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Abstract:

 In this contribution, we review and discuss our recent results on the design of optical scattering cancellation devices based on an array of plasmonic nanoparticles. Starting from two different analytical models available to describe its electromagnetic behavior, we show that a properly designed array of plasmonic nanoparticles behaves both as an epsilon-near-zero metamaterial and as a reactive metasurface and, therefore, can be successfully used to reduce the optical scattering of a subwavelength object. Three different typologies of nanoparticle arrays are analyzed: spherical, core-shell, and ellipsoidal nanoparticles. We prove, both theoretically and through full-wave simulations, that such nanostructures can be successfully used as a cloaking device at ultraviolet and optical frequencies.
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1. Introduction

Electromagnetic cloaking is undoubtedly one of the most interesting and appealing applications of metamaterials and metasurfaces. With the term cloaking we usually refer to the techniques able to reduce the overall scattering and absorption of an object within a desired range of frequencies. Over the last ten years, several techniques, based on different physical principles, have been proposed [1,2,3,4,5,6,7]. Among these techniques, the one known as scattering cancellation is particularly interesting because its operation does not rely on the isolation of the hidden object from the external electromagnetic field. This peculiar property allows the design of conceptually new devices that are having a dramatic impact in both sensor and antenna systems [8,9,10,11,12,13].

The working principle of a scattering cancellation device is very intuitive. Basically, the object to hide is covered by a conformal cloak designed in such way that, when illuminated by an external wave, it scatters a field having the same amplitude but opposite phase with respect to the one due to the object. The destructive interference between the two scattered fields is responsible for a dramatic reduction of the object visibility.

The scattering cancellation effect described above can be achieved using two different kinds of covers, a volumetric cloak exhibiting a negative or near-zero value of its electric permittivity [5] or an ultrathin surface patterned on a subwavelength scale [6]. In the last few years, these two techniques, named plasmonic and mantle cloaking, respectively, have been thoroughly developed at microwave frequencies, due to the possibility to design both epsilon-near-zero (ENZ) metamaterials and purely reactive metasurfaces. In particular, mantle cloaking is characterized by a straightforward design and an easy realization, relying on cheap and light microwave metasurfaces exhibiting a desired value of their intrinsic surface reactance [14,15,16].

In contrast, the design of a scattering cancellation device at optical frequencies is not an easy task. Due to the absence of natural materials whose plasma frequency lies in the visible range, the implementation of the required ENZ materials has been first proposed by using alternating layers of plasmonic and non-plasmonic materials [17]. Though this solution represents the first attempt to implement scattering cancellation cloaks working in the visible, it is far from being ready for a possible practical implementation, due to the use of few-atom thick layers of noble metals. As an alternative route to solve the issue, our, and other, groups have explored the use of a mixture of plasmonic nanoparticles (NPs), leading to working cloaks in UV [18,19,20].

Starting from the mentioned results, we have further explored other possible designs in order to bring the operation frequency of the cloak down to the visible spectrum. The first design is based on proper arrangements of core-shell NPs, resulted in a lower operative frequency of the cloak down to the blue region of the visible [21,22]. More recently [23], instead, we have exploited an innovative metasurface model to design engineered NP arrays capable to meet the mantle cloaking requirements within the whole visible range.

In this paper, we review our latest findings on the characterization and design of NP-based scattering cancellation devices working at optical frequencies. In particular, in Section 2, we present an accurate theoretical model of a NP array using two different theories: a volumetric one, based on the Maxwell-Garnett homogenization of the electric permittivity, and a bi-dimensional one based on the average surface reactance concept. In Section 3, we present the results of the full-wave simulations of the NP arrays used as optical cloaking devices. The numerical results are in excellent agreement with the theoretical ones, confirming the accuracy of the proposed analytical models.



2. Analytical Models

In this section, we describe two different analytical models to describe the electromagnetic behavior of a NP array. The first one is an approximate technique based on the effective medium approach [24], whereas the second one is based on a 2D analytical model that recently appeared in the literature [25,26].


2.1. Volumetric Homogenization

Let us consider the square array shown in Figure 1a, composed by electrically small NPs separated by a distance d and embedded in a dielectric matrix with a lossless permittivity εh. According to the Maxwell-Garnett homogenization [24], for a non-dense array [27], the homogenized permittivity εeff is given by:

Figure 1. (a) Array of spherical plasmonic NPs. (b) Effective relative permittivity of different arrays of spherical silver NPs embedded in air.
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being n the density of the dipole moments in the mixture and α the polarizability of a single NP whose expression is strongly dependent on the NP shape. It is worth remarking that, even though a metal-dielectric mixture composed by a single layer of metallic particles cannot rigorously be treated as a 3D composite, a good agreement between the homogenized Equation (1) and the full-wave simulations has been obtained [18,19,20,21,22]. This means that the 3D volumetric model represents, indeed, a good starting point for the cloak design, which can be further refined with a numerical optimization.


