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Abstract

:

As a novel type of artificial media created recently, metamaterials demonstrate novel performance and consequently pave the way for potential applications in the area of functional engineering in comparison to the conventional substances. Acoustic metamaterials and plasmonic structures possess a wide variety of exceptional physical features. These include effective negative properties, band gaps, negative refraction, etc. In doing so, the acoustic behaviour of conventional substances is extended. Acoustic metamaterials are considered as the periodic composites with effective parameters that might be engineered with the aim to dramatically control the propagation of supported waves. Homogenization of the system under consideration should be performed to seek the calculation of metamaterial permittivity. The dispersion behaviour of surface waves propagating from the boundary of a nanocomposite composed of semiconductor enclosures that are systematically distributed in a transparent matrix and low-dimensional acoustic metamaterial and constructed by an array of nanowires implanted in a host material are studied. We observed the propagation of surface plasmon polaritons. It is demonstrated that one may dramatically modify the properties of the system by tuning the geometry of inclusions.
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1. Introduction


Over the past few years, interest in creating materials allowing for the control the flow of electromagnetic waves (e.g., light) in exceptional ways has increased dramatically. Novel engineering tools have opened wide avenues to construct artificial materials possessing properties that are not possible in the case of the naturally existing materials. These new designs are possible due to the wide variety of inclusions. Moreover, the novel response appears to be because of their specific interactions with electromagnetic fields. These designs can be scaled down and constructed thanks to nanotechnology.



Hyperbolic metamaterials represent a multi-functional platform providing a fertile ground for the realization of waveguiding, imaging, sensing, quantum, and thermal engineering outside the scope of conventional devices. These novel composites utilize the notion of tuning the fundamental dispersion relation of surface plasmon polaritons aiming to generate exceptional electromagnetic modes with a wide spectrum of applications. The hyperbolic metamaterial can be considered from the perspective of polaritonic crystal.



The unique positioning of nanomaterials bridging atoms and bulk solids, along with their interesting features and potential applications [1] has provided a fertile ground for the growing scientific interest in them. The capability to create such nanoscale-sized materials advances many fields of modern science and technology.



Transparent conductive oxides (TCOs) are of particular interest within the scientific community. These might be utilized as the optional materials for plasmonic applications [2] in the near-infrared region. It should be mentioned that TCOs such as indium tin oxide (ITO) show a wide spectrum of engineerable features [3]. The former is possible via doping and electric bias. The modelling and fulfillment of ultra-compact electro-absorption modulators [4,5,6,7,8], including the application of novel multimode modulator architectures, [9] has profited from the chance of actively switching between two different regimes.



The unique properties of SP-based nanostructures and their applications in waveguides, sources, near-field optics, nonlinear optics, surface enhanced Raman spectroscopy (SERS), data storage, solar cells (or photovoltaic devices), chemical sensors, biosensors, etc. [10,11], have stimulated a tremendous interest in their properties.



Hyperbolic materials belong to a class of uniaxial materials. These are characterized by two different values for permittivity, i.e., parallel and perpendicular to the optical axis [12]. The exceptional wave is characterized by an electric field with components along the optical axis and perpendicular to it. Hyperbolic materials possess a remarkable property. They support propagating waves possessing arbitrary large wave vectors at a finite frequency [13,14,15]. Consequently, the corresponding local density of states is exceptionally large. In doing so, hyperbolic substances open wide avenues for many applications such as superresolution, enhanced spontaneous emission, and large energy density [16].



