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Abstract 13 

Thermochromic VO2 crystalline domains have been formed in amorphous nanocolumnar 14 

Vox films by means of a low-temperature oxidation process. The oxidation of anamor- 15 

phous film with [O]/[V] below 1.9 favors the formation of VO2, V3O7, and V2O5 crystal- 16 

line domains in the material for temperatures as low as 260 ◦C, while values above 1.9 lead 17 

to the sole formation of the V2O5 phase. It is found that the absorption of oxygen also 18 

causes a relevant film volume expansion that makes pores shrink. Under some specific 19 

conditions, low-temperature oxidation causes the near disappearance of the amorphous 20 

regions, clearly improving the overall transparency and optimizing the optical and elec- 21 

trical modulation capabilities associated with the presence of crystalline VO2 domains. 22 

The best thermochromic performance was found when the original stoichiometry was 23 

[O]/[V] = 1.5 and the oxidation temperature was 280 ◦C. These conditions yield a relatively 24 

transparent coating in the visible range that presents an optical modulation in the near- 25 

infrared range of nearly 50% and a drop of electrical resistivity of more than two orders 26 

of magnitude, with a transition temperature of 50.3 ◦C. A tentative model based on the 27 

volume expansion experienced by the film upon oxidation is proposed, which links the 28 

structural/chemical features of the material and the formation of the crystalline domains 29 

at such relatively low temperatures. 30 

Keywords: thermochromic thin films; porous thin films; magnetron spuJering; oblique 31 

angle deposition; nanocolumns 32 

 33 

1. Introduction 34 

VO₂ is a well-known material that undergoes a Metal-Insulator Transition (MIT) at 35 

near room temperature, nominally at �� = 68ºC, which induces a shift in its crystalline 36 

structure from monoclinic to rutile and causes a drastic change in its electrical properties 37 

[1]. This feature has motivated the use of VO₂ for numerous applications in different fields, 38 

e.g., as a channel layer in field-effect transistors (FETs), in memory devices, or in strain 39 

and gas sensor devices, among others (see for instance [2] and references therein). Addi- 40 

tionally, the MIT causes a notable change in the optical transmiJance of the material, par- 41 

ticularly in the near-IR part of the spectrum, which also makes VO₂ suitable for solar irra- 42 

diation control applications in interior spaces and buildings, commonly known as ʺsmart 43 
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windowsʺ applications [3]. Here, the core functional principle relies on the ability to use 44 

VO₂-coated glazing to filter out near-IR light when the environmental temperature ex- 45 

ceeds ��, while maintaining a relatively high transparency in the visible range [1, 4]. Since 46 

approximately 52% of sunlight at sea level falls within the IR region, such glazing would 47 

enable a passive and indirect control of the temperature in interiors, reducing the use of 48 

alternative energy-intensive environmental control approaches, such as air conditioning 49 

or heating systems. Yet, the use of VO2 for smart windows applications is currently hin- 50 

dered by several scientific and technical constraints. These include the need to lower �� 51 

to values closer to human comfort levels, ideally between 20 and 40ºC, as well as the op- 52 

timization of the optical modulation in the near-IR region of the spectrum and of the trans- 53 

parency of the glazing in the visible range [3, 5]. While these issues are being actively 54 

studied in the literature, an additional critical constraint relies on the very fabrication 55 

method, as current procedures demand processing temperatures well above 500ºC to trig- 56 

ger the crystallization of VO₂ in its monoclinic phase, thus discarding the use of numerous 57 

and common temperature sensitive materials to support the coating [6]. In this paper we 58 

focus on this last issue, and study a basic and simple strategy to trigger the formation and 59 

crystallization of VO2 at temperatures below 300ºC in porous thin films. 60 

Several strategies are currently being explored in the literature to achieve the for- 61 

mation of monoclinic VO2 in thin films at low temperatures. These typically rely on a mul- 62 

tistep technique, where a V-O-containing thin film is first synthesized and, subsequently, 63 

exposed to an oxidizing or reductive atmosphere at relatively low temperatures under the 64 

influence of an additional excitation source, such as lasers or UV lights [6-9]. For instance, 65 

in ref. [6], VO₂ thin films fabricated via the sol-gel technique were treated with an excimer 66 

laser, achieving laser-induced crystallization within 60 seconds of exposure. Moreover, in 67 

ref. [7], the annealing temperature was reduced to approximately 250ºC by combining 68 

deep ultraviolet irradiation with a carbon-free oxidizer to generate reactive radicals. A 69 

distinct approach was followed in ref. [10], in which a very thin bilayer structure made of 70 

