasmonics [38]. The most notable feature of BICs is the occurrence of high-quality quasi-BICs in the transmittance spectrum [39]. Further, the quasi-BIC emerges by tuning some parameters to make it slightly detuned from the critical coupling condition, so the otherwise localized BIC can couple with the incident wave [40]. The quasi-BIC can take the form of a PIT or Fano resonance with a finite width. The spectral position of these narrow resonances is affected by the refractive index of the surrounding medium, allowing for the design of optical sensors [41,42]. The capacity of sensors to identify material changes in the surrounding medium fundamentally determines how well they operate. Furthermore, the distinguishing features of a good sensor are the narrow resonance, high sensitivity (S), and high figure of merit (FOM). Zafar et al. analyzed a plasmonic refractive index (RI) sensor using a MIM waveguide with two stubs with a sensitivity of 1060 nm/RIU [43]; Wang et al. established a T-shaped MIM waveguide sensor with a sensitivity of 680 nm/RIU [44]; Yi et al. studied a U-shaped cavity MIM waveguide sensor with a sensitivity of 1000 nm/RIU [45]; while Adhikari et al. proposed a sensor based on the H-shaped MIM waveguide with a sensitivity of 1007.78 nm/RIU [46]. RI sensors have many applications in the biological and chemical fields, such as solution concentration which can be measured via RI changes [47,48,49,50,51,52].



In a recent paper [53], we studied photonic BIC and electromagnetic-induced transparency (EIT) resonances in a loop coupled laterally to a waveguide. Here, we show that a very simple plasmonic T-shaped cavity can produce BICs as well as PIT resonances with sensing applications. Although a T-cavity has been proposed in plasmonics for studying PIT resonances in simple [54] and periodic [55] nanodevices, to our knowledge, there is no study about FW-BICs in such a cavity with an application for sensing in the infrared domain. In this work, we analytically and numerically show the presence of FW-BIC in a T-shaped cavity made up of a stub of length    d 0    and two lateral branches of lengths    d 1    and    d 2    (Figure 1). First, the transmission coefficient and the conditions that lead to FW-BICs are demonstrated analytically. Also, we show that taking the    d 1    and    d 2    commensurate is necessary for BIC to exist. This BIC is unaffected by    d 0    and the infinite waveguide to which the cavity is connected. Moreover, we demonstrate that a slight deviation from the BIC position in the transmission spectra converts the latter into a PIT resonance. Then, we give an application of the plasmonic cavity for gas and biosensing in the infrared domain. It is worth noticing that Ag has been employed as a plasmonic metal in most numerical investigations of plasmonic RI sensors [43,44,45,46], while Au has been used in some experimental realizations of MIM waveguides [21,22]. However, our analytical results remain valid for either Ag or Au plasmonic waveguides. The theoretical results, obtained via Green’s function method [56], are compared to the numerical simulations using Comsol Multiphysics software.



The paper is organized as follows: Section 2 and Section 3 give the theoretical and numerical study of the transmission spectra into the T-shaped plasmonic cavity (Figure 1), as well as the conditions that lead to FW-BICs. Section 4 presents applications for gas sensing and biosensing when silver is used as the metal. The conclusion is presented in Section 5. The numerical results when gold is used as the metal instead of silver are given in Appendix A.




2. Basic Model and Theoretical Study


The studied system here is a plasmonic T-cavity composed of a stub with length    d 0    and two lateral branches with lengths    d 1    and    d 2   , attached to an infinite MIM waveguide. We assume that the whole system is filled with air (    ε d  = 1   ), and the metal that surrounds it is made of silver (Ag), whose dielectric constant    ε m    is given via the lossy Drude model [1]:


