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Surface Plasmon Resonances and Local Field Enhancement in Aluminum Nanoparticles Embedded in Silicon Nitride

We investigate the plasmonic response of periodic chains of flat aluminum nanoparticles capped with a transparent protective silicon nitride layer. The elaboration method is based on the nucleation and growth of nanoparticles by physical vapor deposition of Al at glancing incidence on a pre-patterned silicon nitride surface. A detailed structural characterization by transmission electron microscopy evidences a core@shell Al@AlN structure, with an in-plane particle size below 15 nm and a chain periodicity of about 30 nm. The nanoparticle assembly exhibits surface plasmon resonances whose spectral positions depend on the polarization of the electric field with respect to the particle chains, as revealed by absorbance measurements. Near-field calculations highlight the possible overlap between the surface plasmon resonance and the interband transitions of aluminum. The plasmonic behavior of such nanoparticle arrays suggests a potential for polarization-selective near-field enhancement over a broad spectral range.

Introduction

Localized surface plasmons are collective oscillations of conduction electrons in metallic nanoparticles that can be resonantly excited by an external electromagnetic field (EMF).

They manifest themselves as a subwavelength confinement of light, which is responsible for a strong optical absorption and scattering (far field) whereas the EMF intensity is greatly enhanced in the immediate vicinity of the nanoparticles (near field). The wavelength and intensity of the surface plasmon resonance (SPR), which typically falls into the visible region of the electromagnetic spectrum for noble metal nanoparticles (e.g., gold and silver), are extremely sensitive to the size, shape, organization, composition, and dielectric environment of the nanoparticles. [1][2][START_REF] Maier | Plasmonics: Fundamentals and Applications[END_REF] The ability to suitably engineer plasmonic nanostructures has led to a large number of promising applications including, inter alia, thin-film solarcell technologies, [START_REF] Atwater | Plasmonics for improved photovoltaic devices[END_REF] nanoscale optical devices and integrated photonics, [START_REF] Engheta | Circuits with light at nanoscales: optical nanocircuits inspired by metamaterials[END_REF][START_REF] Wang | Coupling localized plasmonic and photonic modes tailors and boosts ultrafast light modulation by gold nanoparticles[END_REF] bio-or chemical sensors, [START_REF] Löfås | Bioanalysis with surface plasmon resonance[END_REF][START_REF] Kaminska | Near-field and far-field sensitivities of LSPR sensors[END_REF] heat nanosources, [START_REF] Baffou | Thermo-plasmonics: using metallic nanostructures as nanosources of heat[END_REF] surface-enhanced fluorescence, [START_REF] Anger | Enhancement and quenching of single-molecule fluorescence[END_REF][START_REF] Fort | Surface enhanced fluorescence[END_REF] and surface-enhanced Ra-man spectroscopy. [START_REF] Khlebtsov | Optical properties and biomedical applications of plasmonic nanoparticles[END_REF][START_REF] Fan | A review on the fabrication of substrates for surface enhanced Raman spectroscopy and their applications in analytical chemistry[END_REF][START_REF] Cialla | Surfaceenhanced Raman spectroscopy (SERS): progress and trends[END_REF] For designing such materials with an optimized optical response, it is therefore of paramount importance to address the influence of different critical parameters. [START_REF] Toudert | Advanced optical effective medium modeling for a single layer of polydisperse ellipsoidal nanoparticles embedded in a homogeneous dielectric medium: Surface plasmon resonances[END_REF] For many years the most significant studies of localized surface plasmons were focused on gold and silver nanoparticles because of the favorable bulk dielectric properties of these metals in the visible and near infrared (NIR) spectral range. 1 However, gold and silver suffer from inherent limitations such as high cost and low abundance in Earth, as well as increased losses arising in part from interband transitions (IT) at wavelengths shorter than 550 nm (2.25 eV) and 350 nm (3.54 eV), respectively. Free-standing silver nanoparticles are, furthermore, plagued by rapid oxidation and sulfurization issues that degrade their plasmonic properties over time. Hence, alternative plasmonic materials have lately received ever-growing attention. [START_REF] West | Searching for better plasmonic materials[END_REF][START_REF] Lalisse | Quantifying the efficiency of plasmonic materials for near-field enhancement and photothermal conversion[END_REF] Amongst the most commonly suggested materials, aluminum plasmonic nanoparticles are currently at the focus of numerous studies. [START_REF] Gérard | Aluminium plasmonics[END_REF] Apart from its cheapness and natural abundance, the advantages of aluminum are substantial both from fundamental and applied points of view: aluminum is characterized by a great amenability to manufacturing processes and compatibility with semiconductor and nanoelectronics technologies; moreover, owing both to its high-energy plasma frequency and the absence of IT in the visible and ultraviolet (UV) ranges, aluminum nanoparticles exhibit SPR that can be tuned over a broad spectral range from the NIR down to the deep UV (below 200 nm) with a strong size and shape dependence of the SPR wavelength. [START_REF] Knight | Aluminum for plasmonics[END_REF][START_REF] Knight | Aluminum plasmonic nanoantennas[END_REF][START_REF] Lecarme | Robust and versatile light absorption at near-infrared wavelengths by plasmonic aluminum nanorods[END_REF][START_REF] Langhammer | Localized surface plasmon resonances in aluminum nanodisks[END_REF][START_REF] Chan | Localized surface plasmon resonance spectroscopy of triangular aluminum nanoparticles[END_REF][START_REF] Ekinci | Plasmon resonances of aluminum nanoparticles and nanorods[END_REF][START_REF] Zorić | platinum, and aluminum nanodisk plasmons: Material independence, subradiance, and damping mechanisms[END_REF][START_REF] Martin | High-resolution imaging and spectroscopy of multipolar plasmonic resonances in aluminum nanoantennas[END_REF][START_REF] Villesen | Aluminum nanoparticles for plasmon-improved coupling of light into silicon[END_REF][START_REF] Gillibert | Plasmonic properties of aluminum nanocylinders in the visible range[END_REF][START_REF] Taguchi | Tailoring plasmon resonances in the deep-ultraviolet by size-tunable fabrication of aluminum nanostructures[END_REF][START_REF] Tan | Plasmonic color palettes for photorealistic printing with aluminum nanostructures[END_REF][START_REF] Goh | Three-dimensional plasmonic stereoscopic prints in full colour[END_REF][START_REF] Hu | Deepultraviolet-blue-light surface plasmon resonance of Al and Al core /Al 2 O 3shell in spherical and cylindrical nanostructures[END_REF][START_REF] Martin | Localized surface plasmon resonances in the ultraviolet from large scale nanostructured aluminum films[END_REF][START_REF] Maidecchi | Deep ultraviolet plasmon resonance in aluminum nanoparticle arrays[END_REF][START_REF] Bisio | Pushing the high-energy limit of plasmonics[END_REF][START_REF] Villesen | Self-assembled Al nanoparticles on Si and fused silica, and their application for Si solar cells[END_REF] Compared to noble metals, these properties makes aluminum an appealing and practical material for UV-plasmonics applications [START_REF] Knight | Aluminum for plasmonics[END_REF][START_REF] Knight | Aluminum plasmonic nanoantennas[END_REF][START_REF] Taguchi | Tailoring plasmon resonances in the deep-ultraviolet by size-tunable fabrication of aluminum nanostructures[END_REF][START_REF] Hu | Deepultraviolet-blue-light surface plasmon resonance of Al and Al core /Al 2 O 3shell in spherical and cylindrical nanostructures[END_REF][START_REF] Martin | Localized surface plasmon resonances in the ultraviolet from large scale nanostructured aluminum films[END_REF][START_REF] Maidecchi | Deep ultraviolet plasmon resonance in aluminum nanoparticle arrays[END_REF][START_REF] Bisio | Pushing the high-energy limit of plasmonics[END_REF] such as, for example, broadband light trapping in thin-film photovoltaic devices. [START_REF] Villesen | Aluminum nanoparticles for plasmon-improved coupling of light into silicon[END_REF][START_REF] Villesen | Self-assembled Al nanoparticles on Si and fused silica, and their application for Si solar cells[END_REF][START_REF] Kochergin | Aluminum plasmonic nanostructures for improved absorption in organic photovoltaic devices[END_REF][START_REF] Zhang | Low cost and high performance Al nanoparticles for broadband light trapping in Si wafer solar cells[END_REF][START_REF] Abdulrahman | Enhanced light trapping and plasmonic properties of aluminum nanorods fabricated by glancing angle deposition[END_REF][START_REF] Bisio | Broadband plasmonic response of self-organized aluminium nanowire arrays[END_REF] It is also worth noting that, despite -or thanks to -its IT around 800 nm (1.55 eV) and high losses in the NIR, aluminum nanoparticles are suggested as a promising alternative for light absorption and near-field enhancement in this spectral region, as well as for designing efficient integrated thermoplasmonic devices. [START_REF] Lalisse | Quantifying the efficiency of plasmonic materials for near-field enhancement and photothermal conversion[END_REF][START_REF] Lecarme | Robust and versatile light absorption at near-infrared wavelengths by plasmonic aluminum nanorods[END_REF][START_REF] Martin | High-resolution imaging and spectroscopy of multipolar plasmonic resonances in aluminum nanoantennas[END_REF][START_REF] Wiecha | Local field enhancement and thermoplasmonics in multimodal aluminum structures[END_REF] Several approaches have been reported to fabricate aluminum plasmonic nanostructures like lithographic methods, [START_REF] Knight | Aluminum for plasmonics[END_REF][START_REF] Knight | Aluminum plasmonic nanoantennas[END_REF][START_REF] Lecarme | Robust and versatile light absorption at near-infrared wavelengths by plasmonic aluminum nanorods[END_REF][START_REF] Langhammer | Localized surface plasmon resonances in aluminum nanodisks[END_REF][START_REF] Chan | Localized surface plasmon resonance spectroscopy of triangular aluminum nanoparticles[END_REF][START_REF] Ekinci | Plasmon resonances of aluminum nanoparticles and nanorods[END_REF][START_REF] Zorić | platinum, and aluminum nanodisk plasmons: Material independence, subradiance, and damping mechanisms[END_REF][START_REF] Martin | High-resolution imaging and spectroscopy of multipolar plasmonic resonances in aluminum nanoantennas[END_REF][START_REF] Villesen | Aluminum nanoparticles for plasmon-improved coupling of light into silicon[END_REF][START_REF] Gillibert | Plasmonic properties of aluminum nanocylinders in the visible range[END_REF][START_REF] Taguchi | Tailoring plasmon resonances in the deep-ultraviolet by size-tunable fabrication of aluminum nanostructures[END_REF][START_REF] Tan | Plasmonic color palettes for photorealistic printing with aluminum nanostructures[END_REF][START_REF] Goh | Three-dimensional plasmonic stereoscopic prints in full colour[END_REF] physical vapor deposition, [START_REF] Martin | Localized surface plasmon resonances in the ultraviolet from large scale nanostructured aluminum films[END_REF][START_REF] Maidecchi | Deep ultraviolet plasmon resonance in aluminum nanoparticle arrays[END_REF][START_REF] Bisio | Pushing the high-energy limit of plasmonics[END_REF][START_REF] Villesen | Self-assembled Al nanoparticles on Si and fused silica, and their application for Si solar cells[END_REF][START_REF] Abdulrahman | Enhanced light trapping and plasmonic properties of aluminum nanorods fabricated by glancing angle deposition[END_REF][START_REF] Bisio | Broadband plasmonic response of self-organized aluminium nanowire arrays[END_REF][START_REF] Anno | Size-dependent change in parallel band absorption of Al particles[END_REF][START_REF] Ray | Aluminum nanostructured films as substrates for enhanced fluorescence in the ultraviolet-blue spectral region[END_REF][START_REF] Zhao | Tailoring plasmon resonances in aluminium nanoparticle arrays fabricated using anodic aluminium oxide[END_REF] cluster beam depo-sition, [START_REF] Wei | Probing plasmon resonances of individual aluminum nanoparticles[END_REF] laser ablation in liquids, [START_REF] Stratakis | Generation of Al nanoparticles via ablation of bulk Al in liquids with short laser pulses[END_REF] and wet-chemical synthesis. [START_REF] Kochergin | Aluminum plasmonic nanostructures for improved absorption in organic photovoltaic devices[END_REF][START_REF] Meziani | Formation and properties of stabilized aluminum nanoparticles[END_REF] However, still to this day, technical challenges make it difficult to achieve the production of ultrafine aluminum nanoparticles (< 20 nm) with controlled morphology and composition. [START_REF] Martin | Fabrication of aluminium nanostructures for plasmonics[END_REF] This is primarily because aluminum easily oxidizes when exposed to air, which can, at best, lead to the formation of a passivating oxide layer that causes a red-shift of the SPR, [START_REF] Knight | Aluminum for plasmonics[END_REF][START_REF] Langhammer | Localized surface plasmon resonances in aluminum nanodisks[END_REF][START_REF] Chan | Localized surface plasmon resonance spectroscopy of triangular aluminum nanoparticles[END_REF][START_REF] Ekinci | Plasmon resonances of aluminum nanoparticles and nanorods[END_REF][START_REF] Taguchi | Tailoring plasmon resonances in the deep-ultraviolet by size-tunable fabrication of aluminum nanostructures[END_REF] and, at worst, dramatically alter the internal particle structure with deleterious consequences for the resulting electronic and plasmonic properties. [START_REF] Nakamura | Hollow oxide formation by oxidation of Al and Cu nanoparticles[END_REF][START_REF] Maidecchi | Electronic structure of core-shell metal/oxide aluminum nanoparticles[END_REF] In this article, we report on the far-field and near-field optical properties of aluminum (Al) plasmonic nanoparticles embedded in silicon nitride (Si 3 N 4 ) thin films. Al nanoparticle arrays with dimensions and gaps below the resolution of lithographic techniques were produced by glancing-angle ion-beam deposition on nanoripple patterns prepared by ion-beam sputtering (IBS) of amorphous Si 3 N 4 surfaces at oblique incidence. [START_REF] Maidecchi | Deep ultraviolet plasmon resonance in aluminum nanoparticle arrays[END_REF][START_REF] Bisio | Pushing the high-energy limit of plasmonics[END_REF][START_REF] Oates | Self-organized metallic nanoparticle and nanowire arrays from ion-sputtered silicon templates[END_REF][START_REF] Camelio | Anisotropic optical properties of silver nanoparticle arrays on rippled dielectric surfaces produced by lowenergy ion erosion[END_REF][START_REF] Babonneau | Tunable plasmonic dichroism of Au nanoparticles self-aligned on rippled Al 2 O 3 thin films[END_REF][START_REF] Camelio | Optimization of growth and ordering of Ag nanoparticle arrays on ripple patterned alumina surfaces for strong plasmonic coupling[END_REF][START_REF] Yazidi | Structure and far-field optical properties of self-organized bimetallic Au x -Ag 1-x nanoparticles embedded in alumina thin films[END_REF][START_REF] Garel | Self-organized ultrathin FePt nanowires produced by glancing-angle ion-beam codeposition on rippled alumina surfaces[END_REF] After metal deposition and prior to exposure to the atmosphere, the nanoparticle arrays were covered with a 20 nmthick Si 3 N 4 capping-layer, thus ensuring optimal protection for the nanoparticles against oxidation. Si 3 N 4 -embedded Al nanoparticles were characterized by transmission electron microscopy (TEM) using direct spatial imaging, diffraction, and spectroscopy. Far-field optical properties were investigated by visible-NIR polarized-light transmission spectroscopy, while finite-difference time-domain (FDTD) calculations were performed to simulate the near-field behavior.

