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Introduction

Amorphous Ta 2 O 5 is a material with a large variety of applications in electronic circuits [START_REF] Li | Ultralow power switching of Ta 2 O 5 /AlO X bilayer synergistic resistive random access memory[END_REF], quantum technologies [START_REF] Splitthoff | Tantalum pentoxide nanophotonic circuits for integrated quantum technology[END_REF], gas [START_REF] Liu | New room temperature ammonia gas sensor synthesized by a tantalum pentoxide (Ta 2 O 5 ) dielectric and catalytic platinum (Pt) metals[END_REF] or molecular sensing [START_REF] Magesa | Electrochemical sensing fabricated with Ta 2 O 5 nanoparticle-electrochemically reduced graphene oxide nanocomposite for the detection of oxytetracycline[END_REF], enhancement of Raman scattering [START_REF] Yang | Charge transfer enhancement in the surface-enhanced Raman scattering of Ta 2 O 5 superstructures[END_REF], hydrogen generation activity [START_REF] Liu | Formation and characterization of gray Ta 2 O 5 and its enhanced photocatalytic hydrogen generation activity[END_REF] or hydrophobic activity [START_REF] Sharma | Fabrication and estimation of optical constants of hydrophobic Ta 2 O 5 thin films[END_REF]. Among the physical properties which allow this broad range of applications, the refractive index n~2.1 at 1064 nm is of the highest importance [START_REF] Amato | Highreflection coatings for gravitational-wave detectors: state of the art and future developments[END_REF]. Actually, multilayers reflecting coatings and photonic crystals are conceived and realized combining films of different refractive index in stacked sequences. This possibility has been largely explored for the construction of the coatings of the most demanding optical components ever realized: the mirrors of the gravitational-wave (GW) detectors [START_REF] Amato | Highreflection coatings for gravitational-wave detectors: state of the art and future developments[END_REF][START_REF] Granata | Internal friction and Young's modulus measurements on SiO 2 and Ta 2 O 5 films done with an ultra-high Q silicon-wafer suspension[END_REF][START_REF] Steinlechner | Thermal noise reduction and absorption optimization via multimaterial coatings[END_REF][START_REF] Granata | Mechanical loss in state-of-the-art amorphous optical coatings[END_REF][START_REF] Abernathy | An overview of research into low internal friction optical coatings by the gravitational wave detection community[END_REF][START_REF] Amato | Optical properties of high-quality oxide coating materials used ingravitational-wave advanced detectors[END_REF]. At the present state, the mirrors of the Advanced Virgo and Advanced LIGO detectors are large masses of silica (35 cm diameter, 40 kg mass) with a high reflecting coating composed of alternate layers of amorphous SiO 2 and Ta 2 O 5 [START_REF] Amato | Highreflection coatings for gravitational-wave detectors: state of the art and future developments[END_REF][START_REF] Acernese | status of advanced virgo[END_REF][START_REF] Acernese | advanced virgo status[END_REF].

In this particular application, besides the optical properties, the most important parameter is the mechanical energy loss, because it is the key limiting factor of the interferometer performances due to the associated thermal noise [START_REF] Granata | Amorphous optical coatings of present gravitational-wave interferometers[END_REF]. Despite the small thickness of the coating (≤6 μm) compared to that of the bulk mirror (about 20 cm), the main source of mechanical energy loss is indeed the thin film, in particular the Ta 2 O 5 layers [START_REF] Granata | Amorphous optical coatings of present gravitational-wave interferometers[END_REF]. Two principal strategies to reduce the coating loss have been proposed: doping with amorphous TiO 2 or post deposition thermal treatments [START_REF] Granata | Amorphous optical coatings of present gravitational-wave interferometers[END_REF][START_REF] Harry | Titania-doped tantala/silica coatings for gravitational-wave detection[END_REF]. In the following we will investigate in more detail some effects of the second procedure. Previous reports evidenced that Ta 2 O 5 has a mechanical energy dissipation about 10 times higher than SiO 2 [START_REF] Granata | Amorphous optical coatings of present gravitational-wave interferometers[END_REF]. The exact value for Ta 2 O 5 depends on the deposition technique; however, after a thermal treatment for 10 hours in air, the elastic dissipation reduces and reaches the same value, independently of the synthesis method [START_REF] Granata | Amorphous optical coatings of present gravitational-wave interferometers[END_REF]. This procedure has been largely used for the production of the mirrors of the gravitational-wave detectors. Also the refractive index of Ta 2 O 5 slightly depends on the synthesis method; however, the small differences seem not to be erased by thermal treatments [START_REF] Granata | Amorphous optical coatings of present gravitational-wave interferometers[END_REF]. Notably, longer thermal treatments do not have an impact either on the elastic loss or on the refractive index [START_REF] Amato | Highreflection coatings for gravitational-wave detectors: state of the art and future developments[END_REF].

