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The present work reports on the optimization of a simple two-step procedure to achieve thermochromic vanadium dioxide coatings. The effect of the layer thickness, the total surface area exposed, as well as different parameters involved in a fast annealing process leads to the selective oxidation in air atmosphere of vanadium films sputtered at glancing angles. Outcomes resulting from structural and optical characterizations of annealed films with different layer thicknesses and porosities disclose two optimal pathways for the fast heating synthesis of high-performance VO2based coatings with unique thermochromic features. A first one at 475ºC with reaction times ranging from 40-60 s, ideal for thicker films (~100 nm), which implies reaching pseudo-equilibrium states with the formation of a VO2 + VO2+x phase mixture. A second one more adapted for thinner samples (~25 nm), which involves obtaining VO2refined products through instantaneous reactions at 500ºC. The unusual balance achieved for luminous transmittance (> 60%) and solar modulation ability (~5%) through the second route, coupled with a remarkable decrease in the metal-to-insulator transition temperature without the need of using doping (up to 15°C below that of the pure bulk VO2, i.e., ~68°C), make these initially porous systems potentially applicable in energy efficient smart glazing or resistive switching while paving the way for further initiatives towards the simple and cost-effective manufacturing of VO2 thermochromic coatings at a large scale.

Introduction

Vanadium dioxide (VO2) is a thermochromic material that has attracted extensive attention from scientists and technologists because of its unique metal-insulator transition (MIT) at near room temperature [START_REF] Lu | The metal-insulator phase change in vanadium dioxide and its applications[END_REF][START_REF] Shao | Recent progress in the phase-transition mechanism and modulation of vanadium dioxide materials[END_REF]. This phenomenon not only leads to structural changes between monoclinic VO2(M1) to rutile VO2(R), but also to strong alterations in electrical resistivity and infrared transmission over the MIT. This makes it a suitable material for applications such as electrical switches [START_REF] Chikanari | Enhancement of electronic-transport switching in single-crystal narrower VO2 nanowire channels through side-gate electric fields[END_REF][START_REF] Dong | A 0.2 V microelectromechanical switch enabled by a phase transition[END_REF], memory devices [START_REF] Driscoll | Phase-transition driven memristive system[END_REF],

or smart radiators [START_REF] Hendaoui | Highly tunable-emittance radiator based on semiconductor-metal transition of VO2 thin films[END_REF], among others. In this same vein, VO2-based thermochromic coatings with a self-blocked infrared transmittance above a critical MIT temperature (Tc) can also be used to regulate the transmittance of solar heat (Tsol) in energy-efficient smart windows [START_REF] Savorianakis | VO2 nanostripe-based thin film with optimized color and solar characteristics for smart windows[END_REF][START_REF] García-Wong | Oxidation of sputter-deposited vanadium nitride as a new precursor to achieve thermochromic VO2 thin films[END_REF][START_REF] Cui | Thermochromic VO2 for energy-efficient smart windows[END_REF][START_REF] Wang | Recent progress in VO2 smart coatings: Strategies to improve the thermochromic properties[END_REF][START_REF] Chang | Review on thermochromic vanadium dioxide based smart coatings: From lab to commercial application[END_REF][START_REF] Shen | Vanadium dioxide for thermochromic smart windows in ambient conditions[END_REF][START_REF] Cao | Challenges and opportunities toward real application of VO2-based smart glazing[END_REF]. Current requirements for the application of these smart coatings in building glazing imply luminous transmittances (Tlum) greater than 60% (for the maximum use of sunlight), solar modulation abilities (ΔTsol) over 10% (for efficient adaptation to climate changes), and MIT temperatures close to 25ºC [START_REF] Cui | Thermochromic VO2 for energy-efficient smart windows[END_REF][START_REF] Shen | Vanadium dioxide for thermochromic smart windows in ambient conditions[END_REF][START_REF] Cao | Challenges and opportunities toward real application of VO2-based smart glazing[END_REF]. However, the antagonistic relationship between Tlum and ΔTsol makes it difficult to simultaneously meet such specifications. In fact, for the particular case of undoped VO2 monolayers, Tlum values hardly exceed 40%, as solar modulations higher than 10% require an optimization of the film thickness. Likewise, issues such as the challenging vanadium chemistry, the narrow reaction window for forming VO2, the complexity and high cost of the manufacturing processes involved, or the few studies carried out on glass substrates, limit the large-scale industrial transfer of this technology.

In order to fill this gap, our recent work introduced a simple two-step route to attain high-performance VO2(M1) coatings on glass substrates, which comprises the initial sputtering of 50 nm thick porous vanadium films and the subsequent fast oxidation into an open tube [START_REF] Santos | A simple two-step approach to the manufacture of VO2-based coatings with unique thermochromic features for energy-efficient smart glazing (under review in Energy Build[END_REF] supported on previous optimizations for 700 nm V porous layers [START_REF] Santos | Controlled grain-size thermochromic VO2 coatings by the fast oxidation of sputtered vanadium or vanadium oxide films deposited at glancing angles[END_REF].

Based on the precise control of the annealing parameters, as well as on the enhancement of reactivity and selectivity linked to the porous structures resulting from the GLancing Angle Deposition (GLAD), different pathways for the synthesis of high-performance VO2-based coatings with unique thermochromic features for smart window applications were disclosed. Furthermore, the good balance achieved for light transmittance and solar modulation capacity was coupled with unusually low Tc values. They cannot be achieved by elemental doping but rather by the development of oxygen vacancies resulting from the very fast nature of the thermal treatments involved. Nevertheless, it should be noted that this report only covers the effect that reaction temperatures and times have on the oxidation processes of α = 85º V-GLAD systems of a same thickness and characteristics (i.e. initially of 50 nm).