Experimental details

Sample preparation

Self-organized Al nanoparticles embedded in Si 3 N 4 thin films were fabricated in a dual IBS Nordiko™ chamber following a four-step sequence under high vacuum (∼ 6 × 10 -8 mbar base pressure), as described in Ref. 52-56. Amorphous Si 3 N 4 layers totaling up to 280 nm in thickness were first grown at 200 ℃ onto surface-oxidized Si, fused silica substrates and NaCl single crystals. Si 3 N 4 deposition was accomplished at normal incidence and at a rate of 0.047 nm•s -1 , by IBS of a Si 3 N 4 target while carrying out ion assistance by a 50 eV nitrogen ion-beam oriented at 45°with respect to the substrate surface-normal. The as-grown films were smooth (root-mean-square roughness σ rms ≈ 0.3 nm) and were transparent in the visible-NIR region with a refractive index typically of 2.05 at 600 nm (2.07 eV). Ion erosion of Si 3 N 4 surfaces was then carried out at room temperature or at 200 ℃ with a collimated 1 keV Xe + -ion beam produced from a filamentless radio-frequency ion source at a sputtering angle of 55°with respect to the surface normal and a total fluence of about 1.25 × 10 18 ions cm -2 . This led to the formation of periodic patterns consisting of unidirectional ripples oriented in the direction perpendicular to the projection of the ion beam. [START_REF] Camelio | Anisotropic optical properties of silver nanoparticle arrays on rippled dielectric surfaces produced by lowenergy ion erosion[END_REF][START_REF] Babonneau | Quantitative analysis of nanoripple and nanoparticle patterns by grazing incidence small-angle x-ray scattering 3D mapping[END_REF] An example of periodic nanoripple patterns formed by IBS under off-normal incidence of amorphous Si 3 N 4 layers is presented in Fig. 1. The surface topography obtained by atomic force microscopy (AFM) exhibits shallow ripples with a periodicity of about 30 nm and a height ranging from ∼ 2 to 4 nm depending on the temperature. The pre-patterned Si 3 N 4 surfaces were finally used as templates for the self-organized growth of Al nanoparticles followed by the deposition of a 20 nm-thick Si 3 N 4 capping-layer.
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Al was deposited by IBS at a rate of 0.029 nm•s -1 under a glancing incidence of 6°from the mean surface, while the metal flux was oriented perpendicular to the ripples, thus ensuring replication of the lateral order between ripples by shadowing effects. The temperature was kept constant throughout the ion erosion and Al deposition steps, which were immediately followed by a thermal annealing at 200 ℃ for 30 min and by the subsequent deposition of the protective Si 3 N 4 layer at 200 ℃ to prevent contamination and possible evolution of the nanoparticle arrays through exposure to ambient conditions.

