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ABSTRACT: High refractive index dielectric nanoantennas are expected to become key elements for nonlinear nano-optics applications due to their large nonlinearities, low energy losses and ability to produce high electric field enhancements in relatively large nanoscale volumes. In this work, we show that the nonlinear response from a high-index dielectric nanoantenna can be significantly improved by adding a metallic component to build metal-dielectric hybrid nanostructures. We demonstrate that the plasmonic resonance of a Au nanoring can boost the anapole mode supported by a Si nanodisk, strongly enhancing the electric field inside the large third-order susceptibility dielectric. As a result, a high third harmonic conversion efficiency, which reaches 0.007% at a third harmonic wavelength of 440 nm, is obtained. In addition, by suitably modifying geometrical parameters of the hybrid nanoantenna, we tune the enhanced third harmonic emission throughout the optical regime. Coupling metallic and dielectric nanoantennas to expand the potential of subwavelength structures opens new paths for efficient nonlinear optical effects in the visible range on the nanoscale.
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Nonlinear optics describes optical phenomena that respond in a nonlinear manner to the strength of an applied electromagnetic field.1 One beneficial nonlinear effect is harmonic generation, currently used in commercial laser equipment by exciting bulk nonlinear crystals with large illumination powers.2 In particular, third harmonic generation (THG), a process that coherently triples the energy of the incident photon, can be induced regardless of the inversion symmetry of the media, in contrast to, for example, the case of second harmonic generation (SHG).1 Interestingly, under appropriate conditions, this nonlinear phenomenon can also be realized on the nanometer scale, becoming a subject of great interest due to its potential applications in (bio)-imaging,3 drug delivery4 and high-efficiency solar cells.5,6 
In the macroscopic scale, third harmonic (TH) conversion efficiencies can be optimized through a phase-matching condition, k3 = 3k(k is the wavenumber, is the frequency of the incident light), which produces a strong constructive interference effect for the generated radiation. However, in the case of subwavelength structures, the typical propagation distance of light is generally insufficient to lead to powerful in-phase interactions. Alternatively, since THG is a third-order optical process with the TH signal increasing with the cube of the electric field intensity, the TH conversion efficiency can also be improved by maximizing the excitation density. In this context, metallic nanoantennas at their plasmonic resonances have been thoroughly investigated due to their ability to highly confine the incident electric field.7–11 Moreover, third-order susceptibilities of metals are among the highest in nature12, enabling, in principle, excellent THG performances. Nevertheless, since the skin depth of conductors is generally small and, hence, electric fields almost do not penetrate inside their volumes, any third-order nonlinear effect from metals results strongly reduced. That is why, to further enhance the THG process, plasmonic nanostructures have been combined with non-metallic nanometer-scaled nonlinear materials. For example, by placing an ITO nanoparticle at the hot spot of a metallic nanodimer, its TH efficiency has been demonstrated to increase by up to six orders of magnitude13–15. But still, the inherent confinement of the electric field by plasmonic nanostructures strongly restricts the amount of nonlinear material that can be excited, highly limiting the overall TH conversion efficiency that can be attained. Moreover, absorption of light by metals is relatively large at typical operation wavelengths in the visible-near infrared range, leading not only to a reduction in the nonlinear performance, but also the generation of undesired heat that may damage the structure or shift the resonance wavelength.16
Recently, nanoantennas made of low-loss high refractive index dielectrics, such as Si, Ge and GaP, have emerged as alternative units in the design of nanophotonic devices, overcoming the heating limitations of plasmonic nanoantennas.17–20 At their Mie resonances, dielectric nanoantennas can highly enhance electric and magnetic fields within or around the dielectric,21–24 enabling intriguing optical effects such as the control of directional scattering25–27 and the excitation of nonradiative anapole modes.28 Moreover, from the generalized Miller’s rule,1 a high refractive index material implies a high third order nonlinear susceptibility medium, making the dielectric nanoantenna a key element for THG processes.29,30 Furthermore, the size of enhanced field regions produced by Mie resonances in dielectric nanoantennas can highly exceed that corresponding to plasmonic modes in metallic nanostructures,29 enabling THG from relatively large volumes, boosting the nonlinear effect. 
However, despite the fact that all-dielectric configurations have, in several cases, highly exceeded plasmonic-based nonlinear performances,31–33 there is still a clear demand for novel strategies that further improve the THG efficiency at nanometer scales. Indeed, while Ge nanostructures have shown conversion efficiency values as large as 0.001% at 550 nm (green) TH wavelength (1650 nm fundamental wavelength),28 this performance cannot be extended to the blue region of the visible spectrum, i.e. to 1300-1400 nm fundamental wavelengths, due to the very high intrinsic absorption of Ge below 1600 nm.34 Moreover, while absorption in Si is negligible in this spectral regime (enabling tunability at blue TH frequencies), its lower refractive index and third-order susceptibility compared to Ge, lead to a clear reduction of maximum possible efficiencies, reaching values of only 0.0001%-0.0002% even when considering complex Si metamaterials.29,31,32,35
In this letter, we reveal that a hybrid structure that combines a metallic and a high-index dielectric nanoparticle can produce efficient THG along all the optical regime (from blue to red wavelengths). The adopted approach, theoretically modelled very recently,36 can boost the electric field enhancement inside a resonant Si nanodisk, placed at the core of a plasmonic Au nanoring (schematic illustration shown in Figure 1(a)), highly improving the nonlinear capabilities of the nanosystem. When exciting the composed structure at the anapole mode, a TH conversion efficiency as high as 0.007% at a TH wavelength of 440 nm is experimentally demonstrated by femtosecond laser pumping. Comparison with the isolated Si and Au nanostructure components further confirms that the high TH intensity in the hybrid is achieved by the coupling between its constituting elements. Finally, by adequately modifying the dimensions of the metal-dielectric nanoantennas, we extend its spectral range of operation to longer wavelengths in the visible light region.