While the macroscopic effects produced on the optical and mechanical properties by the thermal treatments have been largely investigated, much less is known about the induced microscopic changes. An investigation of Ta 2 O 5 by Extended X-ray Absorption Fine Structure (EXAFS) measurements evidenced that samples annealed in air at 300 and 600 • C displayed only marginal changes of the amorphous structure, when it is investigated on a length scale of 50 nm [START_REF] Bassiri | Order within disorder: the atomic structure of ion-beam sputtered amorphous tantala (a-Ta 2 O 5 )[END_REF]. These results are in agreement with Raman spectroscopy measurements that could not reveal important changes of the Ta 2 O 5 structure on a macroscopic length scale induced by thermal treatments [START_REF] Amato | Highreflection coatings for gravitational-wave detectors: state of the art and future developments[END_REF]. However, Fluctuation Electron Microscopy (FEM) measurements on Ion Beam Sputtered amorphous tantala coatings revealed a medium range order on a typical length scale of 2 nm; this spatial scale increases up to 5 nm in samples thermally treated at 600 • C [START_REF] Hart | Medium range structural order in amorphous tantala spatially resolved with changes to atomic structure by thermal annealing[END_REF], even though a macroscopic crystallization is not revealed at this temperature.

In the present work, we further investigate the effects of thermal treatments on amorphous Ta 2 O 5 produced by Ion Beam Sputtering (IBS), as this production technique is the method of choice to obtain the highly uniform coatings needed for gravitational-waves detectors [START_REF] Amato | Optical properties of high-quality oxide coating materials used ingravitational-wave advanced detectors[END_REF]. Some aspects are deeply investigated: the first is the possible retain of argon atoms in the coating during the synthesis procedure. In fact, in the IBS deposition, an Ar ion beam is used to produce the sputtered matter to be deposited on the substrate and some atoms could be retained either at the coating/substrate interface or in the whole thickness of the film. Moreover, possible subtle changes of the stoichiometry of the coating surface after thermal treatments are investigated. Finally, the variation of refractive index or coating thickness after heating under different conditions is critically studied.

Experimental

The investigated samples consisted in amorphous Ta 2 O 5 films deposited on crystalline Si wafers. They were produced at Laboratoire de Matériaux Avancés in Lyon by means of IBS in a VEECO Spector system. All coatings have been produced using accelerated, neutralized argon ions as sputtering particles. Argon was fed into the ion-beam sources while oxygen was fed into the chamber, for a total residual pressure inside the chamber of the order of 10 -4 mbar. During deposition, the sputtered coating particles impinged on substrates heated up to about 100 • C; the ion energy and current were of the order of 1 keV and 0.5 A, respectively. For the present study, four different thicknesses of the coatings were produced under the same conditions (4.5, 14, 103 and 953 nm) and a choice among them was performed for various spectroscopic studies, according to the desired information to be obtained.