Characterization methods

The structure, morphology and spatial distribution of the nanoparticles were analyzed by TEM with a JEOL 2200FS microscope fitted with an in-column Ω-filter and a Schottky field emission gun operated at 200 kV providing an energy resolution close to 0.8 eV. Prior to the observation, free-standing films deposited on NaCl single crystals were transferred onto copper or molybdenum grids after dissolving the substrate in purified water. Direct imaging was carried out from plane views by scanning TEM (STEM) in annular dark-field (ADF) and high-angle ADF (HAADF) modes; the former being sensitive to diffraction contrasts, the latter to the local mass and thickness of the sample. The image sampling was typically set to 0.52 nm per pixel (px) with a probe size of 0.7 nm in order to optimize the signal-tonoise ratio while keeping the spatial resolution required to image nanoparticles. ADF and HAADF signals were acquired simultaneously by using a Gatan Digiscan II system.

The total thickness of the Si 3 N 4 /Al/Si 3 N 4 plane views ranging between ∼ 40±5 nm leads to a strong inelastic scattering of electrons by the sample, detrimental for the detection of phases present in low amount. In order to weaken this inherent inelastic background from the diffraction patterns, and detect the signal of nano-crystallites, energy filtered selected area electron diffraction (EF-SAED) was employed with an energy selection slit around the zero-loss peak ranging between 5 eV and 7 eV. Finally, image series (data cubes) were recorded in the energy filtered TEM (EF-TEM) mode. Data cubes were acquired in the low-losses range (from -5 to 35 eV) with an energy selection slit of 0.5 eV (resp. 1 eV) and an energy sampling of 0.2 eV (resp. 0.5 eV). Images were recorded with a Gatan Ultra-Scan CCD camera (2048 × 2048 px 2 ) using a binning of 4 × 4 to improve the signal-to-noise ratio, leading to a spatial sampling of 0.47 nm per px consistent with the size of the nanoparticles to be analyzed. Such data cubes often suffers from many artefacts such as non-isochromaticity coming from the aberration of the Ω-filter and/or spatial drift resulting from the lack of stability of the sample over the several tens of minutes required to record a single datacube. Thus, when necessary, non-isochromaticity and spatial drift were corrected using the procedure described in Ref. 58. The energy drift was estimated to be less than 2 eV/hour (i.e., the plasmons of Al and Si 3 N 4 arise at the right energy-loss positions with respect to the zero-loss peak). Multiple scattering was then deconvolved by the Fourier-Log method as implemented in Digital Micrograph. [START_REF] Egerton | Electron Energy-Loss Spectroscopy in the Electron Microscope[END_REF] Finally, in order to lower the influence of long range intensity modulations of the background (thickness variations of the Si 3 N 4 matrix) and to enhance the contrast of the nanoparticles, a high-pass filter was applied along the energy-loss axis prior to image segmentation.

The far-field optical response of the samples deposited on fused silica substrates was investigated by means of spectroscopic transmission using a Cary 5000 spectrophotometer from Agilent Technologies equipped with a rotating polarizer. Transmittance measurements were performed at normal incidence (beam diameter ∼ 3 mm) in the spectral range between 250 nm (4.96 eV) and 2200 nm (0.56 eV) with a 1 nm-step using longitudinal ( ) or transverse (⊥) polarization with respect to the ripple direction. In addition to far-field measurements, numerical simulations were performed by FDTD calculations using the FDTD Solutions software purchased from Lumerical. 60 trilayer grown at 200 ℃. As a typical example, the EF-SAED pattern displayed in Fig. 3 is the superposition of two sets of reflections that can be indexed as those of face centeredcubic Al (f cc-Al, Fm 3m space group) and wurtzite AlN (w-AlN, P 6 3 mc space group) nanocrystallites with random orientation. More specifically, it can be observed that AlN exhibits diffraction peaks corresponding to the (100) and (110) crystal planes of w-AlN. However, although the presence of f cc-Al and w-AlN nano-crystallites can be clearly identified, they cannot be spatially located from HAADF-STEM and ADF-STEM images. are preferentially oriented in the direction parallel to the ripples. EF-TEM images were carefully analyzed by digital image processing [START_REF] Camelio | Optimization of growth and ordering of Ag nanoparticle arrays on ripple patterned alumina surfaces for strong plasmonic coupling[END_REF] assuming ellipsoidal nanoparticles with inplane diameters D core and D ⊥ core in the longitunidal and transverse directions, respectively (Table 1). As a result of shadowing effects and inhomogeneous anisotropic coalescence in the zones illuminated by the metal flux during deposition, [START_REF] Garel | Self-organized ultrathin FePt nanowires produced by glancing-angle ion-beam codeposition on rippled alumina surfaces[END_REF] the Al nanoparticles show an average in-plane aspect ratio D core /D ⊥ core ≈ 1.4 (in line with the elongated shapes observed in HAADF-STEM images) with a broader size distribution in the longitudinal direction, as reflected in the standard deviation ratio (σ D core /σ D ⊥ core ≈ 3.5). Clearly, the AlN map acquired at 19.0 ± 0.7 eV [Fig. 4(b)] provides evidence of the formation of a homogeneous nitride shell around the Al cores, with an average thickness of t shell = 3.5 nm in the longitudinal direction and only t ⊥ shell = 0.8 nm in the transverse direction. It is worth noting that experimental results showing that an interfacial AlN thin layer is formed during deposition of Al on Si 3 N 4 have already been reported, which in turn prevents Al to diffuse into Si 3 N 4 . [START_REF] Brener | Formation of an interfacial AlN layer in an Al/Si 3 N 4 thin-film system[END_REF] However, in our case, anisotropic growth of the AlN shell is achieved with t shell > t ⊥ shell , probably due to the presence of small Al nanoparticles into the chains which are completely nitrided and have coalesced with larger nanoparticles. The existence of anisotropic Al@AlN core@shell nanoparticles is also consistent with the Si 3 N 4 map acquired at 24.1 ± 0.7 eV [Fig. 4(c)], which exhibits bright areas located between the Al@AlN-rich regions. Moreover, electron energy-loss spectra corresponding to different probe positions display various features and characteristics [Fig. 4(d)]. Indeed, a low-loss peak centered at ∼ 15 eV (Al bulk plasmon) together with a broader peak centered beyond 20 eV (due to the contribution of both AlN and Si 3 N 4 bulk plasmons) were measured on the nanoparticle cores [blue spectrum in Fig. 4(d)].
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Results and discussion