V and V2O5 was annealed in an oxygen atmosphere at temperatures below 300ºC. This 71 

procedure resulted in the formation of monoclinic VO2 crystallites with thermochromic 72 

activity, thus demonstrating that this treatment at such relatively low temperatures may 73 

trigger the crystallization of VO2. Following this line of reasoning, our group has recently 74 

demonstrated that the low temperature oxidation of a highly porous and amorphous 75 

nanocolumnar VOx thin film could also induce the formation of VO₂ crystallites at tem- 76 

peratures as low as 270ºC [11]. This preliminary result suggests that, upon optimization, 77 

this approach may serve as a basis for the low temperature fabrication of monoclinic VO2 78 

thin films. This is the main scope of this paper, in which the effect of low temperature 79 

oxidation of highly porous and amorphous VOx thin films is systematically analyzed in 80 

connection with the formation of monoclinic VO2 crystal domains and the features of the 81 

metal-insulator transition. 82 

Currently, there are numerous works that analyze the features and properties of po- 83 

rous nanocolumnar thin films grown by Physical Vapor Deposition techniques, such as 84 

magnetron spuJering [12] or electron beam-assisted evaporation [13]. Specifically, the so- 85 

called magnetron spuJering technique at oblique angles (MS-OAD) has been developed 86 

in the last decade as a variation of the classical magnetron spuJering deposition technique, 87 

by which a low pressure plasma is ignited in a vacuum reactor to spuJer atoms from a 88 

solid target, that are subsequently deposited on a substrate, making the film grow [14]. In 89 

this way, the MS-OAD technique proposes the use of a particular geometrical arrange- 90 

ment in the vacuum reactor by which the substrate is tilted with respect to the target in 91 

order to induce the oblique incidence of the deposition species [15]. This results in the 92 

formation of tilted and randomly scaJered nanocolumnar structures, approximately a 93 

hundred nanometers wide, separated by large accessible mesopores that extend from the 94 
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top surface of the film to the very substrate. Moreover, these nanocolumnar structures 95 

present a certain degree of internal open porosity in the form of micropores which, being 96 

connected to the large intercolumnar mesopores, are accessible from the outside by pore 97 

throats with diameters below 2 nm [16]. The existence of all this porosity makes these 98 

films have rather low densities and large specific surfaces in contact with the outside, as 99 

required for numerous applications, e.g., in sensors, biomedicine or plasmonics, among 100 

others [17-26]. This type of morphology has already been investigated for thermochromic 101 

applications in the literature, mainly because of their relatively low density and lower 102 

effective refractive index [27]. Yet, the existence of a large accessible pore network in the 103 

films may represent an even more interesting feature when exposing the film to an oxida- 104 

tive atmosphere, as the uptake of oxygen would not only be limited to the top surface of 105 

the film, as it is expected to happen in compact homogeneous films, but rather throughout 106 

the whole accessible pore structure. Based on this idea and the results obtained in ref. [11], 107 

in this work, the low temperature oxidation of different nanocolumnar amorphous VOx 108 

thin films has been systematically analyzed, aiming at maximizing the formation of mon- 109 

oclinic VO2 in the material. In addition to the structural and chemical characterization of 110 

the films, the metal-insulator transition has also been studied by analyzing the optical and 111 

electrical modulation properties during the MIT. The obtained results do not only demon- 112 

strate the feasibility of this methodology to fabricate thermochromic coatings with rela- 113 

tively good optical properties at temperatures below 300ºC, but also provide interesting 114 

clues to understand the importance of porosity and its interplay with the oxidation pro- 115 

cess for the stabilization of VO2 crystalline domains. 116 

2. Experimental Setup 117 

2.1. Materials 118 

VOx thin films were deposited at room temperature on doped silicon (1 0 0) wafers 119 

(Topsil) diced in 1 x 1 cm2 pieces, on silica (Vidrasa) diced in 1 x 1 cm2, and on a (0001) 120 

99.9% pure Al2O3 sapphire substrate with 31 mm diameter and a surface roughness lower 121 

than 0.5 nm. For MS-OAD, a V target with 3’ diameter and 99.95% purity (Testbourne) 122 

was used. Ar and O2 were used as plasma gases, with 99.99995% purity (Air Liquide). 123 

Prior to the deposition, the substrates were cleaned by conventional procedures in an ul- 124 

trasonic bath (acetone, isopropanol, and deionized water). Other reagents and solvents 125 

were purchased as reagent-grade and used without further purification. 126 

2.2. Deposition and Oxidation of Nanocolumnar VOx Thin Films 127 

Nanocolumnar and amorphous thin films containing different amounts of O and V 128 

were deposited at room temperature by means of MS-OAD in a cylindrical deposition 129 

reactor, 75 cm long and radius of 18 cm, with base pressure of 2 x10-4 Pa (see scheme in 130 

Figure 1a). A 3 inch diameter V target was used as a cathode, with a substrate holder 131 

located 15 cm apart, and aligned with the center of the target. An argon gas flow of 9.3 132 

sccm was pumped into the reactor chamber along with a small flow of oxygen gas of 0.2 133 

sccm that yielded a total pressure of 0.2 Pa. An electromagnetic power generator (Ad- 134 

vanced Energy DC Pinnacle Plus) was employed to ignite a DC plasma, seJing the value 135 

of the power between 150 W and 275 W. The substrate holder was tilted 85º with respect 136 

to the target’s surface, in a typical MS-OAD configuration, while the deposition time was 137 

set to obtain film thicknesses of around 300 nm. Table I contains the list of conditions 138 

employed to deposit the coatings studied in this work. A second set of depositions were 139 

carried out to grow compact thin films with different [O]/[V] ratios. In this case, the clas- 140 

sical geometrical configuration was employed, placing the substrate holder parallel to the 141 

target’s surface, i.e., a substrate tilt of 0º, and a power of 150 W (see deposition conditions 142 
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in Table I). In all cases, a pair of substrates consisting of a silicon wafer and a silica plate 143 

were utilized. For electrical and Hall effect measurements, an additional set of sapphire 144 

substrates (dimensions: 3× 3 cm) were used under the conditions described below. 145 

