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Abstract

:

Currently, huge opportunities for the inclusion of new optical devices in our lives have been appearing. There are evident and irrefutable examples for nanoantenna applications. They can be used to improve already developed devices or even be used as the device. In both cases, they can be applied in diverse areas, such as medicine, environment, energy, defense, and communications. A square arrayed metallic nanoantenna composed of circular holes is studied by performing simulations using COMSOL Multiphysics. This article aims to study the influence of the nanoantenna’s metal, silver, gold, copper and aluminum, but also the optical response dependence on the nanoantenna’s periodicity, its thickness, the hole diameter, and the number of holes. It is evidenced that the optical response can be tuned using the structure parameters and by choosing an appropriate material. This tuning will allow developers to fulfil the specifications, since it is proven that the response peak can be deliberately shifted, amplified, or attenuated.
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1. Introduction


Nanoantennas are nano-scaled metallic/plasmonic structures that support optical resonances and, consequently, the concentration and amplification of electromagnetic radiation [1,2,3]. When light is incident on the structure, surface plasmon polaritons can be generated, and their propagation is responsible for the aforementioned concentration and amplification [1,2,4,5,6]. A resonant peak is observable when analyzing the frequency response, varying the incident radiation wavelength/frequency, which is clear evidence of the propagation of those polaritons and the occurrence of the extraordinary optical transmission phenomenon [1,2,3,4,7]. This phenomenon was discovered by Ebbesen in 1998, who previously stated that this phenomenon would be very useful to develop new optical devices [3].



Huge progress in real-time measuring and in vitro sensors is ongoing, due to recent advances in nanotechnology [1,8,9,10,11,12,13,14,15,16]. However, computational methods, as well as the techniques for semiconductors and nanomaterials’ synthesis must be improved in order to allow the progress of nanotechnologies [1,8,9,10,11,12]. Several phenomena have been recently discovered, and they have been used as a basis to achieve different work principles. Sensors based on nanoantennas are a new category in this new paradigm that allow us to develop a miniaturized, standalone, and portable device [1,2,3,8]. The frequency response, mainly the resonant peak, will change regarding external physical or chemical phenomena that occur and interact with the nanostructure [1,7,8,16]. The variation of the structure optical properties, especially the complex dielectric function, with the medium variations, for example temperature, pressure, concentration, and materials, where the structure is immersed, results in spectral changes that can be useful to detect and monitor those variations of the medium [1].



On the other hand, these nanostructures can be also used to improve the capability to manipulate energy [1,5,6,17,18,19]. They can have an important role on the energy production sector, since they can be attached to or integrated in solar cells in order to improve their efficiency, once nanoantennas allow the amplification of electromagnetic radiation [1,17]. In other words, for the same amount of radiation that is incident on the cell, the output power can be higher, because the nanoantenna will amplify the incident radiation before it reaches the active area of the solar cell or even adjust the wavelength of the incident radiation, because the cells’ efficiency depends on the spectral region of the incident radiation. Every component or device that uses electromagnetic energy can be improved using nanoantennas. The devices used for optical communication are no exception, and nanoantennas have allowed us to create new filters or to improve the amplification sensibilities, using a nano-scale device [1,2,7,9,10,11,12,18,19].



This article aims to study these nanostructures’ optical responses, more specifically their parameter and material influence. The parameter influence, such as structure periodicity, hole diameter, structure thickness, or the number of holes, is an important study in order to develop a structure. Currently, the parameter influence on the output optical response is not as accurate as it should be, and consequently, there are no models that allow us to choose the best parameter values to fulfil a list of specifications [1,2,3,4,5,6,7,8,13,14,15,19]. This article aims to research and investigate these models. For four metals immersed in air and for different and independent parameter sweepings, a square arrayed nanoantenna composed of circular holes is tested.




2. Structure


The simulated structure was composed of a metallic array of circular holes immersed in a dielectric medium. The chosen structure was a square arrayed, because although there were already some theoretical studies for structures like this, they presented expressions based on the fact that the complex dielectric function did not vary. In this case, the work region was in the visible and near-infrared spectral regions, where this statement is not completely true [1,3]. Recent studies aimed to search for new models and formulations capable of predicting the dependence of the output optical response with the structure parameters [13,20,21,22,23].



