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Abstract

:

Nanostructured color filters, particularly those generated by the extraordinary optical transmission (EOT) resonance of metal–dielectric nanostructures, have been intensively studied over the past few decades. In this work, we propose a hybrid array composed of a hole array and a disk array with the same working period within the 3–14 μm mid-infrared band. Through numerical simulations, near-perfect transmission (more than 99%) and a narrower linewidth at some resonance wavelengths were achieved, which is vital for highly sensitive sensing applications. This superior performance is attributed to the surface plasmon coupling resonance between the hole and disk arrays. A high tunability of the near-perfect transmission peak with varying structural parameters, characteristics of sensitivity to the background refractive index, and angle independence were observed. We expect that this metallic hole and disk coupling array is promising for use in various applications, such as in plasmon biosensors for the high-sensitivity detection of biochemical substances.
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1. Introduction


Metallic plasmonic sensors are widely used in biosensing and chemical-sensing applications. Nanostructured metallic plasmon sensors have advantages, including easier coupling access for exciting the resonance, owing to the nanostructure’s extra momentum for matching, as well as the high sensitivity of the local electromagnetic field to changes in the surrounding dielectric environment. These benefits have aroused extensive interest in the development of various sensor platforms that support surface lattice resonance [1,2,3,4], Fano resonance [5,6,7], surface-enhanced Raman scattering (SERS) [8,9], extraordinary optical transmission (EOT) of metallic nanohole arrays [9,10,11,12,13], or plasmon-enhanced optical fiber sensing [14,15,16] for use in applications such as ultrasensitive biomolecular detection [17], photocatalysis [18,19,20,21], temperature/pressure monitoring [22], metal-enhanced fluorescence detection [23], and microfluid point-of-care diagnostics [24]. To date, nanostructured plasmon sensors have been widely investigated due to their wide electromagnetic radiation ranging from the UV to the THz band, but their dominant band is the visible to near-infrared band, where the excitation of surface plasmon polaritons (SPPs) based on commonly used noble metals (Ag, Au, and Cu) is easily achieved [19,25,26]. Mid-infrared plasmon sensors have also attracted attention, and some progress has been made in this area [27,28,29,30]. This is attributed to the fact that in the mid-infrared band, the good accuracy and sensitivity of surface plasmon resonance (SPR) sensors when utilized with larger samples such as living cells, and the good immunity of biological samples to photodamage or phototoxicity caused by the light source, are easily preserved [31].



Among the aforementioned plasmon sensors, EOT-based sensors have many advantages over conventional SPR techniques. For example, because an EOT-based optical signal has no optical noise originating from reflected light, a high signal-to-noise ratio can be obtained [32]. Conceptually, EOT refers to electromagnetic resonances that pass through nanohole arrays in metal films, providing a larger transmission of electromagnetic fields than that expected from the small nanohole size. Since its discovery in 1998, EOT has led to the discovery of new ways of enhancing optical transmission as well as decreasing linewidth (thus leading to a high-quality factor Q) [33], and it has been applied in sensing, filters, and optical trapping [34]. Different approaches to develop hybrid nanostructures have been proposed to enhance the optical transmission and/or Q to surpass the performance of a simple nanohole array [35,36,37]. A typical approach is to introduce nanomaterials into the nanohole array and create a coupling in the surface plasmon mode between the nanoholes and nanomaterials in the compound structure [1,38]. For example, a nanohole array with a nanorod in its center achieved a maximum transmission of 56%, compared with a transmission of 37% of a none-in-hole nanohole array gold film [38]. Another approach is to employ coupling between plasmon and optical cavity modes. For example, a three-zone structure composed of a top metal grating, SiO2 spacer, metal film, and silicon substrate was shown to have a transmission of 84% in the near-infrared regime, and was robust under oblique incidence with TM polarization [39]. Other schemes, such as cavity-coupled metal–insulator–metal (MIM) nanohole array structures on quartz substrates, were observed to exhibit a coupling effect between the SPP mode on the metal–insulator interface and the gap SPP in the gap cavity in the near-infrared regime, leading to a linewidth reduction and Q improvement [40]. Although great efforts have been made to pursue the goal of perfect transmission and an ultrahigh Q for sensing applications, developing new, advanced nanostructures and the optimization of relevant parameters to maximally strengthen the coupling resonance are critical and still present a challenge.