Table 1. List of samples analyzed in this paper and deposition conditions. 146 

#Sample Power (W) Deposition time 

(min) 

O2 flow 

(sccm) 

Substrate tilt angle 

(º) 

[O]/[V] 

(± 0.15) 

nano-VO1.9 150 105 0.2 85 1.9 

nano-VO1.7 200 93 0.2 85 1.7 

nano-VO1.5 225 82 0.2 85 1.5 

nano-VO1.4 250 75 0.2 85 1.4 

nano-VO1.3 275 68 0.2 85 1.3 

compact-V 150 60 0 0 0 

compact-VO0.4 150 60 0.2 0 0.4 

compact-VO0.5 150 60 0.5 0 0.5 

compact-VO0.9 150 60 0.7 0 0.9 

compact-VO1.5 150 60 1.0 0 1.5 

 147 

Figure 1. - a) Scheme of the magnetron spuJering reactor employed to grow the nanocolumnar films 148 

arranged according to the Oblique Angle configuration. b) Scheme of the furnace employed to oxi- 149 

dize the coatings. 150 

After the deposition of the VOx samples, these underwent an oxidation procedure in 151 

a furnace at atmospheric pressure using a temperature controller EUROTHERM 2408 (see 152 

Figure 1b). Oxygen gas was fed in the furnace chamber, imposing a heating ramp of 5ºC 153 

min-1, up to a given targeted temperature that was kept constant during 90 min, after 154 

which the whole furnace was left to cool down until it reached room temperature (here it 155 
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is worthy to mention that similar results as those presented in this paper have been ob- 156 

tained when using atmospheric air instead of pure oxygen for the annealing process). 157 

2.3. Characterization of Nanocolumnar VOx Thin Films 158 

The morphology of the films was characterized by means of scanning electron mi- 159 

croscopy (SEM) with a high-resolution field emission gun microscope model HITACHI- 160 

S4800. The microstructure of the layers was also studied by Scanning Transmission Elec- 161 

tron Microscopy (STEM): cross-sectional slices of the films deposited on silicon substrates 162 

were prepared using the conventional procedure of mechanical polishing followed by ar- 163 

gon ion milling to electron transparency. High-angle annular dark field -STEM (HAADF- 164 

STEM) micrographs were acquired in a Tecnai G2 F30 S-Twin STEM from FEI, equipped 165 

with a HAADF detector from Fischione with a 0.16 nm point resolution. 166 

The [O]/[V] atomic concentration ratio in the films was determined by means of the 167 

Rutherford BackscaJering Spectroscopy (RBS) and Nuclear Reaction Analysis (NRA) 168 

techniques. The setup employed to carry out these experiments was a 3 MV tandem Ac- 169 

celerator at the Centro Nacional de Aceleradores (CNA, Seville, Spain) employing a beam 170 

of 2.0 MeV alpha particles for RBS and 0.9 MeV deuteron beam for the NRA, with a 1 mm 171 

beam spot diameter, and passivated implanted planar silicon detectors, located at 165º 172 

scaJering angle for RBS and 150º for NRA. In the laJer case, a 13 µm thickness filter of 173 

aluminized Mylar was placed in front of the detector to avoid scaJered deuterons reach- 174 

ing the detector. The spectra have been analyzed using SIMNRA 6.0 code [28]. To ensure 175 

a consistent analysis, all reported measurements (morphological, chemical, electrical and 176 

optical) have been performed at the central location of the substrate. 177 

Raman spectroscopy analyses of the samples have been carried out using a LabRAM 178 

Horiba Jobin Yvon with a green laser beam of 532 nm wavelength. An X-ray investigation 179 

was carried out by means of a D8 DISCOVER diffractometer. The device featured a 2D 180 

detector VANTEC-500 with a 2 mm capillary, which allows to obtain 2D frames corre- 181 

sponding to each point ranging from 10º to 60º 2θ. A copper Kα radiation source with 182 

0.15405 nm wavelength has been used with a step width of 20º, for 1 h per step and tube 183 

conditions of 40 kV voltage and 40 mA current. Grazing Incidence X-ray Diffraction meas- 184 

urements were acquired by maintaining a fixed incidence angle of 0.5°. 185 

The optical transmission properties of the films have been analyzed in the wave- 186 

length range of 200–2500 nm by means of an ultraviolet-visible spectrophotometer Perki- 187 

nElmer Lambda 750 S with a 60 mm diameter integrating sphere. In order to characterize 188 

the metal-insulator transition, a homemade device consisting of two ceramic heaters with 189 

a pierced hole at the center was used to hold the samples during the ultraviolet-visible 190 

spectra acquisitions. The sample was heated up to 100ºC during optical characterization, 191 

with the device connected to a programmable power supply ISOTECH IPS-405 operated 192 

in DC mode, and using a thermocouple to read and control the temperature. Finally, the 193 

transmiJance-versus-temperature thermochromic hysteresis loops were obtained em- 194 

ploying the same setup, for a wavelength of 1500 nm in variable steps of temperature 195 

ranging from room temperature to 100ºC. DC electrical resistivity vs. temperature meas- 196 

urements of the furnace oxidized films were performed in a dark environment with a 197 

homemade setup. It involved a four-probe system with a van der Pauw geometry in the 198 

temperature range of 25–100ºC with a ramp of 1ºC min-1 and then back to 25ºC with an 199 

equivalent negative ramp. Carrier mobility and carrier concentration were obtained by 200 