This article presents a study of four different sweeps, as well as four different materials, considering the same simulation environment, inputs, and methods; for example: materials were modeled by the same type of fitting; the boundary conditions were not changed; the measurement conditions and the incident field were kept from the first simulation until the last one. Thus, it was possible to make conclusions about the sweeps’ influence and to compare them, aiming at the search for new models and formulations.



In Figure 1 is shown the simulation environment. An electric field was generated on the top boundary, having a norm of    |  E 0  |  = 1   μ  Vm  − 1     , and its propagation direction was in the opposite z axis direction, being perpendicular to the metal plane. Furthermore, this electric field was defined as    |  E x  |  =  |  E y  |  =  1  2     μ  Vm  − 1      and    |  E z  |  = 0   μ  Vm  − 1     .



The metallic nanoantenna was a 3 × 3 array, forming a square lattice, where the circular holes were filled by the dielectric medium, as shown in Figure 2. In this figure is presented the same structure as presented in Figure 1; however, the structure was flipped, and the bottom dielectric layer was disabled. Thus, it was possible to illustrate the nanoantenna layer, as well as to define the sweep variables graphically. On the other hand, considering this figure, it was observable that the nanoantenna’s holes were filled by the dielectric medium. The nanoantenna had a hole periodicity of    a 0  = 0.5   μ m   , a hole diameter of   d = 150  nm  , and a thickness of   t = 100  nm  . Moreover, the bottom dielectric layer, considering the structure presented in Figure 1, had a thickness of    t  s u b   = 50  nm  . Furthermore, the top dielectric medium had a thickness of   200  nm  ; however, when the nanoantenna thickness was swept, the distance between the electric field generation port, the top boundary, and the rear of the nanoantenna was the same, changing the dielectric thickness.



The main goal of this article is to measure the power intensity associated with the ratio between the generated electric field and the output one,    |  E  E 0   |  2  , for each incident wavelength, regarding a range between   250  nm   and   1200  nm  , using 250 equidistant points. Thus, boundary probes were placed on the structure, analyzing the maximum intensity field: one on the top external boundary, the input, where the electric field was generated, and the other on the bottom, in order to determine the amount of radiation detected in the structure’s output. Even more, all the external boundaries were defined as absorbing, such that there were no reflection.



Air was considered as the dielectric medium, both for the top and bottom layers, including the holes, and the nanoantenna material was to be swept between four metals, silver, gold, copper, and aluminum. The air’s optical properties were modeled by Ciddor’s model, and the metals’ were simulated using Rakic’s Drude–Lorentz fitting [24]. The complex dielectric function for all the materials used is illustrated on Appendix A, considering the aforementioned models. Considering the figures from Appendix A, it is possible to follow the analysis.



Gold and copper have a small imaginary part of their dielectric function along the visible and near-infrared regions, but their interband maximum makes them not good materials to be used in this region, due to the proportional relation between Ohmic losses and the dielectric imaginary part [5,6,24]. Silver has a higher dielectric function imaginary part module, this maximum being the way to diminish its relative value and, consequently, the Ohmic losses [5,6,24]. The aluminum case was pretty different. Aluminum has an almost null dielectric function imaginary part until   500  nm  . After this, its value increases until a maximum located around   800  nm  , making this material the worst one to be used for red and near-infrared region applications and the best one to create gain for the entire visible region [5,6,24]. Gold and copper have very similar complex dielectric functions. They are used for red and near-infrared applications, since they have a transition between the Drude and the interband regimes around 530∼  600  nm  , i.e., 2 ∼2.3 eV [5,6,24]. On the other hand, silver can be better than copper or even gold, in a range between 600∼800 nm. Silver’s transition is bellow   400  nm  , or above 3 eV, making this material suitable to be used in the aforementioned range [5,6,24].



Another analysis that must be done of the materials is their chemical stability, in order to determine if their chemical formula and, consequently, their optical properties will remain the same. Silver and copper are known to be easily corroded materials, because oxides and sulfites can quickly be formed under ambient conditions [5,6]. Some passivation layers will be formed on aluminum, resulting in AlO   3   [5,6]. Gold is an exception, and it is known as a material with an excellent chemical stability [5,6].




3. Parameter Influence


An analysis regarding the parameter sweep was performed using the previously defined air-metal-air structure.



