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Highlights

-Deposition of V or VO x GLAD films by combining GLAD and RGPP approaches. -Fast post-deposition oxidation of such systems in air to attain thermochromic VO 2 . -High control of VO 2 grain size and crystallinity by adjusting reaction times. -Comprehensive characterization by SEM, Raman spectroscopy and (S)TEM methods. -Evaluation of the MIT response by means of temperature dependant KPFM measurements.

Introduction

Vanadium oxides (VO x ) have become one of the most extensively studied materials for many years due to their unique properties and technological applications. In this framework, vanadium (IV) oxide (VO 2 ) has specially attracted the attention of the scientific community since it exhibits a reversible metal-to-insulator phase transition (MIT) between insulating monoclinic VO 2 (M1) to metallic rutile VO 2 (R) during heating at a temperature of ~68 ºC, which implies drastic changes in the optical and electrical properties [START_REF] Goodenough | The two components of the crystallographic transition in VO 2[END_REF][START_REF] Devthade | Synthesis of vanadium dioxide thin films and nanostructures[END_REF][START_REF] Wang | Recent progress in VO 2 smart coatings: Strategies to improve the thermochromic properties[END_REF][START_REF] Liu | Recent progresses on physics and applications of vanadium dioxide[END_REF][START_REF] Chang | Review on thermochromic vanadium dioxide based smart coatings: from lab to commercial application[END_REF][START_REF] Pouget | Basic aspects of the metal-insulator transition in vanadium dioxide VO 2 : a critical review[END_REF][START_REF] Lu | The metal-insulator phase change in vanadium dioxide and its applications[END_REF]. This makes VO 2 an attractive thermochromic material for applications in smart windows [START_REF] Batista | Structural and morphological characterization of magnetron sputtered nanocrystalline vanadium oxide films for thermochromic smart surfaces[END_REF][START_REF] He | Vanadium dioxide thin films for smart windows: optical design and performance improvement[END_REF][START_REF] Chen | VO 2 -based double-layered films for smart windows: Optical design, all-solution preparation and improved properties[END_REF][START_REF] Shen | Vanadium dioxide for thermochromic smart windows in ambient conditions[END_REF], resistive switching elements [START_REF] Chae | Abrupt metal-insulator transition observed in VO 2 thin films induced by a switching voltage pulse[END_REF][START_REF] Corr | Controlled reduction of vanadium oxide nanoscrolls: Crystal structure, morphology, and electrical properties[END_REF], storage devices [START_REF] Driscoll | Memory metamaterials[END_REF] and sensors [START_REF] Prasad | Novel single phase vanadium dioxide nanostructured films for methane sensing near room temperature[END_REF].

Nevertheless, the fabrication of VO 2 -based films has become a real challenging issue not only due to the complexity of the vanadium-oxygen reactive system but also because of the narrow stability range of VO 2 , which can lead to the formation other more thermodynamically stable oxides such as V 2 O 3 and V 2 O 5 , mixtures of various stoichiometries, or even the appearance of several VO 2 metastable crystalline polymorphs [START_REF] Devthade | Synthesis of vanadium dioxide thin films and nanostructures[END_REF][START_REF] Wang | Recent progress in VO 2 smart coatings: Strategies to improve the thermochromic properties[END_REF][START_REF] Liu | Recent progresses on physics and applications of vanadium dioxide[END_REF][START_REF] Perucchi | Optical properties across the insulator to metal transitions in vanadium oxide compounds[END_REF][START_REF] Krishna | X-ray photoelectron spectroscopy and spectral transmittance study of stoichiometry in sputtered vanadium oxide films[END_REF][START_REF] Hryha | Stoichiometric vanadium oxides studied by XPS[END_REF]. Hence, it is clear that the preparation of VO 2 films requires a precise control of the deposition parameters.

Many different approaches, such as sol-gel [START_REF] Seyfouri | Sol-gel approaches to thermochromic vanadium dioxide coating for smart glazing application[END_REF], pulsed laser deposition [START_REF] Liu | Novel pulsed-laser-deposition -VO 2 thin films for ultrafast applications[END_REF][START_REF] Wang | Phase composition and valence of pulsed laser deposited vanadium oxide thin films at different oxygen pressures[END_REF], chemical vapor deposition [START_REF] Binions | Doped and un-doped vanadium dioxide thin films prepared by atmospheric pressure chemical vapour deposition from vanadyl acetylacetonate and tungsten hexachloride: The effects of thickness and crystallographic orientation on thermochromic properties[END_REF], and polymer-assisted deposition [START_REF] Du | Significant changes in phase-transition hysteresis for Ti-doped VO 2 films prepared by polymerassisted deposition[END_REF], have succeeded in synthesizing VO x films with high VO 2 yields, although the complexity and high cost involved in all these methods become a critical limitation for practical applications. In this context, reactive direct current (DC) magnetron sputtering postulates as one of the most promising and simplest techniques for depositing large-areas of vanadium or vanadium oxide films at low temperature [START_REF] Collado | Temperature dependence of electrical resistivity in oxidized vanadium films grown by the GLAD technique[END_REF][START_REF] Zhang | Tunable hysteresis in metal-insulator transition of nanostructured vanadium oxide thin films deposited by reactive direct current magnetron sputtering[END_REF][START_REF] Rampelberg | In situ X-ray diffraction study of the controlled oxidation and reduction in the V-O system for the synthesis of VO 2 and V 2 O 3 thin films[END_REF][START_REF] Ji | Thermochromic VO 2 films by thermal oxidation of vanadium in SO 2[END_REF][START_REF] Pedrosa | Controlled thermal oxidation of nanostructured vanadium thin films[END_REF][START_REF] Yu | Oxygen pressure manipulations on the metal-insulator transition characteristics of highly (0 1 1)oriented vanadium dioxide films grown by magnetron sputtering[END_REF], so that by adjusting oxygen injection times during the sputtering process, the proportions of V to O on the films can be controlled. As can be found in the literature [START_REF] Prasad | Novel single phase vanadium dioxide nanostructured films for methane sensing near room temperature[END_REF][START_REF] Collado | Temperature dependence of electrical resistivity in oxidized vanadium films grown by the GLAD technique[END_REF][START_REF] Rampelberg | In situ X-ray diffraction study of the controlled oxidation and reduction in the V-O system for the synthesis of VO 2 and V 2 O 3 thin films[END_REF][START_REF] Ji | Thermochromic VO 2 films by thermal oxidation of vanadium in SO 2[END_REF][START_REF] Pedrosa | Controlled thermal oxidation of nanostructured vanadium thin films[END_REF][START_REF] Giannetta | Vanadium oxide thin films obtained by thermal annealing of layers deposited by RF magnetron sputtering at room temperature[END_REF][START_REF] Liang | Enhancement of metalinsulator transition performance of VO 2 thin films by conventional furnace annealing[END_REF][START_REF] Lee | Controlling metal-insulator transitions in vanadium oxide thin films by modifying oxygen stoichiometry[END_REF], many different postdeposition annealing strategies, which are required to obtain VO 2 films with desired compositions and morphologies, have been extensively implemented on magnetron sputtered V or VO x films. Several of these post-annealing treatments sometimes lack of precise control of key oxidation parameters like reaction temperatures and times or heating and cooling rates, either omitting or not proving accurate data on them, which seriously compromise their reproducibility. Others, however, have the disadvantage of rigid experimental conditions that implies controlled O 2 , N 2 or SO 2 partial pressures at high temperatures (> 450ºC) for reaction times longer than 1 hour. Therefore, the development of a simple, fast, and cost-effective thermal treatment to carry out the effective oxidation of vanadium or vanadium oxide films for the fabrication of thermochromic VO 2 coatings has become a crucial issue.