Hall effect measurements using the same van der Pauw geometry. A constant magnetic 201 

field of 0.800 T was applied perpendicular to the sample surface. 202 

In terms of notation and labelling of the samples, in this paper we have chosen the 203 

following criterion: as-deposited films have been labelled with the prefix “nano-“ or “com- 204 
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pact-“ depending on whether the structure is nanocolumnar or compact, respectively, fol- 205 

lowed by “VOx”, with x being the measured value of the [O]/[V] ratio in the as-deposited 206 

film. For instance, nano-VO1.5 refers to an as-deposited nanocolumnar film with a meas- 207 

ured value of [O]/[V]= 1.5. Moreover, the films that have undergone an oxidation process 208 

also include the value of the oxidation temperature in their label. For instance, the film 209 

nano-VO1.5(280ºC) refers to a nanocolumnar film with an as-deposited stoichiometry of 210 

[O]/[V]=1.5 that has been subjected to oxidation at a temperature of 280ºC (note that the 211 

value of the [O]/[V] ratio after the oxidation process is not included in the label). 212 

3. Results and Discussion 213 

3.1. Analysis of the Nanocolumnar VOx Thin Films Before and After the Oxidation Process 214 

As mentioned in the previous section, a set of nanocolumnar thin films was grown 215 

with different [O]/[V] ratios by means of the MS-OAD technique, by varying the value of 216 

the DC spuJering power from 150 W to 275 W and maintaining a constant flow of oxygen 217 

in the reactor (see Table I). The measured value of the [O]/[V] ratio of these films is de- 218 

picted in Figure 2, where a clear decreasing trend in the oxygen content with power is 219 

obtained, from [O]/[V](150 W)=1.9 to [O]/[V](275 W)=1.3 (the error of these values is esti- 220 

mated ±0.15 in all these cases). This systematic change can be explained by the increase 221 

of the spuJering rate of V atoms for increasing powers and, thus, of the deposition rate of 222 

V atoms. From a morphological point of view, the as-deposited films are alike, as illus- 223 

trated in Figure 3a-b, where the cross-sectional FESEM images of nano-VO1.9 (Figure 3a, 224 

top left) and nano-VO1.3 (Figure 3b, top left) are shown. Interestingly, and despite the dif- 225 

ferent chemical composition of both films, a similar columnar morphology is apparent in 226 

both cases: Tilted ~30º with respect to the substrate normal, with column diameters of ~100 227 

nm and separated by noticeable large intercolumnar mesopores. The origin of such similar 228 

morphology stems from the common geometrical oblique angle arrangement in both cases, 229 

which is known for mediating surface shadowing mechanisms and the subsequent for- 230 

mation of the tilted nanocolumnar structures. This is apparent in the top view images of 231 

these films, also depicted in Figures 3a-b (top right images), where similar nanocolumnar 232 

and pore morphologies can be observed. Moreover, the absence of peaks in the Raman 233 

analyses, along with the high opacity of these coatings (results not shown), indicate that 234 

they are mostly composed of oxygen-deficient amorphous V-O domains. 235 

 236 

Figure 2. - Measured values of the atomic concentration ratio [O]/[V] in each nanocolumnar film 237 

before and after the oxidation process at 280ºC. 238 
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 239 

Figure 3. - a) Cross-sectional and top view SEM images of the film nano-VO1.9 before and after oxi- 240 

dation at 280ºC. b) a) Cross-sectional and top view SEM image of the film nano-VO1.3 before and 241 

after oxidation at 280ºC. 242 

The as-deposited films were placed in a furnace and exposed to an oxygen atmos- 243 

phere at different temperatures, as described in the Experimental Setup section. After this 244 

oxidation process, the value of the [O]/[V] ratio in the films clearly increased. For illustra- 245 

tion purposes, the measured values of [O]/[V] after oxidation at 280ºC are included in 246 

Figure 2. There, it is remarkable that the film nano-VO1.9 reaches the oxygen saturation 247 

value ([O]/[V]=2.5) after oxidation, in agreement with the results in ref. [11], while the 248 

remaining samples present post-oxidation stoichiometries between 1.9 and 2.3. Moreover, 249 

from a morphological point of view, the oxidation process also causes important struc- 250 

tural changes, which is illustrated in Figure 3a-b, where the top and cross-sectional FESEM 251 

views of the coatings nano-VO1.9 (280ºC) (figure 3a, boJom images) and nano-VO1.3 (280ºC) 252 

(figure 3b, boJom images) are displayed. There, it is noticeable that the oxidation has 253 

caused the widening of the nanocolumns up to the point of even merging at some loca- 254 

tions, shrinking the pores and conforming a more compact structure. Furthermore, Figure 255 

3 evidences an overall increase of thickness of about 20% in both cases, despite the fact 256 

that these images were taken from the same samples before and after the oxidation process 257 

and, approximately, at the very same location (positioning error below 1 mm), finding a 258 

shift in thickness from 280 nm to 335 nm in the case of nano-VO1.9 and from 310 nm to 375 259 

nm in the case nano-VO1.3. We aJribute this swelling of the structure to the incorporation 260 

of O into the film network, which is known for increasing the associated volume per V 261 

atom in the film (a simple calculation based on the standard density of different vanadium 262 

oxide materials results in increasing values of volume per V atom in the material, from 263 