The present study complements our previous investigations by offering a more global and complete insight into the fast oxidation of porous vanadium coatings in air thanks to the exhaustive evaluation of the effects of the different parameters involved in the annealing processes as well as the influence of layer thickness and porosity. To meet this goal, V-GLAD layers of 100, 25 and 12.5 nm nominal thickness were deposited on glass substrates. They were subsequently characterized by scanning electron microscopy (SEM) and scanning-transmission electron microscopy (S)TEM techniques. Afterwards, the samples were thermally treated at different temperatures (Tr) and reaction times (tr) depending on the volume of material to be oxidized. The microstructural and optical characterization of the oxidized systems was carried out by combing SEM and variable temperature Vis-NIR spectrophotometry measurements, shedding light on the effects of layer thickness, the total surface area exposed to oxidation, as well as reaction temperatures and times, on the synthesis of VO2-based thermochromic coatings of diverse nature, morphology and performance. Likewise, the effect of heating rate was also investigated. Additionally, a comprehensive optical study was presented for all heat-treated samples, putting a special emphasis on the parameters that determine the viability of the manufactured coatings for smart window applications (Tlum, ΔTsol, Tc).

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. It 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 , leading to a constant target potential of 312 V.

Glass substrates (Menzel Gläser ® microscope slides) were placed at 65 mm from the target center. On the basis of our previous studies [START_REF] Santos | Controlled grain-size thermochromic VO2 coatings by the fast oxidation of sputtered vanadium or vanadium oxide films deposited at glancing angles[END_REF][START_REF] Collado | Temperature dependence of electrical resistivity in oxidized vanadium films grown by the GLAD technique[END_REF], porous V films with large surface-to-volume ratios and enhanced reactivity to oxidation were deposited by the GLAD technique. The incidence angle (α) of the incoming particle flux relative to the substrate normal was set at α = 85º (the maximum allowed for efficient GLAD deposition, so that the higher the deposition angle, the higher the overall porosity of the film and, therefore, its specific surface area [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]) with no rotation of the substrate (i.e., ϕ = 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 leading to a sputtering pressure of 0.3 Pa.

Different vanadium film thicknesses (12.5, 25 and 100 nm) were achieved by adjusting the deposition time according to an average deposition rate of 240 nm h -1 , which was previously determined for α = 85º.

Thermal treatments

After deposition, vanadium samples were thermally treated in a homemade reaction system. It consists in an Al2O3 tube on a SiC resistors furnace being able to reach 1500°C, with an attached concentric steel tube with a high-temperature steel covered Ktype thermocouple inside. This thermometer bar 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 life-tracked. 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 a desired temperature. Lastly, all the samples were cooled down in air. It should be noted that the choice of these thermal treatment conditions is grounded in a preliminary study focused on the oxidation of V-GLAD thin films deposited on silicon substrates [START_REF] Santos | Controlled grain-size thermochromic VO2 coatings by the fast oxidation of sputtered vanadium or vanadium oxide films deposited at glancing angles[END_REF] that evolved from previous studies for the reactivity of vanadium nanoparticles and the achievement of undoped and W-doped M1-VO2 thermochromic powders [START_REF] Morales | Reactivity of vanadium nanoparticles with oxygen and tungsten[END_REF][START_REF] Santos | A novel route for the easy production of thermochromic VO2 nanoparticles[END_REF].

Characterizations

Topographic scanning electron microscopy (SEM) images were acquired using a FEI Nova NanoSEM operating at 5 kV in order to examine the surface morphology of the films before and after each thermal treatment. For the determination of layer thicknesses, transmission electron microscopy (TEM) experiments were conducted in a Thermo Scientific TALOS F200X G2 analytical microscope operated at 200 kV and equipped with a Super-X windowless energy-dispersive X-ray spectrometry (EDX) system that includes four silicon drift detectors. Local compositional analyses were performed by combining high-angle annular dark-field imaging (HAADF) and EDX acquisitions using the scanning (STEM) mode. Electron-transparent cross-sections were prepared for TEM observations by progressive thinning with a tripod (Model 590 Tripod Polisher®) down to a few microns, followed by Ar + ion-milling at an acceleration energy of 3.5 keV in a Gatan Precision Ion Polishing System (PIPS)-691 at ±7º milling angles (double-beam mode). The thermochromic optical behavior of the prepared VO2 coatings was determined via transmission spectroscopy using an Agilent Cary 5000 spectrophotometer (photometric accuracy ±0.1%) equipped with a custommade temperature controlled stage. Thus, Vis-NIR transmission spectra of 380-2500 nm were recorded at selected temperatures in the range of 25-90ºC. Additionally, for the dynamic monitoring of the thermally induced phase transition, the temperature evolution of the optical transmittance at a selected NIR wavelength (2000 nm) was observed in both heating and cooling cycles at a controlled rate of 5ºC min -1 . DC electrical resistivity vs. temperature of the oxidized films (included in the Supplementary Material) were performed in a custom-made chamber. It is covered in order to have a dark environment, using the four-probe van der Pauw geometry in the temperature range of 25-90ºC with a ramp of 1°C min -1 and then back to 25°C with the same negative ramp. Humidity and cleanness were considered as constant. The error associated to all resistivity measurements was always below 1% and the quality of the contacts was checked prior to every run (I/V correlation close to 1) to ensure that an ohmic contact was attained (use of gold coated tips).