Based on the frequency range, one may divide sound waves into the types that follow: low frequency, intermediate frequency, and high frequency. Noise has a strong penetrating power and dissipates slowly during propagation. In doing so, it is a challenging task to engineer the sound waves. Hence, it is of particular importance to focus on the investigation of sound waves and vibration control. The investigations of surface waves and plasmonics represent an additional inherent part of nanophotonics. The former provide a fertile ground aiming to lower the length scales and dimensionality of a wide range of electromagnetic phenomena. Not remarkably, nonreciprocity and unidirectional propagation of surface plasmon-polaritons (SPPs) have stimulated a tremendous interest. Magneto-optical nonreciprocity in the transverse Voigt geometry is mostly dealt with in these studies, comprising topological quantum-Hall-effect states. Herein we consider a novel approach allowing for the propagation of SPPs at the acoustic metamaterial interface. It is worthwhile to note that inclusions of the composites are fulfilled by the TCOs, making a stronger case towards implementation the properties of possible devices. It should be mentioned, that in the present work we, deal with the spoof SPPs. Natural SPPs only exist at optical frequencies. To realize SPPs at lower frequencies, spoof SPPs are proposed. In doing so, we end up with the concept of “designer” surface modes.




2. Theoretical Approach


In the frame of the present study, we investigate the plane interface separating a nanocomposite (NC) semi-infinite layer and a hypercrystal that is adjacent to it (Figure 1). It is of particular importance to mention that the surface waves propagate along z axis. It is possible to construct the system under investigation by means of molecular beam epitaxy [17], chemical vapor deposition, atomic layer deposition and sacrificial etching [18]. Nanocomposite is understood as a non-conductive transparent matrix with a permittivity εn. Semiconductor nanoparticles with permittivity εm are regularly distributed in its host material. The dielectric function of the TCO based nanoparticles is of special importance to r the academic community. The topic has become one of significance due to the metal being opaque to light. The parameters of the Drude–Lorentz approach for AZO, GZO, and ITO are obtained from experimental data [2].



We have made an assumption that the size of the inclusions suspended in a dielectric matrix is much smaller than the wavelength and the electromagnetic field penetration depth in the material. It is worthwhile to mention that an effective Maxwell Garnett model can be employed, aiming to characterize the optical parameters of the nanocomposite under consideration. The former approach is possible if the interference impacts of the inclusions are neglected. In this relation, the homogenization of the system should be performed, and the effective dielectric permittivity of the nanocomposite can be expressed as follows:


   ε  n c   =  ε n   [  1 +  f   (  1 − f  )  / 3 +  ε n  /  (   ε m  −  ε n   )     ]   



(1)




where f is the filling factor, i.e., the fraction of nanoparticles in the matrix.



Based on the effective medium approximation, the effective permittivities of the nanowire metamaterial (hypercrystal) can be obtained according to [19]:


   ε ⊥   =  ε d    [     ε m    (  1 + ρ  )  +  ε d    (  1 − ρ  )     ε m    (  1 − ρ  )  +  ε d    (  1 + ρ  )     ]   



(2)






   ε  | |    =  ε m    ρ   +  ε d    (  1 − ρ  )   



(3)







Here, ρ is the metal filling fraction ratio which is defined as:


  ρ =   n a n o w i r e     a r e a   u n i t   c e l l     a r e a    



(4)







The calculation of the metal filling fraction (ρ) taking into account the data sheet of the pore diameter (d) and spacing (h) (Figure 1b). The following equation [20,21] is applied, taking into consideration a perfect hexagonal structure:


  ρ =   π  d 2    2  3   h 2     



(5)







One may attain a surface mode with the propagation constant [22] by evaluating the tangential components of the electric and magnetic fields at the interface.


  β = k    (     (   ε  | |    −  ε  n c    )   ε ⊥    ε  n c      ε ⊥    ε  | |    −  ε  n c  2     )    1 / 2    



(6)







By substituting (1)–(3) in (6), the resulted dispersion relation is as follows:


  β = k    (  −    ε n  b a  (   ε n  a +  ε m  ρ −  ε d   (  ρ − 1  )   )     (   ε n 2   a 2  +    (   ε m  ρ −  ε d   (  ρ − 1  )   )  b    ε d   (  ρ + 1  )  −  ε m   (  ρ − 1  )     )   (   ε d   (  ρ + 1  )  −  ε m   (  ρ − 1  )   )     )    1 / 2    



(7)







  a =  f   f 3  +    ε n     ε n  −  ε m    −  1 3    − 1  ,   b =  (  ρ − 1  )   ε d 2  −  ε m   ε d   (  ρ + 1  )   .