~1.4 × 10�2
 &&3/& &&&&  in pure V to ~4.5 × 10�2

 &&3/& &&&&  in V2O5). This 264 

swelling phenomenon would additionally be favored by the relatively high mobility of 265 

the species in the V2O5 domains at such low temperatures (as it will be demonstrated be- 266 

low, this phase appears in all these coatings after oxidation), with a Tamman temperature 267 

as low as ~200ºC (for comparison purposes, the Tamman temperature in VO2 amounts to 268 

~847ºC). This swelling phenomenon is further confirmed in Figure 4, where HAADF- 269 

STEM images of the tips of the nanocolumns in nano-VO1.9 and nano-VO1.9(280ºC) are dis- 270 

played, and where it is clearly shown how the intercolumnar mesopores shrink and a 271 

more compact structure is formed after oxidation. 272 
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 273 

Figure 4. - STEM-HAADF image of the tips of the nanocolumns in the film nano-VO1.9 before (a) 274 

and after (b) being subjected to the oxidation process at 280ºC. 275 

In Figure 5a, the Raman spectra of the nanocolumnar films after oxidation at 280ºC 276 

are presented. There, it is apparent that nano-VO1.9(280ºC) contains V2O5 crystalline do- 277 

mains, which is coherent with the measured value [O]/[V]~2.5 reported in Figure 2. More- 278 

over, the spectrum of nano-VO1.7 (280ºC) indicates not only the existence of V2O5, but also 279 

of V3O7 and VO2 crystalline domains in the film. This becomes even more evident for sam- 280 

ples nano-VO1.5 (280ºC), nano-VO1.4 (280ºC) and nano-VO1.3 (280ºC) where the peaks asso- 281 

ciated with VO2 are clearly discernable. Consequently, it has been found that whenever 282 

the as-deposited [O]/[V] ratio stays below 1.9, the oxidation process at 280ºC triggers the 283 

formation of VO2 along with the V2O5 and V3O7 phases. This is also corroborated by XRD 284 

analyses of the same films, presented in Figure 5b, where the peaks corresponding to mon- 285 

oclinic VO2, V2O5 and V3O7 phases are evident. 286 
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 287 

Figure 5. - Raman (a) and XRD (b) analyses of the different nanocolumnar films after being subjected 288 

to the oxidation process at 280ºC. 289 

In addition to the [O]/[V] ratio in the original (as-deposited) films, the oxidation tem- 290 

perature also plays a key role in the formation of VO2 crystalline domains. In Figure 6a-b, 291 

the Raman spectra and the XRD paJerns of the film nano-VO1.5 after being subjected to an 292 

oxidation procedure at temperatures of 260ºC, 280ºC and 300ºC are shown, respectively. 293 

There, the peaks associated with V2O5 are evident in all the cases, while the V3O7 and VO2 294 

phases are clearly discernable in nano-VO1.5 (280ºC), as well as in nano-VO1.5 (260ºC) and 295 

nano-VO1.5 (300ºC), even though they are not as intense in these two laJer cases. This im- 296 

plies that nano-VO1.5 (280ºC) seems to represent the optimum case in terms of VO2 peak 297 

intensity. In addition, and according to Figures 5 and 6, it is remarkable that VO2 in these 298 

coatings always coexists with the V2O5 and the V3O7 phases, which provides some clues 299 

on how the oxygen incorporates into the film network and induces the formation of dif- 300 

ferent crystalline domains, being V2O5 the only crystalline phase that has been found iso- 301 

lated from the other two. It is noteworthy in this regard that the crystal size determined 302 

by the Scherrer equation [29] from the width of the peaks in Figure 5b renders approxi- 303 

mate values of ~10 nm for VO2, ~15 nm for V3O7 and ~25 nm for V2O5. Later on, in section 304 

3.3, a model on the formation of VO2 at low temperatures that takes into account the film 305 

stoichiometry, porosity and oxidation temperature on the formation of VO2 is put forward. 306 
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 307 

Figure 6. - Raman (a) and XRD (b) analyses of the film nano-VO1.5 after being subjected to the oxi- 308 

dation process at temperatures of 260ºC, 280ºC and 300ºC. 309 

3.2. Optical and Thermochromic Properties 310 

Figure 7 presents a photograph of the samples deposited on SiO2 substrates after the 311 

oxidation process at different temperatures. These films present a brownish color, which 312 

is typical of V-O thin films, and show certain transparency, especially the films nano- 313 

VO1.9(260ºC, 280ºC and 300ºC) and nano-VO1.7(260ºC, 280ºC and 300ºC), no maJer the ox- 314 

idation temperature. This agrees with the existence of a large amount of V2O5 crystalline 315 

domains in these cases, as obtained in the XRD/Raman analyses in Figures 5 and 6. Inter- 316 

estingly, the transparency of the remaining samples is highly dependent on the oxidation 317 

temperature. They are slightly opaque when the temperature is 260ºC, and increasingly 318 

transparent when the temperature is 280ºC and 300ºC, suggesting that a certain amount 319 

of (oxygen deficient) amorphous VOx regions survive the oxidation process, which are 320 

progressively removed as the oxidation temperature increases. 321 
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 322 