In this paper, we report a simple and straightforward post-deposition oxidation strategy for the effective oxidation of DC magnetron-sputtered V or VO x films to obtain thermochromic VO 2 (M1) nanostructured films of controlled crystallinity and grain size.

Taking advantage of the great reactivity of these high surface-to-volume porous nanostructures, in addition to evaluate how oxidation occurs in systems of different morphology and composition, vanadium films were deposited by GLancing Angle Deposition (GLAD) whereas VO x films were produced by combining GLAD and the Reactive Gas Pulsing Process (RGPP). Thanks to the accurate control of temperatures and reaction times, as well as heating rates, fast thermal treatment of these GLAD thin films was successfully performed in air atmosphere. Afterwards, all these oxidized systems were completely characterized by means of Raman spectroscopy, scanning electron microscopy (SEM) and scanning-transmission electron microscopy (S)TEM techniques, including high-angle annular dark-field (HAADF) and high-resolution (HRTEM) imaging, as well as electron energy-loss spectroscopy (EELS), allowing us to unravel the key role that reaction time plays not only in the selective generation of different vanadium oxide phases but also in the formation of VO 2 (M1) layers of a diverse nature, morphology and thickness. Likewise, the effect of oxygen injection times on the subsequent oxidation of the vanadium oxide GLAD films prepared by RGPP was also investigated. Finally, in order to evaluate the MIT response of such oxidized coatings, the surface work functions of the best thermally treated V or VO x samples were investigated through Kelvin probe force microscopy (KPFM) measurements [START_REF] Sohn | Fractal nature of metallic and insulating domain configurations in a VO 2 thin film revealed by Kelvin probe force microscopy[END_REF].

Materials and Methods

Deposition process

Films were deposited at room temperature by DC magnetron sputtering from a vanadium metallic target (51 mm diameter and 99.9 atomic % purity) in a homemade deposition chamber which was evacuated down to 10 -5 Pa before each run by means of a turbomolecular pump backed by a primary pump. The target was sputtered with a constant current density J = 100 A m -2 . Single crystalline (100) silicon substrates were placed at 65 mm from the target surface. Porous V or VO x films with large surface-tovolume ratios and enhanced sensitivity to oxidation were deposited by combining GLAD (GLancing Angle Deposition) and Reactive Gas Pulsing Process (RGPP). The following optimized conditions were used according to previous studies [START_REF] Collado | Temperature dependence of electrical resistivity in oxidized vanadium films grown by the GLAD technique[END_REF]. The incidence angle (α) of the incoming particle flux relative to the substrate normal was set at α = 85° with no rotation of the substrate (i.e.,  = 0 rev h -1 ). Argon was injected at a mass flow rate of 2.40 sccm and the pumping speed was maintained at S = 13.5 L s -1 , whereas the oxygen gas was periodically supplied into the sputtering chamber. A rectangular pulsed signal was employed for the oxygen flow rate with regard to time evolution (Figure 1). The pulsing period was set at P = 16 s. The maximum oxygen flow rate was q O2Max = 0.40 sccm. It corresponds to the critical flow required to avalanche the process in the compound sputtering mode. The minimum oxygen flow rate was q O2min = 0 sccm. Thus, the injection time of the oxygen gas was changed from t ON = 0 to 8 s.

These operating conditions gave rise to a total sputtering pressure changing slightly inbetween 3.00-3.0810 -3 mbar and target potential from 305 to 324 V, which do not disturb the growth mechanisms of the GLAD process (Table 1). It is worth noting that RGPP allows an alternation of the process between metallic and oxidized sputtering modes. Such a precise alternation gives rise to a monotonous increase of the oxygen concentration in metal oxide films, and leads to tunable physico-chemical properties [START_REF] Martin | High rate and process control of reactive sputtering by reactive gas pulsing: The Ti -O system[END_REF][START_REF] Le Dreo | Optical, electrical and mechanical properties of the tantalum oxynitride thin films deposited by pulsing reactive gas sputtering[END_REF][START_REF] Kubart | Modelling of magnetron sputtering of tungsten oxide with reactive gas pulsing[END_REF][START_REF] Xu | Structure, composition and electronic properties of tungsten oxide thin film sputter deposited by the reactive gas pulsing process[END_REF]. Deposition rate is influenced by the t ON time as shown in Table 1. As previously noticed in former investigations [START_REF] Collado | Temperature dependence of electrical resistivity in oxidized vanadium films grown by the GLAD technique[END_REF][START_REF] Martin | High rate and process control of reactive sputtering by reactive gas pulsing: The Ti -O system[END_REF][START_REF] Xu | Structure, composition and electronic properties of tungsten oxide thin film sputter deposited by the reactive gas pulsing process[END_REF], oxygen gas pulsing systematically produces a maximum of the deposition rate of metal oxide thin films when measured as a function of the t ON time. This effect is mainly assigned to the periodic alternation of the reactive sputtering process between the metallic and the compound (poisoned target) sputtering mode, which occurs for a given range of t ON times. In our study, the thickness of the vanadium film (t ON = 0 s) was measured by profilometry, adjusting the deposition time to obtain a film thick enough (~700 nm) to investigate how the oxidation progresses when the subsequent thermal treatments are applied. This same deposition time was later fixed for films prepared with t ON > 0 s.

Thermal treatments

After deposition, vanadium or vanadium oxide samples were thermally treated in a homemade reaction system consisting in an Al 2 O 3 tube on a SiC resistors furnace able to reach 1500°C, with an attached concentric steel tube where a high-temperature steel covered k-type thermocouple inside which acts as an axle for a system of horizontal translation (for a more detailed overview of the reaction system, refer to Supplementary Material Section I). At the end of the metallic tube nearby the furnace, the thermocouple crosses and fixes to a cylinder placed inside this tube, mechanized with a hitch to hang a combustion boat. Thus, the thermometer tip is always placed some millimeters over the center of this alumina crucible, allowing the temperature in the reaction zone to be lifetracked. The other end side also crosses and is fixed to another piece that is part of a handlebar used to slide the specimen holders inside and outside. In this way, by fixing a temperature in the center of the furnace, one is able to control the temperature increase (heating rate) by moving the boat more and more inside the furnace. Consequently, translation routines were prepared for reaching an average heating rate of 42ºC s -1 , as well as for adjusting longer or shorter reaction times at the desired temperature of 550ºC. Lastly, all the samples were cooled down in open-air atmosphere. It should be noted here that the choice of these thermal treatment conditions is grounded in an exhaustive preliminary study (which is currently in press) focused on the oxidation of pure vanadium nanoparticles of similar size to the nanocolumns within the film (100-200 nm) [START_REF] Santos | novel route for the easy production of thermochromic VO 2 nanoparticles[END_REF]. In this manner, the conditions that allowed to achieve higher VO 2 yields in nanoparticles were transferred to the oxidation of vanadium or vanadium oxide GLAD layers, leaving the reaction time as the only optimization variable.