Figure 1. (a) Schematic of the experimental configuration used for THG studies. (b) SEM image of the fabricated hybrid nanoantenna. The Si nanodisk has a diameter D1 = 680 nm with height 
H1 = 155 nm, and the Au nanoring has an inner diameter D21 = 780 nm, outer diameter D22 = 1360 nm and height H2 = 80 nm. The scale bar is 1 m. 
Si/Au (nanodisk/nanoring) hybrid structures were fabricated on a sapphire substrate via electron-beam lithography and reactive-ion etching techniques (see section 1 of Supporting Information for fabrication details). Figure 1(b) shows a scanning electron microscope (SEM) image of the designed hybrid nanoantenna. A 155 nm thick Si nanodisk (680 nm diameter) is surrounded by an 80 nm height Au nanoring (inner diameter of 780 nm, outer diameter of 1360 nm), with a gap of 50 nm in-between to ensure strong coupling.37 We first numerically and experimentally analyze the extinction spectrum of the fabricated samples to explore their linear response. Numerical simulations were conducted using a commercial finite-difference time-domain (FDTD) software (Lumerical) considering linearly polarized plane waves propagating normal to the substrate surface. The experimental extinction spectrum, characterized through Fourier transform infrared (FTIR)  spectroscopy, was obtained by measuring the transmission (T) spectrum of an array of identical 20 x 20 hybrid nanostructures, interspaced by 3.5 m distance to avoid optical coupling between them. Black curves in Figure 2(a) and (b) show the experimental and simulated extinction spectrum of the metal-dielectric nanosystem, respectively, presenting a minimum at around  = 1325 nm. As verified later in the article, this sharp valley in the extinction spectrum indicates the excitation of the anapole mode, whose physical origin has been theoretically attributed to the destructive interference in the far field between the radiation patterns produced by the electric and toroidal dipole modes.28 Note that the minor differences observed between experiment and theory could arise from the small size and shape variations among the different structures composing the measured array. The simulated extinction spectra of the isolated Si disk and Au ring are also shown in Figure S2 in Supporting Information as reference.

Figure 2. (a) Experimental and (b) simulated extinction spectrum of the hybrid nanoantenna (black curves). Experimental extinction values were calculated as 1-T. Red curve in (b) describes the normalized electric field intensity averaged within the Si nanodisk (F).
In order to predict THG capabilities of the hybrid structure, we evaluate its ability to concentrate the electric field inside the dielectric core. To that end, we numerically explore the normalized electric field intensity, averaged within the Si nanodisk, using the following expression:

where V is the volume of the Si nanoparticle, and |E0| the amplitude of the incident electric field. Interestingly, as shown in Figure 2(b),  (red curve) exhibits a sharp peak at the valley of the simulated extinction cross section (black curve). To further analyze the origin of this resonance, we computed its corresponding electric field distribution, shown in Figure 3(a), which revealed the pattern of the anapole mode28,30,33 inside the dielectric, as anticipated. When studying the composing particles separately, we found that the Au nanoring alone produced enhanced field regions mainly at its empty inner core (Figure 3 (b), left panel), enabling strong interaction with the dielectric nanodisk when placed at the geometrical center. Consistent with this, we observed that the electric field enhancement factor (|E|/|E0|), which reached a maximum value of only 2 when considering the bare Si nanoparticle (Figure 3(b), right panel), increased to around 9 for the hybrid nanosystem (Figure 3(a)), demonstrating the magnitude of the metal-dielectric coupling. Furthermore, by confining the electric field inside the Si nanodisk, rather than at the surfaces, undesirable energy losses from the surrounding metal were largely avoided.
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Figure 3. Normalized electric field distribution of the hybrid (a), bare Au nanoring (b, left panel) and isolated Si nanodisk (b, right panel), computed in the XY-plane at 40 nm above the substrate surface, at  = 1325 nm. 