In this study, a hybrid structure with Al holes and disks on a silicon substrate is proposed. Compared to existing hybrid structures that directly construct a disk or disks in/on the hole, the proposed structures are constructed with a disk on the surface of the metal film near the hole, only a short distance away. Based on numerical investigation using FDTD simulation, under the condition of structural matching, specific wavelengths in the mid-infrared band were found to transmit at an extremely high transmission rate (99.1%) and have a smaller full width at half maximum (FWHM) compared with those of a pure microhole array. In addition, to study the selectivity of the structure in regard to light waves, the influence of modifying different parameters on the transmission performance was analyzed in detail. These results show that the Al microhole–microdisk hybrid array has high sensitivity and a large figure of merit (FOM) as a refractive index sensor, meaning it has potential applications in molecular or living cell detection.




2. Results and Discussions


2.1. Principle of Coupling EOT


When the periods of the metal hole and disk arrays are much smaller than the wavelength, EOT can be formed in the metal thin-film structure. This phenomenon is mainly caused by the interaction between the light wave and free electron oscillation at the surface of the metal hole array, or in other words, the interaction between surface plasmon polaritons (SPPs) and local surface plasmon resonance (LSPR) on the surface of the metal disks. SPPs are evanescent waves propagating along a metal surface that are generated by the interaction between electrons and photons freely oscillating on the metal surface. They propagate along the metal surface and can be converted into a transmitted field at the hole, which is the dominant factor in EOT. As shown in Figure 1a, the incident light E0 excited the evanescent wave electric field Esurf on the metal surface, was transmitted to the hole, and formed a new electric field Est. The wavelength of the EOT is affected by the period of the hole. LSPR is the plasmon resonance behavior of metal microdisk surfaces under the illumination of light waves. In the abnormal optical transmission of porous metal films, Et is mainly affected when light passes through the holes, as shown in Figure 1a. In general, the excitation of SPPs mainly depends on the distance between metal holes; therefore, metal holes with different periods can excite EOTs of different wavelengths. The wavelength corresponding to the excited surface plasma wave satisfies the following equation:


   k  S P P   =  k 0       ε m   ε d     ε m  +  ε d      ,  



(1)






   k  s p p   =  k 0  ⋅ sin θ +   (  i 2  +  j 2  )   ⋅   2 π  P   



(2)







Here,  i  and  j  are integers,    ε m    is the real part of the dielectric constant of the metal,    ε d    is that of the dielectric, and  P  is the period of the square lattice. Using Equation (1), one can calculate the wave vector of the surface plasmon excitations at the interface between metal and air, as well as that between metal and silicon. Using Equation (2), one can calculate the order of SPPs for the hole structure under different periodic conditions. Under a normal incidence where   θ = 0  , the excitation wavelengths of the surface plasmon are given by


   λ  s p p   ( i , j ) =  P     i 2  +  j 2           ε m   ε d     ε m  +  ε d       



(3)







Based on Equation (3), the resonant positions are distinguishable for the metal/air and metal/substrate interfaces with different mode orders.



When there is only a protrusion structure, as shown in Figure 1b, surface plasma waves can only be excited between the protrusion disk structure and air, and the metal film is thick enough to result in very low transmission. Most incident light waves are reflected, and only the wavelength that resonates with the metal–disk structure can generate surface plasma waves. Therefore, no EOTs can be generated, and only a small amount of the surface plasma wave is absorbed.



If the two structures are combined, as shown in Figure 1c, the evanescent wave formed by the metal hole and metal disk structures is coupled, and a new electric field is formed through the metal hole. At this time, only the wavelength that meets the requirements of the simultaneous resonance of the metal hole and metal disk structures can be enhanced, and thus, the transmitted electric field is enhanced.