    ε m  =  ε ∞  −   ω p 2    ω 2  + j γ ω   ,   



(1)




where     ε ∞  = 3.7   is the relative permittivity at infinite frequency,     ω p  = 1.38×  10 16     rad/s is the plasma frequency,    γ = 2.634×  10 13     rad/s is the collision frequency, and   ω   is the angular frequency of the incident wave. These values are suitable for the experimental findings in the infrared domain (700 nm <   λ   < 6000 nm) [57]. Moreover,   γ   =    1 / τ    accounts for the losses in the metal due to the damping of the vibrating electrons, where   τ   is the relaxation time. Indeed, Ag has been extensively employed in MIM waveguides since it uses less power and has lower absorption than other plasmonic metals [47]. We consider the SPPs as hybrid modes, comprising the features of both the propagating electromagnetic waves in dielectrics, which are transverse waves, and free electron (plasma) oscillations in metals, which are longitudinal. Since the TE (transverse electric) waves are purely transverse, with only    H x   ,    H y   , and    E z    being non-zero, they cannot be coupled to the longitudinal electron oscillations in metals. Hence, we consider only the TM (transverse magnetic) waves, where only the field components    E x   ,    E y   , and    H z    are nonzero, corresponding to the SPP modes in the MIM waveguides. Further, the waveguide and the T-shaped cavity are taken as identical with a width w of 50 nm to ensure that only the transverse magnetic mode    T  M 0     exists in the MIM plasmonic waveguide; hence, the waveguide width w shall be extremely narrow compared to the plasmon wavelength w    ≪  λ  s p     . The plasmonic device presented in Figure 1a is a 2D model in the (x,y) plane and infinite in the z-direction. This design is the most used geometry in MIM waveguide simulations as it is less time consuming than the fully realistic 3D MIM waveguides (Figure 1b), which have a finite height h in the z-direction and are deposited on a    S i  O 2     substrate. However, it was shown that, beyond a specific h value (   h = 50    nm), the 2D and 3D models provide almost similar results in regard to the positions, shapes, and widths of the resonant modes in the transmission spectra [58,59]. In addition, the benefit of using the 1D approach resides in the analytical calculations’ derivation, which enables us to understand the origin of each mode propagating in such structures. Nevertheless, it is necessary to include the SPP propagation wavevector    k  s p     and the impedance Z along the waveguide before using Green’s function approach adjusted to the 1D MIM waveguides. It is shown that whenever the separating space between two interfaces is comparable to the decay lengths of SPPs in the dielectric region, the SPPs become coupled to each other and remain confined in the dielectric region between two metals. The wavevector    k  s p     can be obtained from the dispersion relation of the symmetric eigenmodes of the MIM waveguide, where one can easily show after a Taylor expansion that [1]


    k  s p   =  k 0     ε d  −   2  ε d     ε d  −  ε m       ε m   k 0  w     ,   



(2)




where     k 0  =  ω c     is the wavevector in vacuum and c is the speed of light in vacuum.



The second interesting quantity concerns the impedance Z of the MIM waveguide. By applying the transmission line theory [60], the impedance Z is approximately given by the first-order Taylor expansion as [1]


   Z =    k  s p   w    ε d  ω   .   



(3)







The geometric parameters of the T-cavity are chosen so that    d 0    and    d 1    are fixed at 540 nm and 270 nm, respectively, whereas    d 2    is taken as a variable to operate in the infrared range and close to the telecommunications region.



The calculation method employed in this study is obtained using Green’s function [56], allowing us to deduce the transmission coefficient and the isolated cavity’s eigenmodes with various boundary conditions at the ends of the lateral guides. The analytical results are validated via numerical simulations using Comsol Multiphysics software in MIM plasmonic waveguides. The transmission coefficient for the T structure can be obtained in the same way as in Ref. [53] that,


   t =  τ  τ + j ρ   ,   



(4)




where   τ   and   ρ   are given by


      τ = 2 [  C 0  −  S 0   (  A 1  +  A 2  )  ]      



(5a)




and


   ρ =  S 0  +  C 0   (  A 1  +  A 2  )  .   



(5b)




    C i  = cos  (  k  s p    d i  )    ,     S i  = sin  (  k  s p    d i  )    ,     A i  =   Z  S i  + j  Z m   C i    Z  C i  − j  Z m   S i         ( i = 0 , 1 , 2 )   ,     Z m  =    k m  w    ε m  ω      and     k m  =  k 0    ε m     .