Results and discussion

Micro-and nanostructural characterization of as-deposited samples

Having studied in depth the thermochromic behavior of the systems resulting from the controlled fast oxidation of V-GLAD samples of 50 nm nominal thickness (N) in air [START_REF] Santos | A simple two-step approach to the manufacture of VO2-based coatings with unique thermochromic features for energy-efficient smart glazing (under review in Energy Build[END_REF], it is now time to explore the effect that layer thickness has not only on the optical performance of the film once oxidized, but also on its reactivity and selectivity when carrying out the thermal treatment. For this purpose, pure vanadium GLAD films of N = 12.5, 25, and 100 nm were deposited on glass substrates at α = 85°. Figure 1 shows the characteristic SEM topography of each of the different deposited samples.

Once again, it reveals the strong dependence of porosity on layer thickness for GLAD systems. The higher the layer thickness, the greater the porosity [START_REF] Maudet | Optical and nanostructural insights of oblique angle deposited layers applied for photonic coatings[END_REF]. This fact finds an explanation in the existence of two deposition regimes during deposition at glancing angles, resulting in a mostly porous structure as the shadowing effects begin to prevail over the diffusive ones (the latter is more prominent in the early stages of deposition) [START_REF] Barranco | Perspectives on oblique angle deposition of thin films: From fundamentals to devices[END_REF][START_REF] Hawkeye | Glancing angle deposition: Fabrication, properties, and applications of micro-and nanostructured thin films[END_REF]. For this reason, the surface microstructure of the thicker sample (N = 100 nm) reveals the so-characteristic porous structure of V-GLAD systems (shadowdominated deposition regime) [START_REF] Santos | Controlled grain-size thermochromic VO2 coatings by the fast oxidation of sputtered vanadium or vanadium oxide films deposited at glancing angles[END_REF][START_REF] Collado | Temperature dependence of electrical resistivity in oxidized vanadium films grown by the GLAD technique[END_REF], while the thinner ones (N = 12.5 and 25 nm), despite they are also certainly porous, do not exhibit such an evident porosity (diffusion-dominated deposition regime). Therefore, considering that all samples were deposited with the same conditions changing only the deposition time, it becomes clear that the thicker sample should have a greater real thickness than the nominally targeted as a direct consequence of the porosity observed in Figure 1. and (c)) was more complex (in addition to dealing with much narrower thicknesses, the columnar structure could not be observed in either of the two cases). So it was necessary to perform elemental analyses in order to determine the experimental thicknesses of these samples. In this sense, through the STEM-EDX elemental profiles obtained for V (associated to the deposited film) and Si (belonging to the glass substrate) atoms along the whole coating thickness (Fig. 2(d-f)), it was found that the real layer thicknesses (R) for samples deposited at N = 100, 25, and 12.5 nm were approximately R ≈ 180, 24, and 12 nm, respectively. Hence, it is confirmed that the thinner samples (N = 25 and 12.5 nm) are developed under a regime mainly dominated by diffusion between the small islands of material generated during the early stages of deposition, giving rise to nanopores that do not lead to increase the layer thickness. Furthermore, in order to better understand this increase of porosity with thickness, R vs.

N was plotted and fitted with a polynomial function for the range N =0-100 nm (see Supplementary Material Section II). These results do not only allow us to estimate the real thickness within the addressed N range, but also to determine the threshold thickness when the GLAD deposition regime begins to be dominated by shadowing effects, which was found to be N ≈ 26 nm. From this point forwards, the porosity, and therefore the total thickness of the layer (voids + material), gradually increases. In this context, it must be highlighted that the estimated thickness for N = 50 nm (R ≈ 62 nm)

is not far from that measured by profilometry in our previous study (R = 70 ± 5 nm) [START_REF] Santos | A simple two-step approach to the manufacture of VO2-based coatings with unique thermochromic features for energy-efficient smart glazing (under review in Energy Build[END_REF]. Likewise, a rough estimation of the porosity proportion can also be addressed for a given vanadium layer thickness, reaching a maximum value of ~44% for N = 100 nm. Thus, according to our initial assumptions justifying the use of GLAD architectures, the thickest sample is thought to be the most prone to the fast and selective oxidation in air due to its greater specific surface area and, thus, a higher exposure to ambient.

Oxidized samples

On the basis of former studies, the samples introduced in the previous section were subjected to fast thermal treatments in an open tube at a constant heating rate of ~42ºC s -1 , with reaction temperatures (Tr) and times (tr) varying between 400-550ºC and 1-90 s, respectively, and subsequent instantaneous cooling in air (for a detailed scheme of the fast thermal treatment procedure, refer to Supplementary Material Section III). All these thermal treatments, grouped according to the different V-GLAD layer thicknesses, are listed in Table 1. Note that, only nominal layer thicknesses will be referenced in order to simplify and streamline the text. Also, see that the thermal treatment requirements vary significantly for the different N since the optimal combinations of Tr and tr are highly dependent on the volume of material to be oxidized as well as the total surface area exposed to oxidation. 