The coupling enhancement of the EOT of the hybrid structure is demonstrated by the electric field distribution shown in Figure 1d–f, where a set of typical structural parameters has been chosen as an example. We can see that the output field strength of the simple hole array is approximately 1.2, and that of the mixed structure is approximately 2.9 (taking the center of the hole and the wavelength of the incident light to be 3.5 μm), which is increased 2.4-fold.




2.2. Structures and Simulation


A three-dimensional finite-difference time-domain method (FDTD Solutions, Lumerical Solutions Inc, Vancouver, Canada.) was used to simulate the structures. A thin metal film with an array of circular microholes was placed on the silicon substrate surface and a periodic metal circular microdisk was placed in the blank area. Three configurations were employed for the simulation: (1) a pure metal microhole array, (2) a pure metal microdisk array, and (3) a coupled array structure of staggered microholes and microdisks, as shown in Figure 2a. The influences of the period P, microhole radius r, and height h of the microdisk arrays on these structures are analyzed in the following sections. The definitions of these parameters are shown in Figure 2b.



In the simulation process, the dielectric constants of the metal film and metal microdisk were obtained from the FDTD database. The incident light was selected as a plane wave propagating in the negative z-direction with electric field polarization in the x-direction. The wavelength range of the incident light covered a broad infrared band (3–14 μm), which was used to calculate the transmission spectra. Periodic boundary conditions were set in both the x- and y-directions, whereas a perfectly matched layer boundary condition was used on the z-axis.



A schematic diagram of the structures and the simulation results is shown in Figure 3. The structure with only metal disks on the metal thin film is shown in Figure 3a, and its reflection spectrum is shown in Figure 3b, indicating two absorption peaks at 3.5 μm and 5 μm owing to the excitation of the surface plasmon polariton when light irradiates the metal structure. Due to the fact that the thickness of the metal film is greater than its skin depth, there is no light transmission through the metal film. From Figure 3c, we can see that the magnetic field of 3.5 μm is mainly concentrated near the metal disks, and it can be assumed that the surface plasmon resonance is excited in this structure. According to Equation (3), when only a porous metal film structure exists, as shown in Figure 3d, the surface plasmons can be excited at different wavelengths, as shown in Figure 3e. It was found that there is a (2,2) mode-order plasmon resonance at 3.5 μm, and the quality factor of this resonance mode is about Q = 14.75 (Q =    λ R   /FWHM), where    λ R    is the resonance wavelength. However, no surface plasmons are excited at 5 μm. As shown in Figure 3f, the magnetic field distribution of the (2,2) mode-order infrared radiation shows a partial transmission. When the two structures are combined, as shown in Figure 3g,h, the surface plasmon mode excited by the pore structure exhibits resonance at 3.5 μm, but does not exhibit a resonance phenomenon at 5 μm. It can be concluded that the surface plasmons excited by the two structures together at 3.5 μm are coupled to enhance the abnormal transmission at this wavelength. From Figure 3h, the quality factor of the coupled mode can be calculated to be about 28.1, and the coupling of the two structures increases the quality factor by 100%. From Figure 3i, we can see that the amplitude of the magnetic field of the (2,2) mode-order infrared wavelength is enhanced by several orders of magnitude compared to that of the pure microhole array shown in Figure 3f.



To determine the effect of the surface metal disk array on this abnormal transmission enhancement, the structural parameters of the metal disk array were adjusted. The height of the metal disk was modified from 50 nm to 260 nm, and the change in its transmission spectrum is shown in Figure 4a. It can be seen from the figure that there is a small change in the transmission at different heights; however, the transmission is maximal at the same height (when the height is 260 nm, the transmission is 98.4%, which is less than that at a height of 250 nm). In addition, the radius of the metal disk was adjusted and the transmission was changed, as shown in Figure 4b. It can be observed that transmission is optimal when the metal disk structure is consistent with the metal pore structure.