Characterizations

Cross-sectional and plan-view scanning electron microscopy (SEM) images were acquired using FEI Nova NanoSEM and FEI Teneo microscopes operated at 5 kV, to examine the general morphology and size of each film. To obtain additional insights into the nanostructure of such systems, high-resolution transmission electron microscopy (HRTEM), selected area electron diffraction (SAED) and high-angle annular dark-field imaging (HAADF) studies were carried out in two TEM microscopes (FEI Talos F200X and JEOL 2100 LaB 6 ), working both at an accelerating voltage of 200 kV. A Gatan Imaging Filter (GIF) Continuum system fitted in the Talos microscope was used for spatially-resolved EELS analysis in scanning mode. STEM-EELS 2D spectrum image (SI) data were acquired using a 2.5 mm diameter aperture and 0.05 eV/channel energy dispersion. The convergence and collection semi-angles were set to 10.5 and 20.0 mrad, respectively, and the probe current was about 150 nA. In this configuration, the energy resolution was 0.8 eV. In order to allow accurate chemical shift measurements, the Dual EELS mode was used to record nearly simultaneously both, low-loss, and V-L 2,3 in addition to O-K edges, at each pixel position. Dwell times of about 0.9 to 2 seconds per pixel were set to optimize the signal-to-noise ratio.

Electron-transparent cross-sectional samples were prepared for TEM observations by means of both tripod polishing and focused ion beam (FIB) approaches. For this purpose, a tripod polisher (Model 590 Tripod Polisher®) was used to progressively thin the samples to a few microns, followed by Ar + -ion milling in a Gatan PIPS system setting the acceleration energy of both guns to 3.5 keV (+7° top and -7° bottom).

Alternatively, FIB lamellae were also prepared in a Zeiss Auriga FIB-SEM system.

Raman spectroscopy measurements were determined by using a dispersive Raman spectrometer (Jasco, model NRS7200) with a 100x objective coupled to a 532.19 nm NdYAG laser excitation source. Raman spectra were recorded with a spectral resolution of 1 cm -1 in the range of 39-856 cm -1 . These wavenumbers are those where vanadium oxides show their characteristic Raman bands. Care was taken to avoid heat-induced phase changes in the samples, so laser power was set at 0.6 mW and Raman spectra were collected for 30 s with an average accumulation of two spectra.

Finally, KPFM measurements at increasing and decreasing temperatures were performed with a Bruker MultiMode 8-HR AFM system, equipped with a waterrefrigerated scanner (model AS-130VT), that included a variable-temperature sample stage connected to a MultiMode High Temperature Heater controller (maximum temperature 250C) from Digital Instruments/Veeco. A specialized probe holder that fits to a silicone rubber seal to form a controlled environment space for the tip and the sample, was used to perform these measurements. The sample temperature was previously calibrated by performing a heating/cooling experiment in which the sample was substituted by a K-type thermocouple glued with thermal paste to a metallic puck (similar to the one used to attach the sample to the scanner stage). Thus, the small difference between the scanner heater controller temperature and the real sample temperature can be easily estimated for every heating/cooling step. A specialized KPFM SiN probe from Bruker (type PFQNE-AL), with a nominal tip radius of 5 nm, was used to obtain both topographic, in the conventional tapping mode, and simultaneous surface potential images, in the Frequency Modulated-KPFM (FM-KPFM) mode. The work function of the tip was calibrated against gold using an Al/Au/Si test sample also from Bruker (reference PF-KPFM-SMPL) before and after the thermal cycle. Tip wearing during the KPFM experiment was minimum, as can be inferred from the fact that topographic images hardly show loss of lateral resolution, nor the probe work function changed significantly after the heating/cooling cycle was completed. It should be noted that, to ensure that the same sample area was scanned at each temperature, the tip had to be relocated on the sample surface at every temperature step, to compensate for the AFM scanner thermal drift.

Results and discussion

Characterization of as-deposited thin films

Pure vanadium or vanadium oxide GLAD thin films were deposited on silicon substrates at α = 85° and oxygen was pulsed during the deposition, varying the oxygen injection time (t ON ) from 0 to 8 s. In this regards, five samples were deposited which were tagged as V0 (t ON = 0s), V2 (t ON = 2 s), V4 (t ON = 4 s), V6 (t ON = 6 s), and V8 (t ON = 8 s). For the purpose of exploring the structure and the morphology of as-deposited thin films, Figure 2 shows cross-sectional and planar view SEM micrographs of samples V0 to V8. As can be seen, all samples exhibit a well-defined structure of inclined columns, but the effect of the oxygen injection time is also evidenced. As reference, sample V0 presents columns slightly connected to each other, which gives rise to a porous structure about 700 nm thick. Nonetheless, as oxygen injection time increases, samples gradually become thicker (since deposition rate increases as well [START_REF] Collado | Temperature dependence of electrical resistivity in oxidized vanadium films grown by the GLAD technique[END_REF]) and columns are more and more narrow, which not only promotes the connection between the columns but also leads to a decrease in the total porosity. This is clearly observed in Fig. 2, specially for planar view images, which were taken at the same magnification.

Furthermore, it was also found that all samples presented column tilt angle (β) values lower than expected according to common empirical ballistic approaches such as the tangent [START_REF] Nieuwenhuizen | Microfractography of thin films[END_REF] (β = 80°) and Tait [START_REF] Tait | Modelling and characterization of columnar growth in evaporated films[END_REF] (β = 58°) rules. However, it has been proved that these empirical expressions have completely succeeded in accounting for the tilt angle of nanocolumns, when α < 50° [START_REF] Lintymer | Glancing angle deposition to modify microstructure and properties of sputter deposited chromium thin films[END_REF], so that additional mechanisms, more complex than geometrical relationships, must be taken into account to understand the formation of such columnar structures. In general, it is assumed that the β angle value depends on the chemical nature of the deposited material, the deposition conditions, as well as well as the characteristics of the deposition reactor itself [START_REF] Hawkeye | Glancing angle deposition: Fabrication, properties, and applications of micro-and nanostructured thin films[END_REF][START_REF] Barranco | Perspectives on oblique angle deposition of thin films: From fundamentals to devices[END_REF]. In addition, experimental studies as well as simulations show that during the first growing stages (a few nanometers thick), initial nuclei produce small columns, which are perpendicular to the substrate [START_REF] Dervaux | Synthesis of nanostructured Ti thin films by combining glancing angle deposition and magnetron sputtering: A joint experimental and modeling study[END_REF][START_REF] Besnard | A theoretical model for the electrical properties of chromium thin films sputter deposited at oblique incidence[END_REF]. These microscopic islands create a shadowing effect, which is magnified by the oblique angle deposition. Particles impinging on the growing film can only reach a partial area of the columns apex (in front of the particle flux) and a further increase of the deposition leads to a tilting of the columns up to a given angle . The latter depends on many parameters such as the chamber geometry, the sputtering pressure, growth kinetics, self-diffusion of sputtered particles and so on. Likewise, a progressive decrease of the β angle can also be observed as oxygen injection time increases (see Supplementary Material Section II), which can be linked to the mean free path of the sputtered particles. The sputtering pressure, which increases with oxygen injection time, promotes the collisions between particles, leading to the widening of incoming the particle flux from the target in its pathway toward the substrate. This phenomenon can give rise to maximum column angles β close to 20-30° for high incident angles, which could explain the effect observed here for RGPP samples [START_REF] Collado | Temperature dependence of electrical resistivity in oxidized vanadium films grown by the GLAD technique[END_REF].