Figure 7. - Photograph of the nanocolumnar films grown on SiO2 with as-deposited stoichiometry 323 

ranging from 1.3 to 1.9 after being subjected to the oxidation process at temperatures of 260ºC, 280ºC 324 

and 300ºC. 325 

In Figure 8, the UV-vis spectra of the films depicted in Figure 7 are presented when 326 

measured both at room temperature and at 100ºC. As expected, the films nano-VO1.9 327 

(260ºC), nano-VO1.9 (280ºC), nano-VO1.9 (300ºC) show typical spectra of V2O5 as well as no 328 

thermochromic behavior. This agrees with the XRD/Raman analyses in Figures 5 and 6, 329 

and with the lack of any VO2 signal in these cases. Remarkably, sample nano-VO1.5 (280ºC) 330 

possesses a transmiJance spectrum quite similar to that reported in literature for (non- 331 

doped) VO2 thin films [30, 31, 32], characterized by a clear thermochromic transition in the 332 

IR region from ~60% at room temperature to ~10% at 100ºC, with a transmiJance in the 333 

visible part of the spectrum of ~40%, no maJer the environmental temperature. This 334 

agrees with the Raman and XRD results in Figures 5 and 6 and the relevant amount of 335 

VO2 crystal domains detected for these samples. For the rest of the cases, the optical mod- 336 

ulation is coherent with the existence of VO2 crystalline domains, as measured in Figures 337 

5 and 6, along with amorphous oxygen-deficient VOx that hinders the overall optical trans- 338 

parency of the coatings. In this regard, and according to Figure 7, the amount of amor- 339 

phous VOx after oxidation seems to diminish for increasing values of the as-deposited 340 

[O]/[V] ratio and the oxidation temperature. This result indicates the delicate interplay 341 

between as-deposited nanocolumnar film stoichiometry and oxidation temperature, not 342 

only for the formation of the different crystalline phases, namely V2O5, V3O7 and VO2, but 343 

also for the removal of the oxygen deficient amorphous VOx regions, this laJer with a 344 

strong influence on the overall transparency of the film. 345 

Given the results presented in Figure 8, we have chosen the film nano-VO1.5 (280ºC) 346 

as the best case in terms of thermochromic efficiency, and to further analyze its optical 347 

and electrical modulation capabilities during the MIT. Figure 9 showcases the changes in 348 

transmiJance at a wavelength of 1500 nm when varying the temperature of nano-VO1.5 349 

(280ºC) from room temperature to 100ºC and back. A typical hysteresis loop correspond- 350 

ing to a metal-insulator transition is reproduced, where a transmiJance drop of ~50% 351 
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(from ~65% to ~15%) is found, with the centroid of the hysteresis loop at a transition tem- 352 

perature of �� = 50.3ºC. To evaluate the thermochromic efficiency of this coating, different 353 

standard quantities have been calculated, such as �
�� that quantifies the visible light 354 

transmiJed by the coating, and is used as an indicator of luminosity (see appendix I in ref. 355 

[11] for its definition). The value of this parameter is 26.5% (at room temperature) and 23.1% 356 

(at 100ºC). Moreover, the solar modulation, ∆���
 , taken as a reference of the radiation not 357 

transmiJed by the film due to the thermochromic transition, has a value of 12.5%. This 358 

means that this coating possesses a high enough optical modulation as to be employed for 359 

practical applications (the general consensus for this maJer is ∆&&&& > 10% for a proper 360 

adaptation to different climate changes [33, 34]). In this regard, the only constrain for its 361 

direct use is its poor optical transparency in the visible range, which can be improved by 362 

means of well stablished strategies already available in the literature, e.g., by using doping 363 

techniques [31]. The electrical modulation features of Nano-VO1.5(280ºC) during the MIT 364 

were also assessed by means of the van der Pauw method and Hall effect as a function of 365 

temperature (note that the substrate employed to support the coating for this study was 366 

sapphire, with larger size than the silica substrate). This film underwent a significant tem- 367 

perature-induced transition during heating, where the DC electrical resistivity abruptly 368 

changed more than two orders of magnitude from 10-1 to 10-3 Ω·m when varying the tem- 369 

perature from 25 to 100ºC (Figure 10a), being this drop characteristic of VO2 compounds 370 

[35]. Interestingly, the measured hysteresis loop depicts a similar sharp increase of resis- 371 

tivity when the temperature surpassed ~53ºC, i.e., 23ºC below the nominal value of the 372 

transition at 68ºC for pure VO2 phases [36]. Since XRD and Raman analyses in Figures 5- 373 

6 both showed the occurrence of V3O7, V2O5 phases in nano-VO1.5(280ºC), a smaller varia- 374 

tion of electrical resistivity compared to that of pure or single crystalline VO2 material 375 

would be expected. However, jumps of resistivity, as well as the width and position of the 376 

measured hysteresis (see Figure 10a) support that preparation conditions of nano- 377 

VO1.5(280ºC) favor the formation of a significant amount of VO2 domains in detriment of 378 

other phases and/or oxygen-deficient regions. Hall effect measurements on nano- 379 

VO1.5(280ºC) show that electrons are the majority carriers whatever the temperature range, 380 

revealing the n-type nature of this film. Electron concentration and mobility vs. tempera- 381 

ture also show strong variations and hysteresis loops, as shown in Figures 10b and 10c, 382 

respectively. Upon increasing temperature, concentration increases from 2.3×1019 m-3 at 383 