To experimentally analyze the nonlinear THG response from the fabricated samples, we employed a standard optical microscope setup coupled to femtosecond laser excitation, as detailed in Section 3 of Supporting Information.  Figure 4(a) shows the measured TH spectra from the hybrid nanoantenna and its individual (isolated) components when exciting at  = 1320 nm, i.e. at the valley of the extinction spectrum (Figure 2), where the electric field inside the dielectric is predicted to be maximum (Figure 2(b)). In all cases, a single peak at  = 440 nm = (1320 nm)/3 was observed, as numerically predicted. Remarkably, the hybrid structure exhibited a TH intensity 1.6x103 and 3x105 times larger than that of the isolated Si nanodisk, and that of the bare Au nanoring, respectively, demonstrating a strong interaction between its composing parts. The fact that the signal measured from the uncoupled Au nanoring was found to be significantly smaller than that from the individual Si nanodisk, can be understood from the volume of excited nonlinear material. While the bare Si nanodisk enhanced the electric field mainly in its volume, the Au nanoring confined the light inside the empty ring core, inefficiently exciting the high third order susceptibility metal (see Figure 3(b)). 
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Figure 4. (a) THG spectra of the hybrid structure, isolated Si nanodisk and bare Au nanoring measured at  = 1320 nm excitation wavelength and 1 W excitation power. (b) Measured TH power (main figure) and TH conversion efficiency (inset) as a function of pump power. The dashed line in the figure is a fit of the data considering the expected cubic dependence.

To further study nonlinear characteristics of the hybrid nanostructure, we also measured the absolute power of the collected TH emission when varying the excitation power, as shown in Figure 4(b). As observed in the figure, at low excitation powers (below 1.5 W), the TH intensity is found to increase with the cube of the pump power, as evidenced by the linear fit in logarithmic scale, which presents the expected slope equal to 3. However, for larger excitation powers (above 1.5 W), the nanosystem deviated from the predicted trend, possibly due to heating effects induced by the strong illumination power, which would have weakened the nonlinear performance by driving the nanoantenna off resonance.33,38,39 It should be noted here that no physical damage of the structure was observed in the range of powers analyzed. As a consequence, as shown in the inset of Figure 4(b), the TH conversion efficiency, TH, defined as the ratio between emission and excitation powers, presented a saturation behavior, reaching a maximum value of 0.007%. Remarkably, this performance represents the highest TH efficiency reported to date on the nanoscale at optical frequencies, to the best of our knowledge, exceeding by more than one order of magnitude previous reports on Si-based nanoantennas and metamaterials,31,32 and by a factor of 7 the case of the Ge nanodisk excited at a higher-order anapole mode.33 By comparing the nonlinear performance of the hybrid system with that of bulk Si, we calculated the effective third-order nonlinear susceptibility of the hybrid nanoantenna to be (3)Hybrid = 4.96 × 10-9 esu, which is around 1000 times higher than that of bulk silicon40. Moreover, we obtained a penetration depth ( = /4, with k as the extinction coefficient) for the dielectric at 440 nm of ~200 nm, which is larger than the height of the Si disk, allowing effective extraction of TH light from the nanosystem.
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Figure 5. (a) Dependence of the TH spectrum on the excitation wavelength for the three fabricated hybrid nanoantennas at 1 W excitation power, with respective SEM images displayed on top. The sets of curves are normalized to have equal maximum intensity. Each spectrum corresponds to a different fundamental wavelength of triple that of the central TH wavelength. (b) Corresponding spectral dependence of the simulated third power of the normalized electric field intensity averaged within the Si nanodisk.
Finally, in order to expand the spectral range of operation of our system, we appropriately modified geometrical parameters of the nanoantenna to shift the anapole mode resonance to lower frequencies in the near-infrared regime, enabling efficient TH emission at longer wavelengths in the visible range. More details on the various fabricated nanoantennas (geometrical dimensions and extinction spectra) can be found in section 4 of Supporting Information. Figure 5(a) shows the nonlinear response obtained from three different samples (corresponding SEM images on top), including the previously analyzed case, when varying the excitation wavelength at fixed pump power. As it can be observed, when the dimensions of the system were increased, the maximum TH efficiency was achieved at longer wavelengths. This result can be understood from the usual resonance redshift characteristic when increasing particle height or diameter.21,41 In order to theoretically describe this behavior, in Figure 5(b) we plot, for the three different configurations, the spectral dependence of the third power of the normalized electric field intensity averaged within the dielectric (i.e., F3). Noticeably, in all cases, the simulated curves suitably reproduced their corresponding nonlinear experimental results, in consistency with the characteristic of the THG phenomenon as a third-order nonlinear effect. Regarding the measured TH efficiencies, we found that they were within the same order of magnitude for all different frequencies, showing an effective control of the nonlinear emission throughout the visible regime.
In conclusion, we have demonstrated that a hybrid structure consisting of a Si nanodisk and a Au nanoring can generate strong TH emission in the optical range. The anapole mode supported by the dielectric core, boosted by the plasmonic resonance of the surrounding metal nanoparticle, produced high electric field enhancement within the Si nanostructure. As a consequence, the TH conversion efficiency was found to drastically improve due to the coupling between the individual components that define the hybrid, reaching values of up to 0.007%. We have also shown that the optimum emission wavelength can be tuned from the blue to the red region of the visible spectrum by suitably adapting the nanosystem geometrical dimensions. Combining plasmonic nanostructures with resonant high-index dielectric nanoparticles to enhance their field confinement capabilities presents as a key concept for the realization of highly efficient nonlinear optical systems at nanometer scales. 
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