Next, we changed the shape and number of metal disks while keeping the microhole array unchanged. We simulated the transmission spectra of coupled structures with square metal disks, triangular metal disks, and single cylindrical metal disks, and obtained the simulated results shown in Figure 5. Among the disks of different shapes, the side length of the square disk was 850 nm with a height of 250 nm, whereas the triangular disk was an equilateral triangle with a side length of 850 nm and a height of 250 nm. From Figure 5a,b, it can be observed that the positions of the transmission peaks are not influenced by the shape of the microdisk, but the transmission at each peak changes more or less, indicating the period dependency of the SPP wavelength and the microdisk dependency of the transmission for the proposed structures. Figure 5c shows the transmission spectrum of the structure with only one cylinder bulge in one cycle. It was found that the transmission decreases significantly at 3.5 μm compared with that of the two-cylinder structures, demonstrating the enhancement function of the microdisk again.



To study the practical applicability of the device in real scenarios, we evaluated the effect of variations in the angle and polarization state of the incident light on the transmission performance. As shown in Figure 6a, the transmission peak is insensitive to the incidence angle; however, the intensity of the transmission peak gradually decreases with an increasing angle of incidence. In contrast, a device without a metal disk was simulated under the same conditions to examine the angular response of transmission. The results are shown in Figure 6b. When a metal disk was present, the transmission decreased with an increase in the angle, indicating that the metal disk improved the filter’s sensitivity to the incident light angle. It can be observed that when the incidence angle increases to 30°, there is still 50% transmission in Figure 6a and only 28% transmission in Figure 6b, which makes detection more difficult. As the device satisfied the conditions of rotational symmetry, it was insensitive to the polarization of incident light, as shown in Figure 6c.



By modifying the structural parameters of the coupled hole–disk array, very high transmission under different wavelength conditions can be obtained; thus, near-perfect transmission can be achieved in a broadband range covering the medium- and long-wave infrared regions, as shown in Figure 6d. Table 1 lists the device parameters corresponding to the transmission peaks shown in Figure 6d.




2.3. Analysis of Refractive Index Sensing


Compared to the refractive index sensors extensively investigated in the visible and near-infrared wavebands, their counterparts in the mid-infrared band have unique advantages, including the accuracy and sensitivity of SPR sensors when used on larger samples, such as living cells, as well as biological samples receiving low photodamage or phototoxicity levels from the mid-infrared light source [27]. Therefore, interest in studying and developing SPR devices in the mid-IR range has been maintained through various schemes, such as the study of fiber-optic-based structures [38], graphene nanoribbon structures [28], and black phosphorous-based nanostructures [41]. For a refractive index sensor, the sensitivity (S) and figure of merit (FOM) are important parameters for performance evaluation. S and FOM can be expressed as S = ∆λ/∆n and FOM= S/FWHM, respectively. Owing to the narrow linewidth, near-perfect transmission, and intrinsic sensitivity to the surrounding circumstances, the coupling-array-based sensor proposed here is expected to exhibit a highly sensitive performance in the mid-infrared band.



To examine the sensing performance of the proposed coupled sensor, the dependence of the transmission spectrum on different surrounding or background refractive indices was calculated while the other parameters were fixed. The background refractive index parameters can be set in the FDTD according to the different background refractive indices from 1.1 to 1.38, which can be used for any gas or liquid. As shown in Figure 7a, the resonant transmission peak at 3.5 μm has a remarkable red shift with an increase in the background refractive index, whereas the other resonant peaks are basically unchanged. In this study, the S parameter was 3.521 μm/RIU and the FOM was approximately 20, as shown in Figure 7b. Table 2 shows a comparison of the sensitivity (S) and figure of merit (FOM) of different structures proposed in previous studies. It can be clearly seen that the proposed structure exhibits a better sensing performance.




