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Abstract 

Aperture-based plasmonic nanoantenna design with dual-band resonance obtained in the region very 

close to the green wavelength in the spectrum between 400 nm and 700 nm, which can be used in non-

invasive biological sensing applications in the future, is presented. In this circular aperture-based 

nanoantenna design, the effect of changing the material thickness and dielectric medium parameters on 

the antenna response is investigated. In the nanoantenna design using a double-layer conductive gold 

layer, both of thickness values are reduced to 5 nm. It is observed that this thickness value exhibits a very 

strong transmittance response compared to the thicker gold layer values used in the visible region. In this 

nanoantenna, which exhibits dual band properties at 508 and 551 nm wavelengths, the strongest 

transmittance peaks are obtained for 5 nm thickness of gold, 100 nm thickness of magnesium fluoride and 

the 100 nm radius of the circular aperture. In order to contribute to spectroscopic sensing applications, 

hot spots locations and near field enhancement distribution maps are also examined.  

 

Keywords: Dual-Band Resonances, Nanoantenna, Plasmonics, Metamaterials 

1. Introduction 

Detection of pathogenic molecules such as viruses, bacteria, as well as biological 

molecules such as protein and DNA become the focus of attention after the pandemic. 

Detection of these molecules is important to diagnose the diseases and for the correct 
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treatment phase. Molecule detection applications can be carried out by many methods 

such as PCR and culturing [1-3]. However, existing applications have some 

disadvantages due to reasons such as labeling, cost, time, and the need for experienced 

personnel. For this reason, there is a need for functional detection mechanisms that can 

detect quickly and accurately and do not require expertise. A solution for this problem 

is the plasmonic nanostructures that can be employed for biosensing applications. As 

the light reaches to the metal surface, photons interact with free electrons of the metal 

and create the surface plasmons (SPs) [4,5]. Localized SPs on the surface of metal 

particles, with their ability to trap light at the subwavelength scale, are the main 

physical tool of the plasmonics [6]. The SP resonances of metallic nanostructures 

depend on the refractive index of the surrounding medium [7], the shape and direction 

of the apertures [8,9], the aperture size, and metal thickness [10-13]. By changing these 

dimensions and geometric structure, the system frequency can be tuned to the targeted 

region [14]. Thanks to their unique properties, plasmonic nanoantennas play an 

important role in the ultrasensitive detection of biological and chemical molecules 

[15,16]. 

In this work, a dual-band plasmonic nanoantenna with ultra-thin circular gold layers in 

visible region (VIS) is proposed. The double gold layer, which is used as the conductive 

layer, is analyzed as an ultra-thin film. The frequency responses of this circular shaped 

aperture-based geometry in the VIS range are investigated. The near-field and the far-

field analyzes of this structure are carried-out and the electric field distributions are also 

examined between 400 nm – 700 nm range. 

2. Materials and Methods 

The aperture-based plasmonic nanoantenna array is numerically analyzed by using 

Finite Difference Time Domain (FDTD) method. The effects of the dielectric cladding 

parameters on the transmittance, reflectance, and the electric field distribution are 

numerically investigated. The proposed structure has a 5 nm thick Au layer on a 100 nm 

thick silicon nitride (Si3N4) substrate with 425 nm x 425 nm unit cell periodicities along 

the x- and y-axes. 100 nm thick magnesium fluoride (MgF2) layer is used since MgF2 has 

a low refractive index, it is preferred as a dielectric and the separating layer [17]. The 

refractive index constant of MgF2 and the dispersion data used for the Au layer are 

taken from the references [18,19]. After the top layer is coated with 5 nm Au film, 

circular nano-apertures are formed up to the bottom layer. The structure and 

dimensions of the nanoantenna are shown in Figure 1. 
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Figure 1. Design and dimensions of circular nanoaperture-based nanoantenna structure 

 

The plane wave propagating along the z-axis is used as a source in the simulations. The 

boundaries along the x and y axis are chosen for periodic conditions, while the z axis is 

chosen as perfectly matched layers (PML). The minimum mesh step is 5 nm. The 

nanoantenna response is investigated by increasing the thickness of the layers forming 

the structure. The change in transmittance response is examined by increasing the R 

value, which is the radius of the circular aperture, by 50 nm in the range of 50 nm – 150 

nm. Similarly, the thickness of the MgF2 layer is increased by 50 nm in the range of 50 

nm - 250 nm, and its effect on the transmittance curve is investigated. The thickness of 

Au layer, which is the double-layer conductive layer of the antenna, is applied for 

different values between of thicknesses between 5 and 100 nm. Thus, the VIS region 

behavior of the nanoantenna is evaluated. The transmittance response with the highest 

peak value in the analyzes is obtained for the dimensions R = 200 nm, tMgF2 = 100 nm,  

tAu = 5 nm. 

Additionally, transmittance and reflectance responses of the proposed nanoantenna 

array are investigated via taking the refractive index of the dielectric cladding medium 

as n = 1.37 and n = 1.42. The results of the electric field distribution are shown using 

dual monitors for 508 nm and 551 nm wavelengths. 
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3. Results 

 

 
 

Figure 2. Effects of thickness changes on transmittance response  

(a) Transmittance response change with respect to radius change of circular nanoaperture.  