Concomitant mass spectrometry and thermogravimetric (TGA) measurements were performed in a vacuum of the order of 10 -5 mbar in a Setaram Setsys Evolution 1200 system coupled to a Pfeiffer Vacuum quadrupole mass spectrometer, used to detect the possible evolution of argon gas. [START_REF] Palumbo | Decomposition of NH 3 BH 3 at sub-ambient pressures: a combined thermogravimetry-differential thermal analysis-mass spectrometry study[END_REF] The choice to perform measurements in a vacuum was motivated by the much higher sensitivity of the mass spectrometer when working in a pressure lower than 10 -2 mbar. Measurements were conducted between room temperature and 600 • C with a temperature rate of ≈ 3 • C/min on the "as deposited" samples. A specific sample holder was realized by means of a platinum wire able to sustain the large initial mass of samples, which was much higher than the usual one for TGA experiments (5 g in the present case vs. 10 mg).

Surface morphology was investigated ex situ by a VEECO multimode (Nanoscope IIIa) Atomic Force Microscopy (AFM) in the tapping mode by using nonconductive Si tips with a nominal radius of about 5-7 nm.

The X Ray Photoelectron Spectroscopy (XPS) experiments were carried out at the Nanostructures at Surfaces laboratory at Sapienza University in Rome, in an Ultra-High-Vacuum (UHV) chamber with a base pressure in the low 10 -10 mbar range. An X-ray photon source with hν=1253.6 eV was used (PSP TA10 Mg Kα); photoelectrons were measured with a hemispherical VG Microtech Clam-2 electron analyzer in constant pass energy mode set at 50 eV and with overall energy resolution better than 1 eV. The binding energy (BE) scale was calibrated on a freshly sputtered gold foil in electrical contact with the sample, by setting the Au 4f 7/2 core-level at 84.0 eV BE. XPS experiments were performed on the "as-deposited" samples and on small parts of the same samples heated either in vacuum at 300 • C in situ or in air at 500 • C for 10 hours (ex situ).

Mid-infrared reflectivity measurements were performed at ambient conditions using a commercial Bruker Interferometer coupled with an infrared microscope (Bruker Hyperion 2000) and a gold mirror as reference. For each sample, 25 different positions were considered, collecting spectra on an area of 5 × 5 mm 2 with steps of 1 mm in the two perpendicular directions. The incident light spot size was fixed at 200 μm. Spectra were collected with 4 cm -1 resolution and each spectrum was the average of 256 scans for each point. A nitrogen cooled mercurycadmium-telluride (MCT) and a potassium bromide (KBr) crystal were used as detector and beamplitter, respectively.

Raman measurements have been performed at ambient conditions using a Horiba spectrometer equipped with a 532 nm laser, a 100x objective, a grating of 1800 grooves/mm and a spot size of 2 μm 2 . Each spectrum was the average of 12 acquisitions, with an exposition time of 300 s for each of them. Three spectra have been collected for each A,B,C). Since the Raman intensity can be significantly affected by small changes in the laser focus and in the sample orientation, all the spectra were rescaled and the analysis was limited to the phonon-band profiles.

Infrared and Raman spectroscopy measurements were performed on the samples with a thickness of the coating of 953 nm. As reference, the "as deposited" sample was considered and initial spectra in these conditions were acquired. Parts of the same specimen were afterwards heated up, either in air up to 500 • C for 10 hours or in a vacuum of the order of 10 -5 mbar up to 500 • C for 15 hours. The spectra of samples after annealing in both conditions were further acquired, with a special care to measure in the same positions initially investigated.

Results

A preliminary investigation of the roughness of the surface of the samples was conducted by atomic force microscopy (AFM) topographies on the samples with thickness 4.5 and 103 nm. As reported in Fig. 1, the two Ta 2 O 5 coatings exhibit an extremely flat surface with an r.m.s. roughness in the best case as low as 0.15 nm. For the 4.5 nm thick layer we observed the occurrence of some linear ditches on the surface, not observed instead in the 103 nm thick layer. The presence of these grooves is confirmed by the detection of a low Si oxide signal in XPS (see subsequent section).