2.4. Fabrication and Testing


A plasmonic coupled structure with a microhole and microdisk array was fabricated on the surface of a high-resistivity monocrystalline silicon substrate. Firstly, a stepper lithography machine (500 nm precision stepper lithography machine, NSR-220519C, Nikon (Nikon Corporation, Tokyo, Japan) was used to create a photolithographic pattern of metal holes on the surface of the silicon wafer, and an 80 nm thick Al film was coated on the surface by means of electron beam evaporation. After peeling, an 80 nm thick Al film with a hole array was obtained. Then, a 200 nm thick Al disk array was fabricated on the surface of the Al film using a lift-off process including photolithography and electron beam evaporation. Scanning electron microscopy (SEM) (FEI Company, Hillsboro, OR, USA) was used to measure the geometrical parameters of the pure microhole array structure and the hybrid structure with hole and disk arrays. SEM images of the pure microhole array are shown in Figure 8a, and an enlarged image is shown in Figure 8b after the microhole arrays were fabricated. It can be seen that the diameter and period of the microhole array are 2.2 μm and 2.6 μm, respectively. The Al film thickness was 82 nm, as measured using a step meter (Bruker DektakXT, Bruker Corporation, Billerica, MA, USA). After the metal microdisk structure was made, SEM of the compound structure was carried out, as shown in Figure 8c,d, where the diameter and period of the disk were 1.64 μm and 2.6 μm, respectively, and the height of the disk was 194 nm. Obviously, the fabricated microhole and microdisk are not perfectly shaped circles and also are not the right diameters based on the designed values. In the SEM pictures shown in Figure 8, the white edges on the disks and holes indicate that the fabricated cylindrical structures are surrounded by large slopes, which deviate from the ideal vertical cylindrical structures our simulation required, thus affecting the transmission spectra.



Next, a Nicolet iN10 microscopic infrared spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to measure the transmission spectra of the fabricated structures with and without the microdisk arrays. The measured results for different array periods are shown in Figure 9, where the transmission curves of the hybrid structure, represented in black, are compared with that of the pure metal hole structure, represented in red. It can be seen that there is a significantly enhanced transmission for compound structures from 4 to 6 μm in the mid-infrared band, with peaks at 4.6, 5.1, and 5.5 μm corresponding to periods of 5.2, 5.6, and 5.8 μm, respectively, as compared to that of structures without microdisks. As shown in Figure 9a, the maximum enhancement effect is only carried out at the mid-wave infrared wavelength of 4.7 μm, while the enhancement cannot be carried out for the longwave infrared wavelengths, which is also consistent with the simulation results. So, the enhancement effect of the surface plasmon coupling of microholes and microdisks is experimentally demonstrated. However, the measured spectra exhibited a clear deviation in the transmission peaks and bandwidths from those of the simulation. In order to investigate the reasons for the reduction of transmission, we carried out simulation experiments on three samples according to experimental structural parameters. As shown in Figure 9d,e, it can be seen that under these conditions, the transmission itself does decrease quite a bit. For example, in Figure 9d, compared with our designed hole–disk structure with optimal period of 2.6 μm, due to the deviations in the radius between designed and measured values, the transmission peak is redshifted from designed 3.5 μm to measured 4.0 μm, and the peak transmission reduces from 99% to 45%. However, the metal disk has a great influence on the transmission of the compound hole–disk array. The enhanced effect of the metal disk on the transmission can be clearly seen in the simulation experiments. In those three structures with periods of 5.2, 5.6, and 5.8 μm, the metal disk increases the transmission by 44%, 39%, and 38% respectively. With the corresponding period of these three structures increasing in turn, the corresponding transmission peak will gradually increase as expected. This phenomenon can be seen in both experimental and simulation results. For example, the transmission peak positions in the experimental results gradually increases from 5.1 μm to 6 μm, while the corresponding simulation results gradually increase from 4 μm to 4.4 μm. We believe that the above comparisons can prove the feasibility of metal hole–disk coupled surface plasmon filter in practical detection. In addition, because of the lithography–coating–stripping method used in the preparation process, the metal surface is uneven, which creates a small, jagged residue. Oxidation of the metal aluminum on the surface may also lead to performance deviation to some extent, due to the change in the dielectric constant of the Al metal surface.