Additionally, with the aim of disclosing the crystal structure, the predominant phases present in the as-deposited films, and hence the effect of oxygen injection time, V0 and V8 samples were prepared for TEM observations. Figures 3(a) and (b) display the STEM-HAADF images of samples V0 and V8, respectively. As can be appreciated, the V0 overlayer presents a more porous structure when compared to that of V8, which is in agreement with the evidences stated before. Also noteworthy is the great difference between the β values for both samples, being indeed double for the non-oxidized one (β = 52 ° for V0, and β = 26 ° for V8). Besides, HRTEM images and their fast Fourier transform (FFT) for the top regions of samples V0 (Fig. 3(c)) and V8 (Fig. 3(d)) evidenced a remarkable difference between both samples at the nanoscale. On one side, the HRTEM studies not only demonstrate that the vanadium GLAD layer (V0) is crystalline after deposition at room temperature but also it is mainly composed by the pure vanadium cubic phase. By contrast, the vanadium oxide GLAD layer (V8) presents a less crystalline structure, which could be explained by an enhanced atomic peening effect (i.e. the bombardment of the growing film by energetic backscattered ions and sputtered particles) that can generate a greater amount of structural defects [START_REF] Abadias | Review Article: Stress in thin films and coatings: Current status, challenges, and prospects[END_REF]. Indeed, as the oxygen injection time increases up to t ON = 8 s, the average voltage of the vanadium target rises, resulting in an increase of the mean energy of the Ar ions impinging on the target (Table 1). Consequently, the particles reaching the substrate (backscattered Ar and sputtered particles) are expected to be more energetic in the case of the V8 film, generating more damage in its structure. Moreover, the HRTEM micrograph and its FFT (equivalent to a diffractogram of the crystalline structure) for sample V8 revealed interplanar distances and angles proper from those of the tetragonal V 16 O 3 phase. Lastly, in order to check more extended regions than those inspected by HRTEM, selected area electron diffraction (SAED) patterns were collected for V0 and V8 samples (see Supplementary Material Section III) which, in addition to support the greatest crystallinity of sample V0, confirmed that the major phase in V0 sample was cubic vanadium (AMCSD 0011235) whereas the V8 sample was constituted by a mixture of cubic VO (ICDD 01-075-0048) and tetragonal V 16 O 3 (ICDD 04-011-0169).

Thermal oxidation and subsequent characterization of pure vanadium films

Once disclosed the nature, morphology and structure of the as-deposited vanadium or vanadium oxide GLAD films, their fast heating was conducted to promote the formation of the VO 2 thermochromic phase. Note that, initially, only sample V0 was thermally treated since the aim of this first stage was to optimize reaction times that maximize the amounts of VO 2 . In all cases, the reaction temperature (T r ) and heating rate (h r ) were fixed to 550ºC and 42ºC s -1 , respectively. In this light, the V0 sample was subjected to different reaction times (t r ) ranging from 1 to 300 seconds followed by the subsequent instantaneous cooling in air. A detailed scheme of the fast thermal treatment process can be found in Figure 4(a). Here, with the aim of demonstrating the high control achieved in our developed system, it is worth mentioning that all the displayed temperature versus time tracks are those recorded during the thermal treatment. Thereupon, Raman spectroscopy analyses were performed on all the treated samples for the purpose of monitoring the rise of the different vanadium oxidized phases as reaction time increases. Fig. 4(b) shows the Raman spectra collected for V0 samples heated at 550ºC and subjected to different reaction times (from 1 to 300 seconds). As seen, Raman signals given for samples treated during 1 and 15 seconds can be characterized, in addition to be quite noisy, to contain weak VO 2 (M1) peaks at ~194, 224, 262 and 612 cm -1 , as well as others at ~304 and 420 cm -1 which can be associated to the presence of VO x (1.67 < x < 2) compounds [START_REF] Shvets | A review of Raman spectroscopy of vanadium oxides[END_REF]. The remaining Raman bands found in both samples might be attributed to metastable vanadium oxides whose Raman scattering data have not been reported yet. As reaction time increases, VO 2 (M1) Raman signature gradually becomes more significant, reaching a pure VO 2 (M1) signal for t r = 45 s which perfectly matches with other Raman VO 2 spectra previously reported in the literature [START_REF] Shvets | A review of Raman spectroscopy of vanadium oxides[END_REF][START_REF] Li | Core-shell VO 2 @TiO 2 nanorods that combine thermochromic and photocatalytic properties for application as energysaving smart coatings[END_REF][START_REF] Vilanova-Martínez | Laser heating induced phase changes of VO 2 crystals in air monitored by Raman spectroscopy[END_REF][START_REF] Louloudakis | Atmospheric pressure chemical vapor deposition of amorphous tungsten doped vanadium dioxide for smart window applications[END_REF]. From this point forward, longer reaction times would only promote the formation of the α-V 2 O 5 phase (according to Ref. [START_REF] Shvets | A review of Raman spectroscopy of vanadium oxides[END_REF]), turning into the predominant phase for t r > 75 s. Thus, all of the above points out the fundamental role that the precise control of the thermal treatment parameters, and very specially the reaction time, plays in achieving the effective transformation of V into VO 2 (M1) thin films. Furthermore, the structure and morphology of all these annealed samples were also explored by means of SEM. Figure 5 illustrates the top views of all the thermally treated V0 samples which not only allow to identify the different stages involved in the oxidation of such layers but also bring to light some characteristic features of both VO 2 and V 2 O 5 phases. Here, a progressive widening of the grain size for reaction times between 1 and 45 seconds can be observed (for a more detailed overview of the grain morphology after 1 and 15 seconds reaction times, refer to Supplementary Material Section IV). Hence, it seems that the oxidation of vanadium GLAD V0 occurs from the top to the bottom of the layer, starting with the formation of small nuclei of VO x (x < 2) that will later evolve into coarser grains of VO 2 (M1). Likewise, it also appears that the slanted columnar morphology so characteristic of the GLAD systems, which is the main responsible for the almost instantaneous and efficient oxidation of these films thanks to its large surface-to-volume ratios, is lost after thermal treatment. On the other hand, it is also noticed that t r > 60 leads to the gradual growth of these grains along the axial direction, emerging a kind of micro-rods structure randomly distributed in all directions which is characteristic of the V 2 O 5 [START_REF] Margoni | Sprayed vanadium pentoxide thin films: Influence of substrate temperature and role of HNO 3 on the structural, optical, morphological and electrical properties[END_REF][START_REF] Baltakesmez | Phase transition and changing properties of nanostructured V 2 O 5 thin films deposited by spray pyrolysis technique, as a function of tungsten dopant[END_REF]. In consequence, the porosity of the film increases again, but at the expense of its consistency and homogeneity.

