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INTRODUCTION

For more than twenty years, meta-optics have allowed the development of a wide variety of optical functions. Some of them were well known like lenses, wave plates, or prisms. But new or modified functions have also been created such as phase mask coding, color filter, color printing or special holograms. Meta-optics are composed of arrays of dielectric or metallic nano-antennas (or meta-elements). [START_REF] Genevet | Recent advances in planar optics: from plasmonic to dielectric metasurfaces[END_REF][START_REF] Boher | Spectrally exclusive phase masks for wavefront coding[END_REF] They allow to modify the wavefront of the incident beam and thus to create a particular optical function. By controlling the size, shape, orientation or position of the nano-antennas, it is possible to control the amplitude, phase or polarization of the optical wave. [START_REF] Bouchon | Wideband omnidirectional infrared absorber with a patchwork of plasmonic nanoantennas[END_REF][START_REF] Yuan | A fully phase-modulated metasurface as an energy-controllable circular polarization router[END_REF][START_REF] Sun | High-efficiency broadband anomalous reflection by gradient meta-surfaces[END_REF] As the optical functions developed become more and more complex, the design step becomes more and more important and must face important modeling problems such as the non-periodization of surfaces, the consideration of non-normal incidences or the multiplicity of different antennas on the same period. Fast calculation softwares (Modal method, Finite elements method, ...) have difficulty in taking all these aspects into account. Other techniques are starting to be implemented, such as reverse design. However, the choice of antennas remains a significant step in the process. On the other hand, the phase and intensity of the antennas remain complicated to measure. ? The characterization of the metasurfaces is therefore done by controlling the optical function, for example the Point Spread Function for lenses. [START_REF] Boher | Spectrally exclusive phase masks for wavefront coding[END_REF][START_REF] Li | Meta-optics achieves RGB-achromatic focusing for virtual reality[END_REF] Faced with these two issues, we propose the development of an interferometric technique for the robust metrology of nano-antennas. This technique allows to characterize experimentally and simultaneously in amplitude and phase an array of nano-antennas and thus to build a library of meta-atoms that can then be directly integrated into optical components. It is based on the PISTIL interferometer, a lateral shift interferometer whose use has already been demonstrated in the measurement of coherent laser beams. [START_REF] Rouze | High-dynamic range segmented mirror metrology by two-wavelength PISTIL interferometry: demonstration and performance[END_REF] 

PISTIL INTERFEROMETER

PISTIL stands for PISton and TILt. It differs from other lateral shift interferometer such as the Quadri-Wave Lateral Shifting Interferometer (QWLSI), 8 by a mask that lacunarizes the incident beam and allows to measure the phase shift of two nearby non continuous elements. In our configuration, the subsamples are placed on a hexagonal lattice, which allows to measure the phase shift of an element with six of its neighbors directly. As shown in Figure 1, we want to characterize a sample composed of at least two subsamples each inducing a phase shift. At the exit of the sample, the beam is thus locally dephased. It then passes through a hole mask. The Further author information: (Send correspondence to Cécile LE GALL.) Cécile LE GALL : E-mail: cecile.legall@onera.f r, T elephone : 15051231234 B.B.A. : E -mail : bba@cmp.com, T elephone : +33(0)198765432 latter lacunarizes the beam: we then have several beams each with a different phase shift. All these beams then pass through a diffraction grating that sends the orders -1 and +1 in three directions. These orders will interfere and create an interference pattern, the pistillogram. On this figure, we can observe the 0 orders of each beam, surrounded by 6 interference figures, the petals. Different treatments are then possible to find the phase from the phase shift of the elements two by two (Fourier treatment, convolution or fit of sinusoidal functions). 

TEST WITH THE INTERFEROMETER PISTIL

The test-sample

To test our method of phase metrology with the PISTIL interferometer, we have designed a test sample. It has been optimized to operate in the infrared, at wavelengths between 3 and 5 µm. It is a plasmonic metasurface, called MIM (Metal-Insulator-Metal), in reflection. It is composed of a 200 nm thick gold mirror, a 280 nm thick ZnS layer and 50 nm thick gold nano-antennas. It was made at the CNRS/C2N (Center for Nanosciences and nanotechnology). As shown in Figure 2, the test sample is composed of thirty-seven subsamples, arranged in a hexagonal configuration. For each one, the size (length and width) of the antennas vary as well as their period, which implies a variation of the phase and the amplitude locally. The dimensions of the antennas are between 100 and 500 nm for the width and 600 and 1200 nm for the length.

The Pistillogramms were acquired at different wavelengths, ranging from 3.3 µm to 3.8 µm. 

The treatment method

Once the pistillograms acquired at a given wavelength, we want to be able to reconstruct all the phase Φ. The chosen method consists of a Fourier treatment. To do this, one begins by isolating each petal and grouping them into three families corresponding to the three directions imposed by the diffraction grating. For each direction, the Fourier transform of the set of interferograms is taken. The first harmonic is then selected and placed at the center. After subtracting the reference, the argument of the inverse of the transform is taken to find the phase shift. We obtain the phase shift between two neighboring sub-samples. Once all the phase shifts are obtained and stocked in a vector ∆Φ, the phase of each sub-sample is calculated by the following matrix calculation:

Φ = D † ∆Φ, , (1) 
with D † the generalized Monroe-Penrose inverse of the D matrix that represents the interferometer. 9

It is then possible to ensure that the closure relation is verified.

The problem of the reference then arises. Here, the choice was made to take as reference the phase at the wavelength of 3.3 µm. This reference is then subtracted from the phases obtained at other wavelengths. Among the different reference techniques available, it could be mentioned the use of a gold mirror, or the addition of a polarizer (indeed, our antennas are polarization sensitive and behave like a mirror with a polarization orthogonal to their length). The choice we made of a reference taken at a given wavelength has advantages. For example, it avoids having to move the sample, while the alignment of the sample with the mask is an important step in the setting up of the interferometer. It also avoids the installation of a reference arm. It also allows to avoid a possible non-planarity of the sample, linked to an aberrant substrate. On the other hand, with this technique, it is not possible to measure the absolute piston induced by our samples and which is allowed by other types of references. 7

CHARACTERIZATION OF THE REFLECTIVITY

Ideally, the PISTIL setup should allow direct measurement of the amplitude of each subsample thanks to the presence of 0 orders. However, as a first step, it is proposed to characterize the reflectivity using an FTIR.

As can be seen in Figure 3, the spectrum of each subsample measured by FTIR can be compared with a simulation, using the Reticolo software * . The agreement between the simulations and the measurement is rather good for the reflectivity, integrating on incidence angles between 6 and 14 degrees. However, a slight shift of the resonance peak, of the order of 0.1 µm, can be noted.

CONCLUSION

The PISTIL interferometer is a versatile tool whose use in the infrared has been demonstrated here. It allows the development of a robust metrology method for the phase of nano-structures. It has been shown here to be useful with metallic antennas, in reflection, in the infrared. But this particular case can be generalized to all kinds of nano-antennas, which will allow its user to design its own library of nano-atoms characterized in amplitude and phase.
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 1 Figure 1. Principle of the interferometer PISTIL.
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 2 Figure 2. Left : Test-sample with in the left cornet a MEB picture of antennas. Right : Image of the sample observed under an illumination at 3,3 µm
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 3 Figure 3. In red, Specter of the central sub-sample measured with a FTIR. In blue, simulation obtained with as parameters the dimensions : period p = 1.6 µm, length l = 0.7 µm and width w = 0.1 µm