Al deposition at 200℃

In contrast, a single broad peak was detected in regions outside of the cores [orange and gray spectra in Fig. 4(d)], with the plasmon energy shifting to lower (resp. higher) values in AlN-rich (resp. Si 3 N 4 -rich) regions in accordance with the AlN and Si 3 N 4 bulk plasmon energies. [START_REF] Palisaitis | Effect of strain on low-loss electron energy loss spectra of group-III nitrides[END_REF][START_REF]EELS Data Base[END_REF] Table 1: Morphological parameters retrieved from the careful analysis of EF-TEM images acquired on Si 3 N 4 -capped Al nanoparticles grown on rippled Si 3 N 4 thin films: effective Al thickness (t Al ), temperature during Al deposition (T d ), annealing temperature (T a ), interparticle distance in the longitudinal (Λ ) and transverse (Λ ⊥ ) directions, average in-plane diameter of the Al nanoparticle core in the longitudinal (D core ) and transverse (D ⊥ core ) directions, average thickness of the AlN shell in the longitudinal (t shell ) and transverse (t ⊥ shell ) directions. The numbers in brackets refer to the corresponding standard deviations. 4(1.7) 26.4(0.3) 13.9(6.9) 10.1(1.9) 3.5(1.7) 0.8(0.6) 2.9 25 -27.2(2.2) 26.2(0.3) 14.4(6.8) 9.6(3.3) 1.3(0.9) 0.5(0.4) 2.9 25 300 29.1(5.2) 29.8(0.9) 13.5(8.1) 9.6(3.8) 0.7(0.9) 0.4(0.4) 2.9 25 400 27.7(1.8) 31.0(0.7) 14.5(7.9) 9.1(3.2) 1.8(1.2) 0.9(0.5) , but with an average shell thickness reduced to t shell = 1.3 nm and t ⊥ shell = 0.5 nm in the longitudinal and transverse directions, respectively (Table 1).

t Al T d T a Λ Λ ⊥ D core D ⊥ core t shell t ⊥ shell (nm) (℃) (℃) (nm) (nm) (nm) (nm) (nm) (nm) 4.4 200 - 26.

Al deposition at room temperature

Far-field and near-field optical properties

In Fig. 6(a), the absorbance spectrum of Si 3 N 4 -capped Al nanoparticles grown at room temperature on a rippled Si 3 N 4 thin film (t Al = 2.9 nm) exhibits a strongly dichroic behavior that originates from the anisotropic nanostructure of the sample. Indeed, the Al@AlN core@shell nanoparticles organized in linear chains give rise to different absorption bands depending on the polarization of the incident light with respect to the ripple direction. A strong absorption, readily ascribable to the transverse SPR excitation of the nanoparticles, is found at 462 nm (2.68 eV) for a polarization perpendicular to the ripple direction, while a broad absorption at about 581 nm (2.13 eV) with an additional weak absorption at 912 nm (1.36 eV) are present for a longitudinal polarization. It is worth noting that the optical properties of the sample were stable after 4 months of exposure to atmospheric conditions (see Fig. S2, Supporting Information). In addition, similar plasmonic dichroism has been reported for Ag, Au, and Au x Ag 1-x nanoparticles produced by glancing-angle ion-beam deposition on rippled alumina surfaces, as described in Ref. 52-55. In these papers, we found a red-shifted and broader longitudinal SPR as compared to the transverse one, partly because of a broad size distribution in the longitudinal direction but mainly because of near-field interactions inside the linear chains due to very small interparticle gaps (g = Λ -D core < D core /3). Nevertheless, in the present case, the average interparticle gap is not small enough (g ≈ 0.9D core ) to induce a strong coupling between the Al nanoparticles. The dichroism is therefore most likely associated with the anisotropic shape of the Al nanoparticles (D core /D ⊥ core ≈ 1.5) whereas inhomogeneous broadening of the longitudinal SPR may be primarily due to the broad size distribution (σ D core /D core = 0.47) and irregular shape of the nanoparticles, which contributes to the appearance of multiple surface plasmon modes. [START_REF] Losquin | Experimental evidence of nanometerscale confinement of plasmonic eigenmodes responsible for hot spots in random metallic films[END_REF] Referring to the dielectric function 1 and the dielectric functions shown in Fig. 7. The vertical dotted lines represent the spectral positions of the experimental absorption maxima.
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of Al, as shown in Fig. 7(a), the additional weak absorption at 912 nm may result from the coupling between the longitudinal SPR and the IT of Al near 800 nm (1.55 eV). [START_REF] Lecarme | Robust and versatile light absorption at near-infrared wavelengths by plasmonic aluminum nanorods[END_REF][START_REF] Langhammer | Localized surface plasmon resonances in aluminum nanodisks[END_REF][START_REF] Pakizeh | Optical absorption of plasmonic nanoparticles in presence of a local interband transition[END_REF] Since the transverse SPR is shifted to lower wavelengths (higher energies) compared to the longitudinal mode, the overlap of the IT and the SPR should weaken, as is indeed observed in Fig. 6(a).

The spectral optical properties of Al@AlN core@shell nanoparticle chains embedded in Si 3 N 4 were calculated by FDTD method using the experimental dielectric functions determined from ellipsometric measurements of a 27 nm-thick Al film and a 50 nm-thick Si 3 N 4 film grown by ion-beam deposition at room temperature and at 200 ℃, respectively [Fig. 7(a)].

