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Abstract

:

Conducting metal oxide (CMO) supports lossy mode resonance (LMR) at the CMO-dielectric interface, whereas surface plasmon resonance (SPR) occurs at the typical plasmonic metal-dielectric interface. The present study investigates these resonances in the bi-layer (ITO + Ag) and tri-layer (ITO + Ag + ITO) geometries in the Kretschmann configuration of excitation. It has been found that depending upon the layer thicknesses one resonance dominates the other. In particular, in the tri-layer configuration of ITO + Ag + ITO, the effect of the thickness variation of the sandwiched Ag layer is explored and a resonance, insensitive to the change in the sensing medium refractive index (RI), has been reported. Further, the two kinds of RI sensing probes and the supported resonances have been characterized and compared in terms of sensitivity, detection accuracy and figure of merit. These studies will not only be helpful in gaining a better understanding of underlying physics but may also lead to the realization of biochemical sensing devices with a wider spectral range.
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1. Introduction


Surface plasmon resonance (SPR) is generated at metal and dielectric interface by transverse magnetic fields (TM) or p-polarized light [1]. It is impossible to excite the SPR mode by direct light due to the momentum mismatch between the SPR mode and incident light [2]. In order to efficiently excite these modes, we need a momentum matching scheme. Several such schemes have been proposed, e.g., passing light through a high RI prism, using a grating, etc. [3]. Further, there exist two coupling configurations for SPR excitation—Otto and Kretschmann [4,5]. Owing to its ease of implementation, the Kretschmann configuration is preferred often.



The growing field of SPR has attracted significant research attention over the years due to its wide range of applications, which includes nano-antennas [6], imaging [7], biosensing, and so on and so forth [8]. Several extensive theoretical and experimental studies have been conducted on SPR-based sensors in the past [9,10,11,12,13]. A sensor’s novelty is determined by the particulars of the plasmonic material used and the design implemented. Waveguide-based sensors have attracted a lot of attention due to their industrial applications. These sensors use a plasmonic material deposited as a thin film around the waveguide (e.g., an optical fiber). These materials can be classified into three categories based on the resonances they support. The first class of materials is plasmonic materials, which support SPR and have a real permittivity that is negative and larger in magnitude than both the imaginary permittivity and the permittivity of the surrounding medium. In the second category of materials, the real part of the material permittivity is positive and greater than both its imaginary part and the permittivity of the surrounding medium. The LMR phenomenon is observed in this category of materials. The third class of materials also exists for which the real part of the permittivity is close to zero and the imaginary part is large. Such a material supports long-range surface exciton-polariton [14]. The present work only focuses on the first and second classes of materials.



LMR results out of the coupling between lossy mode and evanescent wave at a particular thickness of the thin film [15]. Only a few studies are reported on the application of LMR to sensing because the selection of the appropriate material for the thin film is critical [16,17,18,19].



Different types of waveguide structures have been utilized to realize SPR and LMR-based sensors. In particular, plasmonic fiber grating based, U-shaped and D-shaped optical fiber-based biosensor are explored extensively [19,20,21]. The simultaneous generation of LMR and SPR on the same planer platform has also been reported [22].



Indium tin oxide (ITO) is one of the CMO materials that supports LMR. It is a transparent material with an optical band gap of 3.6 eV, which restricts band-to-band transitions. The electronic and optical properties of ITO can be tuned during fabrication, resulting in a significant variation in its characteristics [23]. This property can be used to shift the resonance wavelength of LMR. Unlike SPR, the excitation of LMR has the advantage of not requiring specific polarization for incident light. Additionally, it is possible to generate multiple dips in the transmission spectrum. LMR dips are usually found in the IR and UV regions but, with the proper optimization of thin-film and with the use of other materials, they can also be observed in the visible region [14]. The IR dip is observed due to oscillations in charge density along the metal-dielectric interface. In contrast, a charge density oscillation along the thickness of the metal film is responsible for UV dip [16].



LMR is also found suitable for sensing applications. The performance and novelty of the sensor are determined by the material and sensing probe design used. Because of the excellent characteristics of optical fibers, these are being used as substrates for depositing ITO thin films to constitute the sensor [24].



Our present study examines the characteristics of bi- and tri-layer fiber optic sensing probes based on ITO that enable simultaneous excitations of SPR and LMR both. In bi- and tri-layer geometries, we investigate ITO + Ag and ITO + Ag + ITO structures, respectively. Applied biosensing, chemical analysis, quality assurance of food, and wavelength filtering are some of the potential applications for the proposed sensing probe.