It is well known [61,62] that the eigenmodes of the isolated cavities with either vanishing magnetic field H = 0, called the Neumann boundary condition (NBCS), or vanishing electric field E = 0, called the Dirichlet boundary condition (DBCS), at the end of    d 0    can be deduced, respectively, from the reflection and transmission coefficients’ zeros; (i.e., from vanishing the expression of   τ   (Equation (5a)) and   ρ   (Equation (5b)), respectively); when this cavity is grafted to an infinite waveguide (Figure 1a), namely,


      τ = 0      



(6a)




and


   ρ = 0 .   



(6b)







On the other hand, the eigenmodes of the whole system (Figure 1a) when the cavity is attached to the waveguide could be determined from the poles of Green’s function or else by vanishing the denominator of the transmission coefficient (Equation (4)), that


   τ + j ρ = 0 .   



(7)







Due to the radiation in the waveguide, these modes have complex frequencies. BIC occurs when the real (Equation (6a)) and imaginary (Equation (6b)) parts vanish at the same frequency, which would mean a mode without radiation or an infinite lifetime. However, to find the analytical expressions that lead to the BIC conditions, we should first neglect the loss in the materials. Therefore, the solution of Equation (7) yields the following simple equations and, thereby, to a BIC:


    C 1  = 0  a n d   C 2  = 0 .   



(8)







In a lossless system, when    I m (  k  s p   ) = 0   , the solutions of Equation (8) are given by     k  s p    d 1  =  ( 2  m 1  + 1 )   π 2     and     k  s p    d 2  =  ( 2  m 2  + 1 )   π 2    . So, one can deduce the commensurability between    d 1    and    d 2   


     d 2   d 1   =   2  m 2  + 1   2  m 1  + 1   ,   



(9)




where    m 1    and    m 2    are integers. In what follows, for the sake of simplicity, we take    m 1    =    m 2    = 0 (i.e.,    d 1    =    d 2   ). In this case, the expression of the transmission becomes


   t =   2  S 0    2  S 0  − j  C 0    .   



(10)




From Equation (10), one can deduce the transmission rate


   T =   t  2  =   4  S  0  2    3  S  0  2  + 1   .   



(11)




The latter equation (Equation (11)) shows clearly that the transmission rate is finite at the BIC frequencies and varies between zero (for    S 0    = 0) and unity (for    S 0    = ± 1).




3. Numerical Analysis


In order to visualize the behavior of the BICs, we give in Figure 2a,b the analytical and numerical simulations of the transmission magnitude in color scale as a function of the wavelength and    d 2    for the fixed lengths of    d 0    and    d 1    (i.e.,    d 0    = 2   d 1    = 540 nm and    d 1    = 270 nm). Furthermore, these values have been chosen so that the result falls close to the telecom wavelength of 1.5 µm. The analytical results shown in Figure 2a are obtained using Green’s function method. As a matter of comparison, we present in Figure 2b the results of the numerical calculations obtained by using Comsol Multiphysics software. A good agreement can be noticed between both results. We can observe the narrowing of the resonance, then its transformation into an FW-BIC at   λ   =1528 nm for    d 1    =    d 2    = 270 nm. The white circles represent the FW-BIC’s positions. A transparency window between two zeros appears when we deviate slightly from the BIC condition, giving rise to PIT resonance. To give a better overview of the behavior of the FW-BIC as well as the corresponding PIT resonances, we plotted in Figure 2c the transmission spectra as a function of the wavelength for three values of    d 2   . The blue solid lines indicate the analytical findings, whereas the red open circles represent the numerical simulations. The peak between the two transmission zeros gives rise to a well-defined PIT resonance. This resonance becomes increasingly narrow as    d 2    increases; at    d 2    =    d 1   , the width of this resonance disappears, giving rise to FW-BIC at   λ   = 1528 nm, which is denoted by the black arrow. The BIC becomes an asymmetric PIT resonance as we shift out from the BIC position. It is clear that the transmission falls short of unity (   T  m a x     = 0.8) as an outcome of metal losses. We have reported in Figure 2d the eigenmodes with the Dirichlet (   τ  m i n    , pink curve) and Neumann (   ρ  m i n    , cyan curves) boundary conditions at the end of    d 0   , as a function of the stub    d 2   . The cyan and pink curves are taken from the maxima and minima of the transmission spectra in Figure 2c, respectively. Moreover, the crossing between two DBCS modes and one NBCS mode gives rise to an FW-BIC at   λ   = 1528 nm for    d 2    = 270 nm. By deviating from the BIC position, the FW-BIC transforms into a resonance (cyan branch) between two transmission zeros (pink branches). We present in Figure 2e the full width at half maximum (FWHM) for the lower (blue curve) and upper (red curve) transmission dips as a function of    d 2   , to better explain the evolution of the two dips’ linewidth in Figure 2c. The linewidth of the upper dip (   γ −   ) decreases and vanishes at    d 2    = 270 nm, giving rise to an FW-BIC. On the other hand, the FWHM of the lower dip (   γ +   ) increases and becomes wider at    d 2    = 270 nm. The behavior of the widths    γ −    and    γ +    of the two interacting modes in Figure 2e is a characteristic of the FW-BIC [34].