We first consider the case of spherical bulk NPs, whose polarizability is equal to [24]:
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(2)




being εNP the permittivity of the material composing the NPs and V the volume of the sphere. By replacing Equation (2) in Equation (1) we get a closed-form expression of the effective permittivity of the NP mixture where f = nV is the mixture filling factor.
According to the plasmonic cloaking approach [5], in order to achieve an optical scattering cancellation effect we need to design a cover whose effective relative permittivity is close to zero within the visible range. It is easy to understand that, for this purpose, the choice of the plasmonic materials composing the NPs is of paramount relevance. Natural materials exhibiting the closest plasma frequency to the visible spectrum are the noble metals, such as gold and silver [28,29]. However, due to the inter-band transitions and the related significant losses in the violet/near-UV region that characterize the electric behavior of gold, silver is generally considered as the best choice for the design of a scattering cancellation device.

After the choice of the plasmonic material composing the NPs, it is possible to estimate the array effective permittivity. In Figure 1b, we report the values returned by Equation (1) as a function of frequency for different values of the array filling factor f. Here, the bulk data [29] have been used to characterize silver. As can be appreciated, in all the cases the mixture exhibits a significantly lower plasma frequency compared to the bulk silver (i.e., ωp = 9.17 eV). This is the reason why a similar design has been successfully used in [18,19] to design and realize a plasmonic cover working in the near UV around 900 THz. Please note that the ENZ region exhibited by the effective medium is quite far from the resonance. This is a non-trivial observation, since the model validity around the resonance is doubtful [27] and, moreover, this also ensures a minimum of the imaginary part of the mixture effective permittivity.

The results shown above, however, prove that a mixture of spherical NPs is not able to return an ENZ behavior within the optical spectrum. Therefore, it is important to investigate the behavior of different configurations of NPs to further lower the effective plasma frequency of the NP array. In particular, in [21] and [23], we have explored the electromagnetic behavior of core-shell and ellipsoidal NPs, respectively. As shown in the inset of Figure 2, a core-shell NP consists of a dielectric core, with radius r2 and permittivity ε2, and a plasmonic shell with radius r1 and permittivity ε1. Once [image: there is no content] is defined, the polarizability of a core-shell NP can be expressed as [21]:

Figure 2. Effective relative permittivity of different arrays of core-shell NPs composed by a silver shell and a silica core embedded in a dielectric matrix with permittivity εh. Please note that the last example refers to an array of core-shell NPs in a silica matrix (εh = 2.137).
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If we consider an anisotropic geometry, as the ellipsoidal one shown in the inset of Figure 3, the NP polarizability becomes a tensorial quantity. In order to cloak an electrically small object, we are mainly interested in the polarizability along the major axis of the ellipsoid, whose expression is equal to [30]:

Figure 3. Effective relative permittivity of an array of silver ellipsoidal NPs for different values of the NP eccentricity e.
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being L the depolarization factor depending on the NP eccentricity. Equations (3) and (4) in combination with Equation (1) allow calculating the effective permittivity of both an array of core-shell and ellipsoidal NPs.
The effective permittivities of these two array configurations are shown in Figure 2 and Figure 3, respectively. As can be appreciated, the core-shell structure is able to lower the effective plasma frequency of the array compared to the bulk spherical NP arrays. Moreover, if the NPs array is embedded in a silica matrix, the ENZ frequency range reaches the violet region of the optical spectrum, as in [21]. The ellipsoidal NPs, instead, allow achieving a plasma frequency ranging within the whole visible range and, therefore, can be considered as one of the first realistic implementations of an ENZ artificial material working at optical frequencies [23]. Please note that, in all the cases reported in Figure 1, Figure 2 and Figure 3, the imaginary part of the effective permittivity exhibits a minimum within the near-zero region, ensuring the proper operation of these structures when used as cloaking devices.







2.2. Metasurface Homogenization

We consider again the square array shown in Figure 1. Due to the electrically small size and separation distance among the NPs, it is possible to characterize the array through a bi-dimensional model describing the electromagnetic behavior of the array in terms of an average surface reactance [25,26]. This model has proven to be more accurate than the volumetric one described in the previous Subsection that does not rigorously meet the conditions of the volumetric homogenization [23].