In order to investigate whether some residual Argon atoms from the deposition are left in the whole coating layer or only at the interface between the substrate and the coating, we performed mass spectrometry measurements. In particular, the samples were heated in a vacuum of the order of 10 of 14 nm (Fig. 2). This fact can be interpreted as the evidence that argon is present in the samples and it can be released in vacuum with a maximum of effusion around 300 • C; at 500 • C all the argon gas present in the specimen is discharged by means of a thermal treatment in vacuum. The negligible intensity observed for the 14 nm thick sample suggests that argon is present in the whole body of the coating, not only at the interface between Ta 2 O 5 and Si. In fact, if argon came only from the interface, the intensity of the argon peak for the two thicknesses would be the same (as the surface areas of the measured samples with different thickness practically coincide). On the contrary, under the hypothesis that Ar resides in the whole coating, the intensity of the peak should scale with the ratio of the thicknesses (≈70, in the present case) and, therefore, with the sensitivity of the used mass spectrometer it should not be detectable when t=14 nm. In conclusions the mass spectrometry experiments provide evidence that argon is present in the whole amorphous Ta 2 O 5 coating. further study the presence of Ar in the samples and its evolution with thermal treatments, X-ray photoelectron spectroscopy analysis was carried out on the samples with Ta 2 O 5 coverage of 4.5 and 103 nm, respectively, both on "as-deposited" sample and after annealing; the latter either in air at 500 • C (ex-situ) or in a vacuum at 300 • C (in situ). The thin-coated sample was chosen in order to investigate also the Ta 2 O 5 /substrate interface, thanks to the surface sensitivity of the XPS technique [START_REF] Paolone | Thermal stability and reduction of iron oxide nanowires at moderate temperatures[END_REF], to be compared with the thicker Ta 2 O 5 sample with the deeply buried interface. The as-received sample with t=4.5 nm exhibits the characteristic XPS peaks of tantalum oxide with the expected stoichiometry (Fig. 3) and minor contributions from Ar and from Si coming from the near-surface interface (Fig. 3 and Table 1).

The Argon detection on Ta 2 O 5 is not trivial since the Ar 2p peak overlaps with the Ta 4d doublet and the Ar 3s with the Ta 4f (see Table 1). The best Ar detectable peak is the 2s that exhibits a low sensitivity [START_REF] Yeh | Atomic subshell photoionization cross sections and asymmetry parameters: 1 ⩽ Z ⩽ 103[END_REF]. Nevertheless, by means of Ar 2s detection, and very long integration time, we were able to measure the presence of Ar in the Ta 2 O 5 layer, as observed in Fig. 4.

The XPS spectra of the Ar 2s peak clearly point out the presence of a low percentage of Ar in the layers, estimated to less than 0.3 at.%. This small quantity remarkably reduces (by 50% for the 103 nm thick layer) or even disappears (for the 4.5 nm thick layer) after an annealing of 1 hour at 300 • C in UHV conditions. In the samples annealed in air at 500 • C the Ar 2s component (Fig. 5) appears reduced in intensity by only 50% with respect to the untreated samples, suggesting that the treatment in air is less effective in removing the trapped argon.

The occurrence of Ar in both samples rules out the possibility of an argon accumulation occurring only at the Ta 2 O 5 /Si interface and it is in agreement with indications provided by mass spectrometry. This finding is further strengthened by the behavior of Ar signal reduction under sample annealing: while argon is completed desorbed from the thin layer, we have only a partial desorption in the thick layer due to the volumetric permeation.