The spatial field associated with the FW-BIC and the PIT resonance within the cavity depends on the position where the excitation is applied. Figure 2f–h displays the magnetic field localization (   H z   -field map) at   λ   = 1528 nm (for    d 1    =    d 2    = 270 nm),   λ  =1480 nm (for    d 1    = 270 nm and    d 2    = 240 nm), and   λ   = 1635 nm (for    d 1    = 270 nm and    d 2    = 300 nm) when the local magnetic excitation source is applied at the border of the waveguide of length    d 1    (indicated by the red arrow), respectively. We can clearly see that the BIC (Figure 2f) is tightly confined within the two lateral guides and does not radiate outside of them. This mode is a stationary wave in the lateral cavity, where the corresponding magnetic field vanishes at the intersection of the two guides of lengths    d 1    and    d 2    and the vertical stub of length    d 0   , giving rise to an anti-symmetric mode. Likewise, Figure 2g,h shows the    H z   -field map of the PIT resonances (quasi-BIC), in which the mode exhibits some leakage into the T-cavity and the main waveguide; however, the field in the lateral guides remains higher and close to that of the BIC. Now, by applying the local magnetic excitation source along the main horizontal waveguide, we obtain different results for the localization of the    H z   -field map, as shown in Figure 2i–k. Here, the BIC in the lateral cavity (Figure 2i) cannot be excited from the main waveguide as it is decoupled from the latter and, therefore, the magnetic field spreads along the whole system with a vanishing magnetic field at all the connecting points of the finite guides. Also, this mode is prohibited from transmission as it corresponds to a zero transmission. However, as soon as the BIC transformed into a quasi-BIC (Figure 2j,k), a field similar to that of the BIC appears inside the lateral cavity. These findings demonstrate that, depending on the geometrical parameters, the true BIC can be observed by applying an excitation magnetic field inside the cavity (Figure 2i) or by transforming the BIC to a quasi-BIC and applying the excitation either inside the cavity (Figure 2g,h) or from the main waveguide (Figure 2j,k). Also, the T-cavity may be used as a selective or rejective filter for specific wavelengths.



In the following, we will discuss the transmission when the parameter    d 0    is taken as a variable. To visualize the behavior of FW-BICs and the corresponding PIT resonance, we plotted in Figure 3a,b the theoretical transmission magnitude in color scale as a function of the wavelength and    d 0   , for    d 1    =    d 2    = 270 nm and    d 1    = 270 nm and    d 2    = 300 nm, respectively. As predicted, for    d 1    =    d 2    = 270 nm (Figure 3a), the BIC remains constant as a function of    d 0    at   λ   = 1528 nm, represented by a horizontal dashed line. As we can see, with increasing    d 0   , the amplitude of the transmission at   λ   = 1528 nm progressively decreases and then increases following Equation (11). For    d 1    = 270 nm and    d 2    = 300 nm (Figure 3b), the FW-BIC turns into a PIT resonance, which appears as a transparency window between two transmission zeros.



