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Abstract

:

We present an optical metasurface with symmetrical individual elements sustaining Fano resonances with high Q-factors. This study combines plane-wave illumination and modal analysis to investigate the resonant behavior that results in a suppression of the forward scattering, and we investigate the role of the lattice constant on the excited multipoles and on the spectral position and Q-factor of the Fano resonances, revealing the nonlocal nature of the resonances. The results show that the intrinsic losses play a crucial role in modulating the resonance amplitude in specific conditions and that the optical behavior of the device is extremely sensitive to the pitch of the metasurface. The findings highlight the importance of near-neighbor interactions to achieve high Q resonances and offer an important tool for the design of spectrally tunable metasurfaces using simple geometries.
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1. Introduction


The ability to engineer light scattering with high efficiency and low losses by patterning dielectric thin films [1] has enabled a number of technological applications ranging from substituting bulk optical devices with flat optical elements to shape the wavefront of light both in the linear [2] and nonlinear [3,4,5] regimes to lasing [6], structural colors [7], sensing [8,9,10], optical modulation [11,12], and quantum optics [13].



The rapidly growing success of dielectric metasurfaces [14,15,16] and the rising interest of private companies toward their potential for the consumer market [17] have fostered an intense effort to design individual subwavelength elements to engineer their scattering properties and tailor their interaction with light [18,19]. Several concepts of metadevices have indeed been proposed in the literature, including actively tunable devices working in different spectral ranges [20,21,22]. Artificial intelligence has also been explored as a tool for designing complicated subwavelength scatterers that exhibit optimized far-field performances [23,24,25]. However, increasing the complexity of the design results in increased costs and efforts for fabrication, which becomes more and more challenging when approaching the visible regime [26,27]. One of the key factors underlying the success of photonic metasurfaces is indeed the possibility to exploit fabrication techniques derived from micro- and nanoelectronics, where the need for cost-effective and large-scale production is crucial and has pushed the research to move from standard lithographic techniques such as electron beam lithography toward deep UV lithography, nanoimprinting, and self-assembling techniques [28].



Optical devices based on a dielectric metasurface may rely on different working principles, and a number of comprehensive reviews can now be found in the literature that describe the different types of metasurfaces [29,30,31,32]. In this work, we discuss the case of a metasurface that sustains Mie resonances in the visible range. According to the Kerker conditions [33], by exciting Mie resonances and eventually combining them, a complete suppression of the forward- or backward-scattered field [34] can be achieved, as well as bound states in a continuum [35,36]. Moreover, the combination of localized multipolar resonances with nonlocal distributed resonances supported by arrays of an individual nanoscatterer enables the excitation of high-Q Fano resonances that can greatly boost the field enhancement over large volumes [37].



In this framework, our work aims at two distinct goals: firstly, we provide an insight on the resonant mechanism of a lattice of dielectric resonators, highlighting the nonlocal nature of the multipolar resonances by analyzing their dependence on the lattice constant. Secondly, we show that a simple and symmetric design can exhibit high-Q Fano resonances and that such Fano resonances are mechanically tunable, for example, by changing the periodicity of the metasurface. Such tunability can also be exploited in a simple strain-sensing scheme with optical readout, and at the end of the paper, we provide the sensitivity and the figure of merit for the proposed strain sensor. In addition to sensing, for the discussed metasurface, we foresee particularly interesting applications in transmitted-light-intensity modulation and spectrally tunable transmission filters. The great advantage of having such a design of an individual nanoscatterer lies in the possibility to use self-assembling approaches such as nanosphere lithography [38,39] or block copolymer technology [40,41,42,43]. Such techniques are scalable and can be used to fabricate metasurfaces over large areas with high throughput, thus reducing the effective cost of metasurface-based optical devices for industrial applications.