In order to accomplish a comprehensive characterization of the fast thermally treated V0 samples, as well as to reinforce the assumptions previously made, TEM studies were performed on several selected samples. Figure 6(a), (b) and (c) display the bright-field TEM cross-sectional views for V0 samples after reaction times of 1, 45 and 300 seconds, respectively. In Fig. 6(a), two clear regions are distinguished: a first compact layer of about 120 nm thick composed by well-defined grains (to have a better insight of this first layer, refer to Supplementary Material Section V), and a second porous and thicker layer beneath (~ 520 nm) that preserves the GLAD morphology of the original system. This confirms the previous hypothesis that oxidation initiates on the surface of the film and progresses towards the substrate as the reaction time increases. Similarly, it is also evidenced that the GLAD morphology disappears as the oxidation of the film develops. Fig. 6(d) shows a HRTEM micrograph of a grain corresponding to the oxidized region (sublayer 1) of the V0 sample for t r = 1 s, revealing atomic columns of monoclinic VO 2 (M1) (ICCD 04-005-4338) oriented in the [011] zone axis, with families of planes and their parameters and angles highlighted. Thus, it could be asserted that the granular reaction product that progresses from the surface of the layer towards the substrate is the thermochromic VO 2 phase. The same applies to the V0 sample subjected to a reaction time of 45 seconds, although the size of the grains observed here, as well as the thickness of the oxidized layer (~ 400 nm), are both significantly greater (Fig. 6(b)). Note that the reduced thickness of the V0 sample for t r = 45 s is not directly associated to thermal treatment itself, but rather to an excessive ion-milling during the FIB sample preparation. Nonetheless, this fact does not prevent the observance of what appears to be an oxidation gradient characterized by larger grains in regions near the surface which progressively decrease in size as oxidation progresses towards inner regions. In this way, it seems that, until the 45-second reaction time is reached, the oxygen in-diffuses more and more, giving rise to an overall appearance of bigger and single-crystalline VO 2 grains. The above could explain the outstanding Raman VO 2 (M1) signal acquired for this sample. Likewise, the HRTEM images collected in this oxidized region (sublayer 1 of the V0 sample for t r = 45 s) also show interplanar spacings and angles that match with the [11 ̅ ] VO 2 (M1) orientation (Fig. 6(e)). Nonetheless, an unreacted buried layer of about 160 nm thick still remains.

Overall, it must be highlighted that, for t r ≤ 45 s, homogeneous oxide layer thicknesses are generated, whereas the original total thickness of the layer is not significantly affected. Also note that the VO 2 thicknesses attained here (120 -400 nm) are above those conventionally reported in the literature for optical applications in thermochromic smart windows [START_REF] Wang | Recent progress in VO 2 smart coatings: Strategies to improve the thermochromic properties[END_REF][START_REF] Liu | Recent progresses on physics and applications of vanadium dioxide[END_REF][START_REF] Chen | VO 2 -based double-layered films for smart windows: Optical design, all-solution preparation and improved properties[END_REF][START_REF] Ba | VO 2 thin films based active and passive thermochromic devices for energy management applications[END_REF]. Hence, the subsequent thermal treatments of thinner (< 100 nm) vanadium GLAD films at T r = 550ºC, h r = 42ºC s -1 and t r ≤ 45 s, could lead to the exclusive formation of pure VO 2 films of controlled grain size, which has been reported to have significant effects on the features of the MIT transition [START_REF] Kang | Effects of annealing parameters on optical properties of thermochromic VO 2 films prepared in aqueous solution[END_REF], thanks to the precise control of reaction times.

On the contrary, the V0 sample subjected to t r = 300 s presents a structure quite different from those previously visualized (Fig. 6(c)). In this case, a unique layer can be distinguished, being its thickness almost three times thicker than the previous ones. This is clearly linked to an advanced oxidation of the film characterized by the oxygen enrichment, which leads us to think that V 2 O 5 is the predominant compound in the sample. Indeed, the HRTEM image displayed in Fig. 6(f), which was collected from a representative region of V0 sample for t r = 300 s, confirms this assumption since characteristic lattice distances and angles of the [012] V 2 O 5 zone axis (ICDD 04-008-4555) were identified. Other features of this sample are the irregular shapes and thicknesses as well as the presence of big voids (see Supplementary Material Section VI), which could all compromise the consistency of the coating.

In order to go a little further in the characterization of such thermally treated samples, as well as to unravel the vanadium oxidation state within each of the layers previously distinguished, STEM-EELS analyses were carried out in V0 preparations subjected to t r = 1, 45 and 300 s. Like in others 3d transition metals, the L 2,3 edge of vanadium exhibits a characteristic shape consisting in two sharp peaks usually separated by a few eV (known as "white lines"). Since those major features are due to electron transitions from 2p (2p 3/2 and 2p 1/2 , for L 3 and L 2 , respectively) to unoccupied 3d states, the L 3 /L 2 intensity ratio as well as the shift of the L 2,3 lines reveal the d-band occupancy, and consequently they are very sensitive to the valence state of the metal [START_REF] Sparrow | L 3 /L 2 white-line intensity ratios in the electron energy-loss spectra of 3d transition-metal oxides[END_REF][START_REF] Krivanek | Elnes of 3d transition-metal oxides. I. Variations across the periodic table[END_REF]. As a general trend, and especially in the case of V, an increase in the oxidation state leads to a shift of the L 2,3 edge towards higher energy loss as well as a decrease of the L 3 /L 2 ratio [START_REF] Waddington | White lines in the L 2,3 electron-energy-loss and x-ray absorption spectra of 3d transition metals[END_REF][START_REF] Gloter | Vanadium valency and hybridization in V-doped hafnia investigated by electron energy loss spectroscopy[END_REF][START_REF] Su | Electron beam induced reduction of V 2 O 5 studied by analytical electron microscopy[END_REF]. Because the oxygen K-edge reflects the local density of states at the oxygen site, changes in its energy-loss near-edge structure can also be considered to determine the oxidation levels. In the case of the V-O system, the O-K edge overlaps with the continuum region of V-L 2,3 edge, which hinders chemical quantification. However, monitoring the relative band shift between O-K and V-L 3 edges as well as the shape of the O-K edge, in particular modifications in the relative intensities of the e g and t 2g preedge peaks can be insightful to reveal some changes of the V valence [START_REF] Lin | Valence states and hybridization in vanadium oxide systems investigated by transmission electron-energy-loss spectroscopy[END_REF][START_REF] Hébert | Oxygen K-edge in vanadium oxides: Simulations and experiments[END_REF].