Moreover, Figure 3c,d presents two transmission spectra, in the case of FW-BIC (Figure 3a), for    d 0    = 570 nm and    d 0    = 650 nm, respectively. Thus, the BIC appears with an amplitude T = 0.1 for    d 0    = 570 nm (Figure 3c) and with an amplitude of 0.63 for    d 0    = 650 nm (Figure 3d). Accordingly, the results found here confirm the analytical calculations previously shown in Equation (11). Moreover, in Figure 3e,f, we give two transmission spectra for    d 0    = 570 nm and    d 0    = 650 nm, respectively, in the case of a PIT resonance (Figure 3b). Depending on the value of    d 0   , a PIT resonance occurs between two transmission zeros either symmetrically (Figure 3e) or asymmetrically (Figure 3f). The blue solid lines represent the analytical results, while the red open circles show the numerical simulations.



In order to ensure that the transmission resonance in Figure 3e exhibits a PIT shape, we have presented in Figure 3g the fitted curve (green open triangles) following the PIT form [16]


   T = A     ( λ −  λ  r e s   +  q 1  Γ )  2    ( λ −  λ  r e s   +  q 2  Γ )  2      ( λ −  λ  r e s   )  2  +  Γ 2    ,   



(12)




where    A =  1   q 1   q 2  Γ     ,    q 1   , and    q 2    are the Fano parameters describing the degree of the asymmetry of both resonances,    λ  r e s     is the resonance wavelength, and   Γ   is the FWHM of the PIT resonance. In Figure 3e, the approximate results (green open triangles) obtained from Equation (12) fit well with the exact findings (red line) and show that the resonance is a PIT-like resonance with    q 1    = −3.6,    q 2    = 3.8 and   Γ   = 9.85 nm.




4. Sensing Applications


The proposed plasmonic structure can be used as a refractive index sensor when the index of the surrounding medium is changed. The sensing principle is based on monitoring the shift in the resonance wavelength for changing the RI of the material [47]. Thus, this sensor configuration has the advantage of an ultra-compact size and high sensitivity.



4.1. Gas Sensing


The sensitivity (S) is a key parameter to measure the performance of a sensor. It can be defined as the shift in the resonance wavelength (   Δ  λ  r e s     ) per unit change in the RI (   Δ n   ), such that


   S =   Δ  λ  r e s     Δ n   .   



(13)







Another important quantity is the detection limit (DL), which enables measuring the performance of plasmonic sensors [63]. Here, we introduce the concept of sensor resolution, which characterizes the small change in the RI that can be measured in the sensor output,


   D L =  Γ S  .   



(14)







In the following, we consider a plasmonic sensor, where we keep the structural parameters described in Section 3 unchanged while varying the RI of the waveguide. Moreover, we take the PIT resonance, which occurs at    λ = 1480    nm (    d 2  = 240    nm), to be the resonance under study for the sensitivity of our system. Figure 4a illustrates the transmission spectra for the changed RI from    n = 1    to    n = 1.1   with a step of    0.02  .



There is a redshift and a linear correlation with increasing n, as seen in the transmission peaks. Figure 4b shows the evolution of the resonance wavelength (   λ  r e s    ) presented in Figure 4a as changing the refractive indexes n. One can observe a linear relationship between    λ  r e s     and n by changing n from 1 to 1.1. From this curve’s slope, we deduce a sensitivity of    S = 1400    nm/RIU and a resolution of    D L = 1.86×  10  − 2      RIU.



Table 1 compares our sensitivity results to those from some similar MIM plasmonic RI sensors in the literature. Our device exhibits an improved sensitivity, compared to other RI sensors.




4.2. Biosensing


Our MIM plasmonic structure can also be used as a biosensor to measure the concentration of unknown samples from human blood [15,49,50]. In this section, we use our cavity to measure certain electrolytes in human blood samples, including    N  a +    ,    K +   , and glucose. The biosensor’s remaining geometrical parameters are identical to that employed in the preceding part (Section 4.1). The refractive index and the concentration of the sample have a well-established relationship [48,52], which is as follows:


    n  N  a +    = 1.3373+ 1.768×  10  − 3    (   C k  393  )  − 5.8×  10  − 6     (   C k  393  )  2  ,   



(15)






    n  K +   = 1.3353+ 1.6167×  10  − 3    (   C k   529.8  )  − 4 ×  10  − 7     (   C k   529.8  )  2  ,   



(16)






    n  G l u c o s e   = 0.00011889C k + 1.33230545.   



