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Differential reflectivity spectroscopy on single patch nanoantennas

We present an experimental technique adapted to characterize individual metallic nanostructure in terms of differential reflectivity spectroscopy. We analyze gold patch nanoantennas holding different morphological properties. Our experimental methodology shows steady and reliable results consistent with classical analytical approximations and simulation methods. This technique allows to identify absorption properties of metallic nanostructures commonly associated to surface plasmon resonances. By contrasting the light absorbed solely by the metallic antenna with respect to a surrounding reference medium, we found that some antennas show absorption of almost 50% of the incident light across the range of the visible spectrum. Plasmonic patch nanoantennas are promising systems in which the confinement of the electromagnetic field inside the dielectric gap strongly modify the local density of states.

Differential reflectivity spectroscopy (DRS) is a nondestructive, surface analytical technique used to identify the optical absorption signature of samples with a reflecting substrate, within a given spectral range from the near-UV to the IR region. The comparison of the sample under investigation with a reference, under same conditions of illumination, provides sensitive spectral information, so that, even the smallest inhomogeneity change between samples may lead to a different reflectogram signature. As a consequence, DRS has been used for several purposes such as the study of intrinsic and doping materials (n-or p-type) [START_REF] Hummel | Differential reflectance spectroscopy in analysis of surfaces[END_REF] , the formation of metallic clusters during thin vapor deposition [START_REF] Lazzari | In situ study of a thin metal film by optical means[END_REF][START_REF] Martin | Silver particle sizes and shapes as determined during a deposit by in situ surface differential reflectance[END_REF][START_REF] Simonot | In situ optical spectroscopy during deposition of Ag:Si3N4 nanocomposite films by magnetron sputtering[END_REF] , the anisotropy in metallic surface structure [START_REF] Mochán | Optical reflectance anisotropy of Ag and Au (110) single crystals[END_REF][START_REF] Aspnes | Anisotropies in the aboveband-gap optical spectra of cubic semiconductors[END_REF] and analysis of multi-polar effects in alkali metals such as potassium nanoparticles [START_REF] Beitia | Multipolar plasma resonances in supported alkali-metal nanoparticles[END_REF][START_REF] Román-Velázquez | Substrate effects on the optical properties of spheroidal nanoparticles[END_REF] . In addition, DRS technique can also probe the optical properties of individual plasmonic nanostructures [START_REF] Kaniber | Surface plasmon resonance spectroscopy of single bowtie nano-antennas using a differential reflectivity method[END_REF] . DRS technique offers an straightforward implementation and an alternative with respect to others optical surface techniques 10 such as transmission spectroscopy [START_REF] Proust | Optical monitoring of the magnetoelectric coupling in individual plasmonic scatterers[END_REF] , dark-field microscopies [START_REF] Li | Plasmonic particleon-film nanocavities: a versatile platform for plasmon-enhanced spectroscopy and photochemistry[END_REF] , spatial modulation spectroscopy [START_REF] Devkota | Spatial modulation spectroscopy imaging of nano-objects of different sizes and shapes[END_REF][START_REF] Devadas | Detection of single gold nanoparticles using spatial modulation spectroscopy implemented with a galvo-scanning mirror system[END_REF] .

In the present work, we propose a DRS technique for the analysis of differential reflectivity on single metallic nanoantennas exhibiting plasmonic resonances which are highly dependent on the morphological properties of the particle and the surrounding medium [START_REF] Noguez | Surface plasmons on metal nanoparticles: The influence of shape and physical environment[END_REF][START_REF] Kelly | The optical properties of metal nanoparticles: The influence of size, shape, and dielectric environment[END_REF][START_REF] Sosa | Optical properties of metal nanoparticles with arbitrary shapes[END_REF] . Thanks to this spectroscopic technique, we measure the plasmonic signature of individual patch nanoantennas with different morphological features across the visible spectral range.