The simulations results were divided per parameter sweep. The first parameter that was analyzed was the periodicity,   a 0  . This sweep considered four different values:   0.3   μ m   ,   0.5   μ m   ,   0.7   μ m   , and   0.9   μ m   . Then, the hole diameter was analyzed; however, considering that the nanostructure periodicity remained constant and equal to   0.5   μ m   , it was important to guarantee that the hole diameter would not be higher than the periodicity. As observed in Figure 2, if this happened, the structure would not be correctly defined. Thus, the hole diameter would vary between   50  nm   and   200  nm  , with a variation step equal to   50  nm  , leading to the extraction of four different results, without reaching half the periodicity. After that, the nanoantenna thickness would be swept, taking three different heights:   50  nm  ,   100  nm  , and   150  nm  . The last parameter evaluated in this section is the number of holes. As the nanoantenna was a square array, six different arrays topologies would be tested, sweeping the number of lines and columns of the array: 3 × 3, 5 × 3, 7 × 3, 7 × 5, 5 × 5, and 7 × 7.



3.1. Periodicity Sweep


The first structure parameter that was swept was its periodicity. The first simulation results are presented in Figure 3, for a silver nanoantenna. It is possible to observe that despite this sweep, the maximum peak remained more or less at the same wavelengths.



On the other hand, it is possible to observe in Figure 3 that the peak intensity value seemed to decrease as the periodicity increased, having reached a maximum intensity peak for    a 0  = 0.3   μ m   , where the output optical response had a gain of approximately 3.33, for an incident wavelength of   807  nm  . Even though, for the worst simulation case in terms of gain, a maximum ratio of 1.31 was achieved, for an incident wavelength of   827  nm  .



After this, a gold nanoantenna was simulated, and its results are illustrated in Figure 4. Here, it is possible to make the same conclusion as was made for the silver simulation set: when the periodicity increased, the peak intensity diminished, and the peak wavelength kept around the same value. In this case, for    a 0  = 0.3   μ m   , the maximum optical gain was 1.28, for an incident wavelength of   918  nm  , and for    a 0  = 0.9   μ m   , the lowest simulated maximum gain was 0.88, for an incident wavelength of   929  nm  . This case,    a 0  = 0.9   μ m   , led already to a response without any gain region; however, the structure allowed the surface plasmon polaritons’ propagation, because it continued to reveal an output resonant spectrum.



Stepping forward to the next case, where a copper nanoantenna was tested, it was quite obvious that its response, presented in Figure 5, was similar to the gold one. However, none of the simulated tests had an optical response with gain. Further tests would allow us to understand that it was possible to have gain regions with a copper nanoantenna. On the other hand, the copper’s behavior seemed to be different from gold and silver, because there was not a linear dependence between the resonant peak and the periodicity. It was not true, for the copper case, that an increase of the structure periodicity led to lower intensity values and, consequently, to a lower maximum peak.



In this simulation set, the maximum achieved gain was around 0.78, which was reached both for    a 0  = 0.3   μ m   , for an incident wavelength of   902  nm  , and for    a 0  = 0.7   μ m   , for an incident wavelength of   914  nm  .



Last, but not the least, the simulation set performed for an aluminum nanoantenna is presented in Figure 6. As previously mentioned, due to a completely different complex dielectric function characteristic, the aluminum response would be different from the one analyzed for the other three materials. The aluminum optical response could be tuned in order to allow only the amplification of the visible and the huge attenuation of the other wavelengths. It was possible to observe that both    a 0  = 0.3   μ m    and    a 0  = 0.5   μ m    allowed having a gain region capable of amplifying almost all of the visible region, reaching maximum gain values around 1.23, for an incident wavelength of   551  nm  , and 1.29, for an incident wavelength of   391  nm  , respectively. Nonetheless, the aluminum optical response for    a 0  = 0.3   μ m    seemed to have a larger gain region.




3.2. Hole Diameter Sweep


The next sweep considered the variation of the hole diameter from   50  nm   to   200  nm  , using a step variation of   50  nm  .



On the silver simulations set, illustrated in Figure 7, it was possible to verify that the maximum peak wavelength varied: as the hole diameter increased, red-shifts occurred. What was also quite impressive was that the minimum region, at wavelengths around   430  nm  , seemed not to change, so that when the hole diameter increased, the peak value increased as well; the peak wavelength was higher, and there was a transition region between the minimum and the maximum intensity peak that became larger and larger. This last conclusion led to the increasing of the gain region.