(17)




Here, C stands for concentration in mg/dL, and k is the concentration factor that takes the values of 30, 50, and 10 for    N  a +    ,    K +   , and glucose, respectively.



A biosensor’s performance is defined by its sensitivity    S ′    to the concentration shifts, as described by


    S ′  =   Δ λ   Δ C   .   



(18)







The surrounding waveguides of the suggested biosensor are filled with various concentrations of    N  a +    ,    K +   , and glucose to evaluate the detection performance at the optimal structural configuration. Moreover, the concentrations of the    N  a +    ,    K +   , and glucose solutions were set to be 200 to 440 mg/dL with a 60 mg/dL interval, 0 to 80 mg/dL with a 20 mg/dL interval, and 110 to 230 mg/dL with a 30 mg/dL interval, respectively. As the concentrations are changed, the transmittance curves shown in Figure 5a–c reveal discernible transmission peak changes, along with an increase in the resonance wavelengths. The shifts of the resonances exhibit a linear behavior, as in the insets of Figure 5a–c. Furthermore, a maximum sensitivity of    0.21  ,    0.28  , and    1.74   nm dL/mg have been recorded from the slopes of these curves for the    N  a +    ,    K +   , and glucose solutions. Such changes in the transmittance peaks may be easily detected, giving our suggested biosensor the benefit of being a straightforward and inexpensive nanoscale device.





5. Conclusions


We investigated analytically and numerically the FW-BICs in a MIM T plasmonic structure operating in the infrared domain. We demonstrated that taking the lengths of the two horizontal guides    d 1    and    d 2    and commensurating them is a requirement condition for obtaining BICs. Furthermore, we showed that by breaking the BIC condition, the BIC turns into a PIT resonance. By harnessing PIT resonances in the proposed T-shaped cavity system, we have shown the possibility of designing a highly sensitive sensor, which can be employed to detect small amounts of gases as well as the concentrations of the    N  a +    ,    K +   , and glucose solutions, in comparison with other plasmonic sensors. Furthermore, due to its small dimensions lying at the nanoscale, the proposed nanosensor can be easily integrated into the on-chip optical sensing platforms. Our results remain valid for either Ag or Au plasmonic metals as both metals are described by dielectric constants using the Drude–Lorentz model. Finally, let us mention that using waveguides based on structured metamaterials like magnetic photonic crystals with negative permeability as well as left-handed materials with negative permeability and permittivity can support magnetic surface plasmons [64,65,66] with BICs and PIT resonances for applications in the nonreciprocal waveguide and nonreciprocal scattering [67,68].
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Appendix A. Numerical Results Based on Gold as a Metal


The plasmonic structure under study can be designed with the current manufacturing technologies. Furthermore, various papers proposed the fabrication of MIM plasmonic waveguide structures such as the stub structure [21], the plasmonic structure consisting of single and two nanocavities [22,69], and V-shaped grooves [70]. These structures are made up of air nanocavities that are 150 nm deep and engraved in a 300 nm thick gold film deposited on a    S i  O 2     substrate. A laser molecular beam epitaxy growing technique was used to fabricate the gold film. Each of the gold nanoparticles has a solid core linked to many, spike-shaped points that range between 10 and 20 nm in length. The light source was a beam output generated by using excimer laser system. The plasmonic microstructure was prepared using a focused ion beam etching method. Moreover, a decoupling grating with a depth of 150 nm had also been etched in the plasmonic waveguide’s output port so as to help coupling the SPP mode into a free space for the purpose of measurement. The SPP mode was mostly confined in the nanocavity region and extended to the upper multi-component nanocomposite cover layer, indicating that the plasmonic nanogroove resonance modes are responsive to the changes in the multicomponent nanocomposite cover layer’s refractive index. Likewise, the fabrication of our suggested design may be accomplished by placing a metallic Au film over a    S i  O 2     substrate, followed by the etching of the T-shaped cavity to produce the plasmonic MIM system. Therefore, this design makes it easier to create nanosized structures and may be utilized to analyze transmission properties in the Terahertz domain.