We fabricated 4x4 matrix of gold (Au) nanopatch supported by a 40 nm poly(methyl methacrylate) (PMMA), with index of refraction n = 1.45, deposited on a Au substrate using an in-situ laser etching lithography technique inspired by [START_REF] Belacel | Controlling spontaneous emission with plasmonic optical patch antennas[END_REF] and described in reference [START_REF] Dhawan | Extreme multiexciton emission from deterministically assembled single-emitter subwavelength plasmonic patch antennas[END_REF] . The a) Electronic mail: agnes.maitre@insp.upmc.fr spectroscopic ellipsometry data for the gold permittivity are plotted in supporting information (Fig. ??). The Au patches are disks with a 20 nm thickness and a typical diameter of 1 µm. Fig. 1a shows a scanning electron microscope (SEM) image of 16 patch antennas. Although they were fabricated with the same lithographic parameters, they exhibit slightly different morphological properties (diameter, defects, etc.), probably due to inhomogeneities in the resist layers used for the photolithography and to lift-off processes. In Fig. 1b, we show a scanning electron microscope image corresponding to antenna 9. We note that the nanodisk is not perfectly circular. Indeed, the patch has a slight asymmetry and the border edge is discontinuous. Therefore, we define an effective diameter d eff as the diameter of the patch disk not taking into account asymmetries and defects of the nanostructures (yellow circumference on Fig. 1b). We found that the effective diameter of antenna 9 corresponds to a diameter d eff = 830 nm. The experimental setup consists of a confocal reflection microscope with a halogen lamp as a source of light (Fig. 2). The wide-spectrum lamp (ranging from 350 to 800 nm) is partially reflected by a 50:50 beam splitter inside the microscope. The reflected light is then focused by an objective (0.80 NA and 100x), which illuminates the sample. The field of view of the optical system has a diameter of 0.265 mm. The light reflected by the sample is then collected by the same objective and focalized in the aperture of a circular pinhole of 100 µm diameter. The pinhole, placed at the conjugated image plane of the sample, is employed as a spatial filter to reject most of the light reflected by the sample and to collect exclusively the light reflected by a 1 µm disk centered on the nanodisk. The lateral precision for positioning the pinhole is estimated to be 5 µm that corresponds in the conjugated plane, where the sample lies, to 50 nm. The reflected light is then collimated and coupled to an optical fiber connected to a Jobin Yvon HR 460 spectrometer equipped with a 150 g/mm grating. The linear dispersion of our instrument is 14.1 [nm/mm], corresponding to 0.36 [nm/px] taking into account the physical size of the spectrometer CCD. For differential reflectivity spectroscopy technique, the lamp is first switched off and replaced by a 405 nm laser diode that illuminates the sample on a 500 nm radius spot size. The sample is raster scanned across the xyplane and the fluorescence is collected within the spectral range ranging from 584 nm to 676 nm in order to obtain a spectroscopic cartography of the fluorescence.

Fluorescence imaging helps to distinguish the Au nanodisk from another materials surrounding the antenna. Figure 3a shows a fluorescence scanning image of a single Au patch antenna of 945 nm effective diameter. In the image we traced a circle of 1 µm diameter indicating the area collected by the spatial filter. From the image, we observe a bright spot generated at the bottom right edge defect of the patch antenna that efficiently scatters light. Furthermore, we note low-level fluorescence dots around the patch antenna from lift-off resist that remains from the fabrication process [START_REF] Molard | Red-nir luminescent hybrid poly(methyl methacrylate) containing covalently linked octahedral rhenium metallic clusters[END_REF] . Figure 3b shows the corresponding SEM image of the same nanoantenna. From both images we can correlate the bright fluorescence spot of Fig. 3a with the edge defect observed in Fig. 3b. Finally, we can identify in both the fluorescence and SEM images the position of the patch antenna.

Once the antenna is identified by fluorescence imaging, we switch the illumination source and replace the laser by the white lamp. We register the reflected spectra at two positions on the sample. In the first one, the microscope pinhole is optically conjugated to the patch antenna. In the second one, pinhole is conjugated with a zone some micrometers far away from the antenna, acting as reference. We define the differential reflectivity spectroscopy (DRS) as the relative light reflected by antenna with respect to the reference:

DRS = ∆R ant R ref = R ant -R ref R ref , (1) 
where R ant is the spectrum reflected by the patch antenna and R ref that of a reference consisting of a gold surface and the dielectric layer without Au disk (Fig. 4a). Because the only difference between antenna and reference is the presence of the Au disk, DRS quantifies the decrease of reflectivity, and therefore the relative absorption due to the presence of Au nanodisk with respect to the Au substrate and dielectric layer. We performed multiple measurements for different patch nanoantennas exhibiting different shapes and diameter but equal dielectric layer thickness value of 40 nm. In Fig. 4b we show the differential reflectivity spectra of seven patches. We observe that all curves are characterized by a predominant dip around 500 nm. At this wavelength, the DRS varies between 30% and 50%, reaching almost an efficiency of 50% for antennas 4, 9, and 10. The error bars on the graphs in Fig. 5 represent the standard deviation of five consecutive measurements on the same antenna in order to get rid of lamp intensity fluctuations. Some antennas exhibit similar effective diameter but substantial difference in DRS. This feature is the case of Ant 2 and 10, with 30% and 47% of extrema values of DRS, respectively. Beyond the main absorption peak around 500 nm, the spectra present inflections and different slopes. To further investigate these antennas, we compare SEM and optical dark field images (Fig. 6). We see scattered light from the circular edge of the disks. In the case of the antenna 2, we distinguish a homogeneous blue ring around the nanostructure, whereas for antenna 10 we clearly observe a bright white spot on the left-side. This scattering spot is directly related with the asymmetry defect observed in the SEM image. These results imply the influence of features such as asymmetric defects on the edges that induce hot spot increasing absorption displayed on reflectivity analysis.

To model the DRS of the antenna, we first consider the patch antenna as infinite in transverse direction by replacing the thin Au disk by an infinite Au layer of same thickness. We calculate numerically the reflection of a non-polarized plane wave normally incident on this "infinite patch" and on the reference one (i.e. without the top Au layer). One-dimensional finite-difference timedomain method, implemented by Meep 21 , was used to numerically calculate the reflectivity spectra. The dielectric layer index was 1.45, corresponding to PMMA.

Figure 7a shows the results of the numerical calculations of the reflectance in different configurations: bare Au substrate, "infinite patch" in the case of 40 nm and 60 nm dielectric layer thickness. The differential reflectivity spectroscopy for both systems is calculated according to Eq. ( 1) and plotted in Fig. 7b. Both graphs reproduce well the experimental results (Fig. 4b). We observe a dip around 500 nm with values in differential reflectivity of DRS = -0. tric thickness, respectively. By comparing both curves, we can observe that the increase of the thickness in the dielectric layer modifies the amplitude of the DRS dip but not the wavelength position. At this point, we will turn our discussion towards two main points: the origin of the dip at λ = 500 nm and the DRS variation with thickness dielectric layer. Figure 7a shows that the absorption of gold changes quickly within the interval 500 nm < λ < 550 nm, but is quite flat for λ < 500 nm, and for λ > 550 nm. This is in accordance with the calculated DRS shown in Fig. 7b: the appearance of the dip around λ = 500 nm corresponds mainly to this abrupt change in the absorption properties of the gold material (see suppl. info.) whereas the DRS remains smooth for both regions exhibiting slight variation of the absorption. Indeed, the differential reflectivity spectroscopy estimates the relative difference between reference reflectivity and the curves "infinite patch" reflectivity in Fig. 7a. The differential reflectivity curves of Fig. 7b shows that the DRS of the antenna with 60 nm of dielectric layer is larger than that for 40 nm, as the resonance and spatial distribution of energy are not equivalent in both configurations. To evaluate the absorption dissipated by the "infinite patch" at λ = 500 nm, we calculated the power absorbed per unit volume across the antennas (Fig. 7c), defined as [START_REF] Jackson | Classical electrodynamics[END_REF] :

P abs (z, ω) = -0.5ω 0 |E(z, ω)| 2 Imag[ (z, ω)] , (2) 
where ω 0 is the frequency, E is the electric field, and Imag( ) is the imaginary part of the Au permittivity. The total absorption in the volume is higher for the "infinite patch" with 60 nm gap than that with 40 nm.