2. The Model


To generate LMR, the lossy mode must be coupled with the evanescent wave. At a particular angle or wavelength, the effective index of the evanescent wave matches with the effective index of the lossy mode. The effective RI of the evanescent wave is given by


   n  e f f   =  n p  s i n  (   θ i   )   



(1)




where    n p    is the RI of the substrate, and    θ i    is the incident angle of the light. This relationship shows that the RI of evanescent waves can be controlled by the incident angle of incident light and/or corresponding wavelength.



Figure 1 schematically shows the proposed sensing probe in the Kretschmann configuration. The probe consists of a multimode fiber with a core diameter of   400    μ m    and a numerical aperture of 0.22. The 1 cm fiber cladding has been removed from the fiber probe. On top of the unclad (exposed) core, layers of ITO and Ag have been considered.



At one end of the fiber, light from a polychromatic source is launched, and the spectrometer records the corresponding transmission spectrum at the other end. At a certain wavelength, called the resonance wavelength, the spectrum exhibits a minimum transmitted power. A change in the sensing medium (i.e., RI of the analyte) will alter the resonance wavelength. The sensitivity of the sensor is defined as the shift in resonance wavelength corresponding to the change in the RI of the analyte. Another important characterization parameter, figure of merit (FOM) is defined as the ratio of sensitivity to the full width at half maximum (FWHM) of the transmission dip. Additionally, detection accuracy (DA) is another important parameter that measures the sharpness of the resonance. The following expression relates these parameters (sensitivity, FOM, and DA) with each other [25].


  FOM =   Sensitivity   FWHM   = Sensitivity × DA  



(2)




where   DA ∝  1  FWHM    .



Some materials are highly sensitive but have low FOM. In contrast, others have poor FOM. Hence, materials need to be carefully selected.



For multilayer structures, the transfer matrix method is used to calculate the transmission spectrum. Consider a kth layer of thickness dk, having complex RI nk, and dielectric coefficient    ε k   . The transfer matrix for N layer system is expressed as


  M =   ∏   k = 2  N   M k  =  [       M  11        M  12          M  21        M  22        ]  =  [      c o s  (   β k   )      − i   s i n  (   β k  /  q k   )        − i    q k  s i n (  β k  )     c o s  (   β k   )       ]   



(3)




where    β k    and    q k    are defined as    (  2 π  d k  / λ  )     (   ε k  −  n 1    2  s i  n 2   θ 1   )    1 / 2     and      (   ε k  −  n 1    2  s i  n 2   θ 1   )    1 / 2   /  ε k   , respectively and    θ 1    is the incident angle of the ray, while  λ  is the wavelength of the incident light. The reflection coefficient    r p    of p-polarized (TM polarized) incident wave through the film is expressed as:


   r p  =    (   M  11   +  M  12    q N   )   q 1  −  (   M  21   +  M  22    q N   )     (   M  11   +  M  12    q N   )   q 1  +  (   M  21   +  M  22    q N   )     



(4)







The reflectance,  R , for TM polarized light is given as


  R =    |   r p   |   2   



(5)







A detailed description of this matrix method is given elsewhere [6,13]. The rays launched within the well-defined range of angle would be guided and the range is given by    θ 1  =   s i n   − 1    (   n  c l   /  n 1   )    to    θ 2  = π / 2  .



The transmitted power at the output end of the fiber is given by


   P  t r a n s   =     ∫    θ 1     θ 2     R p   N  r e f    ( θ )     n 1 2   (  s i n θ c o s θ /    (  1 −  n 1 2  c o  s 2  θ  )   2   )  d θ     ∫    θ 1     θ 2     n 1 2   (  s i n θ c o s θ /    (  1 −  n 1 2  c o  s 2  θ  )   2   )  d θ    



(6)




where


   N  r e f    ( θ )  =  L  D   t a n θ    



(7)







The number of reflections occurring in the sensing region is denoted by the Equation (7), where L is the length of the unclad region and D is the diameter of the fiber. The dielectric constant of the Ag and ITO layer is calculated by the Drude dispersive model expressed as


  ϵ  ( λ )  =  ϵ r  + i  ϵ i  = 1 −    λ 2   λ c     λ p 2   (   λ c  + i λ  )     



(8)




and


  ϵ  ( λ )  =  ϵ r  + i  ϵ i  = 3.8 −    λ 2   λ c     λ p 2   (   λ c  + i λ  )     



(9)




respectively, where    λ p    and    λ c    is the wavelength corresponding to bulk plasma frequency and collision wavelength. In the case of Ag,    λ p  = 0.14541   μ m   and    λ c  = 17.6140   μ m  , whereas    λ p  = 0.56497   μ m   and    λ c  = 11.21076   μ m   for ITO. The Sellmeier equation has been used to determine the RI of the fiber core [13]. We have assumed that above dispersion relations are valid in the whole wavelength range of investigation.