3. Results and Discussions


Herein, the dependencies of the permittivity components of a hypercrystal and nanocomposite upon frequency are modelled aiming to detect the frequency ranges of Dyakonov surface waves (DSWs) and the existence of SPP waves (Figure 2).



In the range the frequency ω||0 the semiconductor-dielectric metamaterial possesses hyperbolic properties. It can be seen from Figure 2, that the propagation of DSW is possible in the case of    ε n  = 2.25  ,    ε d  = 11.8  . It is worthwhile to note that the regime of DSW propagation is possible in the case of    ε  | |   ,    ε  n c   > 0  . Moreover, it is possible to increase the frequency range of DSW existence by changing the nature of inclusions, i.e., by replacing AZO with ITO.



It is of particular interest to analyze two cases, i.e., when    ε n  >  ε d    and    ε d  >  ε n   . The case when    ε n  = 2.25  ,    ε d  = 11.8   is depicted in Figure 3a. It can be observed that dispersion curves in these cases exhibit an exotic behavior in contrary to the conventional surface plasmons propagating at the metal/dielectric interface [23]. The case when    ε n  = 11.8  ,    ε d  = 2.25   is depicted in Figure 3b. By having a glance into the properties of DSW obtained by changing the filling factor of the nanocrystal as displayed in Figure 3a, one may observe that in contrast to the case depicted in Figure 3a, DSW does not propagate if    ε n  = 11.8  ,    ε d  = 2.25   (Figure 3c).



Figure 4 demonstrates the transmission characteristics on frequency for various filling ratios. It can be seen in Figure 4a,c that with the increase of frequency, the imaginary part of β decreases at certain intervals, and the transmission distance increases. The former reveals the reduction of transmission loss with increasing frequency. Figure 4 shows that the filling ratio has a dramatic impact on the transmission characteristics of the SPPs. In this relationship, the realization of dimension-tunable SPPs is enabled. It is worth noting that the results presented in Figure 4a,c are very important for practical application. The increase of the absorption enhancement (imaginary part of the propagation constant) makes a dramatic impact while creating photoconductive antennas with this enhanced performance [24].




4. Conclusions


Thorough theoretical derivation the excellent transmission characteristics of SPPs were analyzed and verified effectively in this paper. The dependence of the transmission characteristics on frequency for different filling ratios was obtained in this paper. Moreover, the possibilities to increase the frequency ranges where DSW can exist have been demonstrated. It has been concluded that with the increase of frequency, the imaginary part of β decreases at certain intervals, and the transmission distance increases. The former reveals the reduction of transmission loss with increasing frequency. The filling ratio has a dramatic impact on the transmission characteristics of SPPs. From this relationship, the realization of dimension tunable SPPs is enabled. This work is of great significance to the further research of optical devices based on SPPs.
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Figure 1. Schematic design under consideration, comprising a semi-infinite hypercrystal (x > 0) and a nanocomposite with semiconductor inclusions (x < 0) (a), metamaterial (hypercrystal) unit cell (b). 
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Figure 2. Relative permittivity components of the nanocomposite and hypercrystal versus frequency. Herein, f = 0.3. (a,b)    ε n  = 11.8  ,    ε d  = 2.25  ; (c,d)    ε n  = 2.25  ,    ε d  = 11.8  . Herein AZO (a,c) and ITO (b,d) inclusions are employed in nanocomposite and hypercrystal. 
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Figure 3. Solution of the wave equation for different filling ratio f: (a,b)—   ε n  = 2.25  ,    ε d  = 11.8  ; (c,d)—   ε n  = 11.8  ,    ε d  = 2.25  . Herein AZO (a,c) and ITO (b,d) inclusions are employed in nanocomposite and hypercrystal. 
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Figure 4. Dependence of transmission characteristics versus frequency for different filling factors: (a,c) the imaginary part of β; (b,d) the propagation length Lp. The case    ε n  = 2.25  ,    ε d  = 11.8  .is presented in (a,b);    ε n  = 11.8  ,    ε d  = 2.25  —(c,d). All of the presented results were obtained for the AZO inclusions. 
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