This model is convenient to describe the main features in the reflectivity curve of those "infinite" patch nanoantenna. In this approach however, as it is based on the multiple interference between Au layers, any variation in size or shape of the nanostructures is not taken into account. To overcome this limitation for more realistic nanostructures simulations, we used 3D FDTD simulations. We used the full vectorial 3D FDTD method that supports the simulation of Maxwell's equations in cylindrical coordinates for the patch antenna that has continuous rotational symmetry around the z axis. The method is implemented by the freely-available software Meep [START_REF] Oskooi | Meep: A flexible freesoftware package for electromagnetic simulations by the FDTD method[END_REF] . By analogy with the Bloch's theorem, the field in a continuous rotational symmetry structure can be expressed as the field multiplied by an angular dependence in the form exp(imφ) for some integer m = 0, 1, 2,. . . , which is related to the angular momentum. Thus, the field can be expressed as:

E(r, φ, z) = E(r, z) exp(imφ) . (3) 
The field can be therefore expanded into its radial and azimuthal modes and identified with the indices (r, m), respectively. By placing a closed surface of flux monitors surrounding the nanoantenna, we calculate all incoming powers first without and then with the antenna.

To obtain patch antenna absorption, we subtract the two results and normalize to the incident flux.

For the simulation, we use a linearly-polarized plane wave normally incident along the z direction. We first calculated the reflectance for the three different conditions presented beforehand: Au, 40-nm-thick dielectric layer on Au, and the reflectivity of a single nanoantenna of 1 µm in diameter (Fig. 8a). We can observe that the reflectivity response of the single antenna (40 nm thin dielectric layer) is quite similar to that of the reference calculated in the previous section (Fig. 7a). We observe that numerical results for the DRS dip around 500 nm agree roughly for finite size antenna ("infinite patch"). On the contrary, the DRS exhibit additional three dips around 600 nm, 709 nm, and 909 nm for the finite size patch, which are not present for the infinite patch. Because of the micrometer size of the structure, we attribute these dips to high-order resonance modes of the single patch. In the same Figure 8a we confirm that the maximum of absorption of the single nanoantenna corresponds to the peaks of the DRS for these 3 additional dips, whereas it is not the case for wavelengths around 500 nm, for which the absorption does not present a maximum but varies quickly with the wavelength. It confirms the fact that the dip in DRS at that wavelength is not due to the resonance of the finite size of the patch but is a signature of the abrupt change of gold absorption in the vicinity of λ = 500 nm. While the peaks at 709 nm and 909 nm are outside our detection bandwidth, the peak at λ = 600 nm is weakly detected (Fig. 4). To understand this feature and to investigate the influence of the radius size and edge defects on the DRS and absorption properties of the patch antennas, we conducted FDTD simulations. The spectra red-shift for higher radius size, with 14.8 nm shift for every 10 nm increase on the radius. Gold edge defects also generate a red-shift but with higher values when the defect is placed at the upper-half height of the patch antenna relative to that placed at the middle. In contrast, dielectric defects do not produce any significant change (see suppl. info.). These simulations demonstrate that the consequences of various defects in real antennas is a broadening and flattening of absorption peaks, experimentally smoothing the weak peak around 600 nm.

To identify the modes of the field that we excite, we record the distribution of the mode fields at the resonant frequencies (Fig. 8). The mode fields are mainly oriented along the vertical z-axis with main component E z . We confirm that high-order modes are excited as r = 2, 3, and 4 (Fig. 8b). However, the azimuthal index m is not clearly identified with the distribution of the modes. We suppose that the azimuthal index is m = 1 as the excitation a plane wave oriented along the r axis. In other words, dipoles are excited preferentially. In Figure 9, we plotted the angular dependencies of the mode field for r = 2, 3, 4 with m = 1. In summary, we described the experimental setup used to perform differential reflectivity spectroscopy on single nanoantennas. The DRS compares the absorption loss of the metallic nanoantenna with respect to a reference (i.e. a dielectric layer on a gold substrate) and quantifies the effect of the patch nanodisk. We found that for nanoantennas fabricated with similar parameters, the shape, effective diameter, and wavelength of maximum absorption can be slightly different between each structure with qualitative similar DRS but quantitative difference for the DRS maximum value. Indeed, they may present some non symmetric morphological defects inducing hot spots which have an influence on the absorption properties of the antenna and therefore on the DRS. Based on numerical simulations, we found that the amplitude of the differential reflectivity is strongly dependent of the dielectric gap between the metallic layers. Additionally, FDTD simulations of single patch antennas reveal the excitation of additional resonance modes, observed only for finite-size antennas. This surface method provides an efficient tool to characterize the optical response of a nanostructure and offers this flexibility for other structured materials. No significant changes were obtained for PMMA edge defects on the DRS.
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 1 FIG. 1. Gold patch antennas. Scanning electron microscope image of (a) an array of 4x4 gold patch antennas laying on gold substrate and (b) zoom around nanoantenna 9. The effective diameter is d eff = 830 nm (limited by a yellow circle). Scale bar is 5 µm and 200 nm in (a) and (b), respectively.