In order to fabricate the sensing probe, we use multimoded plastic clad fibers. The cladding can be removed by a few centimeters (a length of 1 cm of cladding is suitable for sensing applications) and then cleaned in a vacuum chamber using ion plasma bombardment and acetone. The unclad port of the fiber can be coated with metal or ITO after cleaning. Depending on the deposition techniques we have used, the uniformity of the films will vary. In order for the sensing probe to work correctly, the film uniformity must be good. A high-quality film can be achieved using sputtering and e-beam evaporation. The probe can be characterized by injecting light through one of the fiber faces and analyzing its sensing performance using a spectrometer at the other end of the fiber [26,27,28,29,30].




3. Results


The following two cases have been discussed in this section- in the first case, the ITO layer is deposited directly on the fiber core followed by the Ag layer (bi-layer sensing probe), and in the second case, an additional layer of the ITO is deposited over the Ag (tri-layer sensing probe).



3.1. Bi-Layer Configuration (ITO + Ag)


In this section, we numerically investigate a bilayer configuration of ITO + Ag coated fiber probe. In the first round of the simulation, the thickness of the ITO layer is fixed at 80 nm, whereas the thickness of the Ag layer is varied from 10 nm to 60 nm.



In the transmission spectrum, we observe two resonance dips for probe configuration with 80 nm ITO and 10 nm Ag for various values of analyte RIs, as shown in Figure 2a. Since the real part of the dielectric constant of the ITO is positive and larger than its imaginary part, at the lower wavelength region the condition of LMR generation is supported. Experimental evidence supports the LMR generation at short wavelengths and SPR excitation at long wavelengths [18]. The resonance dip in the visible region is caused by the LMR phenomena, while the second dip is the result of SPR. We would like to note here that the dielectric constant of ITO remains positive only for shorter wavelengths while at longer wavelengths it becomes negative (see Equation (9)). Therefore, for longer wavelengths, we see SPR resonance while in shorter wavelengths the probe supports LMR. These observations are well documented in the literature [14]. We would also like to note that for SPR excitation we require an interface of materials with opposite permittivity (one positive and other negative). An SPR dip can be observed even for a thin layer of Ag (i.e., 10 nm). Figure 2b illustrates that the SPR dip is more pronounced at a larger thickness of Ag. The thickness of the Ag layer, therefore, plays a critical role in the development of the SPR dip. In addition, as Ag thickness increases, the SPR dip becomes less sensitive to the RI variations in the analyte, while the LMR dip’s sensitivity increases.



The thickness of the ITO layer, however, significantly impacts the development of SPR and LMR resonances. As shown in Figure 3a, both resonances emerge with increasing thickness of the Ag layer for the 50 nm thick ITO layer. If the thickness of the ITO layer is less than 50 nm, SPR and LMR resonance dips still grow with the thickness of the Ag layer as shown in Figure 3b. Both of these cases show that SPR dip is insensitive to the RI of the sensing medium (transmitted power plot not shown).



In Figure 4a, we have plotted the LMR and SPR dip sensitivity against the thickness of the Ag layer for 80 nm thick ITO film. Both resonances are initially sensitive to changes in RI, but their sensitivities are drastically influenced by the thickness of the Ag layer. Nevertheless, the LMR sensitivity is improved as a result of the thicker Ag layer, while the SPR sensitivity is reduced as depicted in Figure 4a. At a very large thickness of the Ag layer, the SPR dip becomes insensitive to any RI variation of the analyte. This insensitive dip can be used as a reference point for characterizing the sensor’s performance. The variation in the resonance wavelength of the LMR and SPR dip is also shown in Figure 4b. As Ag thickness is increased, the SPR resonance wavelength shifts slowly towards the smaller wavelength side. Also, shown is the transmitted power at the resonance wavelengths in Figure 4c. From the figure, we observe that the wavelength that corresponds to the LMR transmitted power minimum decreases to a minimum at a particular thickness of the Ag layer, and then increases. In contrast, the transmitted power for SPR dip is shifted toward the lower wavelength side with an increasing layer thickness of Ag. Previously a similar study is reported in [13], where resonance dip, observed in the visible region, was found useful for sensing applications and the second dip that appeared in the NIR region was insensitive to the surrounding RI, but we will not focus on this insensitive SPR dip here, since it is already detailed nicely in the literature [13].



Further, we have studied the sensitivity and DA of both the resonances as a function of the analyte RI for different values of the Ag layer thickness as shown in Figure 5 and Figure 6. The sensitivities of both the modes (LMR and SPR) increase with an increasing RI of the sensing medium as shown in Figure 5a,b. These plots also suggest that LMR dip is far more sensitive as compared to SPR dip. Figure 6 shows the corresponding DA variation as a function of the thickness of the Ag layer. DA for LMR dip (Figure 6a) is also relatively large as compared to that for SPR dip (Figure 6b). Also, note the opposite trends in Figure 5 and Figure 6 with variations in the Ag layer thickness. Hence there is a trade-off between optimum values of sensitivity and DA for designing the bi-layer sensing probe.