2. Materials and Methods


The optical properties of the metasurface were investigated using COMSOL Multiphysics 6.0, with the RF module in the Frequency domain. The simulated structure is sketched in Figure 1a: a square lattice of cylindrical nanopillars of diameter   d = 270   nm, height   h = 540   nm, and complex refractive index taken from [44] and plotted in Figure 1b. We would like to highlight that such values are also achievable with different materials such as diamond, silicon nitride, or high index metallic oxides. The nanopillars lying on a lossless optical glass substrate (  n = 1.51  ) [45] and surrounded by air (  n = 1  ) were illuminated by a plane wave normally impinging on the surface and polarized along x. The complex refractive index of the nanopillars accounted for losses that can be intrinsic or due to random scattering introduced by roughness in real-world applications, while other types of defects that can lead to broadening of the resonances were not taken into account. The free-space wavelength varied from 640 to 700 nm, and for each wavelength, we computed the reflectance, transmittance, absorbance, electric field distribution, and contribution to the scattering cross section of the different multipoles. The Q-factor was calculated by performing modal analysis in COMSOL. The lattice was modeled by applying periodic boundary conditions (Floquet periodicity) along x and y. The simulated domain was decomposed in a mesh with maximum and minimum element sizes of 1/5 and 1/50 of the effective wavelength, respectively. The lattice constant P was varied to investigate the role of the periodicity on the optical response of the metasurface, while the other geometrical parameter was kept fixed.




3. Results


At first, we calculated the transmittance, reflectance, and absorption in the spectral range about the resonance at different values of the lattice constant P (Figure 1c–h).



The plots unveil the existence of Fano resonances sustained by the cylindrical structures resulting in attenuated transmittance at the resonant wavelength. Such resonances were reported in a recent paper in which the ideal case of lossless nanopillars was considered [46]. By including in the model a complex refractive index, we show that absorption within the nanopillar is also enhanced, suggesting that light–matter interaction is boosted within the nanopillars. In detail, as the pitch P approaches the value of 350 nm, the resonance undergoes a redshift and absorption increases up to a value of about   40 %  , while the dip in transmittance is progressively attenuated. At   P = 350   nm, the resonance almost vanishes and the absorption falls below   10 %  . It is worth noticing that such strong variation of the resonance depth is inherently related to the intrinsic losses included in the model, for such behavior was not observed in previous studies where intrinsic losses were neglected [46,47]. By further increasing the pitch, the absorption and the transmittance dip increase again, reaching almost zero transmittance at   P = 380   nm. The resonance observed can be well described by the Fano formula:


  T  ( f )  =     ( Ω + q )  2    ( 1 + q )  2    (  Ω 2  + 1 )    



(1)




where   Ω = 2 ×   f −  f 0   γ    contains the resonance frequency (  f 0  ) and the resonance width ( γ ), and q is the Fano parameter. Notably, the typical asymmetry associated with the Fano resonances and described by the Fano parameter [48,49] changes sign when the pitch crosses the value of 350 nm.



To further investigate the resonant behavior of the metasurface, we expressed the scattered field as a superposition of the field generated by multipolar sources according to the Mie theory [50]:


   C  s c a   t o t a l   =  C  s c a   E D   +  C  s c a   M D   +  C  s c a   E Q   +  C  s c a   M E   + ⋯  



(2)




where the total scattering cross section can be expressed as the sum of contributions of electric and magnetic dipoles (ED, MD) quadrupoles (EQ, MQ), and higher-order multipoles. The individual contribution of each multipole is calculated according to the following expressions, derived in recent papers [51,52]:


      a E   ( l , m )  =     ( − i )   l − 1    k 2  η  O  l m      E 0    [ π  ( 2 l + 1 )  ]   1 / 2           ∫  e  − i m ϕ    [  ψ l   ( k r )  +  ψ l  ′ ′    ( k r )  ]   P l m   ( cos θ )   r ^  ×  J  s c a    ( r )        +    ψ l ′   ( k r )    k r     τ  l m    ( θ )   θ ^  ×  J  s c a    ( r )  − i  π  l m    ( θ )   ϕ ^  ×  J  s c a    ( r )    d 3  r     



(3)






      a M   ( l , m )  =     ( − i )   l + 1    k 2  η  O  l m      E 0    [ π  ( 2 l + 1 )  ]   1 / 2     ∫  e  − i m ϕ    j l   ( k r )   i  π  l m    ( θ )   θ ^  ×  J  s c a    ( r )  +  τ  l m    ( θ )   ϕ ^  ×  J  s c a    ( r )    d 3  r     



(4)




where    J  s c a    ( r )  = − i ω  ϵ  ( r )  −  ϵ h   E  ( r )    is the scattering current density as a function of permittivity the of surrounding host medium (  ϵ h  ) and total scattered field (  E ( r )  ).