According to the metasurface model developed in [25], the average surface reactance Xs exhibited by an array of NPs is equal to:
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(5)




being β the interaction constant among the NPs and k the wavenumber of the host medium. Using the approximate closed-form expression of β for a normally incident plane-wave [31] and the NP polarizabilities (2–4) it is possible to compute the average surface reactance exhibited by the array of spherical, core-shell, and ellipsoidal NPs, respectively. Please note that, for analytical reasons, we use here a lossless Drude model to Equation (5), as in [23]. This choice does not affect the validity of the achieved results since a rigorous lossy model will be anyway used in the full-wave simulations described in the next section.


In Figure 4, we show the average surface reactance analytical values Equation (5) exhibited by the three different typologies of NP arrays described above within the visible spectrum. These values are compared to the ideal surface reactance values required by the mantle cloaking approach for a dielectric cylinder [6], for example:

Figure 4. Average surface reactance exhibited by an array of spherical NPs (continuous line), core-shell NPs (dashed line), and ellipsoidal NPs (dash-dotted line).
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being εr the relative permittivity of the cylinder and γ the ratio between the radius of the cylinder a and the one of the cover ac. Due to the small value of the relative permittivity of dielectrics at optical frequencies, the required cloak needs exhibiting a strong inductive reactance, as shown in Figure 4 (dot-dashed line), where we have fixed γ = 0.83 and a = λ0/10. As can be appreciated in the same plot, the three different NP arrays described in the previous Subsection are able to meet the mantle cloaking requirements in different frequency ranges. In particular, spherical bulk, core-shell, and ellipsoidal NPs are strongly inductive in the near-UV, higher optical, and optical region, respectively. These results confirm the ones of the previous Subsection, obtained through a different homogenization model, and the ones recently appeared in literature [18,19,20,21,22,23].



3. Full-Wave Simulations

In the previous section, we have proven that an optical scattering cancellation effect can be achieved using an array of both core-shell and ellipsoidal NPs. However, while the core-shell array operation is limited to the higher optical spectrum, the ellipsoidal ones allow the design of covers operating within the entire optical range. Moreover, as it will be clear soon, the ellipsoidal NP array also exhibits significantly better cloaking performances compared to the core-shell ones.

In fact, before implementing the designed structures in a full-wave simulator, it is important to make some observations about the electromagnetic model used to describe the plasmonic materials composing the NPs. In the 3D homogenization model described in the previous Section, we have used the measured data taken from [29]. Since the characteristic dimensions of a NP are generally smaller than the silver free mean path, the measured bulk permittivity may underestimate the material losses that have an important influence on the cover cloaking performance. An accurate modeling of the electromagnetic behavior of silver, therefore, is highly required. For this purpose, we use here a size-corrected Lorentz-Drude dielectric function that takes into account the additional losses provided by the surface dispersion effects. Silver permittivity, thus, can be expressed as follows [32]:
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with [image: there is no content] (the description of the other parameters can be found in [32]). The term γ is the damping constant of the material and consists of two terms, γm that is the term describing the dispersion of electrons by the ions and γs(r) takes into account the surface dispersion effects. For a spherical NP, it is easy to prove that [32,33,34]:
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being vf the Fermi velocity of the plasmonic material, r the radius of the NP, and A a correction term needed to interpolate the experimental data [35].
It is now easy to understand why the ellipsoidal NPs are the best candidate to realize an optical cloak. Since the additional losses due to the surface dispersion effects are inversely proportional to the NP dimensions, as evident in Equation (8), to achieve high performances it is important to design a cloak composed by NPs with non-critical size. As an example, in Figure 5 we show the comparison between the bulk silver permittivity (taken from [29]) and the value returned by Equations (7) and (8) for a NP with radius r = 5 nm. A significant increase of losses can be observed. In particular, the imaginary part of the NP silver permittivity ranges from five times bigger (400 THz) to two times bigger (750 THz) than in the bulk case. As can be inferred from the legend of Figure 4, a very small shell of silver would be required to reach an inductive surface reactance in the optical spectrum (r2 – r1 = 4 nm). Conversely, the ellipsoidal NP arrays are composed by NPs elongated in the direction of the applied electric field and, therefore, the additional losses in the maximum scattering direction are kept very small with a consequent improvement in the overall cloaking performance.