3.2. Tri-Layer Configuration


In this section, we investigate the tri-layer configuration (ITO + Ag + ITO). In the following tri-layer configuration, SPR is found to be more sensitive than the LMR dip. The following sub-sections analyze two important cases.



3.2.1. ITO (10 nm) + Ag (10 nm) + ITO (X nm)


This configuration examines the resonance characteristics of a tri-layer ITO + Ag + ITO coated fiber sensor, where a 10 nm layer of ITO is considered on the fiber core that is followed by a 10 nm thick layer of Ag, and then a third layer of ITO with varying thickness. Two resonance dips appear in the transmission spectra when the third layer of ITO is 10 nm thick, as shown in Figure 7a. The resonance dip in the visible range corresponds to LMR and the second dip to SPR. Increasing the thickness of the third ITO layer (40 nm) causes a new resonance dip to appear in the near-infrared region, known as LMR. The newly developed LMR dip (middle dip) is not affected by the change in RI of the surrounding medium, as shown in Figure 7b. Compared to the first LMR dip, the SPR dip (third dip) shows much better sensitivity.



The occurrence of the new LMR as a function of the thickness of the third ITO layer is shown in Figure 8a,b, where the sandwiched Ag layers are kept 10 nm and 20 nm thick, respectively. Figure 8a,b illustrates that increase in the thickness of the Ag layer from 10 nm to 20 nm shifts the resonance wavelength of the first LMR and SPR dips toward the longer wavelength side. However, the resonance wavelength of the insensitive LMR dip (central dip) remains nearly unchanged. Also, it seems that with the ITO layer thickness variation, the central dip merges with SPR dip. Alternatively, it also suggests a switch-over behavior between the two dips. This observation requires further exploration.



As the thickness of the third ITO layer increases, the LMR dip’s sensitivity decreases, whereas SPR’s sensitivity increases as shown in Figure 9. The sensitivity variations of SPR and LMR dips in the tri-layer case are opposite to those in the bi-layer case (see Figure 4a).



Additionally, the DAs for the first LMR and SPR dip are shown in Figure 10a,b, respectively, for varying thicknesses of the third ITO layer. The DA for LMR decreases with sensing medium RI while the opposite trend is observed for SPR dip in Figure 10b.



Furthermore, the variation of the FOM with sensing medium RI for two dips is depicted in Figure 11a,b. The figure clearly shows the better performance of the SPR dip.




3.2.2. (ITO (50) + Ag (X) + (ITO (50))


This section presents the normalized transmission spectrum for a tri-layer configuration with an Ag layer sandwiched between two ITO layers of thickness of 50 nm each. In this configuration too, two dips of LMR and one of SPR are observed, and the characteristics of these resonances are dependent on the thickness of the Ag layer, as shown in Figure 12a,b. Figure 12a shows transmittance variation with change in the sensing medium RI, while in Figure 12b, the RI of the sensing medium is kept fixed at 1.33 RIU and the thickness of the Ag layer is varied. Figure 12a depicts that SPR dip is relatively more sensitive and central LMR dip is completely insensitive. Figure 13 indicates that on further increase in the thickness of the Ag layer, the resonance wavelength of SPR dips shifts toward the shorter wavelengths; however, the resonance wavelength of the first LMR dip shifts toward the longer wavelength. The LMR dip observed in the NIR region is insensitive to the analyte RI variations. Moreover, the increased thickness of the Ag layer tends to annihilate the SPR dip as shown in Figure 13.



Further, we study the DA, sensitivity, and FOM of each resonance dip. We demonstrate that the DA, sensitivity, and FOM of the first LMR are improved as the Ag layer thickness is increased, as illustrated in Figure 14a,b,c, respectively.



This investigation is extended to the third resonance dip, as depicted in Figure 15. With the increase in the thickness of the Ag layer, DA, sensitivity, and FOM of SPR dip are improved as shown in Figure 15a,b,c respectively.



Furthermore, we have plotted the absolute square of the electric field component along the interface across all the thicknesses of probes in two configurations- ITO (10 nm) +Ag (10 nm) +ITO (40 nm) and ITO (50 nm) +Ag (10 nm) +ITO (50 nm). The corresponding wavelength values are given in figure captions. These figures clearly show a large enhancement in the field at SPR resonance (see Figure 16c and Figure 17c). These also corroborate the observed high sensitivity for SPR resonance.