The dielectric function of the AlN outer shell was estimated from Ref. 69, assuming a refractive index equal to the average of the ordinary and extraordinary indices to take into core , as determined by EF-TEM analysis (Table 1). The values given in Table 1 were also used for fixing the AlN shell thickness (t shell and t ⊥ shell ), while the thickness of the shell in the z direction was assumed to be equal to the one obtained in the transverse direction for simplicity (i.e., t z shell = t ⊥ shell ). Lastly, we used periodic boundary conditions in both the longitudinal and transverse directions, with respective periodicities Λ and Λ ⊥ (Table 1), while perfectly matched layer boundary conditions were applied in the z direction. The height of the Al nanoparticle core, H core , was then adjusted in order to fit the spectral position of the experimental transverse SPR, i.e. λ = 462 nm (2.68 eV). Typically, Fig. 6(b) shows that FDTD calculations carried out by considering a transverse polarization with H core = 2.6 nm yield well-matched experimental and simulated peak positions in the far field. The observed discrepancy between the experimental and simulated data in terms of SPR linewidth can likely be attributed to shortcomings of the optical model, which is based on the simplifying assumption that the periodic array consists of identical ellipsoidal Al nanoparticles forming a perfect network (i.e., no size/shape/position disorder). Nonetheless, the Al nanoparticles appear very flat (pancake-like with an out-of-plane aspect ratio of
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H core / D core D ⊥ core ≈ 0.22)
, which is consistent with the low contrast of the HAADF-STEM images and with earlier studies focused on the growth of Al films on oxide surfaces. [START_REF] Anno | Size-dependent change in parallel band absorption of Al particles[END_REF][START_REF] Lazzari | Polarizability of truncated spheroidal particles supported by a substrate: Model and applications[END_REF] For a longitudinal excitation, the calculated absorption spectrum also correctly reproduces the plasmonic dichroism with the position of the main absorption peak at about λ = 613 nm (2.02 eV) being close to the experimental one. Moreover, a faint shoulder can be noticed in the NIR region beyond 800 nm (1.55 eV). As frequently stated in the literature, the plasmonic response of metallic nanostructures is highly sensitive to small variations in the optical constants of the metal. In the present case, the experimental dielectric function of Al was retrieved from ellipsometric measurements of a polycrystalline Al thin film which may present a high density of grain boundaries that induce a large number of scattering centers for electrons, thus leading to a reduction of their mean free path and to a plasmon damping.

Accordingly, we also performed FDTD calculations using the dielectric function of Al taken from Ref. 68 [Fig. 7(a)], where both the real and imaginary parts exhibit a sharper and more intense peak localized in the region of IT. In this case, the simulated height H core is equal to 1.8 nm (out-of-plane aspect ratio of 0.15) and the emergence of an additional absorption band located at about 885 nm (1.40 eV) is observed in the calculated spectrum in agreement with the experimental data (Fig. 6).

Near-field calculations were also carried out using the tabulated dielectric function of Al given in Ref. 68 intensity calculated in the equatorial plane of the Al nanoparticles (z = 0) for transverse and longitudinal polarizations of the incident light, respectively. As observed in the far field, we can notice that both the SPR excitation of the nanoparticles and the plasmon-excited IT cause a significant increase of the near-field intensity at the Al/AlN interface. Furthermore, in contrast with Al@Al 2 O 3 core@shell nanoparticles deposited on a dielectric substrate, [START_REF] Gutierrez | How an oxide shell affects the ultraviolet plasmonic behavior of Ga, Mg, and Al nanostructures[END_REF] there is no evidence of field discontinuity at the AlN/Si 3 N 4 interface because the dielectric functions of these two materials are similar in the visible-NIR region [Fig. 7(a)]. Nevertheless, the spatial location as well as the spectral positions and intensities of the near-field maxima (commonly known as 'hot spots') are clearly dependent on the polarization. The transverse mode (Fig. 8) displays a near-field enhancement at about 475 nm (2.61 eV), together with a second maximum of lower intensity near 955 nm (1.30 eV). It would thus appear that the overlap of the IT with the SPR is becoming more noticeable in the near field than in the far field for the transverse mode. In comparison, although the interparticle gap is not small enough to induce near-field interactions at the SPR wavelength, the ellipsoidal shape of the particles causes a spectral shift of the SPR to higher wavelengths (lower energies) for a longitudinal excitation (Fig. 9). As a consequence, the overlap between the SPR and the IT of Al (near 800 nm, 1.55 eV) induces a noticeable splitting of the EMF amplification with an intensity maximum in the red part of the spectrum, around λ = 620 nm (2.00 eV), and a second near-field enhancement in the NIR region at about λ = 970 nm (1.28 eV).

Therefore, as described in Ref. 21 and 25, the presence of IT provides an active channel for SPR decay near 800 nm. Within this bimodal profile of the EMF, which is obviously not observed in the optical response of silver or gold nanoparticles, the intensity ratio |E(λ = 970 nm)/E 0 | 2 /|E(λ = 620 nm)/E 0 | 2 is equal to 0.89.

To illustrate the effect of the spectral position of the SPR and its overlap with the IT of Al on the far-field and near-field behavior, we performed FDTD calculations by varying the interparticle gap, g . The simulated near-field and far-field spectral responses considering gaps g = 2D core , g = D core /2, and g = D core /4, respectively, are presented in the Supporting Information (Fig. S3). For comparison, in Fig. 6(b) and 9, it should be recalled that we considered an interparticle gap of g ≈ 0.9D core as determined experimentally by EF-TEM analysis (Table 1). It is well known that the reduction of the gap induces a spectral red-shift of the SPR together with a huge increase of the nearfield intensity at the SPR wavelength. Hence the bimodal shape of the EMF intensity is modified as the interparticle gap is reduced. Specifically, the intensity ratio gradually in- 