Surface microstructure

Structures and morphologies resulting from the rapid annealing of different V-GLAD sample thicknesses were observed by SEM. Figure 3 shows microstructures (top-view SEM micrographs) that were developed after the thermal treatments carried out on 100 nm V-GLAD samples. They are mainly characterized by the presence of disordered and non-equiaxial grains that grow preferentially along one axial direction as both Tr and tr increase. It is worth noting that this axial growth is especially promoted for longer oxidation times within the same target temperature (see as an example the micrographs collected for samples T100_475_90 and T100_550_10). It gives rise to dendritic structures formed by micro-rod bundles, which are representative of vanadium pentoxide [START_REF] Santos | Controlled grain-size thermochromic VO2 coatings by the fast oxidation of sputtered vanadium or vanadium oxide films deposited at glancing angles[END_REF]. This suggests that the optimal oxidation times for the preferential synthesis of VO2 should be below 90 s and 10 s for the temperatures of 475ºC and 550ºC, respectively. Surprisingly, the sample T100_550_1 shows considerably larger grain sizes than those observed for T100_475_15. This points out the key role played by the reaction temperature on the performance of instantaneous and selective heat treatments. It is also noteworthy that samples T100_475_60 and T100_550_5 have comparable structures not only in terms of the surface morphologies, but also in terms of their size. This could be related to the existence of two possible optimization pathways, each of them with unique features as observed in counterpart studies [START_REF] Santos | A simple two-step approach to the manufacture of VO2-based coatings with unique thermochromic features for energy-efficient smart glazing (under review in Energy Build[END_REF]. On the other hand, Figure 4 reveals the topographic SEM images collected for 25 nm V-GLAD samples thermally treated at 500ºC and 525ºC for tr = 1 s. As it can be seen, microstructures are quite different from each other. While sample T25_500_1 exhibits a homogeneous structure of small and quasi-equiaxed grains, sample T25_525_1 presents a much more heterogeneous topography that combines small and equiaxed grains with bigger and more elongated ones. Therefore, it seems that the reaction temperature acquires a central role in the oxidation process of V-GLAD systems as the layer thickness decreases. As a result, slight temperature variations cause significant changes at the microstructural level, even for very short reaction times. This fact, which could also be related to a significant drop in porosity, leads to define a single optimization pathway for the 25 nm layers. The latter also extends to 12.5 nm thick films. In this connection, it is pertinent to mention that the reason why SEM micrographs of the 12.5 nm samples are not presented here since their thermal treatments always involve short reaction times within a relatively narrow temperature range (450-500ºC). This results in very similar morphologies that do not allow reaching trends and conclusions from a microstructural point of view. 

Optical characterization

Vis-NIR transmittance spectra (380-2500 nm) were recorded at 25ºC and 90ºC for all the heat-treated samples in order to evaluate their optical response as well as to qualitatively monitor mixes of vanadium oxides developed from the different reaction conditions (Tr and tr) and thicknesses. Furthermore, the thermochromic features of these coatings were also quantitatively evaluated through their optical performances. The following characteristics determine their applicability in smart windows: (i) the luminous transmittance, Tlum; (ii) the solar modulation ability, ΔTsol; and (iii) the solar modulation in the near infrared, ΔTIR. For all samples, these values are given in Table 2 (calculated as described by Outón et al. [START_REF] Outón | Tracking the optical constants of porous vanadium dioxide thin films during metal-insulator transition: Influence of processing conditions on their application in smart glasses[END_REF]). We will first focus on the results obtained for 100 nm thick films (Figure 5). For this purpose, the same approach as our former study will be followed [START_REF] Santos | A simple two-step approach to the manufacture of VO2-based coatings with unique thermochromic features for energy-efficient smart glazing (under review in Energy Build[END_REF]. In this framework, based on the trends observed in the V-O phase diagram [START_REF] Kang | Critical evaluation and thermodynamic optimization of the VO-VO2.5 system[END_REF][START_REF] Shvets | A review of Raman spectroscopy of vanadium oxides[END_REF] as well as the optical responses previously reported in the literature for different vanadium oxide thin films [START_REF] Krishna | Optical and structural properties of bias sputtered vanadium pentoxide thin films[END_REF][START_REF] Sun | Optical and electrical performance of thermochromic V2O3 thin film fabricated by magnetron sputtering[END_REF], samples will be considered as a certain amount of VO2(M1) (given the transmittance drops in the NIR for temperatures above 68°C) coexisting with majority or minority mixtures of VO2-x (characterized by moderate solar modulation abilities and higher transmittances in the NIR than in the visible range) and/or VO2+x phases (with higher transmittance values in the visible range than in the NIR and/or maximum transmittance peaks at ~600 nm), with x > 0. This insight is also consistent with what has been previously observed through studies focused on the reactivity of vanadium nanoparticles with oxygen [START_REF] Morales | Reactivity of vanadium nanoparticles with oxygen and tungsten[END_REF]. Similarly, the relative values of solar modulation in the near infrared (ΔTIR, rel, which, unlike ΔTsol, are not affected by Tlum variations) will be used as an indicator of the VO2 yields achieved for the annealed films assuming that transmittance drops at infrared wavelengths are solely and exclusively due to the presence of such dioxide. However, this last interpretation must be taken with caution, rather as a comparative criterion between samples, but never as an indicator of the real VO2 proportion in the sample. In this light, it is observed that 100 nm samples treated at 475ºC (Fig. 5(a)) give rise to significant VO2 yields even for tr = 15 s, which is particularly surprising considering that identical thermal treatments performed on 50 nm V-GLAD samples led to reaction products much poorer in VO2 [START_REF] Santos | A simple two-step approach to the manufacture of VO2-based coatings with unique thermochromic features for energy-efficient smart glazing (under review in Energy Build[END_REF]. This proves that our initial hypotheses are correct, so that the high VO2 yields generally observed for 100 nm samples can only be explained by the enhanced reactivity and selectivity resulting from their more porous structure and, therefore, with a greater specific surface (especially favored for thicker GLAD films). However, all of them exhibit the drawback of relatively low visible transmittance values (Tlum values between 14-27%). In this context, a slight decrease of the visible transmittance can be appreciated when increasing tr from 15 to 40 s. It may be associated with a progressive increase of the VO2 amount (note that these visible transmittance values are one order of magnitude higher than those previously reported for what was claimed as a pure VO2 coating with a similar thickness [START_REF] Kang | Large-scale, power-efficient Au/VO2 active metasurfaces for ultrafast optical modulation[END_REF][START_REF] Miao | Depressed haze and enhanced solar modulation capability for VO2-based composite films with distinct size effects[END_REF]). Besides, the greater transmittances in the NIR than in the visible range observed for samples T100_475_15/30/40 make us think that they are mainly composed of VO2 coexisting with VO2-x phases (to see the transmittance spectra of sample T100_475_30 at 25ºC and 90ºC, refer to Supplementary Material Section IV). 2). Similarly, it is also observed that the modulation of solar radiation becomes maximum for this tr = 60 s (ΔTsol = 9.6%). This comes along with an increase of the luminous transmittance (Tlum = 21.6%), although still far below those required for smart window applications. This latter could be associated to the rise of V6O13 phase, a compound characterized by its high transmittance in the visible range [START_REF] Choi | High infrared transparency up to 8-μm-wavelength in correlated vanadium Wadsley conductors[END_REF], which is suspected to reach its peak at tr = 50 s (maximum values of transmittance at 380-780 nm), and whose generated quantities would be gradually consumed to form VO2+x mixtures (note that the peak signatures of the transmittance spectra recorded for mixtures of VO2 and V2O5 [START_REF] Gu | Facile fabrication of composite vanadium oxide thin films with enhanced thermochromic properties[END_REF] are quite similar to those found for the sample treated at tr = 90 s). Furthermore, such Tlum values could also be associated with changes in the microstructure of the coatings (rising in overall porosity) as tr and Tr increase (see Fig.