We would like to note that since in the present study a plastic-clad highly multimode fiber is considered, the proposed probe is only good for room temperature applications. Although slight variations in temperature do not influence the sensor performance, at high temperatures the fiber cladding will melt down.






4. Discussion and Conclusions


In conclusion, ITO + Ag-based bi-layer and tri-layer fiber-optic sensors have been studied. In the case of bi-layer geometry, two modes of resonances are possible. These are called LMR and SPR, and these resonances can be used for sensing purposes. In this bi-layer configuration, the LMR dip shows better sensitivity compared to the SPR dip. DA of the LMR dip is also far better than that of the SPR dip. As the thickness of the Ag layer increases further, the SPR dip becomes insensitive and only the LMR dip can be used for sensing. We suggest that at this thickness, the SPR dip can work as a reference, and this turns the sensor into a self-referenced sensor. By choosing the appropriate thickness of Ag, this configuration can be used in chemical, and bio-sensing, whereas the same configuration can also be utilized in wavelength filtering.



Further, two configurations of tri-layer geometry are explored, wherein one SPR and two LMR dips have been observed. In the first tri-layer configuration, the thickness of the outmost ITO layer was varied, the first LMR dip that arises in the visible region is found less sensitive as compared to the SPR dip. The other LMR dip (middle dip) that appears in the NIR region is found insensitive to any change in analyte RI. This insensitive LMR dip appears if the thickness of the third layer of ITO is increased. In the second configuration, the thickness of the Ag layer was varied. Particularly, it has been shown that the resonance wavelength of SPR dip shifts toward the shorter wavelength side; however, the resonance wavelength of the LMR dip shifts toward the longer wavelength side. Furthermore, we have plotted the electric field component along the interface across all the thicknesses of probes in two tri-layer configurations to demonstrate field enhancement. The observation of the insensitive second LMR dip and its manipulation with ITO layer thickness variation are the main contribution of this work as this suggests a switching of resonance type between LMR and SPR. Also, this work provides design rules of ITO-based bi- and tri-layer structures which support the excitations of LMR and SPR. The results of the study are summarized in Table 1. We see from the table that SPR dip exhibit a very high sensitivity of 14 μm/RIU and good DA and FOM.
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Figure 1. Schematic of the presented SPR setup (TH: tungsten halogen, 3D-MO: microscopic objective with 3D movement). 
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Figure 2. Normalized transmission spectra of sensing probe with (a) ITO (80 nm)  +  Ag (10 nm) and (b) for various thicknesses of Ag for 80 nm ITO and analyte RI    n s  = 1.33  . 
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Figure 3. Normalized transmission spectra of sensing probe for various thicknesses of the Ag and (a) ITO (50 nm) (b) ITO (30 nm) and RI of the surrounding medium is 1.33. 
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Figure 4. (a) Sensitivity (b) resonance wavelength and (c) minima of the transmission spectra at resonance wavelength of the LMR and SPR modes with the variation of Ag layer when ITO (80 nm) and RIs of the analyte are 1.33 and 1.34. 
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Figure 5. Sensitivity of the (a) LMR and (b) SPR dip with the variation of RI of the sensing medium for different thicknesses of Ag layer and 80 nm thickness of ITO layer. 
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Figure 6. Detection accuracy of the (a) LMR and (b) SPR dip with the variation of RI of the sensing medium for different thicknesses of the Ag and 80 nm thickness of the ITO layer. 
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Figure 7. Normalized transmission spectra of sensing probe with (a) ITO (10 nm)  +  Ag (10 nm)  +  ITO (10 nm) and (b) ITO (10 nm)  +  Ag (10 nm)  +  ITO (40 nm). 
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Figure 8. Normalized transmission spectra of sensing probe with (a) ITO (10 nm)  +  Ag (10 nm)  +  ITO (X nm) and (b) ITO (10 nm)  +  Ag (20 nm)  +  ITO (X nm). 
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Figure 9. Sensitivity of the First LMR and SPR dip with the variation of the third ITO layer when the first layer is ITO (10 nm) and the second layer is Ag (10 nm) and RI of the sensing medium varies from 1.33 to 1.36 RIU. 
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Figure 10. Detection accuracy of the (a) first LMR and (b) SPR dip with the variation of third ITO layer for 10 nm thick first layer ITO and 10 nm thick Ag layer. 
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Figure 11. FOM of the (a) first LMR and (b) SPR dip with the variation of the third ITO layer thickness where the first layer is ITO (10 nm) and the second layer is Ag (10 nm). 
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Figure 12. Normalized transmission spectra of sensing probe with (a) ITO (50 nm)  +  Ag (10 nm)  +  ITO (50 nm) and (b) for varying thickness of the Ag layer when both ITO layers are 50 nm thick. 
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Figure 13. Normalized transmission spectra of sensing for varying thickness of the Ag layer when both ITO layers are 50 nm thick. 
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Figure 14. (a) DA, (b) sensitivity, and (c) FOM of the first LMR dip as a function of RI of the analyte. 
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Figure 15. (a) DA, (b) sensitivity and (c) FOM of the SPR dip as a function of RI of the analyte. 
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Figure 16. Electric field distribution corresponding to (a) first LMR (b) second LMR (c) SPR at their respective resonance wavelength at 561, 1065, and 1532 nm respectively for probe configuration ITO (10 nm) +Ag (10 nm) +ITO (40 nm). 
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Figure 17. Electric field distribution corresponding to (a) first LMR (b) second LMR (c) SPR at their respective resonance wavelength at 631, 995, and 1798 nm respectively for probe configuration ITO (50 nm) +Ag (10 nm) +ITO (50 nm). 
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Table 1. Summary of the results obtained in bi layer and tri layer configurations.
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Configuration