A gain of 2.77 was obtained for   d = 200  nm  , for an incident wavelength of   960  nm  , and only a ratio of 0.19 was observed for   d = 50  nm  , for an incident wavelength of   502  nm  . In this last situation, the optical response led to an extreme attenuation along all the range.



The same statements could be concluded when analyzing the gold and copper behavior, illustrated respectively in Figure 8 and Figure 9. Once again, it was obvious that both materials had similar behaviors when the hole diameter was swept. However, the copper optical response exhibited lower intensity peaks. For   d = 200  nm  , the gold nanoantenna presented a maximum gain of 1.96, for an incident wavelength of   971  nm  , whereas copper had a response maximum of 1.53, for an incident wavelength of   956  nm  . On the other hand, it was observable that the copper response was more sensitive to the hole diameter sweep. For   d = 50  nm   and   d = 100  nm  , the output electromagnetic field was practically null, due to higher dispersion and Ohmic losses, in almost all the range for the copper nanoantennas, whereas, for the gold optical response, it was still possible to point out the resonant peak. On the other hand, as previously seen and discussed, for   d = 150  nm  , the reference geometry, the gold nanoantenna presented a tiny and narrow gain region in comparison with no gain behavior obtained for copper. In addition, the peak shift was visible for both materials, as when the hole diameter increased, the red-shift occurred.



The aluminum optical response is presented in Figure 10, where it is also possible to verify that the bigger the hole diameter was, the higher the gain would be. Furthermore, the gain region became larger, expanding both spectral sides, i.e., despite it growing more to the red side, it also stretched to the violet side. This characteristic allowed us to tune the desired wavelength range to amplify. The highest gain, 1.75, was obtained for   d = 200  nm  , for an incident wavelength of   651  nm  , and for   d = 50  nm  , the output electromagnetic field was practically null for the simulated band.




3.3. Nanoantenna Thickness Sweep


The nanoantenna thickness sweep is analyzed in this section. Here, it is very important to mention again that the nanoantenna was inside the dielectric medium. This one had a thickness of   200  nm  , so that when the nanoantenna thickness was varied, the air medium thickness was also varied. This is an important statement, because all the conclusions that could be made would continue to be based on the assumption that the distance between the port, where the electromagnetic wave was generated, and the nanoantenna rear, which was in contact with the “substrate”, remained constant.



In Figure 11 is presented the behavior of silver. The less the nanoantenna thickness was, the higher the peak was, and also, the higher the peak wavelength was, then the red-shift occurred. The maximum achieved gain was 2.65 for   t = 50  nm  , for an incident wavelength of   918  nm  .



The same was registered for the gold and copper simulations, presented respectively in Figure 12 and Figure 13. Once again, it was suggested that both characteristic responses were similar, in spite of the sweep, registering a maximum gain of 2.18, for an incident wavelength of   975  nm  , for the gold nanoantenna in comparison with 1.94, for an incident wavelength of   956  nm  , reached with a copper one.



In the aluminum spectrum, presented on Figure 14, it was quite evident that increasing the thickness, a flatter gain region would be created. However, it was also obvious that the intensity maximum would be lower. Thus, it is an important tuning if a flatter region is needed, using other parameters to increase the gain and push this region to a higher intensity peak value. Furthermore, analyzing these curves, they seemed to reveal a blue-shift when the structure thickness became higher.




3.4. Number of Holes Sweep


The last sweep considering air-metal-air interfaces was the variation of the number of holes that composed the nanoantenna. As the nanoantennas had a square lattice, what changed here was its number of lines and columns. For each metal, six different topologies were simulated, considering arrays of 3 × 3, 9 holes, 5 × 3, 15 holes, 7 × 3, 21 holes, 7 × 5, 35 holes, 5 × 5, 25 holes, and 7 × 7, 49 holes. Doing these simulations, several other geometrical aspects were imposed on the nanoantenna, related to its geometry, such as the different positions of the nanoantenna center, in a 3 × 3 array, the center was at the center of a hole, and the possibility to increase the number of adjacent holes, in a 3 × 3 array, only the center one had holes in its front, back, left, right, and all four diagonal directions.