Thermal treatments

In order to check the thermal stability of Al@AlN core@shell nanoparticles embedded in Supporting Information] energy losses show that thermal annealing has a negligible impact on the structure and in-plane morphology of the Al@AlN core@shell nanoparticles (see also Table 1), which tends to confirm that the existence of an AlN shell is beneficial for the stability of the Al/Si 3 N 4 interface at moderate temperatures. [START_REF] Brener | Formation of an interfacial AlN layer in an Al/Si 3 N 4 thin-film system[END_REF][START_REF] Avila | Reactivity at the Al/Si 3 N 4 interfaces[END_REF] Fig. 10 shows the evolution of the absorbance spectra collected with longitudinal and transverse polarizations of the incident light, together with the evolution of the transverse SPR position λ ⊥ after cumulative treatments at increasing temperatures. In view of the above findings, the spectral blue-shift of the transverse SPR from λ ⊥ ≈ 462 nm (2.68 eV) to 406 nm (3.05 eV) might be attributed to a slight increase of the out-of-plane aspect ratio of the nanoparticles. Using the tabulated dielectric function taken from Ref. 68 [Fig. 7(a)], this would be consistent with an increase of the nanoparticle height from H core = 1.8 nm (as-grown) to 2.0 and 2.3 nm after annealing at 300 and 400 ℃, respectively. However, besides the morphology of the nanoparticles and their average dimensions, the dielectric properties of the metal and nanoscale surface roughness may play an important role, [START_REF] Yazidi | Structure and far-field optical properties of self-organized bimetallic Au x -Ag 1-x nanoparticles embedded in alumina thin films[END_REF][START_REF] Tinguely | Gold nanoparticles for plasmonic biosensing: The role of metal crystallinity and nanoscale roughness[END_REF][START_REF] Zhang | Reduction of plasmon damping in aluminum nanoparticles with rapid thermal annealing[END_REF] which could affect the accuracy of the modeling and the interpretation of the results. Thus, the blue-shift and narrowing of the transverse and longitudinal absorption bands could also result from thermally-induced changes in the metal crystallinity, number of grain boundaries inside the metal core, and surface roughness of the Al nanoparticles.

Conclusions

In summary, we conducted an experimental and numerical study on the optical properties of ultrafine Al nanoparticles obtained by physical vapor deposition on rippled silicon nitride surfaces. Our results show that the formation of periodic chains of nanoparticles that replicate the in-plane organization of the underlying ripple pattern can be successfully achieved through glancing-angle deposition. EF-TEM and EF-SAED analyses highlight an Al@AlN ;+-)1<45-=7 core@shell structure that originates from the growth of the silicon nitride capping-layer, which in turn provides efficient protection for the nanoparticles against ageing and thermal effects at moderate temperature. From our FDTD calculations, the far-field dichroic behavior of the nanoparticle assembly can be understood as the optical response of very flat ellipsoids whose longitudinal SPR overlaps with the IT of Al. For a longitudinal polarization of the incident light, this interaction is reflected in the decay of the SPR via interband excitations, which induces a decrease in the absorption spectrum as well as in the near-field enhancement around 800 nm (1.55 eV). This results in an apparent splitting of the EMF amplification and in a near-field enhancement both at visible and NIR wavelengths around 580 -620 nm (2.14 -2.00 eV) and 910 -970 nm (1.36 -1.28 eV), respectively. In contrast, for a transverse excitation, the coupling between the SPR -located at about 460 -475 nm (2.70 -2.61 eV)and the IT is strongly reduced, which leads to the emergence of a single absorption band in the far field and to the weakening of the effect of SPR decay on the near-field enhancement in the NIR region. The polarization-dependent plasmonic response of these systems suggests a potential for tunable near-field enhancement in the blue (transverse polarization), in the red or the NIR (longitudinal polarization) regions, which may open up promising opportunities for plasmon-enhanced photovoltaics or thermoplasmonic and sensing applications. 
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Figure 1 :

 1 Figure 1: AFM topographic images of amorphous Si 3 N 4 thin films deposited onto surfaceoxidized Si after 1 keV Xe + -ion exposure (a) at 200 ℃ and (b) at room temperature. Corresponding autocorrelation functions of the images are shown in inset. The projection of the ion-beam direction onto the surface is indicated by the white arrows.

Figure 2 :

 2 Figure 2: (a) HAADF-STEM and (b) ADF-STEM images of Si 3 N 4 -capped Al nanoparticles grown at 200 ℃ on a rippled Si 3 N 4 thin film (t Al = 4.4 nm). Corresponding ACFs of the images are shown in inset and the projection of the Al flux direction onto the surface is indicated by the white arrows. Zoomed areas indicated by the red rectangles are also exhibited (superimposed contour lines are the boundaries of the bright spots obtained from digital processing of the ADF-STEM image).

Fig. 2 Figure 3 :

 23 Fig. 2 shows plane-view HAADF-STEM and ADF-STEM images of a Si 3 N 4 /Al/Si 3 N 4 trilayer resulting from the deposition of an effective Al thickness of t Al = 4.4 nm at 200 ℃. Despite low contrast, arising both from the low Z-value of Al (Z = 13) and from the thinness of the Al deposit, the HAADF-STEM image displayed in Fig. 2(a) clearly reveals the presence ofindividual nanoparticles of irregular shape. However, it is worth noting that the nanoparticles are predominantly elongated and aligned in the direction perpendicular to the Al flux direction (i.e., along the underlying ripples). This is highlighted by the existence of periodic lines in the corresponding autocorrelation function (ACF), which gives a visual impression of the degree of ordering within the nanoparticle array.[START_REF] Camelio | Self-organized growth and optical properties of silver nanoparticle chains and stripes[END_REF] Furthermore, the ACF analysis of the HAADF-STEM image yields a mean distance between nanoparticles in the transverse direction of Λ ⊥ = 35.5 nm, approaching the periodicity of the pre-patterned Si 3 N 4 surface. These findings suggest that the nanoparticle growth proceeds by replication of the rippled

Fig. 4 (

 4 Fig. 4(a)-4(c) present typical EF-TEM images acquired at different energy losses, which roughly correspond to the bulk plasmon energies of Al (∼ 15 eV), AlN (∼ [20 -21] eV depending on the strain state 63 ), and Si 3 N 4 (∼ 23.7 eV 64 ), respectively (for more details refer to the Supporting Information, section I). The Al map acquired at 15.2 ± 0.7 eV [Fig. 4(a)] shows periodic chains of elongated nanoparticles (∼ 11.3 nm in size), which

Figure 4 :

 4 Figure 4: EF-TEM images acquired at (a) [14.5-15.9] eV, (b) [18.3-19.7] eV, and (c) [23.4-24.8] eV energy losses on Si 3 N 4 -capped Al nanoparticles grown at 200 ℃ on a rippled Si 3 N 4 thin film (t Al = 4.4 nm). The superimposed contour lines are the boundaries of the particles obtained by digital image processing. (d) Electron energy-loss spectra corresponding to different probe positions.