	
Wavelength of Operation     μ m    

	
Refractive Index Range

	
Sensitivity    (   μ m  /  RIU   )   

	
DA    (    μ m   − 1    )   

	
Figure of Merit    (    RIU   − 1    )   






	
ITO(10)/Ag(X)

	
0.4–0.8 (LMR)

	
1.33–1.36

	
   ~ 2.6    (  X = 60   nm  )    

	
   ~ 26    (  X = 60   nm  )    

	




	
0.8–1.5 (SPR)

	
1.33–1.36

	
   ~ 1    (  X = 20   nm  )    

	
   ~ 7.5  (  X = 20    nm   )    

	




	
ITO(10)/Ag(10)/

ITO(X)

	
0.4–0.8 (LMR)

	
1.33–1.36

	
   ~ 1.1    (  X = 40   nm  )    

	
   ~ 4.7  (  X = 90   nm  )    

	
   ~ 4    (  X = 50   nm  )    




	
1.2–2.5 (SPR)

	
1.33–1.36

	
   ~ 14    (  X = 120   nm  )    

	
   ~ 4  (  X = 90   nm  )    

	
   ~ 60    (  X = 90   nm  )    




	
ITO(50)/Ag(X)/

ITO(50)

	
0.4–0.7 (LMR)

	
1.33–1.36

	
   ~ 0.7    (  X = 25   nm  )    

	
   ~ 7  (  X = 25   nm  )    

	
   ~ 5    (  X = 25   nm  )    




	
1.2–3 (SPR)

	
1.33–1.36

	
   ~ 14    (  X = 25   nm  )    

	
   ~ 3.5  (  X = 25   nm  )    

	
   ~ 26    (  X = 25   nm  )    

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file26.jpg
[

H
E
¥
H
1





media/file8.jpg
L
35 p
> 21
%
i g
z z
£1s £
45 H
15 o B
i 1 135 [ 1 125 136
‘Refractive Index. el





media/file27.png
Detection Accuracy (/pzm)

tn

—#—Ag=10 nm ——Ag=10 nm

—e—Ag=15nm (b)
—o—Ag =20 nm

.

o

S I ——Ag=25nm §

I~ &

S~ e

£ 0.759 =

2 55

z =

=1 S

2 1)

g 3

5 4

97 =
S ' ' 0.6 : : 35 : :
1.33 1.34 1.35 1.36 1.33 1.34 1.35 1.36 1.33 1.34 1.35 1.36

Refractive Index Refractive Index Refractive Index





media/file13.png
T T T 5
~l
e+ W O
oo oM
L B | L] L]
[T T
2" 2" a” &
[ |
4wy
|
—
-0
S— -
|
\_ _ ) _ ]
o Q - ~ S
= = = =
JIMO0J PINIWSURL], PIZI[EULION
of!
~1
o, =F
o
L ] L]
ol
(%]
= =
Lo |
of!
-]
-
\r;
L L 0

o0 © < e~ =
= = = =
JIMOJ PANIWSURL], PIZI[EULION

Wavelength ( zm)

Wavelength (pm)





media/file31.png
(a)

|E|? (arb. unit)
-  in

e
n

0

First ITO layer =10 nm
Ag =10 nm
Second ITO layer = 40 nm

0 20 40 60 80
Distance from core-cladding interface (nm)

100

(b)

—_—
h

= First ITO layer = 10 nm

= Ag=10 nm

2 1 Second ITO layer = 40 nm

K}
N—

= 0.5}

0 L L
0 20 40 60 80 100

Distance from core-cladding interface (nm)

15 , » ,
(c First ITO layer = 10 nm
Ag =10 nm

y Second ITO layer =40 nm
=10
=
£
-
o
S
=

0

0 100 200 300 400
Distance from core-cladding interface (nm)





media/file12.jpg
25

15

Waveleagth (um)

1

s

-

PpanfIsuELL poTeuLION.