Figure 5. Comparison between the silver bulk permittivity and the one obtained with the size-corrected model Equations (7) and (8) for NPs with radius r = 5 nm.
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To verify these theoretical observations, we have implemented Equation (7) into a 3D full-wave simulator. Since ellipsoidal NPs are considered, an anisotropic effective permittivity taking into account the different mean free paths of the silver electrons along the three coordinate axes have been used. By exploiting the metasurface model developed in the previous section, we have designed three different ellipsoidal NP cloaks able to return a scattering cancellation effect for an infinitely long silica cylinder with permittivity εr = 2.137 within the red, green, and violet regions, respectively. The geometrical dimensions of the three cloaks, shown in the insets of Figure 6, Figure 7 and Figure 8, are: (i) rx = ry = 4 nm, rz = 28 nm, d = 60 nm, Ncolumn = 14; (ii) rx = ry = 5 nm, rz = 24 nm, d = 55 nm, Ncolumn = 12; (iii) rx = ry = 6 nm, rz = 20 nm, d = 45 nm, Ncolumn = 8, respectively. The radius of each cylinder to hide is r = λ0/10, being λ0 the cloaking design wavelength. Please note that, as expected, the eccentricity of the NPs reduces as the cloaking frequency increases. As a limit case, if a scattering cancellation in the UV range were desired, spherical NPs with eccentricity e = 0 would be required.

Figure 6. Scattering cross section (SCS) and extinction cross section (ECS) of the first coated cylinder compared to the one of uncloaked cylinder.
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Figure 7. Scattering cross section (SCS) and extinction cross section (ECS) of the second coated cylinder compared to the one of uncloaked cylinder.
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Figure 8. Scattering cross section (SCS) and extinction cross section (ECS) of the third coated cylinder compared to the one of uncloaked cylinder.
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The results of the full-wave simulations are shown in Figure 6, Figure 7 and Figure 8, respectively, for both the total scattering cross section (SCS) and the extinction cross section (ECS). Since the dominant scattering contribution of a subwavelength cylinder is the one due to the TM polarization [6], an external plane wave with the electric field parallel to the axis of the cylinder has been used to excite the structure. In excellent agreement with the theoretical modeling, the designed cloaks result in a dramatic SCS reduction, quantifiable in about 12 dB, around 450, 600, and 750 THz, respectively. Please note that the SCS reduction shown in the plot is the most significant indication of the object total scattering since it is formally defined as the integral of the radar cross section (RCS) of the object all around the object itself [36]. Moreover, it is interesting to note that the total ECS, defined as the sum of the scattering and the absorption cross sections, is not increased in none of the three cases. This means that the SCS reduction returned by the cloaks is able to compensate the unavoidable increase in the absorption due to losses affecting the plasmonic NPs. We remark that this effect is mainly due to the elongated shape of the NPs, which significantly limits the surface dispersion effect Equation (8) compared to the spherical or the core-shell NPs.





Finally, in Figure 9 and Figure 10, we report the 3D SCS of the silica cylinder and the magnitude of the y-component of electric field in a plane perpendicular to the axis of the cylinder both in the uncloaked and cloaked case at 600 THz. The second cloak described above has been used for this comparison. As can be appreciated, the scattering cancellation effect returned by the cloak allows a reduction of the object scattering all around the cloaked object and to almost perfectly restore the planar phase front of the electric field around the cylinder. Please note also the different shape of the 3D scattering pattern in the two cases of Figure 9, due to the fact that the zero-th scattering mode excited by the cylinder has been almost totally suppressed by the cloak [5].

Figure 9. 3D scattering cross section (SCS) of the second cylinder both in the uncloaked (left) and cloaked case (right). Please note the different plot scale.
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Figure 10. Magnitude of the y-component of the electric field on a plane perpendicular to the axis of the cylinder and passing for its center both in the uncloaked (left) and cloaked case (right).
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4. Conclusions

In this paper, we have reviewed our latest results on the design of optical scattering cancellation devices. First, we have discussed and compared two different analytical models commonly used to characterize the electromagnetic behavior of the NP array. The first one is based on a Clausius-Mosotti effective medium approximation whereas the second one is a bi-dimensional model able to describe a NP array in terms of its intrinsic surface reactance. These models allowed us to theoretically demonstrate that the NP array are suitable for the realization of a scattering cancellation based cloak working at optical or UV frequencies. In particular, we have demonstrated that ellipsoidal NPs represent a good candidate to implement a cloak working in the visible. Finally, using a dielectric function able to rigorously characterize electrically small silver NPs, we have confirmed the effectiveness of the two analytical models through a proper set of full-wave simulations.
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