FIG. 2 .

 2 FIG. 2. Experimental setup used to perform specular reflectivity measurements. The confocal reflection microscope collects the light reflected from the individual antennas. Inset: spectrum of the halogen source.

FIG. 3 .

 3 FIG. 3. Identification of the patch antenna with scanning fluorescence imaging. (a) Scanning laser fluorescence image of a patch nanoantenna. The bright spot is generated at an edge defect that efficiently scattered light. (b) Corresponding scanning electron microscope image of the single patch nanoantenna in (a). The opaque dots around the patch antenna are lift-off resist residuals from the fabrication process.

FIG. 4 .

 4 FIG. 4. Differential reflectivity spectra of single patch antennas. (a) Scheme of illumination for the measurements of the reflectivity of the patch antenna and reference areas. (b) Differential reflectivity spectra of the different patch antennas within the array, measured individually. The thickness of PMMA is h = 40 nm and the effective diameter of the antennas is reported in Fig.5.

  FIG. 5. Extrema DRS values. The error bars represent the standard deviation of five consecutive measurements.

10 FIG. 6 .

 106 FIG. 6. Influence of asymmetrical path antennas on reflectivity measurements. (a) Optical dark-field and (b) scanning electron microscope images of antenna 2 with effective diameter 946 nm. (c) Optical dark-field and (b) SEM images of antenna 10 with effective diameter 932 nm. Patch antennas with equivalent effective diameter exhibit different DRS.

FIG. 7 .

 7 FIG.7. "Infinite patch" antenna analysis. (a) Calculated reflectivity of a gold substrate, 40-nm-thick (solid green line) and 60-nm-thick (solid blue line) dielectric layer on gold substrate. (b) Calculated differential reflectivity spectra of "infinite patch" antennas with 40 nm and 60 nm dielectric layer obtained from (a). (c) Spatial distribution of the power dissipated by the gold "infinite patch" antennas and substrate.

FIG. 8 .

 8 FIG. 8. Electromagnetic simulations of a gold patch antenna (radius = 500 nm). (a) Calculated differential reflectivity spectroscopy and absorption of the patch antenna. Distribution around the patch antenna of the z-component of the electric field and the φ-component of the magnetic field at wavelength (b) λ = 909.93 nm, (c) λ = 709.02 nm, and (d) λ = 615.64 nm. Scale bar is 500 nm in (b)-(d).

1 FIG. 9 .

 19 FIG. 9. Calculated real part of the z-component of the electric field and φ-component of the magnetic field at (a) 909.93 nm (r = 2), (b) 709. 02 nm (r = 3), and (c) 615.64 nm (r = 4). The azimuthal index is m = 1.
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 3 FIG.3. Influence of edge defects on the DRS and absorption of patch antennas. An antenna with radius 500 nm and with squared edge defect at the middle height.

FIG. 4 .

 4 FIG.4. Influence of edge defects on the DRS and absorption of patch antennas. The edge defect is placed at the upper half height of the patch antenna. The simulations were conducted with patch antenna with radius 500 nm.

FIG. 5 .

 5 FIG. 5. Influence of PMMA edge defects on the DRS and absorption of patch antennas. The edge defect is placed at the upper half height of the patch antenna. The simulations were conducted with patch antenna with radius 500 nm.
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GOLD PERMITTIVITY

The permittivity of gold was measured with the use of spectroscopic ellipsometry in a wavelength range ranging from 400 nm to 1000 nm. The measured data were fitted to the Lorentz susceptibility model, with five oscillators. The fitted values were used for FDTD calculations. Below is plotted the permittivity of the gold used in the experiments and simulations. 

INFLUENCE OF RADIUS SIZE AND EDGE DEFECT OF THE PATCH ANTENNA ON THE DRS AND ABSORPTION SPECTRA

To investigate the influence of the radius size and edge defects on the DRS and absorption spectra of the patch antenna, we conducted FDTD simulations. The spectrum is red-shifted for higher radius size and edge defects. We also performed numerical calculations of the influence of PMMA edge defects on the DRS and absorption spectra (Fig. 5).