In Figure 15 are presented the silver simulation results, where it is possible to observe that the overall spectrum did not vary greatly. The most visible variation happened on the minimum before the peak, the minimum due to Wood’s anomaly, where its value and shape changed. However, no rule seemed be able to express this variation, since the spectrum shape changed as well.



The gold nanostructure simulation set is presented in Figure 16. Considering these simulations, it was quite impressive that the optical response of the gold nanoantenna did not change when the number of holes was varied. Thus, it was possible to conclude, based on these values, that gold’s optical response was almost independent of the number of holes of a square nanoantenna.



Although gold and copper had similar optical responses, their behavior could be different when the parameters were swept. This parameter sweep allowed us to verify this. Whereas the gold response was almost independent of the number of holes, the copper resonant peak depended on it, as is possible to verify in Figure 17.



In Figure 18, it is possible to visualize the behavior of aluminum for this sweep. Based on this figure, it was possible to conclude that there were not very significant variations in the aluminum optical response.





4. Conclusions


This article aimed to study the parameter and material influence on the optical response of a nanoantenna. Considering the previous simulations, it was quite evident that each metal/plasma led to a different spectrum. Some spectra had a well defined resonant peak, for silver, gold, and copper; however, a flatter region could be reached using aluminum.



Furthermore, it was concluded that the optical response could be tuned by the structure parameters.



The main conclusion from the periodicity sweep was that the maximum intensity peak wavelength did not depend linearly on the periodicity. Considering the values of   0.3   μ m   ,   0.5   μ m   ,   0.7   μ m   , and   0.9   μ m   , there were materials where the peak value decreased as the periodicity increased (silver and gold), and other where no rule seemed to be valid (copper). The aluminum was in another category, because whereas silver, gold, and copper had a well defined peak and bandwidth, working almost as a band-pass filter in this frequency range, aluminum could work as a high-pass filter, for this specific range. Despite that its response analysis could be done focusing on the peak values, it was better to do it by spotlighting the amplification ripple, the response smoothness of the gain region, and the gain/attenuation difference between the gain region and the other wavelengths that must be attenuated. Depending on the application, these specifications could be given, and the structure could be tuned in order to accomplish it.



To summarize the conclusions about the hole diameter sweep, it was concluded that an adjustment done on the hole diameter allowed shifting the output spectrum within a certain wavelength range. Although the intensity peak could decrease greatly when varying the hole diameter, within the subwavelength condition, other parameter behaviors could be used to increase it. For instance, considering independent sweeps, other parameters could be used to increase the peak value, in order to be detectable.



Considering the study about the influence of the nanoantenna thickness, it could be stated that the thicker the nanoantenna was, the lower the maximum intensity peak would be, due to the increasing of the dispersion losses, which were proportional to the propagation length. Associated with this peak decay was a wavelength shift to the violet and ultra-violet region, a blue-shift. Moreover, the aluminum optical response was not, here, an exception; however, in addition to it, the aluminum gain region became flatter, when its thickness increased. This last conclusion had enormous importance, because both the thickness and hole diameter of a aluminum made nanoantenna could be adjusted together to create a flatter gain region, i.e., using the thickness to smooth it and the hole diameter to improve the gain. Further, increasing the hole diameter mainly led to a red-shift, or at least a predominant expansion of the gain region to the red side of the spectrum, whereas the nanoantenna thickness led to a blue-shift, so that the gain region band range could also be adjusted. Nonetheless, this conclusion was stated assuming that the structure parameters and their influence on the optical response were independent, such as tuning more than one parameter, the result being a spectrum that satisfied each independent tuning behavior.



The last conclusion was made based on the results from the number of holes study. These results showed that the gold and the aluminum spectra were almost independent of this sweep, whereas the copper resonant peak value and wavelength had a small variation, and the silver response differed in Wood’s minimum region. When the number of holes increased, the structure dimensions increased as well, so that, based on the last statement, if the manufacturer could not produce devices as small as the ones presented here, on the gold or aluminum structures, the device dimensions could be increased, by increasing the number of holes without having a trade-off in the output response. It is quite important to mention that a 5 × 3 and a 3 × 5 array were the same, because the incident electromagnetic field was orthogonal to the structure screen, and its magnitude was uniformly distributed for the other components. Thus, only one of these situations was presented in the figure. Furthermore, three numbers were used, 3, 5 and 7, in all of their combinations in order to show the optical responses when one and both dimensions, length and width, the x and y directions, were expanded.