The multipolar expansion analysis reveals that the strongest contribution to the scattering cross section comes from MD and EQ resonances and that their relative spectral position and intensity change by changing the lattice constant (Figure 2). In detail, Figure 2a shows that at   P = 330   nm, the dip in transmittance corresponds to an enhancement of the total scattering cross section, which is due to an enhancement of all the multipolar resonances, with a dominant contribution of the EQ resonance that accounts for about   50 %   of the total scattering cross section, and a relevant contribution from the MD resonances, whose relative weight is about   25 %  . The ED and MQ resonances are enhanced as well, but their contribution to the scattering cross section is weaker, below   15 %  . By increasing the lattice constant to   P = 340   nm (Figure 2b), we observe a redshift of the resonant modes together with a narrowing of the lineshapes. In addition, the relative intensity of EQ and MD changes, and the two contributions account for   48 %   and   28 %  , respectively. The trend is confirmed by increasing the lattice constant to   P = 350   nm (Figure 2c). Here, the EQ contribution falls to   40 %   and the MD contribution rises to   30 %  , and increasing P by an additional 10 nm (Figure 2d) results in an almost equal contribution of EQ and MD to the total scattering cross section, and by further increasing the lattice constant (Figure 2e–f), the MD resonance contribution becomes dominant.



The role of the different multipolar resonances can be appreciated by looking at the field patterns within the nanopillars. The false-color maps on the top row in Figure 3 report the absolute value of the electric field distribution normalized with respect to the incident field for three representative values of P, namely, 330, 350 and 380 nm, while the normalized black arrows indicate the orientation of the electric field. The bottom row shows a sketch of the virtual multipoles excited within the pillar, where the transparency of the lines indicating the field direction has been adjusted to highlight the relative contribution of the individual multipolar resonance. The field is extracted along the   x y   plane at the center of the pillar at the resonant wavelength. At   P = 330   nm, the field distribution shows two main lobes along the pillar corresponding to two out-of-phase dipoles constituting the EQ. Two weaker electric field loops in the upper and lower parts of the pillar can be identified by looking at the black arrows. At 350 nm, the field enhancement is greatly reduced, although the EQ is still visible. The attenuation corresponds to a weaker effect on the transmittance described above. At   P = 380   nm, the two electric field loops originating the MD resonance are more clearly visible, while the field associated with the EQ resonance vanishes.



The effect of the lattice constant on the resonances can be addressed also by looking at the dependence of the Q-factor on P. It is well known that a collective response of the metasurface, with a spatially distributed mode over a large volume, can lead to a high Q resonance [53]. Figure 4a reports the Q factor calculated for the six values of the lattice constant P analyzed. Notably, we observe that the Q-factor peaks at a value of about 1400 for   P = 350   nm, at which both the effect on the transmittance (Figure 2) and the field enhancement (Figure 3) are rather weak.



Besides the relative intensity variation of the multipolar resonances, by varying the lattice constant, a relative shift of the spectral position can be appreciated in Figure 2. To better estimate it, we reported in Figure 4b the difference between the relative scattering cross section of the EQ and MD resonances in the wavelength range near the resonance.



At   P = 330   nm, the lineshape is positive and symmetrical, indicating a spectral superposition of the two resonances with a prevalence of the EQ resonance. By increasing P to 340 nm, the lineshape becomes narrower (the Q-factor increases) and more asymmetric, which is even more visible at   P = 350   nm, where the lineshape shows a negative peak at shorter wavelengths and a positive peak at larger wavelengths, meaning that the MD resonance undergoes a smaller redshift with respect to the EQ resonance. The different relative redshift is confirmed by further increasing the lattice constant P, and the spectral separation of the two modes becomes clearer, while the lineshape broadens.



The influence of the lattice parameter on the Fano resonances discussed in this paper can also be exploited in a sensing scheme, as the spectral position of the resonance is strongly affected by the distance between the pillars. In Figure 5, we report the resonant wavelength as a function of the lattice constant. The yellow vertical error bar in the graph indicates the FWHM for each point. By interpolating the data with a linear fit, we find a sensitivity, defined as   S =   Δ λ ( nm )   Δ P ( nm )   = 0.71 .   The sensing performances of the proposed metasurface can be compared to similar systems by looking at the FOM, defined as the sensitivity divided by the FWHM of the resonance [54]:


  F O M =  S  Δ λ ( nm )    



(5)







Figure 5 on the right axis reports the FOM as a function of the pitch. The FOM peaks at   1.7    nm  − 1     when   P = 350   nm, that is, where the Q-factor is maximum, and drops at a minimum value (in the wavelength range considered) of   0.2    nm  − 1    .