25ºC up to 2.0×1024 m-3 at 100ºC. For these same temperatures, mobility exhibits a reverse 384 

evolution reducing from 4.9×10-2 m2V-1s-1 down to 8.3×10-4 m2V-1s-1, which shows that the 385 

drop of resistivity can be mainly assigned to the electron concentration change, in agree- 386 

ment with results in the literature [37-40]. During the heating stage and up to 70ºC, it is 387 

noteworthy that the concentration increases continuously with temperature (whereas mo- 388 

bility remains in the same order of magnitude, i.e., in-between 2-5×10-2 m2V-1s-1), which 389 

defines a semiconducting-like behavior. Compared to optical transmiJance vs. tempera- 390 

ture measurements performed at a wavelength of 1500 nm (Figure 9), it is important to 391 

remark that the transition of electron transport properties occurs at a higher temperature, 392 

with a centroid of the resistivity hysteresis at about ~62ºC, which is significantly higher 393 

than that determined from the optical transmiJance (50.3ºC). Such difference has also 394 

been reported without discussing this effect [41-44]. One may suggest that the higher tem- 395 

perature values found for the resistivity hysteresis can be assigned to the difference in the 396 

interactions of the VO2 phase with electrons and photons. Optical transmiJance is sensi- 397 

tive to the change of local dielectric properties, whereas resistivity depends on electrical 398 

current travelling through the different phases and grains, and so on the distance between 399 

the electrodes. As a result, current represents a macroscopic probing of the transition and 400 
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is less sensitive to mean local dielectric variations. Yet, this discrepancy can also be at- 401 

tributed to the different size and nature of the substrate employed for the electrical char- 402 

acterization or to small inhomogeneities in the coating that might affect the measurements. 403 

 404 

Figure 8. - Optical transmiJance spectra of the nanocolumnar coatings after being subjected to the 405 

oxidation process of 260ºC, 280ºC and 300ºC. Results measured at room temperature (black) and at 406 

100ºC (red) are included. 407 

 408 

Figure 9. - Hysteresis loop corresponding to the changes in the optical transmiJance of the film 409 

nano-VO1.5(280ºC) measured at a wavelength of 1500 nm as a function of the environmental tem- 410 

perature after a single heating/cooling cycle from 25ºC to 100ºC and back. The quantities �
�� , ∆���
  411 

and ∆���  (see main text for their definition) are included along with the transition temperature 412 

(centroid of the loop curve), �� . 413 
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 414 

Figure 10. - Electrical resistivity(a), carrier concentration(b) and mobility(c) as a function of the en- 415 

vironmental temperature of the film nano-VO1.5(280ºC). A single heating-cooling cycle was applied, 416 

which corresponds to a heating from 25ºC to 100ºC then a cooling back to 25ºC. 417 

3.3. Low Temperature Formation of VO2 in Porous Nanocolumnar Thin Films 418 

The results above, by which small VO2 domains have been crystallized in its mono- 419 

clinic phase at temperatures below 300ºC, contrast with the nominal value of the crystal- 420 

lization temperature of VO2 in the bulk, which is well above 500ºC. This means that, in 421 

our case, the oxidation process must act as an excitation source that favors the low tem- 422 

perature crystallization of VO2, as it was also concluded in refs. [10, 11]. Moreover, it has 423 

been demonstrated that the stoichiometry of the original (as-deposited) film and the oxi- 424 

dation temperature play key roles in the formation of the different crystalline phases, as 425 

well as in the survival of oxygen-deficient amorphous VOx in the material after oxidation. 426 

Yet, the influence of the film porosity has still not been specifically addressed, as this fea- 427 

ture was rather similar in all the as-deposited films presented above. Keeping this purpose 428 

in mind, additional experiments have been carried out on a set of compact layers depos- 429 

ited using the classical magnetron spuJering arrangement under the conditions listed in 430 

Table I. They were deposited with a similar thickness as the nanocolumnar ones (~300 nm) 431 

and with different [O]/[V] ratios, labelled as compact-V, compact-VO0.4, compact-VO0.9 432 

and compact-VO1.5. The as-deposited [O]/[V] ratio in these films was measured using the 433 

same methodology (RBS/NRA), finding the values 0.0, 0.4, 0.9 and 1.5, respectively (the 434 

error of these values is estimated ±0.15 ). After deposition, all of them were opaque, 435 

showed a compact nanostructure, and, aJending to the absence of peaks in the Raman 436 

and the XRD analyses, did not show any sign of crystalline phases (results not shown), 437 
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indicating that, similarly to the as-deposited nanocolumnar films, they are formed by ox- 438 

ygen-deficient amorphous VOx. 439 

These compact layers were subjected to the same oxidation process as the nanoco- 440 

lumnar ones at a temperature of 280ºC, finding out that all of them still remained compact 441 