The thermal treatments also influence the surface stoichiometry of the thin films. We report in Fig. 6 the comparison of the Ta 4f and O 1s regions of Ta-oxides-based film in the as-received state and after the annealing in vacuum at 500 • C. After the thermal treatment, different spectral components emerge in the low binding energy side of the main Ta 2 O 5 -associated peaks, thus suggesting a different oxidation state for tantalum, induced by heating. Specifically, on the basis of previous results [START_REF] Atanassova | XPS study of N 2 annealing effect on thermal Ta 2 O 5 layers on Si[END_REF][START_REF] Perez | Influence of post-deposition annealing on the chemical states of crystalline tantalum pentoxide films[END_REF], one can attribute these smaller components to the formation of different sub-stoichiometric Ta-oxides phases, namely Ta 2 O 3 , TaO, TaO 2 , in agreement with a previous investigation performed by XPS on Ta 2 O 5 thermally treated at 600 • C [START_REF] Prato | Multitechnique investigation of Ta 2 O 5 films on SiO 2 substrates: comparison of optical, chemical andmorphological properties[END_REF]. It must be noted, however, that the change of stoichiometry is likely to be confined to the first few nm of the coating. Extensive changes in bulk stoichiometry would result in measurable changes in the Raman signal. We will show below that this is not observed. 

Table 2

Maxima of the interference fringes and their period in the two wafers, before and after annealing either in air (W1) or in vacuum (W2). The effects of thermal treatments on the coatings were investigated also by means of infrared and Raman spectroscopy on the samples with a coating thickness of 952 nm, in order to gain sensitivity to the coating film properties. Figs. 7 and8 report the comparison of the infrared spectra acquired on the "as-deposited" sample and on the same sample after annealing in air (Fig. 7) or in vacuum (Fig. 8) at 500 • C. In all spectra, the feature at 2300 cm -1 is an artefact due to atmospheric absorption.

In the infrared reflectance spectra, one can observe well defined interferences fringes, due to the superposition of the electric fields reflected at the air-Ta 2 O 5 and at the Ta 2 O 5 -Si interfaces, respectively. The period of these fringes is given by (nd) -1 , being n the real refractive index of Ta 2 O 5 and d the optical path of the radiation within the Ta 2 O 5 film. Table 2 displays the period of the fringes calculated for each sample before and after annealing either in air (W1) or in vacuum (W2).

As shown in Table 2, before the annealing, the spacing of the fringes, Δ_max, is almost the same for the two samples, W1 and W2 (2518 and 2511 cm -1 , respectively); after the annealing, the fringe spacing Δ_max reduces for both samples, although the decrease is significantly larger in the sample annealed in vacuum (63 cm -1 ) than in the one thermally treated in air (42 cm -1 ). We can conclude that in both wafers the annealing affects the dn product, but in the sample annealed in vacuum this effect is more evident. Infrared spectroscopy cannot separate the contribution from the refractive index or the coating thickness to the modulation of the fringes. However, previous measurements on amorphous Ta 2 O 5 deposited on SiO 2 substrates indicated that n lightly decreases after thermal treatments [START_REF] Granata | Amorphous optical coatings of present gravitational-wave interferometers[END_REF][START_REF] Anghinolfi | Optical properties of uniform, porous, amorphous Ta 2 O 5 coatings on silica: temperature effects[END_REF]. Therefore, in the present case, the thickness of the coating films should increase after annealing by ~15-20 nm in the two samples (~1-2%). Such increase of the coating thickness was also suggested by previous spectroscopic ellipsometry measurements on Ta 2 O 5 films deposited on silica substrates [START_REF] Anghinolfi | Optical properties of uniform, porous, amorphous Ta 2 O 5 coatings on silica: temperature effects[END_REF] and interpreted as due to an increase of the volume of the pores present in the structure upon annealing [START_REF] Anghinolfi | Optical properties of uniform, porous, amorphous Ta 2 O 5 coatings on silica: temperature effects[END_REF].

It must be noted, however, that no major changes of the macroscopic structure of Ta 2 O 5 occur during the annealing, either in vacuum or in air. In fact, Figs. 9 and 10 display the comparison of the Raman spectra of samples W1 and W2 (the same measured by infrared spectroscopy) before and after the annealing in air or in vacuum. The two peaks at ~620 and ~640 cm -1 can be attributed to silicon oxide, while the underlying band between 600 and 750 cm -1 has been assigned to amorphous Ta 2 O 5 by comparison with the literature [27]. It can be noted (Figs. 9 and 10) that not only the oxide band-profile does not depend on the position on the sample (Figs. 9a,9d,10a,10d), but it remains also unchanged before and after the annealing procedures (Figs. 9c,10c), thus ensuring a good homogeneity of the sample on the micrometer scale.