3), so that the higher the porosity, the higher the transmittance. Also noteworthy are the variations of luminous transmittance (ΔTlum) experienced by these samples.

Transmittance increases progressively until reaching a maximum at tr = 60 s (ΔTlum = 3.6%), after which it considerably reduces. This phenomenon, previously observed in the literature [START_REF] Gu | Facile fabrication of composite vanadium oxide thin films with enhanced thermochromic properties[END_REF][START_REF] Allabergenov | Control of polymorphic properties of multivalent vanadium oxide thin films[END_REF],

has not yet been attributed to a specific cause. It substantially contributes to the remarkable ΔTsol values calculated for samples T100_475_50/60, being in turn closely related to the the solar irradiation becomes maximum at visible wavelengths.

Instead, the spectra obtained for 100 nm V-GLAD samples oxidized at 550°C (Fig.

5(b))

show a maximum VO2 yield for tr = 5 s (ΔTIR. rel = 68.4%), which is accomplished thanks to the almost direct transformation of V into VO2. So the formation of this compound is favored over other vanadium oxides (the film receives a quasiinstantaneous supply of energy which is mostly used for the selective synthesis of VO2).

However, it should be noted that the solar modulation capacity of the T100_550_5 sample is not as high as those reached for the T100_475_50/60 samples. This can be explained by its lower Tlum variation on heating (ΔTlum = 2.6%). Beyond that, similar trends to those noticed for 475°C treatments are observed, although with certain nuances linked to the considerable reduction in the reaction time window: an initial phase of progressive enrichment in VO2 (tr between 1-5 s) leading to Tlum values below 16.1%, followed by a second phase in which the system experiences a decrease in VO2 quantities (ΔTIR. rel ≈ 23%). This is gradually consumed to generate a majority of VO2+x mixtures with improved Tlum values (sample T100_550_10). This demonstrates that reactions carried out at 550°C progress so rapidly that optimal balances of pseudoequilibrium states cannot be reached.

Some similar patterns happen for thermal treatments carried out on the thinner films.

The volume of material to be oxidized is smaller and reaction times longer than one second lead to the formation of predominant oxygen-enriched mixtures (O/V > 2) even for temperatures below 525ºC. It seems clear that the reaction temperature plays a more pivotal role in oxidation processes of V-GLAD films as the layer thickness decreases.

This easy to guess hypothesis is confirmed through the outcomes obtained for samples of 25 and 12.5 nm nominal thickness. Conversely, higher temperatures lead to a decrease in VO2 yields in favor of the formation of VO2+x phase mixture. A similar effect also occurs when the reaction time is slightly increased for Tr ≤ 500°C (to see the transmittance spectra of sample T25_500_5 at 25ºC and 90ºC, refer to Supplementary Material Section IV). Therefore, and in view of the above, one could say that sample T25_500_1 is the most interesting one, not only for its higher VO2 yield in this series (ΔTIR. rel = 17.0%) but also for the remarkable balance achieved for the parameters Tlum and ΔTsol (52.9% and 4.7%, respectively), which makes it a suitable candidate for smart window applications. In this sense, it should be highlighted that, although it is rather moderate when compared to those achieved for 100 nm thick samples, this ΔTsol value is quite worthy. Thickness of this produced VO2 layer is much more limited, as well as the low ΔTlum values registered for the thinnest samples (it must be remembered that variations in luminous transmittance lead to significantly higher ΔTsol values). Thus, it seems that such Tlum variations are related to the pseudo-equilibrium states reached in the oxidation processes for longer reaction times. On another note, the great Tlum value achieved for sample T25_500_1 could be associated either with the formation of VO2 + V6O13 phases (the latter with high transmittance in the Vis-NIR range), and/or with the arising of porosity as a consequence of the microstructural changes induced in the film by the thermal treatment. However, the price to pay here is a substantial drop in the solar modulation ability of such systems (ΔTsol < 1%). It can be due to either (i) the volumes of VO2 attained are so small that they do not produce significant thermochromic effects (the observed ΔTIR. rel < 4% supports this idea); or (ii), at these thicknesses, the V-GLAD film behaves as a compact non-porous film, undermining the selectivity and reactivity of the thermal treatments carried out and, thus, hindering the synthesis of VO2. The latter would explain the main formation of VO2-x when operating at 450ºC, and the subsequent development of majority amounts of VO2+x at Tr ≥ 475ºC, which coexist together with certain, but still insufficient, amounts of VO2. Similarly, thermal treatments were also carried out at 450ºC for tr = 5 s (to see the transmittance spectra of sample T12.5_450_5 at 25ºC and 90ºC, refer to Supplementary Material Section IV). Nevertheless, these results are quite similar to those obtained for sample T12.5_450_1. This shows that reactions giving rise to the VO2 compound take place at temperatures above 450ºC.