  Structure and morphologyA representative EF-SAED pattern together with its corresponding averaged profile obtained from Si 3 N 4 -capped Al nanoparticles grown at room temperature on a rippled Si 3 N 4 thin film (t Al = 2.9 nm) are shown in Fig.5(a)-5(b). In comparison with Fig.3, it can be seen that the diffraction rings corresponding to f cc-Al are broader whereas those corresponding to w-AlN are indistinguishable from the background. These observations suggest that the lower the Al deposition temperature, the smaller are the coherently scattering domains. In other words, the Al deposition temperature strongly affects the size of the nano-crystallites and/or their degree of crystallinity, which may have an impact on the resulting optical properties. Accordingly, after Al deposition at room temperature, elemental analysis by EF-TEM still highlights the presence of irregularly-shaped Al@AlN core@shell nanoparticles with D core /D ⊥ core ≈ 1.5 [Fig.5(c)-5(d)]

Figure 5 :

 5 Figure 5: (a) EF-SAED pattern of Si 3 N 4 -capped Al nanoparticles grown at room temperature on a rippled Si 3 N 4 thin film (t Al = 2.9 nm). (b) Corresponding electron diffraction averaged profile together with the position of the main lines for f cc-Al. 62 EF-TEM images acquired at (c) [15 -16] eV and (d) [17 -18] eV energy losses. The superimposed contour lines are the boundaries of the particles obtained by digital image processing.

Figure 7 :

 7 Figure 7: (a) Real part and imaginary part of the dielectric functions for Al, Si 3 N 4 , and AlN. The data for Al (Palik) and AlN (Özgür) were taken from Ref. 68 and 69, respectively. The data for Al (Homemade) and Si 3 N 4 (Homemade) were experimentally determined from spectroscopic ellipsometry measurements of thin films grown by ion-beam deposition at room temperature and at 200 ℃, respectively. (b) Sketch of the configuration used to perform FDTD calculations for Al@AlN core@shell nanoparticles surrounded by a Si 3 N 4 matrix deposited on a fused silica substrate.

Figure 8 :

 8 Figure 8: (a) Spectral variation of the EMF intensity calculated by FDTD for a transverse along the transverse axis of Si 3 N 4 -capped Al@AlN core@shell nanoparticles grown at room temperature on a rippled Si 3 N 4 thin film (the vertical dotted lines represent the location of the Al/AlN and AlN/Si 3 N 4 interfaces). (b) Map of EMF intensity calculated at a wavelength λ ⊥ = 475 nm (2.61 eV) for a transverse excitation (the dotted lines indicate the dimensions and position of the nanoparticle core and shell at z = 0 nm). (c) EMF intensity calculated at a wavelength λ ⊥ = 475 nm (2.61 eV) for a transverse excitation along the transverse axis of the Al@AlN core@shell nanoparticles. (d) Spectral variation of the EMF intensity calculated for a transverse excitation along the transverse axis of the Al@AlN core@shell nanoparticles at the Al/AlN and AlN/Si 3 N 4 interfaces.

Figure 9 :

 9 Figure9: (a) Spectral variation of the EMF intensity calculated by FDTD for a longitudinal excitation along the longitudinal axis of Si 3 N 4 -capped Al@AlN core@shell nanoparticles grown at room temperature on a rippled Si 3 N 4 thin film (the vertical dotted lines represent the location of the Al/AlN and AlN/Si 3 N 4 interfaces). (b) Map of EMF intensity calculated at a wavelength λ = 620 nm (2.00 eV) for a longitudinal excitation (the dotted lines indicate the dimensions and position of the nanoparticle core and shell at z = 0 nm). (c) EMF intensity calculated at a wavelength λ = 620 nm (2.00 eV) for a longitudinal excitation along the longitudinal axis of the Al@AlN core@shell nanoparticles. (d) Spectral variation of the EMF intensity calculated for a longitudinal excitation along the longitudinal axis of the Al@AlN core@shell nanoparticles at the Al/AlN and AlN/Si 3 N 4 interfaces.

  creases from |E(λ = 970 nm)/E 0 | 2 /|E(λ = 610 nm)/E 0 | 2 = 0.75 for g = 2D core to |E(λ = 980 nm)/E 0 | 2 /|E(λ = 650 nm)/E 0 | 2 = 1.42 for g = D core /4. It is also worth noting that, while the spectral position of the near-field enhancement corresponding to the absorption peak located in the visible red-shifts from λ ≈ 610 nm (2.03 eV) to λ ≈ 650 nm(1.91 eV) when g is decreased from 2D core to D core /4, the spectral position of the near-field NIR enhancement remains almost unchanged at about 970 -980 nm (1.28 -1.27 eV). Therefore, our FDTD calculations reveal that the coupling between the longitudinal SPR and the IT of Al could be tailored, which in turn would offer potential for near-field enhancement in the visible or NIR region.

Si 3 N

 3 4 , cumulative annealing treatments were performed at 200, 300, and 400 ℃ for 1 h under vacuum (∼ 2 × 10 -7 mbar). Obviously, EF-TEM images acquired at 15.5 ± 0.5 eV [Fig. S4(a) and S4(c), Supporting Information] and at 17.5 ± 0.5 eV [Fig. S4(b) and S4(d),

7 5&7Figure 10 :

 710 Figure 10: (a) Experimental absorption spectra with longitudinal and transverse polarizations of the incident light after cumulative annealing treatments at 200, 300, and 400 ℃ for 1 h under vacuum (∼ 2 × 10 -7 mbar) of Si 3 N 4 -capped Al nanoparticles grown at room temperature on a rippled Si 3 N 4 thin film (t Al = 2.9 nm). (b) Thermal evolution of the transverse SPR position, λ ⊥ .
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