‘Wavelength (um)





media/file18.jpg
48

o
g

H

Sus

7

£

g

2.

2| —no-soum
$ast ho-somm
o
Z30l o amm

B

Detection Accuracy (jim)

13 134 135 136
aleksiiv aden

136





media/file9.png
s Bl

s

Sensitivity (zm/R1U)
]
tn

~—#—Ag =20 nm

1.34 1.35 1.36
Refractive Index

Sensitivity (pm/RI1U)

w
e

J e m——

-

b ol

1.34

1.35 1.36

Refractive Index





media/file14.jpg
1s
Wavelength (jim)

ed Transmitted Power

s

15
Wavelength (um)

28





media/file20.jpg
P Emi

11090

igure of Merit (RIU)

2 o
i» 134 155 e 13 134 135 136
Refractive Index. Refractive Index





media/file23.png
Normalized Transmitted Power

n = 1.33
n =1.34
5 B

1.5 2 25
Wavelength (pzm)

Normalized Transmitted Power

0.8+

0.6

0.4

0.2+

RI=1.33
ITO=50 nm

(b)

——Ag=8nm
———Ag=9nm
~———Ag=10nm -
——Ag=11nm
———Ag=12nm

0.5

1 1.5
Wavelength (pm)

2

2.5 3 3.5





media/file5.png
= o =
4 (= [=s]

Normalized Transmitted Power
*
(o)

———Ag =10 nm
——Ag=15nm
———Ag =20 nm
——Ag=25nm

0.5

1
Wavelength ( ;m)

1.5

- S S
£ =S =% =] b

Normalized Transmitted Power
[—)
[

——Ag=10nm

———Ag=20nm
——Ag=25nm

——Ag=15nm

0.5

1
Wavelength ( ,m)

1.5





media/file15.png
Normalized Transmitted Power

0.5 1 1.5 2 25
Wavelength (m)

Normalized Transmitted Power

0.8

0.6 |

—JITO =10 nm

(b) RI=1.33 ——ITO =20 nm
ITO=10nm ——ITO =30 nm -
Ag=20nm —ITO =40 nm
05 1 15 2

Wavelength (pm)

25





media/file19.png
Detection Accuracy (/ pm)

—#—]ITO =50 nm
—+—JTO =60 nm

ITO=70 nm
—+—]TO =80 nm
—+—ITO =90 nm

1.34 1.35 1.36
Refractive Index

=
n

=

@
n

(oY)

Detection Accuracy (/pm)

—+—]TO =50 nm

—+—ITO = 60 nm (b)

ITO =70 nm
—#—[TO = 80 nm
—+—]ITO =90 nm

1.34 1.35
Refractive Index

1.36





media/file28.jpg
(©






media/file2.jpg
Normalized Transmitted Power

2

d

H

os

1
‘Wavelength (jum)

Normalized Transmitted Pover

RI-133

—ag=10mm
e
——Ag-20mm
—Ag-35am

T
Wavelength (im)

is





media/file32.jpg
)

s

Distance from core-cladding interface (WD) Distance from core-cladding interface (nm)  Distance from core-chadding interface (am)






nav.xhtml


  biosensors-12-00721


  
    		
      biosensors-12-00721
    


  




  





media/file11.png
[\
9]

[\
=

Detection Accuracy (/pm)
7

—#—Ag =20 nm

1.34 1.35 1.36
Refractive Index

&
©w W v

~
n

A
n

=)

Detection Accuracy (/pum)
~1

L

5 T 1 1 T
1.33 1.34 1.35 1.36
Refractive Index






media/file6.jpg
@






media/file24.jpg
Normalized Transmitted Power

0.5 1 15 2 2.5 3 35
Wavelength (pm)





media/file29.png
@
th

98]

[

Detection Accuracy (/pm)
th

. . 14 ' - 30
13+ 1 )
_— ) 9
St (b) 1 225t ]
= & '
ER: 1 2
g : (c)
el 1 220} C |
Z ot 1 3]
Z g
5 gl —#—Ag=10nm | g‘n | —— Ao =10 i
@ —*—Ag=15nm g 1 —0—A§=15 2$
71 —#—Ag=20nm - 9 —#—Ag=20 nm
—#—Ag=25nm —e—Ag=25nm
. : : 6 : : : :
1.33 1.34 1.35 136 133 134 135 136 93 L34 135 136
Refractive Index Refractive Index