None of the samples showed either a remarkable optical response or any other particularity, so it was decided to put an end to the studies for the layers of N = 12.5 nm.

At this point, the importance of layer thickness and porosity in the rapid and selective annealing of V-GLAD thin films in an air atmosphere has been demonstrated.

Nonetheless, there is also another parameter playing a fundamental role in oxidation processes: the heating rate. Through an additional study that deals with the definition of a constant that collects the contribution of all the parameters involved in the thermal treatment of V-GLAD systems for different layer thicknesses (see Supplementary Material Section V), the minimum heating rate requirements to maximize VO2 yields were estimated based on two flash annealing scenarios at 500ºC: a first one, rather ideal, in which the cooling is considered to take place instantaneously; and a second one in which the sample is cooled down in air atmosphere (the same case as the one addressed in the present study). Results obtained for both scenarios underline the vital role of working at higher heating rates when decreasing the layer thickness, to the point of becoming the critical thermal treatment parameter for layer thicknesses below 50 nm.

Additional calculations were also performed to find out the optimal temperature range for heat treatment of 12.5 nm thick layers, leading to temperatures similar to those determined experimentally (refer to Supplementary Material Section V).

It seems clear that there are two optimal routes for the fabrication of high performance VO2-based coatings. A first one for 100 nm V-GLAD samples comprises the formation of mainly VO2 + VO2+x phase mixture after reaching pseudo-equilibrium states at 475°C and tr = 40-60 s. The second one for 25 nm thick samples involves the instantaneous transformation of V into majority fractions of VO2 at 500°C and tr = 1 s.

To have a better insight into the features of the MIT for samples attained through these two pathways, the kinetic evolution of the transmittance at 2000 nm was monitored for samples T100_475_40/50/60 (Figure 7) and T25_500_1 (Figure 8) during consecutive cycles of heating and cooling at a constant rate. Table 3 lists the transition temperatures, on heating (Tc(H)) and on cooling (Tc(C)), calculated from the derivative curves of the transmittance plots by fitting them to Gaussian functions and considering the peaks as the temperature of the minima variation rate (Fig. 7(b-d) and inset in Fig. 8), along with the hysteresis loop width (WH), transmittance at 2000 nm for 25ºC (Tmax)

and for 90ºC (Tmin), and their relative difference. On the other hand, the thermal evolution of transmittance experienced by sample T25_500_1 during heating and cooling cycles, as well as the associated derivatives (Fig. 8), reveal a rather different optical behavior. This is characterized by an almost symmetric hysteresis loop leading to unique values of Tc when increasing and decreasing temperature and, thus, a constant hysteresis width of 11ºC. Also noteworthy is its surprising drop in Tc(H), which turned out to be 15ºC below the normal value for undoped VO2 samples. This result is a direct consequence of the thermal treatments combined with GLAD vanadium addressed in this study. Oxidation reactions occur so rapidly that stoichiometry just of O/V = 2 cannot be completely reached, leading to the appearance of oxygen-deficiency-related defects (previously reported to be responsible for the drops in Tc [START_REF] Gurunatha | Combined effect of temperature induced strain and oxygen vacancy on metal-insulator transition of VO2 colloidal particles[END_REF][START_REF] Chen | Tuning the phase transition temperature, electrical and optical properties of VO2 by oxygen nonstoichiometry: Insights from first-principles calculations[END_REF]). Indeed, it should be noted that the transmittance spectra recorded for sample T25_500_1 are quite similar to those reported by Chen et al. for a substoichiometric compound described as VO1.963 [START_REF] Chen | Tuning the phase transition temperature, electrical and optical properties of VO2 by oxygen nonstoichiometry: Insights from first-principles calculations[END_REF]. Likewise, in agreement with the trends observed throughout this study, it can be determined that this effect becomes more accentuated for shorter reaction times. Hence, to the initial attractiveness of the good balance of Tlum and ΔTsol achieved for the samples synthesized through this second instantaneous annealing route, we must add the remarkable drop of Tc values. This was often observed for doped samples [START_REF] Shen | Phase transition hysteresis of tungsten doped VO2 synergistically boosts the function of smart windows in ambient conditions[END_REF][START_REF] Li | Synthesis of VO2 nanoparticles by a hydrothermal-assisted homogeneous precipitation approach for thermochromic applications[END_REF], and has no negative impact on the optical performance of the coatings. All of these attributes are simultaneously highlighted in Instead, reaching pseudo-equilibrium states (tr = 40-60 s for 100 nm samples treated at 475ºC) enable the simultaneous increase of Tlum and ΔTsol values. However, although the solar modulation ability of these coatings is outstanding, their low visible transmittance still limits their application for smart windows. In any case, the outcomes obtained for the first optimization pathway lead us to think that these systems would be suitable for applications such as translucent glazing, providing natural thermal conditioning in environments where the privacy of people must be safeguarded; or in other fields such as sensors [START_REF] Simo | VO2 nanostructures based chemiresistors for low power energy consumption hydrogen sensing[END_REF][START_REF] Byon | Electrothermally induced highly responsive and highly selective vanadium oxide hydrogen sensor based on metal-insulator transition[END_REF] or switching electronics [START_REF] Gao | Multi-level operation in VO2-based resistive switching devices[END_REF][START_REF] Liu | Self-assembled VO2 mesh film-based resistance switches with high transparency and abrupt ON/OFF ratio[END_REF]. In this connection, the suitability of samples T100_475_50 and T100_475_60 for applications as resistive switching electronics was supported by the outcomes attained in resistivity vs.