4. Discussion and Conclusions


This paper reports a numerical analysis of the optical behavior of an all-dielectric metasurface based on a square lattice of cylindrical nanopillars. The resonant behavior results in a strong suppression of the forward scattering associated with the excitation of different multipolar resonances according to the Kerker conditions. We analyzed in detail the dependence of the resonant condition on the lattice constant, which affects the spectral position, the lineshape, and the Q-factor of the resonances, revealing the collective response of the metasurface.



The reported result can be compared to a recent paper, where the case of ideal lossless nanopillars was considered [46], to highlight the role of the intrinsic losses. At the resonant condition, we indeed observe a strong enhancement of the absorption, especially for lower Q-factors, suggesting that light–matter interaction can be boosted within the nanopillars, which is crucial for many applications including nonlinear optics. Notably, intrinsic losses also have a dramatic effect when the Q-factor is maximized and the resonance lineshape approaches a symmetric condition: here, the resonance almost vanishes in the transmission spectrum, as does the field intensity within the nanopillars, while a reasonably high Q-factor is kept. Interestingly, such strong light intensity modulation can therefore be achieved either by modulating the pitch or by modulating the intrinsic losses.



By expanding the scattered field in a linear combination of the field scattered by electric and magnetic multipoles, we highlighted the preeminent role of MD and EQ resonances and how their relative spectral position and intensity affect the lineshape and Q-factor of the resonance. Interestingly, we found that forward-scattering suppression is greatly attenuated when the Q-factor is maximized, and the metasurface becomes almost perfectly transparent. Such an effect can also be interpreted in terms of the field distribution, where at   P = 350   nm the local field is strongly attenuated as if destructive interference occurs within the nanopillar. The lattice parameter indeed has an impact on the field distributions, which change from a single loop at lower values of the lattice constant to a double loop at higher values. The strong tunability of the transmittance shown by the structure can be exploited for light-intensity optomechanical modulators by applying mechanical strain if the structure is fabricated on an elastic support [55,56]. The structural parameter changes and the related spectral shift induced can also be exploited in an optical sensing scheme, where white-light illumination can be employed to monitor the resonance shift. The sensitivity found for the proposed metasurface is 0.71 nm of resonant wavelength shift per nm of pitch variation, while the FOM is between a minimum of 0.2 and a maximum of   1.7    nm  − 1    . Such values and the Q-factor can be compared to other similar structures reported in [57].



We underline that the structure under investigation shows a strong resonant behavior with a Q-factor as high as 1400 despite the simplicity of the geometry of the individual nanoscatterer, which enables the use of self-assembling fabrication techniques for a scalable and cost-effective fabrication of a metasurface based photonic devices [58].
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Figure 1. (a) Three-dimensional schematic of the simulated metasurface. (b) Real (blue) and imaginary (red) part of the refractive index used for the nanopillars. (c–h) Graphs showing transmission (blue line), reflection (green line), and absorption (red line) as functions of wavelength for the metasurface, with pitches ranging from 330 nm to 380 nm. 
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Figure 2. (a–f) Relative intensity of contributions from different multipolar resonances, including the electric dipole (ED), magnetic dipole (MD), electric quadrupole (EQ), and magnetic quadrupole (MQ), as well as the total sum of all contributions (TOT), assessed over a range of pitch values from 330 nm to 380 nm. On the left axis, the transmittance profile (T) is reported in red for the reader’s convenience. 
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Figure 3. (a–c) Norm of the electric field intensity on the XZ plane, passing through the center of a pillar and one of its near neighbors. The black arrows indicate the orientation of the electric field component on the XZ plane. The electric field was evaluated for pillars with three different pitches P, (a) 330 nm, (b) 350 nm, and (c) 380 nm, and at their corresponding resonant wavelengths  λ , (a) 656 nm, (b) 669 nm, and (c) 692 nm. (d–f) Schematic representation of the multipole displacement within the pillars. Dipoles with more intense coloring indicate a higher contribution for that specific combination of pitch and wavelength ( λ ). 
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Figure 4. (a) Quality factors of the resonances for pillars with pitches ranging from 300 nm to 380 nm. (b) Difference in the scattering cross sections of the electric quadrupole (EQ) and magnetic dipole (MD) for the corresponding pitches (blue line). The red dashed line highlights the zero value. 
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Figure 5. Resonance wavelength variation with the pitch of the metasurface (blue dashed line). The error bars indicate the full width at half maximum (FWHM) of the resonances (blue solid lines). Figure of Merit (red solid circles) evaluated for varying pitches. 
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