Refractive Index





media/file1.png
Spectrometer
TH Lamp

Computer

Cladding
ITO Ag Analyte





media/file10.jpg
Detection Accuracy (/pum)

Detection Accuracy (jum)

134
Refracti

135
Tndex

136

134 13
Tt b

136





media/file7.png
(wir) Y J§ 9 Jo vrunarpy
[==]

o 22 2 8 4 8 8 2
S © 8 8 & 8 & & o8
M
SE
[t
o !
—
1] Acﬂ.b
g et
) lz%s
g 3
. g
o0 B g
3L e
g =
3 b Y=
w = S
mo
~l
: . : : S
wy - L] ~ i =

= = = )
(wrrl )T oy Jo wwrurpy]
() YA S PIUIPAAY IDULU0SIY

o = o e . o |
(] - (o] - — — - - nu%
T T T T o s >
=
e
o
(] b 3
3 S Ly
T =11]
1] -
L
. |3 %
g =
U
g
o0 B g
g ! =
g =
@
i |gF
2 ]
9.0
n N A & 2 m
[ wi [¥-) 7] vy Wi -]
e 8§ & Y & I &

=] b= <
(w7l YT \PpFudaABA, doURU0SIY
(argnurh) Kyapisuag Yds

2 I T
lllnuﬂﬂﬂnu%

—+—ITO =80 nm
0.04 0.05 0.

Thickness of Ag (pm)

(a)

T &3 3 =
(ryyur’) Apanisuag YT

28





media/file33.png
|E|* (arb. unit)

2 2 T ™ ¥ 15 ' '
(a) (b) (c) First ITO layer = 50 nm
Ag =10 nm
1.5 ~1.5¢} 1 Zie . o
PO Bv~S = First ITO layer = 50 nm =10 RN SRS et 29
n= = Ag =10 nm =
1 Second ITO layer = 50 nm o : Second ITO layer = 50 nm 8
= =
S N
., T - 1
0.5 = 0.5 g 3
0

0 50 100 150 200 ne = : 0

. o 100 150 200 0 100 200 300 400
Distance from core-cladding interface (nm) Distance from core-cladding interface (nm) Distance from core-cladding interface (am)





media/file16.jpg
12

10

1.1 14
First ITO layer = 10 nm
Ag layer =10 nm
20.6 L
@
& 05
= 6
~ 04
0.3 4
0.04 0.06 0.08 0.1 0.12

Thickness of ITO (pm)

SPR Sensitivity (zm/RIU)





media/file3.png
S
o0

Normalized Transmitted Power
[
Y

n =1.36
s

0.5

1
Wavelength (pm)

1.5

Normalized Transmitted Power

0.6

0.4

0.2

0.8

——Ag=10nm

~———Ag=20nm
——Ag=25nm

———Ag=15nm -

Wavelength (zm)

1.5





media/file22.jpg
Wavelength (um)

s

s 2
Wavelength (um)

os

-3 3 3 2
19MOJ PONIISUBAL PITBULION





media/file17.png
(Nny/wrf) ANANISudS AJS

- (@] (=1
- — — ® = =+ N
T T T T J
(=]
- 1=
m =]
=
(=]
—
I g
g = ®
- S = |0.
Mﬂ S
O .
=2
- S
o -
= o
A=
&« =
(=]
ey
1 1 1 1 1 1 0.
= = 9 ® 5 v By T 0c
v =

R - S -
(Nryywr’) HHIANISUSS JYIN'T

Thickness of ITO (zzm)





media/file4.jpg
—Ag-25am

Nors

lzed Transmilted Power

w13

s i
‘Wavelength ( um)

15

os

1
‘Wavelength ( um)





media/file30.jpg
(© G
v

Distance from corecladdingiterfce () Dbance from coreindding teince (vm)






media/file25.png
0.8 \

0.6 |

Normalized Transmitted Power

RI=1.33 ——Ag=10 nm

ITO =50 nm ——Ag=15nm
Ag=20nm -

=

1 1.5 2 2.5 3 3.5

Wavelength (pm)





media/file0.jpg
Spectrometer

L

Computer

TH Lamp

3D-MO

Cladding

ITO Ag  Analyte





media/file21.png
4 ;
- —#—[TO =50 nm
(a) —#—[TO = 60 nm
—+—ITO =70 nm
35 —#—ITO = 80 nm |
- —+—ITO =90 nm
/!
3 " .

Figure of Merit (/RIU)

1.34

1.35 1.36

Refractive Index

o (7 = n =)
= = = = =

Figure of Merit (/RIU)

[y
A

——JTO =50 nm
—#—]TO = 60 nm
—+—ITO =70 nm
—+—JTO =80 nm
—+—]TO =90 nm

(b)

1.34

1.35

Refractive Index

1.36