(b) Transmittance response change according to the thickness change of the MgF2 layer between 50 nm 

and 250 nm. (c) Change of transmittance response with change in thickness of bilayer Au layers. (d) The 

wavelength-dependent variation of the transmittance and reflectance response of the structure designed 

using the data with the highest peak in thickness analysis, R = 200 nm, tMgF2 = 100 nm, tAu = 5 nm 

 

The various frequency responses of the antenna, depending on the geometric 

dimensions of the antenna, the change in Au thickness, and the dielectric cladding 

parameters, are investigated. With this design, frequency optimization can be achieved 

in accordance with the molecule desired to be detected, depending on the size 

associated with dimensions, thickness and dielectric cladding constants. The frequency 

ranges to which this developed plasmonic, aperture-based, circular cross-section 

nanoantenna design is sensitive are shown. The R value, which is the radius of the 

circular aperture, is increased by 50 nm in the range of 50 nm - 150 nm. As a result, it is 

seen in Figure 2.a that the highest peak value is reached at R = 200 nm. Moreover, it is 

observed that it reaches a peak value at a wavelength close to the double band feature 
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and the green wavelength (λ = 550 nm). This resonance value peaked in a region close 

to the band gap covering biological molecules. 

 

According to the analysis carried out by increasing the MgF2 layer thickness by 50 nm in 

the range of 50 nm - 250 nm, it is seen in Figure 2(b) that the transmittance value 

approached 1 for the MgF2 thickness value of 100 nm. It is observed that the Au layers, 

which are the conductive layers of the circular aperture-based nanoantenna, have the 

highest transmittance value in the VIS region range for tAu = 5 nm, according to the 

thickness variations. The behavior of Au in the VIS region deteriorated when the Au 

thickness is increased and its transmittance decreased as shown in Figure 2(c). 

Considering the optimum data obtained as a result of the simulations, when the layer 

thicknesses are tMgF2 = 100 nm, tAu = 5 nm and the radius is R = 200 nm, the reflectance 

and transmittance response of the nanoantenna is shown in Figure 2(d). In the 

reflectance and transmittance curves of the nanoantenna, two peaks are found at 508 

nm and 551 nm wavelengths. 

 

4. Variation of Dielectric Environment Parameters and Electromagnetic Field 

Distributions 

 

To obtain the dependence of the plasmonic resonances on the cladding medium at the 

specific resonant frequencies, it is investigated for correspondence between dielectric 

constant and resonant response [6]. The change of the nanoantenna environment 

depending on the wavelength of the reanalyzed nanoantenna by taking the refractive 

index n = 1.37 and n = 1.42 is shown in Figure 3. 

 
Figure 3. Transmittance and reflectance spectra for the refractive index values of 1.37 and 1.42.  

(R = 200 nm, tMgF2 = 100 nm, tAu = 5 nm) according to dielectric cladding parameters of circular 

nanoaperture 
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Figure 4. For λ = 508 nm. (a) Si3N4 - Au interlayer monitor (b) Au - MgF2 first interlayer monitor. (c) 

MgF2 - Au second interlayer monitor. (d) Electric field distributions in the Au - air second interlayer 

monitor 

 

 
Figure 5. For λ = 551 nm. (a) Si3N4 - Au interlayer monitor (b) Au - MgF2 first interlayer monitor.  

(c) MgF2 - Au second interlayer monitor. (d) Electric field distributions in the Au - air second interlayer 

monitor 
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In spectroscopic sensing applications, the enhancement of the molecular vibrational 

modes strongly depends on the near-field intensity at the hot-spots locations [6]. The 

hot-spots amplify the molecular vibrations of biomolecules, making detection 

efficiently. For this reason, the excess and density of the spots are very important. In 

this context, electric field intensity distribution graphs are shown in Figure 4 and Figure 

5. According to the area distributions, it is seen that the circular section is dense in the 

edge regions and electric dipole moment induces corresponding hot spot localizations. 

5. Discussions and Conclusion 

It is shown that the transmittance results of the circular aperture nanoantenna array 

with a double Au plasmonic layer separated by MgF2 spacer layer depend on the 

thickness of the materials used and the dielectric cladding parameters. The most 

striking change for the results obtained is seen when the Au thickness is analyzed as  

5 nm. As far as we know, it is not investigated before in the literature such a small Au 

layer thickness. Moreover, it is not seen that the response of the nanoantenna in the VIS 

region in the 400 - 700 nm wavelength range is strengthened with such a small Au 

thickness. It is possible to adjust the antenna response to the desired frequency by 

changing the thickness of the layers that make up this aperture-based nanoantenna. 

With this optimization, it is expected to be effective in biological molecule detection 

applications. The MgF2 interlayer inserted between the double Au conductive layer 

provides the near-field plasmon interaction, which supports the capture of incident 

light [11]. There are circular aperture nanoantenna designs similar to this study in the 

literature [20, 21]. While the Au thickness is taken as 100 - 150 nm in other studies, it is 

reduced to 5 nm in the study. In this way, compared to other studies with a single peak, 

two sharp and narrow peaks are obtained at 508 and 551 nm wavelengths in this study. 

In addition, according to the data obtained, results very close to 550 nm, which is the 

green wavelength of biological molecules, are obtained. This is an advantage for the 

nanoantenna designed in this way to be used in biological sensing applications. 
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