3. Conclusions


We proposed a silicon-based Al microhole and microdisk coupling array with an anomalous transmission filter. This hybrid structure of Al holes and disks can specifically transmit infrared light of a certain wavelength in the MLWIR at a very high transmission rate (99.1%) and a small FWHM. The device passes through the microdisk structure on the surface and the thin film of the microhole structure, which is attributed to the surface plasmon coupling between the hole and the disk array. The effect of the coupling enhancement at specific transmission peaks was proven through preliminary experiments. Under different structural parameters and background refractive indices, the near-perfect transmission peak exhibited high tunability and angle independence. We then described how to determine the central wavelength and optimal transmission of the device’s transmitted infrared light. The exceptional transmission filter of the coupled array of microholes and microdisks, which can specifically transmit infrared light, will play a significant role in various optical fields.
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Figure 1. Schematic view of resonance and coupling effect when the incident field impinges on a metal film with hole and/or disk. (a) EOT of metal hole. (b) Excitation of LSPR by metal disk. (c) Enhanced EOT due to the coupling of SPP from metal film with hole array and LSPR from metal disk. (d–f) Cross-sectional distribution of electric field intensities at incident light wavelength of 3.5 μm for hole, disk, and hybrid structures, respectively; when both the hole and disk arrays have periods of 4.88 μm, both the hole and disk have diameters of 1.70 μm, and the thicknesses of the metal film and disk are the same at 0.25 μm. 
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Figure 2. (a) (1) shows a porous metal surface plasmon structure, while (2) shows a metal thin-film structure with Al disk protrusions. These structures are combined to form a near-perfect infrared transmission and angle-insensitive filter for a metallic hole and disk coupling array in (3). (b) Sectional schematic diagram and structural parameters of the device. 
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Figure 3. (a) Schematic view of metal perforated film with disk array. (b) The infrared reflectance spectrum of metal disk array structure. (c) The magnetic field strength of metal disk structure. (d) Schematic view of metal film with hole array. (e) The infrared transmission of metal hole array structure. (f) The magnetic field strength of metal hole structure. (g) Schematic view of metal hole and metal disk coupling structure. (h) Simulated infrared transmission spectrum of coupled metal hole and disk structure. (i) The magnetic field strength of metal hole and disk structure when coupling. 
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Figure 4. (a,b) Transmission spectra of the coupled array as a function of surface height of disk microstructure when fixing metal hole films so that the thickness of the metal hole film is 250 nm, and the period of the hole and disk is 4.88 μm. (c,d) Transmission spectra of the coupled array as a function of radius of disk microstructure. Additionally, the thickness of the metal hole film and the height of the disk are both 250 nm, and the period of the hole and disk remains unchanged. 
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Figure 5. (a) Transmission spectrum of the compound structure as circular microdisks are replaced by square microdisks. (b) Transmission spectrum of the compound structure as the circular microdisks are replaced by triangular microdisks. (c) Transmission spectrum of compound structure with only one microdisk in one cell of the array. 
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Figure 6. Relation between incident light angle and transmission when the device has a metal disk (a) and does not have a metal disk (b). (c) Relation between polarization state and transmission of incident light. (d) The device’s transmission under different periods. 
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Figure 7. (a) Change in transmission of the device under different background index conditions. (b) The resonance wavelength variation for the state of the background refractive index of the object ranging from 1 to 1.38 in 0.04 intervals. 
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Figure 8. (a,b) SEM image of metal hole array. (c,d) SEM image of hybrid hole–disk array. 
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Figure 9. Measured normalized transmission spectra of three compound structures with different array periods compared with their counterparts of pure microhole structures. The three periods are P = 5.2 μm (a), P = 5.6 μm (b), and P = 5.8 μm (c). According to the experimental test results, the same structural parameters are used for simulation. The three periods are P = 5.2 μm (d), P = 5.6 μm (e), and P = 5.8 μm (f). Parameter r represent the radius of microdisk. The thickness of the cavity film is 80 nm and the height of the disk is 200 nm. 
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Table 1. Transmission intensities and linewidths of coupled resonances at optimum structure parameters according to Figure 6d.
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	Resonance wavelength