In this section, we show the possibility of observing the BIC and the PIT resonance using Au as a metal instead of Ag [21,22,69]. The dielectric constant of Au is described by the Drude–Lorentz model which has been taken from [71]. In Figure A1, we plotted the transmission spectra numerically for some values of    d 2   . However, we changed the width of the waveguides to be w = 150 nm in accordance with the experimental realizations [21,22,69].
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Figure A1. Numerical results of transmission spectra as a function of the wavelength for different    d 2    values using gold as a metal. 
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Figure A1 shows the existence of PIT resonances and their transformation to the BIC, which occurs as a zero-width resonance at   λ   = 1330 nm for    d 2    = 270 nm. These results show similar behavior as the plasmonic T-cavity using silver and confirm the applicability of our calculations to gold. However, the width of the PIT resonances in the transmission spectra is wider due to higher losses in gold than silver. Therefore, the quality factor, the sensitivity of the gas sensor and the biosensor become smaller when gold is used as the metal.
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Figure 1. (a) 2D schematic diagram of a plasmonic T-shaped cavity based on MIM waveguides. The waveguide width is indicated by the notation w, which is equal to 50 nm. (b) 3D stereogram of the T-structure. 
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Figure 2. (a,b) Analytical and numerical variation in the transmission magnitude versus the wavelength and    d 2   , for    d 0    = 540 nm and    d 1    = 270 nm. (c) Transmission spectra as a function of the wavelength for various values of    d 2   . The blue and red curves indicate the analytical and numerical results, respectively. (d) Eigenmodes of the isolated cavity, with Dirichlet (   τ  m i n    , pink curve) and Neumann (   ρ  m i n    , cyan curves) boundary conditions at the end of    d 0   , versus the stub of length    d 2   . (e) Linewidth of the lower (blue curve) and upper (red curve) transmission dips. The white circles in (a,b) and the black arrows in (c–e) indicate FW-BIC’s positions. (f) Magnetic (   H z   ) field map of the FW-BIC at   λ   = 1528 nm for    d 2    = 270 nm excited via local magnetic excitation at the border of the horizontal guide of length    d 1   . (g,h)    H z   -field map of the PIT resonances at   λ   = 1480 nm for    d 2    = 240 nm and   λ   = 1635 nm for    d 2    = 300 nm, respectively. (i–k)    H z   -field maps of the BIC and the PIT resonances excited by an incident wave at the left semi-infinite waveguide. The position of the excitation is shown by the red arrow in (f–k). 
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Figure 3. Analytical variation in the transmission magnitude versus the wavelength and    d 0   , for (a)    d 1    =    d 2    = 270 nm, and (b)    d 1    = 270 nm,    d 2    = 300 nm. The white dashed line in (a) at   λ   = 1528 nm indicates FW-BIC’s position as a function of    d 0   . Transmission spectra as a function of the wavelength for    d 1    =    d 2    = 270 nm, and (c)    d 0    = 570 nm, (d)    d 0    = 650 nm, respectively. Transmission spectra as a function of the wavelength for    d 1    = 270 nm,    d 2    = 300 nm, and (e)    d 0    = 570 nm, (f)    d 0    = 650 nm, respectively. The blue and red curves indicate the analytical and numerical results, respectively. (g) Exact (solid line) and fit (green open triangles) results of the PIT resonance for    d 0    = 570 nm presented in (e). 
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Figure 4. (a) Transmission spectra as a function of the wavelength for various refractive indexes n. (b) The variation in resonant wavelength    λ  r e s     versus the RI. 
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Figure 5. Transmission plots as a function of the wavelength for various concentrations C: (a)    N  a +    , (b)    K +   , and (c) glucose solutions. The evolutions of resonant    λ  r e s     as a function of the concentrations C are depicted in the insets of (a–c). 
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Table 1. Sensitivity comparison of some recently reported plasmonic RI sensors with our work.
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	Design Structure
	Sensitivity (nm/RIU)
	Resonance Wavelength (nm)
	Reference





	MIM waveguide with two stubs
	1060
	1000
	[43]



	T-shaped MIM waveguide
	680
	682
	[44]



	U-shaped cavity MIM waveguide
	1000
	1064
	[45]



	H-shaped MIM waveguide
	1007.78
	1313
	[46]



	Our design
	1400
	1480
	- -
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