temperature measurements (for an in-depth analysis and discussion on these results, refer to Supplementary Material Section VI). On the contrary, the 25 nm thick samples, although experiencing significant decreases in ΔTsol, exhibit quite remarkable Tlum values. In addition to the natural and significant drop in Tc values as the oxidation time decreases considerably, this makes the T25_500_1 sample a real potential seed for smart glazing applications. Besides, if the negative effect coming from the substrate used in this study is neglected (Tlum = 82.1%

and Tsol = 83.5% for uncoated glass), this sample reaches maximum Tlum and ΔTsol values of 64.4% and 5.4, respectively (for more information, see Supplementary Material Section VII). Also note that the balance of Tlum, ΔTsol and Tc achieved through the second optimization route is quite remarkable when compared to the those attained so far for undoped single-layer VO2 coatings [START_REF] Santos | A simple two-step approach to the manufacture of VO2-based coatings with unique thermochromic features for energy-efficient smart glazing (under review in Energy Build[END_REF][START_REF] Outón | Tracking the optical constants of porous vanadium dioxide thin films during metal-insulator transition: Influence of processing conditions on their application in smart glasses[END_REF][START_REF] Kang | Nanoporous thermochromic VO2 films with low optical constants, enhanced luminous transmittance and thermochromic properties[END_REF][START_REF] Dietrich | Influence of doping with alkaline earth metals on the optical properties of thermochromic VO2[END_REF][START_REF] Zhang | High performance VO2 thin films growth by DC magnetron sputtering at low temperature for smart energy efficient window application[END_REF][START_REF] Dou | A universal approach to achieve high luminous transmittance and solar modulating ability simultaneously for vanadium dioxide smart coatings via double-sided localized surface plasmon resonances[END_REF], which exhibit solar modulation abilities generally below 12% and luminous transmittances hardly exceeding 60-70%, as can be seen in Table 4. This becomes even more relevant when considering the advantages of the fabrication strategy described in this work (reaction in the absence of reactive gases or catalysts and no special vacuum or pressure requirements). Overall, although these simple and cost-effective methodologies are expected to pave the way towards the large-scale manufacture of VO2 coatings for use in smart glazing. It should not be forgotten that these results are preliminary. Lowering the critical temperature to around 25°C or increasing the visible transmittance would be some of the upcoming challenges. In this connection, several studies dealing with W-doping strategies prior to similar thermal treatments [START_REF] Morales | Reactivity of vanadium nanoparticles with oxygen and tungsten[END_REF][START_REF] Santos | A novel route for the easy production of thermochromic VO2 nanoparticles[END_REF] and the deposition of TiO2 antireflective coatings [START_REF] Liu | Bio-inspired TiO2 nano-cone antireflection layer for the optical performance improvement of VO2 thermochromic smart windows[END_REF] have proven to be suitable solutions while being compatible with the procedures described in this work, which opens up new avenues for future improvements.

Conclusions

The combined effects of layer thickness and porosity as well as the different parameters involved in fast annealing processes leading to the attainment of VO2-based coatings through the post-deposition selective oxidation of vanadium films sputtered at glancing angles have been extensively investigated. For this purpose, V-GLAD films of different thickness and porosity degree were deposited and subsequently oxidized at different temperatures and reaction times. The characterization of the resulting microstructures as well as their optical responses allowed us to identify the incidence of parameters involved in these procedures. On the one hand, as conventionally observed for GLAD deposition, larger layer thicknesses lead to the fabrication of more porous systems, which have been shown to improve reactivity and selectivity for obtaining the VO2 compound. However, as the layer thickness increases, the visible transmittance becomes compromised. Conversely, thinner films lead to barely porous structures, which considerably undermines the achievement of high VO2 yields. To counteract this effect, flash annealing is required, with high heating rates playing an increasingly key role as the layer thickness is reduced. Even so, very poor VO2 yields are accomplished for V-GLAD thicknesses below 25 nm.