Figure 7 displays the extracted EELS signals containing both the V-L 2,3 and O-K preedge which were summed in small characteristic areas of V0 samples thermally treated at h r = 42ºC s -1 , T r = 550ºC, and t r = 1, 45 and 300 s. For detailed information on the processing of the STEM-EELS 2D spectrum image datasets, see Supplementary Material Section VII. As can be seen in Fig. 7(a), the EELS spectrum #1a collected from just one individual nanocolumn (brighter contrast on the HAADF image) is characteristic of metallic vanadium, since only the V-L 2,3 white lines separated by ΔE L = 7.0 eV, with the L 3 peak located at 514.1 eV, are visible. Also note that peak positions and energy differences extracted from these and subsequent EELS spectra can be found in Table S1 (Supplementary Material Section VII). Between two nanocolumns, the EELS signal shows some modifications (spectrum #2a) since the L 2,3 lines are shifted towards the higher energies (L 3 position at 514.8 eV) and a single peak around 531.7 eV appears in the O-K pre-edge region. This feature is attributed to the e g state arising from hybridization between O 2p and V 3d states [START_REF] Lin | Valence states and hybridization in vanadium oxide systems investigated by transmission electron-energy-loss spectroscopy[END_REF][START_REF] Hébert | Oxygen K-edge in vanadium oxides: Simulations and experiments[END_REF]. Those observations, combined with the fact that the measured energy difference between the e g and the V-L 3 peaks is ΔE = 16.9 eV, may reveal the V 2+ valence state (VO) [START_REF] Su | Electron beam induced reduction of V 2 O 5 studied by analytical electron microscopy[END_REF][START_REF] Li | Stoichiometry of nanocrystalline VO x thin films determined by electron energy loss spectroscopy[END_REF]. This indicates that, despite the V nanocolumns are mostly metallic, they may present a slightly oxidized surface due either to air exposure, as evidenced in other GLAD systems [START_REF] Santos | Surface oxidation of amorphous Si and Ge slanted columnar and mesoporous thin films: Evidence, scrutiny and limitations for infrared optics[END_REF], or to the thermal annealing process itself. In the upper region of the film, measurements as the spectrum #3a shows more pronounced changes characterized by a higher energy shift of the V-L 2,3 lines (L 3 position at 516.0 eV) and by the presence of two peaks in the O-K preedge region that corresponds to t 2g (around 528.6 eV) and e g (around 530.8 eV) states coming from the O 2p and V 3d hybridization [START_REF] Lin | Valence states and hybridization in vanadium oxide systems investigated by transmission electron-energy-loss spectroscopy[END_REF][START_REF] Hébert | Oxygen K-edge in vanadium oxides: Simulations and experiments[END_REF]. This increased shift of V-L 2,3 lines, but also the stronger t 2g contribution relative to e g , the reduced energy difference between the e g and the V-L 3 line (ΔE=14.7 eV) as well as the strong shoulders visible on the left sides of the L 3 and L 2 peaks (shown by the arrows) are fingerprints that allow to confirm the V 4+ valence state (VO 2 ) [START_REF] Gloter | Vanadium valency and hybridization in V-doped hafnia investigated by electron energy loss spectroscopy[END_REF][START_REF] Su | Electron beam induced reduction of V 2 O 5 studied by analytical electron microscopy[END_REF].

When the annealing time increases up to 45 s (Fig. 7(b)), it is observed that the distribution of the oxidation states within the layer remains quite close to the previous case, but with a much deeper oxidized layer that extends up to about 400 nm from the surface. The aforementioned oxidation gradient can be more easily appreciated here: a first homogeneous overlayer of about 250 nm formed by larger grains, and a second inner sublayer (~150 nm thick) composed by smaller grains of different sizes are distinguished. The EELS signals obtained in the upper part (spectrum #3b, where large grains are observed) and in the lower part (spectrum #2b, where both smaller grains and voids are observed) of this layer present very similar features than for the spectrum #3a (also see Table S1), confirming that the greater part of the films is in the V 4+ valence state in agreement once again with the presence of VO 2 . At the bottom part of the film (spectrum #1b), within about the first 160 nm of the layer, the EELS signals are quite similar to those of spectrum #2a, characteristic of a V 2+ valence state.

By contrast, as evidenced in Fig. 7(c), 300 s reaction time leads to a complete modification of the oxidation state in the whole layer. All the EELS signals corresponding to regions located at different thicknesses within the coating present the same features that matches very well with a V 5+ valence state (V 2 O 5 ) according to the trends evidenced in the literature. As compared with the EELS signals of the previously identified VO 2 regions, the spectra shown in Fig. 7(c) present on the one hand V-L 2,3 white lines that are slightly shifted (0.5 eV) towards higher energies (L 3 position at about 516.6 eV), and on the other hand less separated O-K pre-edge peaks with a stronger t 2g contribution [START_REF] Gloter | Vanadium valency and hybridization in V-doped hafnia investigated by electron energy loss spectroscopy[END_REF][START_REF] Su | Electron beam induced reduction of V 2 O 5 studied by analytical electron microscopy[END_REF][START_REF] Hébert | Oxygen K-edge in vanadium oxides: Simulations and experiments[END_REF][START_REF] Abbate | Soft X-ray absorption spectroscopy of vanadium oxides[END_REF]. We can also mention that two weak shoulders are detected on the left side of the V-L 3 peak, indicating the presence of the vanadium pentoxide.

Thermal oxidation and subsequent characterization of vanadium oxide films

Once known how oxidation develops for pure vanadium GLAD films, it is time to explore how VO x GLAD films deposited at different oxygen injection times behave when subjected to fast thermal treatments. In this way, provided the good outcomes obtained for the V0 sample, a thermal treatment consisting in a fast heating ramp of 42ºC s -1 , followed by keeping a constant temperature of 550ºC for 45 seconds, and a final cooling down in air atmosphere, was systematically applied to V2, V4, V6 and V8 samples. Figure 8 shows the planar view SEM images obtained for V2, V4, V6 and V8 samples after thermal treatments. As can be seen, all these samples present a granular structure quite similar to those presented in the V0 sample subjected to t r = 45 s.

However, remarkable differences are noticed. Proof of this is the undesired appearance, to a greater (samples V4 and V8) or lesser (samples V2 and V6) extent, of V 2 O 5 microrod bundles on the surface, as well as the cracking (sample V6) or the final detachment (sample V8) of the coating (for a more detailed perception of such cracks and delaminations, refer to Supplementary Material Section VIII). Note that the detachment of the V8 overlayer took place while it was cooled down in air. Thus, this phenomenon could be associated to the combined effect of the two following events. On the one hand, it should not be forgotten that, as oxygen injection times increases, columns become taller and narrower, so the development of a more compact layer over such porous structures can result in a greater source of stress. Likewise, it should also be kept in mind that the phases present in the sample V8 before the thermal treatment (VO and V 16 O 3 ) were not the same as for sample V0. Thus, all this could lead to the outbreak of residual stresses at the different interfaces, probably favored by thermal expansion mismatches between layers, which can result in the development and propagation of cracks or, in the worst case, in the collapse of the physisorbed film, promoting the observed lack of adherence.