(μm)
	3.97
	4.58
	5.60
	6.36
	8.59
	10.89



	Parameters

(μm)

P/D/(h1, h2)
	5.6/1.84/0.3
	6.48/1.92/0.35
	7.84/2.16/0.45
	8.96/2.7/0.6
	12.08/3.2/0.8
	15.3/6.4/1.0



	FWHM (nm)
	78
	41
	88
	76
	65
	52



	Tmax
	0.96
	0.93
	0.91
	0.9
	0.92
	0.9










 





Table 2. Comparison of performances of various infrared plasmon resonance sensors proposed in previous publications with that of this work.
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	Principle
	Wavelength

(μm)
	Sensitivity (Max) (μm/RIU)
	FOM

(Max)
	References





	Plasmonic perfect absorber (PA) based on graphene metamaterials
	22.5
	5.6
	10.8
	[41]



	Photonic crystal fiber
	3.4
	9
	/
	[27]



	EOT from two metal nano-slit arrays
	1.8–1.96
	1.435
	80
	[42]



	MIM plasmon absorber
	2.9
	2.44
	84
	[43]



	Coupled Al hole–disk array
	3.5
	3.521
	20
	This work
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 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/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg
Transmission -

e
)
2
oo | TWN
% MR
b R
PN
Wavelength(um) Wavelength(um)
(b) 5o %0
\—=— Wavelength|
o
’E‘osnn 25
£ 4400
2 a0
:
e

‘Background index





media/file4.png





media/file18.png
S
—_—

Normalized Transmission
o

e e e
IS » o
L] L] L]

o
o
L]

Transmission

——P5.2um D2.2um r0.82pm
— P5.2um D2.2um

5 6 7 8
Wavelength(um)

—— P5.2um D2.2pm r0.82um _
— P5.2um D2.2pm

—
O

Normalized Transmission—

Transmission

4 5 6 7
Wavelength(um)

8 9

-
o

(=]

o

o

o

o
w

e 9
- N

o
o
w

P o @

(%)
—

5 6 7 8
Wavelength(um)

w
—_—
*
 —

——— P5.6pym D2.26pum r0.825pm|
—— P5.6pm D2.26um

"4 5 6 7 8
Wavelength(pum)

——

Normalized Transmission

T

(=] —
co o

o
o

o
(V)

o
o

Transmission

=
-9
T

e

5 6 7 8
Wavelength(um)

— P5.8um D2.2um

—— P5.8um D2.2um r0.835um |

4 5

5 6 7
Wavelength(pm)






media/file3.jpg





media/file7.jpg
Transmission

G

— stam
p—y 0.
i E
T H
— 17o0m Zos
— 200m H
e g
— 260m o7
06
T F onm . % W o a0 20
Wavelength(um) Height of rod(nm)
(@™
— sooum
— seoum 095
— um s
— om 7
“ o
s00um g
Sioum £ oss
— o000m &
os0.
075
T F on . E D

Wavelength(um)

Radius of rod(nm)






media/file10.png
—_—
2.