These conclusions are very important to design this kind of nanostructure. The performance of some devices such as solar cells, LEDs, LASERs, or photodetectors can be improved using structures such as nanoantennas. Thus, it is quite important to develop studies as the one presented in this article, and even better if the models and equations are formulated and proven. These conclusions allowed us to analyze the influence of these parameters on the output response. In the future, using similar simulation environments, more studies focused on each parameter can be developed in order to determine analytical models for those specific cases, or theoretically analyze the electromagnetic field, in order to develop general equations and models. Having this, the design of these structures and their integration in devices can became easier and more efficient.
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Appendix A


The complex dielectric function for each material is presented on this Appendix. As previously mentioned, the air dielectric function was fitted by Ciddor’s model. This model is available in COMSOL Multiphysics, and the function’s values are also available in [24]. On the other hand, silver, gold, copper, and aluminum are modeled by Rakic’s Drude–Lorentz fitting, also available in both sources. However, in [24], the model of the complex refractive index was presented,   n ¯  , where n is the refractive index and k the extinction factor, as analyzed in Expression (A1), where it is also possible to verify the relation between the complex refractive index and the complex dielectric function. Thus, the dielectric function can be divided into a real,   ϵ ′  , and an imaginary part,   ϵ  ″   . Each of them are also mathematically related to n and k, as presented in Expressions (A2) and (A3).


   ϵ ¯  =  ϵ ′  + j  ϵ  ″   =   n ¯  2  =   ( n + j k )  2   



(A1)






   ϵ ′  =  n 2  −  k 2   



(A2)






   ϵ  ″   = 2 n k  



(A3)







Considering the complex dielectric function model, the air fitting is illustrated in Figure A1, where it is possible to verify that this function has a null imaginary part. In Figure A2, Figure A3, Figure A4, Figure A5, the models for silver, gold copper, and aluminum are presented respectively. These figures allow verifying the analysis done for each material, regarding the expected peak position or output spectrum shape.
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Figure A1. Air complex dielectric function (solid blue line: real part). 






Figure A1. Air complex dielectric function (solid blue line: real part).
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Figure A2. Silver complex dielectric function (solid blue line: real part; dashed red line: imaginary part). 






Figure A2. Silver complex dielectric function (solid blue line: real part; dashed red line: imaginary part).
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Figure A3. Gold complex dielectric function (solid blue line: real part; dashed red line: imaginary part). 






Figure A3. Gold complex dielectric function (solid blue line: real part; dashed red line: imaginary part).
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Figure A4. Copper complex dielectric function (solid blue line: real part; dashed red line: imaginary part). 






Figure A4. Copper complex dielectric function (solid blue line: real part; dashed red line: imaginary part).
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Figure A5. Aluminum complex dielectric function (solid blue line: real part; dashed red line: imaginary part). 






Figure A5. Aluminum complex dielectric function (solid blue line: real part; dashed red line: imaginary part).
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Figure 1. Simulation environment and structure illustration. 
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Figure 2. Structure illustration focusing on the nanoantenna. 
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Figure 3. Periodicity sweep on the silver nanostructure. 
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Figure 4. Periodicity sweep on the gold nanostructure. 
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Figure 5. Periodicity sweep on the copper nanostructure. 
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Figure 6. Periodicity sweep on the aluminum nanostructure. 
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Figure 7. Hole diameter sweep on the silver nanostructure. 
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Figure 8. Hole diameter sweep on the gold nanostructure. 
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Figure 9. Hole diameter sweep on the copper nanostructure. 
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Figure 10. Hole diameter sweep on the aluminum nanostructure. 
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Figure 11. Nanoantenna thickness sweep on the silver nanostructure. 
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Figure 12. Nanoantenna thickness sweep on the gold nanostructure. 
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Figure 13. Nanoantenna thickness sweep on the copper nanostructure. 
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Figure 14. Nanoantenna thickness sweep on the aluminum nanostructure. 
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Figure 15. Sweep of the number of holes that composed the silver nanostructure. 
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Figure 16. Sweep of the number of holes that composed the gold nanostructure. 
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Figure 17. Sweep of the number of holes that composed the copper nanostructure. 
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Figure 18. Sweep of the number of holes that composed the aluminum nanostructure. 
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