Figure 9(a) reveals the Raman spectroscopy studies carried out on V2, V4 and V6 samples. Note that Raman analyses could not be performed on the V8 sample as result of its detachment. The measured Raman spectra for V2 and V6 samples clearly show the characteristic Raman bands of the VO 2 (M1) phase together with a weak band at around ~340 cm -1 which is associated to the presence β-V 2 O 5 [START_REF] Shvets | A review of Raman spectroscopy of vanadium oxides[END_REF]. By contrast, the Raman spectrum of the V4 sample not only indicates a clear VO 2 (M1) signature, but also a prominent signal of two overlapped bands at ~266 and 269 cm -1 which are characteristic to γ'-V 2 O 5 and ε'-V 2 O 5 pentoxide polymorphs [START_REF] Shvets | A review of Raman spectroscopy of vanadium oxides[END_REF]. All this agrees with the previously observed through SEM studies, which noticed the presence of the so characteristic V 2 O 5 micro-rods, especially for the V6 sample. Therefore, in addition to the cracking and the detachment of the film, it seems that the thermally treated vanadium oxide GLAD samples also have the disadvantage of being less homogeneous than the V0, with the appearance of V 2 O 5 micro-rod bundles on the surface.

Notwithstanding, the results obtained for the V2 sample are quite promising.

So as to ultimately know how oxidation develops along the thickness of such porous vanadium oxide films, it was decided to explore the two most favorable samples so far, i.e., V2 and V6 samples, by means of TEM methods. Fig. 9(b) and (c) illustrate the cross-sectional bright-field overviews of V2 and V6 samples, respectively. In the same way as happened for sample V0, both samples clearly present three regions: a first sublayer located in the top part of the films (sublayer 1) characterized by large and single-crystalline grains; an intermediate region beneath (sublayer 2) consisting of grains of considerably smaller size; and a third most buried region (sublayer 3), in principle not oxidized, that preserves the features of the GLAD structures. Therefore, it seems that the arising of this oxidation gradient is not ultimately linked to the deposition approach, but to the nature of the thermal treatment itself. Overall, some distinguishing characteristics of these two samples are a thicker first sublayer (~ 390 nm) for the V2 sample versus a greater intermediate thickness sublayer (~ 360 nm) for the sample V6.

However, the size of the grains located in the so-called sublayer 1 of both samples is considerably bigger than those formed in the V0 sample for the same thermal treatment.

Likewise, the oxidized layer thicknesses of V2 and V6 samples are ~ 570 nm and ~ 680 nm, respectively, which means that vanadium oxide GLAD films are more prone to oxidation than those of pure vanadium. All this could be explained by the fact that taller and smaller diameter columns, which is favored as oxygen injection time increases, imply greater surface-to-volume ratios, thus increasing the reactivity of the coating [START_REF] Santos | Surface oxidation of amorphous Si and Ge slanted columnar and mesoporous thin films: Evidence, scrutiny and limitations for infrared optics[END_REF].

For this same reason, oxidation was more effective and progressed deeper in sample V6 than in V2. Instead, it should also be noticed that the original thickness of as-deposited V2 and V6 samples was not significantly affected after oxidation. In addition to the above, the HRTEM images collected from large-sized grains of V2 and V6 samples (Supporting Information Section IX) once more demonstrated the presence of the thermochromic VO 2 (M1) phase in the most surface layers.

In order to completely understand the effect that the deposition conditions can have on the oxidation process, and in particular the pulsed injection of oxygen, STEM-EELS analyses were also carried out in V2 and V6 oxidized samples as those shown in Figure 10(a) and (b), respectively. The EELS signals (see also Table S1 for more details) collected from the bottom part of the films, where the GLAD nanocolums are still visible, are similar and match well with a metallic V or poorly oxidized vanadium (VO), whereas the top part of the films reveal features that are clear fingerprints of VO 2 . In the case of the V2 film, it is important to note that a thin intermediate sublayer (about 80 nm) has been identified on top of the nanocolumns, which shows EELS signal (spectrum #2 on Fig. 10(a)) with intermediate features (white line shift, energy difference ΔE, O-K pre-edge peak shapes) compared to VO and VO 2 and that matches with V 3+ (V 2 O 3 ) valence state according to the literature [START_REF] Gloter | Vanadium valency and hybridization in V-doped hafnia investigated by electron energy loss spectroscopy[END_REF][START_REF] Li | Stoichiometry of nanocrystalline VO x thin films determined by electron energy loss spectroscopy[END_REF]. As a general trend, it can be observed that, as oxygen injection time increases more heterogeneous and thicker VO 2 layers are achieved after oxidation: greater oxygen injection times, in addition to partially oxidize the film, give rise to the formation of apparently less porous structures but with higher surface areas, which enhances the reactivity of the system. However, as evidenced through Raman and EELS studies, they may develop V 2 O 5 or V 2 O 3 oxides up or down, respectively. Thus, it seems that a gradient of phases from more (V 5+ ) to less (V 3+ ) oxidized states, with an intermediate majoritarian V 4+ valence region, following the V-O phase diagram trend [START_REF] Shvets | A review of Raman spectroscopy of vanadium oxides[END_REF], is developed along the film thickness in the direction from the surface (continuously exposed to O reactivity) to the interface with the substrate (where events promoted by O diffusion are more limited).

Metal-to-insulator response of the oxidized films

Finally, with the aim of evaluating the MIT of the oxidized samples, variable temperature KPFM was used to obtain the evolution of the work function (W S ) maps with temperature. Figures 11(a takes place, as expected for this kind of transition [START_REF] Sohn | Fractal nature of metallic and insulating domain configurations in a VO 2 thin film revealed by Kelvin probe force microscopy[END_REF][START_REF] Ko | Work function of vanadium dioxide thin films across the metal-insulator transition and the role of surface nonstoichiometry[END_REF].

A more detailed study was performed for the oxidized V2 sample (550ºC, h r = 42ºC s -1 and t r = 45 s), as shown in Figure 12, by scanning a 2  2 m 2 area of this sample during a full heating and cooling cycle. The topography of this region is shown in Fig. 12(a), from which a RMS roughness value of S q = 17.4 nm is obtained. On the other hand, Figs. 12(b)-(f) display the evolution of the work function maps with temperature during the heating/cooling cycle. These maps were derived from the KPFM images, taking into account the work function of the tip, and from them, the W S distribution histograms can be represented and fitted to a Gaussian function (i.e., a normal distribution is again considered). The mean W S values obtained at each temperature are represented in Fig. 12(g). Here, error bars length corresponds to the standard deviation of each Gaussian distribution fit. As expected, a hysteretic MIT, manifested as a reduction in work function of 0.2 eV, which is considerably greater than those reported in the literature to date for VO 2 thin films (0.10-0.15 eV) [START_REF] Sohn | Fractal nature of metallic and insulating domain configurations in a VO 2 thin film revealed by Kelvin probe force microscopy[END_REF][START_REF] Ko | Work function of vanadium dioxide thin films across the metal-insulator transition and the role of surface nonstoichiometry[END_REF], is clearly shown, with inflection points at around 78C during heating and at around 73C during cooling, and thus a thermal hysteresis width about T ~ 5C. Although MIT temperature is 68ºC for pure singlecrystalline M1 phased VO 2 , different transition temperatures ranging from 40ºC to 85ºC have been found, even in similarly grown thin films, depending on deposition conditions and postprocessing [START_REF] Yu | A metal-insulator transition study of VO 2 thin films grown on sapphire substrates[END_REF]. In this regard, it has been reported that the increase in the MIT temperature can be a consequence of the residual strain along the c-axis of VO 2 [START_REF] Gupta | Semiconductor to metal transition characteristics of VO 2 thin films grown epitaxially on Si (001)[END_REF], as well as of the adsorption of oxygen atoms [START_REF] Chen | Tuning the phase transition temperature, electrical and optical properties of VO 2 by oxygen nonstoichiometry: Insights from first-principles calculations[END_REF].