Transmission
=) e ©
[ ] (=, o0

=
=
A

fa—
=]
- i

=
i
2

6

8 10
Wavelength(pum)

12

14

Transmission
=
[ %]

=
=
Il

=
'
1

A
A

4

6 8 10
Wavelength(pm)

12

14

—_—
N
—

Transmission

—
=
'l

=
[+ ]
L

=
(=1
1

=
B
A

=
2
L

=
=
L

6 8 10
Wavelength(pm)

12






media/file19.png





media/file14.png
_—

Q
S
:—l
o

J

o
oo
1

&
o)

Transmission

Background index

4 6 8 10 12 14 4.0

4.5 5.0 5.5
Wavelength(um) Wavelength(um)
(b) 5000 ——————————+—+—+—30
[ =— Wavelength
4800 | —e—TFOM

Wavelength (nm)
N LN I
NN
— =
- <o

I
]
=
o=
T T

4000

3800 F

.10 1.15 1.20 125 130 1.35 140
Background index





media/file11.jpg
O

Transmission

35 36 37 38 39 40 33 34 35 36 37 38 39 40

Wavelength(um) Wavelength(um)
Transmission ()

2o

son (),
2 D=1.70 um 08
g H=025pm E »
: 5

g £ o
E :
H .
0






media/file6.png
Metallic hole and disk
.periodic struct

(b)

1.00004. _———
1 —
0.9999- Re(T) rod
g 0.9998 -
& 0.9997- P =4.88 um
ot | D0
&2 0.9995- =2 p
0.9994-
0.9993 -
0.9992 +— . . : -
4 6 8 10 12 14
Wavelength(pum)
(€)
1.0 —— Re(T) hole
05, P =4.88 um
§ D=1.70 pm
2 0.6- h1=h2 = 0.25 pm (1.0)0.1
£, Wm (1,0)(0,1)
E 0.4
(1,2)(2,1
= 2l (1,2)(2,1)
0.0
4 6 8 10 12 14
Wavelength(pum)
1.0+ ——— Re(T) unitized
0311, P =488 um
8 os D=170um  ( 50,)
8 hl1=h2 = 0.25 pm
g 04
- LD (1,1
& 0.2 '
\
0.04

6 8 10 12 14
Wavelength(um)

H/HD | 91072

1.5x102
1.1x10%?
7.6x10°
3.8x10°

0.0

-1.66 -0.86 0.06 0.74 154 2.34
X (um)

HHO g 0x10°
7.2x107
5.4x10°
3.6x10°
1.8x10°3

0.0

HHO § 75102
1.4x1072
1.0x102
6.8x10°

3.4x10°

0.0

-1.66 -0.86 -0.06 0.74 1.54 234
X (um)





media/file15.jpg





nav.xhtml


  chemosensors-12-00003


  
    		
      chemosensors-12-00003
    


  




  





media/file16.png
18:10:18:18:10.-18 -18 - 18 18 =19 - |&

—~~
O
S





media/file2.png
() . (b) ., (c)
E=E-st+Et Ee

E=E’st+Et

E,surf
A
[EV[E,|
3 19
2 16
~ 1 13
g . 10
N 95
SE P =4 88 um F 7

D=1.70 um " D=1.70 um 4
H=0.25um H=025um . A
-3
1.64 -1.64 -0.82 0.00 0.82 1.64

-1.64 <082 000 082 164 -1.64 -0.82 0.00 0.82
X (um)

X (pum) X (pm)





media/file5.jpg
(@) (b)

N

° @
@ )

i

, Ma-03sm0n

Pessim
D=1

Ky






media/file1.jpg





media/file12.png
—_—
Q
S

1.0
P=488um —_ ..
0.81 D=1.70 pm ——2¢°
= — 5
0k H=025pum —2

Transmission

33 34 35 3.6 37 38 39 40
Wavelength(um)

Transmission

0-0 = L] v L = L] v L - L] v L -
33 34 35 36 37 38 39 40

Wavelength(um)

(c Transmission (d)

D=1.70 um
H=0.25 ym

Transmission

1.0

12 14

6 8 10
Wavelength(pm)





media/file9.jpg
sy

T ey






media/file0.png





media/file8.png
Transmission

g8 10
Wavelength(um)

12

14

4 6

g8 10
Wavelength(um)

12

14

—_
O
—

~~

(@)

~—
L
o

Transmission

Transmission
]
o0

S
L =]
L

e
|
1

i
(=21
i