Conclusions

The present study investigated the effects of thermal treatments in vacuum or in air on amorphous Ta 2 O 5 deposited on crystalline Si, mimicking the mirrors of gravitational-wave detectors. Evidence is provided that the synthesis by Ion Beam Sputtering leaves some argon atoms (less than 0.3 at%) inside the whole thickness of the Ta 2 O 5 film. Argon is released when the sample is heated in vacuum above 200 • C, however it remains entrapped in the sample if the annealing is conducted in air, even at temperatures as high as 500 • C. The macroscopic structure of the samples is not strongly affected by heating; however, some substoichiometric Ta oxides develop on the surface of the coating after heating in vacuum. Finally, the thickness of the Ta 2 O 5 seems to increase by ~1-2% after annealing, due to the increase of the size of the pores present in the coating. 

Fig. 1 .

 1 Fig. 1. AFM topographies of Ta 2 O 5 layers with 4.5 nm (left panel) and 103 nm (right panel) coatings.

Fig. 3 .

 3 Fig. 3. XPS survey spectrum of Ta 2 O 5 coating with a thickness of 4.5 nm deposited on crystalline Si.

Fig. 2 .

 2 Fig. 2. Comparison of the signal of the mass spectrometer for argon gas as a function of temperature for the samples with a thickness of 14 and 953 nm.

Fig. 4 .

 4 Fig. 4. XPS spectra of Ar 2s for Ta 2 O 5 layers with thickness 4.5 nm (a) and 103 nm (b). Top spectra are related to the "as deposited" samples, while bottom spectra to samples after one hour annealing at 300 • C in ultra-high vacuum.
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 155 Fig. 5. XPS spectra of Ar 2s for Ta 2 O 5 layers with thickness 103 nm, after annealing in air at 500 • C.

Fig. 6 .

 6 Fig. 6. XPS spectra of (a) Ta 4f, and (b) O 1s regions of Ta-oxides-based film in the as-received state and after the annealing treatment in vacuum.

Fig. 7 .

 7 Fig. 7. (a) MIR map of "as deposited" sample before the annealing; the 25 spectra of the map are reported with different shades of blue and are shifted along the z axis. (b) Comparison between the average spectra of the sample before (blue) and after (pink) the annealing in air at 500 • C; the vertical lines indicate the maxima of the curves. (c) MIR map after the annealing; the 25 spectra of the map are reported with different shades of pink and are shifted along the z axis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 8 .

 8 Fig. 8. (a) MIR map in the "as-deposited" state; the 25 spectra of the map are reported with different shades of green and are shifted along the z axis. (b) Comparison between the average spectra before (green) and after (purple) the annealing in vacuum at 500 • C; the vertical lines indicate the maxima of the curves. (c) MIR map after the annealing; the 25 spectra of the map are reported with different shades of purple and are shifted along the z axis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 9 .

 9 Fig. 9. (a) Raman spectra collected in three different point on w1 (A, B, C) before the annealing; the 3 spectra are reported with different shades of blue and are shifted along the z axis. (b) Comparison between the average spectra of W1 before (blue) and after (pink) the annealing in air at 500 • C. (c) Raman spectra collected in three different point on W1 (A, B, C) after the annealing; the 3 spectra are reported with different shades of pink and are shifted along the z axis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 10 .

 10 Fig. 10. (a) Raman spectra collected in three different point on W2 (A, B, C) before the annealing; the 3 spectra are reported with different shades of green and are shifted along the z axis. (b) Comparison between the average spectra of W2 before (green) and after (purple) the annealing in vacuum. (c) Raman spectra collected in three different point on W2 (A, B, C) afterthe annealing; the 3 spectra are reported with different shades of purple and are shifted along the z axis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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