In the same vein, it has been also evidenced that the work function of VO 2 is greatly influenced by oxygen non-stoichiometry [START_REF] Ko | Work function of vanadium dioxide thin films across the metal-insulator transition and the role of surface nonstoichiometry[END_REF][START_REF] Chen | Tuning the phase transition temperature, electrical and optical properties of VO 2 by oxygen nonstoichiometry: Insights from first-principles calculations[END_REF], so that oxygen atoms can induce an increase in the work function values. Thus, oxygen adsorption must play a role in the MIT measured using KPFM in air atmosphere, since some oxygen atoms may be adsorbed at low temperature, then desorbed, at least partially, during the heating, and readsorbed on cooling, influencing the value of the MIT drop observed. Nevertheless, the work function drop obtained here is still lower than the value (~0.35 eV) calculated by Chen et al. [START_REF] Chen | Tuning the phase transition temperature, electrical and optical properties of VO 2 by oxygen nonstoichiometry: Insights from first-principles calculations[END_REF], which is more than acceptable, considering the environmental conditions. In any case, these results demonstrate the existence of a MIT in the thermally treated samples. Furthermore, although it is true that V2 sample was subjected to a single heating-cooling cycle, it apparently shows a good repeatability of the thermochromic behavior, which has been proved to be crucial for practical applications [START_REF] Huffman | Highly repeatable nanoscale phase coexistence in vanadium dioxide films[END_REF].

In view of the foregoing, it is clearly demonstrated that the controlled and fast oxidation of V or VO x GLAD films in air atmosphere leads to the attainment of promising VO 2 thermochromic layers. Hence, given the VO 2 thicknesses achieved here for the different fast thermal treatments carried out, it is thought that the deposition and subsequent oxidation of vanadium or vanadium oxide GLAD film thicknesses similar to those required for optical applications in smart windows (< 100 nm) would give rise to the exclusive formation of VO 2 (M1) layers of adjustable grain size (to see an overview of the different mean VO 2 grain sizes achieved in this study, refer to Table 2) and crystallinity by controlling (a) oxygen injection times during deposition (t ON ≤ 2 s); and (b) reaction times (t r ≤ 45s) for thermal treatments conducted at 550ºC and h r = 42ºC s -1 .

In fact, these latest assumptions, which should be also contrasted through optical and electrical measurements, will be the focus of our future investigations.

Conclusions

In this work, a novel, simple and cost-effective approach for the fast oxidation of vanadium-based films to accomplish thermochromic VO 2 coatings of tunable grain size and crystallinity has been reported. For this purpose, porous V or VO x layers were prepared by DC magnetron sputtering involving the glancing angle deposition (GLAD) and the reactive gas pulsing process (RGPP), keeping deposition angle α = 85° and pulsing the oxygen gas with t ON = 0, 2, 4, 6 and 8 s. As a first step, thanks to the accurate control of the oxidation parameters as well as the great reactivity of the high surface-to-volume deposited films, the fast oxidation of pure vanadium samples was performed in air atmosphere at h r = 42ºC s -1 and T r = 550ºC, for reaction times (t r ) ranging from 1 to 300 s. Results collected for such oxidized systems through SEM and Raman spectroscopy not only allowed to explore the characteristic structure and morphology of the different oxide phase generated but also to optimize reaction times which maximize the highest amounts of the thermochromic VO 2 phase. Further TEM and STEM-EELS studies disclosed that t r ≤ 45 s guarantee the exclusive formation of VO 2 (M1) superficial layers of different grain size and crystallinity with thicknesses between 120 -400 nm.

By virtue of the foregoing, the subsequent fast oxidation of vanadium oxide samples was carried out at h r = 42ºC s -1 , T r = 550ºC, and t r = 45 s. Samples deposited with oxygen injection times t ON ≥ 6 s not only evidenced the cracking and film detachment but also an earlier formation of V 2 O 5 microrods on the surface in addition to the VO 2 (M1) phase. The best results were obtained for the oxidized sample deposited with t ON = 2 s, which showed the formation of VO 2 (M1) multilayers of about 570 nm total thick: the most superficial layer is composed by larger and single-crystalline VO 2 grains, whereas the second inner layer is characterized by smaller grains.

Finally, the remarkable surface potential drops recorded by temperature dependent KPFM measurements of the best thermally treated vanadium or vanadium oxide samples confirmed the outstanding and promising MIT response of the resultant VO 2 (M1) films. Therefore, it is determined that the post-deposition oxidation of < 100 nm thick vanadium-based samples deposited at α = 85° and t ON ≤ 2 s can lead to the exclusive formation of VO 2 (M1) coatings of adjustable grain size and crystallinity when the subsequent fast thermal treatments are conducted in air atmosphere using optimized conditions (h r = 42ºC s -1 , T r = 550ºC, t r ≤ 45 s). 
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  ) and (b) show the overlayed tridimensional images of topography and work function for the V0 sample subjected to t r = 45 s at two different temperatures, below and above the MIT. In Fig. 11(c) the distribution of W S values in both images, calculated from the KPFM values considering the tip work function, are represented. These values are fitted to a Gaussian function and, from the mean values found (peaks), it is clearly shown that a reduction in work function of about 0.16 eV
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Table 1 .

 1 Operating conditions recorded during the sputter-deposition of vanadium and vanadium oxide films combining GLAD+RGPP.

	Oxygen injection time t ON				
	0	2	4	6	8
	(s)				
	Target potential				
	312	311-321	307-314	305-312	309-324
	(V)				
	Total sputtering pressure				
	3.00	3.00-3.01	3.00-3.08	3.00-3.08	3.00-3.07
	(10 -3 mbar)				
	Deposition rate				
	240	262	285	247	210
	(nm h -1 )				

Table 2 .

 2 Summary of the mean VO 2 grain sizes formed in the top sublayer for the different samples studied after being subjected to thermal treatments. Note that these values were extracted from the analysis of the different plan view SEM images collected.

	Sample	Average grain size (nm)
	V0 (t r = 1 s)	88 ± 23
	V0 (t r = 15 s)	142 ± 60
	V0 (t r = 30 s)	173 ± 41
	V0 (t r = 45 s)	283 ± 116
	V2	450 ± 129
	V4	209 ± 57
	V6	348 ± 164
	V8	454 ± 185
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