All these studies also allowed us to disclose two optimal pathways for synthesizing high-performance VO2-based coatings with unique characteristics: (i) a first one at 475ºC and a reaction time tr = 40-60 s, ideal for thicker samples with thicknesses around 100 nm, which implies reaching pseudo-equilibrium states with the formation of predominant VO2 + VO2+x phase mixtures; and (ii) a second one for 25 nm thick samples leading to a more direct transformation of vanadium into substoichiometric dioxide thanks to instantaneous reactions (tr = 1 s) carried out at 500ºC. Regarding the applicability of these systems, it should be noted that the samples obtained through the first optimization route show high modulation capacities (ΔTsol = 5-10%) but very reduced light transmission (Tlum = 19-27%), which limits their application in smart glazing. Notwithstanding, the attractive balance of Tlum and ΔTsol achieved through the second optimization pathway, coupled with the remarkable drop of the transition temperature Tc (undoped) on heating up to 15ºC below the normal value reported for pure VO2 (~68ºC), which is associated with oxygen-deficiency-related defects consequence of such instantaneous reactions, make the systems attained by this pathway potentially applicable in energy-efficient smart coatings, even improving the results obtained in our previous studies [START_REF] Santos | A simple two-step approach to the manufacture of VO2-based coatings with unique thermochromic features for energy-efficient smart glazing (under review in Energy Build[END_REF]. This becomes even more relevant when considering the simplicity and cost-effectiveness of the synthesis strategy described in this work (green-like reactions without assistance of reactive gases or catalysts, and no special vacuum or pressure requirements). So it is expected to pave the way for further initiatives towards the large-scale manufacturing of thermochromic VO2 films.
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 5 Figure 5. Transmittance spectra recorded at 25ºC (solid lines) and 90ºC (dashed lines)
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 6 a) shows the Vis-NIR transmittance spectra recorded at 25ºC and 90ºC for 25 nm thick films treated at tr = 1 s with Tr ranging from 450ºC to 525ºC. As can be seen, temperature variations of 25ºC imply substantial changes in the spectra obtained for instantaneous reactions, which in turn is related to the development of different vanadium oxides. It should also be noted that all these samples exhibit improved visible transmittance values (Tlum values between 48-54%), although this would be more a consequence of the decrease in thickness than of the synthesized oxides. Moreover, the shape of these spectra shows a progressive enrichment in VO2 of initial VO2-x mixtures as Tr increases from 450ºC to 500ºC.
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Table 1 .

 1 Annealing conditions and nominal thickness (N) of V overlayers for the samples thermally treated in this study. Tr is the reaction temperature and tr is the reaction time.

	Sample	N (nm)	Tr (ºC)	tr (s)
	T100_475_15			15
	T100_475_30			30
	T100_475_40 T100_475_50		475	40 50
	T100_475_60	100		60
	T100_475_90			90
	T100_550_1			1
	T100_550_5		550	5
	T100_550_10			10
	T25_450_1		450	1
	T25_475_1		475	1
	T25_500_1 T25_500_5	25	500	1 5
	T25_525_1		525	1
	T12.5_450_1 T12.5_450_5 T12.5_475_1	12.5	450 475	1 5 1
	T12.5_500_1		500	1

Table 2 .

 2 Radiometric (Tsol) and photometric (Tlum) parameters changes with heating for all studied samples. For a detailed definition and measurements of these parameters, refer to the work of Outón et al. (Appendix A)[START_REF] Outón | Tracking the optical constants of porous vanadium dioxide thin films during metal-insulator transition: Influence of processing conditions on their application in smart glasses[END_REF]. Accuracy of these values is ±0.1%.

	Sample	Tlum (%)	ΔTlum (%)	ΔTsol (%)	ΔTsol. rel (%)	ΔTIR (%)	ΔTIR. rel (%)
	T100_475_15	18.4	0.5	3.5	18.1	8.7	35.9
	T100_475_30	15.9	0.7	5.7	33.6	12.4	57.9
	T100_475_40	14.0	2.5	5.5	36.9	9.7	56.1
	T100_475_50	26.7	3.3	8.2	28.7	15.7	44.8
	T100_475_60	21.6	3.6	9.6	38.3	17.4	56.0
	T100_475_90	19.2	1.9	7.7	33.2	15.0	51.1
	T100_550_1	16.1	0.6	3.5	20.7	7.3	37.0
	T100_550_5	15.1	2.6	7.3	43.1	14.1	68.4
	T100_550_10	27.9	2.0	4.8	14.9	9.0	22.7
	T25_450_1	53.2	0.7	0.8	1.4	0.8	1.4
	T25_475_1	48.7	0.3	1.5	3.1	3.0	6.2
	T25_500_1	52.9	0.0	4.7	8.4	11.2	17.0
	T25_500_5	53.9	0.1	2.1	3.8	5.0	8.1
	T25_525_1	53.8	0.1	0.6	1.0	1.7	2.4
	T12.5_450_1	65.3	0.7	0.8	1.2	0.8	1.1
	T12.5_450_5	62.3	0.3	0.4	0.6	0.4	0.6
	T12.5_475_1	57.8	0.9	1.6	2.8	2.5	4.2
	T12.5_500_1	58.7	0.1	0.2	0.4	0.7	1.1

Table 4 .

 4 Comparative study on some of the Tlum, ΔTsol and Tc values reported so far in the literature for the fabrication of undoped single-layer VO2 coatings.

	Source	Layer thickness (nm)	Tlum (%)	ΔTsol (%)	Tc (heating) (ºC)
	Dou et al.[45]	30±5	68.2 11.7	~75
	Outón et al.[23]	40-50	77.6 6.7	76
	Zhang et al.[44]	~84	~40 NP*	~56
	Dietrich et al.[43]	~80	~35	~6	~65
	Kang et al.[42]	43	~60 6.4	NP*
	Santos et al.[14]	70±5	41.9 8.4	63
	*Not provided				
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Table 3. Main features of the thermochromic hysteresis loops illustrated in Fig. 7 and ΔTrel values highlight the particularly high VO2 performances for the samples T100_475_40 and T100_475_60, which is characteristic of the above mentioned pseudo-equilibrium state. When all outcomes obtained for thermal treatments carried out at 475ºC for 100 nm thick V-GLAD samples are put together, it is concluded that the T100_475_60 sample is the one with the most interesting attributes: (i) an extraordinary ΔTsol value of 9.6%; (ii) a higher visible transmittance compared to those obtained for the other oxidized samples of the same thickness; and (iii) a MIT 6ºC below the conventional value reported for pure VO2 during the heating stage, surprisingly being achieved without doping. To better understand the joint evolution of these three properties during the heating-cooling cycle, Figure 9(a) shows the Vis-NIR transmission spectra of sample T100_475_60 gradually increasing or decreasing the temperature.
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