(as an example, the cross-sectional SEM image of compact-VO1.5(280ºC) is depicted in Fig- 442 

ure 11a) and opaque. This indicates that low-temperature oxidation is not efficient for this 443 

films, and that a large amount of amorphous VOx must still survive. Yet, the Raman anal- 444 

ysis of these coatings (see Figure 11b) reveals the formation of V2O5 crystal domains in all 445 

cases, in agreement with the results obtained with the nanocolumnar films (see figure 5 446 

for instance). Remarkably, there are traces of VO2 in the samples compact-V(280ºC), com- 447 

pact-VO0.4(280ºC) and compact-VO0.9(280ºC), demonstrating that the proposed methodol- 448 

ogy also does trigger the crystallization of the V2O5 and VO2 phases in compact thin films 449 

at low temperatures. Yet, there is no clear indication of any variation in film thickness 450 

associated with the oxidation process at 280ºC: this feature, along with the lack of trans- 451 

parency of these films, suggests that only a small portion of material on the film surface is 452 

affected by the low temperature oxidation, being the associated swelling phenomenon 453 

restricted to this very shallow region. Remarkably, these two features (structural swelling 454 

and transparency) are evident whenever a compact film is efficiently oxidized. For in- 455 

stance, in Figure 11c the cross-sectional SEM image of a pure V thin film with original 456 

thickness of 350 nm after being subjected to an oxidation process at a much higher tem- 457 

perature (600ºC) is presented for illustration purposes. In this case, the film was not only 458 

transparent after oxidation (with composition V2O5), but also showed clear indications of 459 

swelling, with an increase of film thickness from ~350 nm to ~830 nm that even caused the 460 

direct delamination of the coating at some locations. Based on this result, a basic scheme 461 

of the oxidation process of compact films at low temperatures is presented in Figure 12a: 462 

there, it is proposed that the low temperature oxidation only affects a specific shallow 463 

region in contact with the oxygen atmosphere, where the (highly mobile) V2O5 phase and 464 

the VO2 crystallites are formed, limiting the diffusion of oxygen towards the inside of the 465 

material, which remains unaffected. 466 
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 467 

Figure 11. - a) Cross-sectional image of the film compact-VO1.5(280ºC). b) Raman analysis of the 468 

compact films after oxidation at a temperature of 280ºC. c) Cross-sectional image of a compact me- 469 

tallic V thin film with as-deposited thickness of 350 nm after being subjected to an oxidation process 470 

at 600ºC. 471 
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 472 

Figure 12. - Scheme of the main mechanism during the low temperature oxidation of the compact 473 

(a) and nanocolumnar (b) coatings. Note that the pores in the nanocolumnar case are magnified for 474 

clarity purposes. 475 

Based on the idea presented in Figure 12a, we have also tentatively put forward a 476 

basic scheme that rationalizes the main results obtained in this paper on nanocolumnar 477 

porous thin films, which is shown in Figure 12b. There, the as-deposited film is depicted 478 

as an array of large and tilted amorphous VOx nanocolumns separated by large interco- 479 

lumnar mesopores that penetrate into the nanocolumns by means of large and elongated 480 

micropores (please note that the size of the pores is magnified for clarity purposes). In this 481 

way, when the film is exposed to the oxygen atmosphere at low temperatures, the whole 482 

surface of the nanocolumns (including that of the accessible pores) becomes oxidized, re- 483 

sulting in the formation of V2O5 and VO2, just like in the compact case (figure 12a). Fol- 484 

lowing an analogous reasoning, this oxide layer likely limits the diffusion of oxygen to- 485 

wards the inside of the nanocolumns, not affecting the VOx material inside, in a process 486 

that is also enhanced by the swelling of the material and the shrinkage/disappearance of 487 

the meso- and nanopores. Consequently, and according to this scheme, the resulting film 488 

would contain not only oxygen-deficient amorphous VOx inside the nanocolumns, but 489 

also crystallites of V2O5 and VO2. Therefore, when the original film stoichiometry is high 490 

enough (in our case when the as-deposited [O]/[V] ratio is above 1.9) or the oxidation 491 
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temperature is 300ºC or above, it has been found that the oxidation process becomes effi- 492 

cient enough to oxidize the amorphous VOx material in the nanocolumns and saturate the 493 

whole structure with oxygen, resulting in the formation of a pure V2O5 thin film. Addi- 494 

tionally, it has also been found that there is an optimum value of the original film stoichi- 495 

ometry/oxidation temperature (in our case when [O]/[V]~1.5 and an oxidation tempera- 496 

ture of 280ºC) at which the delicate balance between the adsorption of oxygen on the sur- 497 

face of the pores, the swelling of the material and the shrinkage of the pores, as well as the 498 

limitation of the oxygen diffusion towards the inside of the film, produces the removal of 499 

most amorphous VOx while preserving the VO2 crystallites in the structure, which clearly 500 

improves the optical transparency of the coatings. Finally, it is also worth mentioning that 501 

the schemes in Figures 12a and 12b do not account for the formation of the V3O7 phase, 502 

which is absent in the compact films and that only appears in the nanocolumnar cases 503 

whenever VO2 is formed. 504 

Based on the results above, it is demonstrated that the use of nanocolumnar films 505 

provides several key advantages in comparison with compact films when subjected to a 506 

low temperature oxidation process to form VO2 crystallites, such as i) the nanocolumnar 507 

films possess a much higher specific surface that makes the adsorption of oxygen much 508 

more efficient (promoting the formation of a larger amount of V2O5 and VO2 and the re- 509 

moval of a larger amount of undesired opaque amorphous VOx), and ii) the possibility to 510 

accommodate the swelling of the material into the structure thanks to the existence of 511 

large empty voids that serve to release stress, and that would cause the direct delamina- 512 

tion of the coating should it be compact. Finally, it is noteworthy that the features of the 513 

film nano-VO1.5(280ºC) were stable for more than one year, depicting the same modulation 514 

capabilities and structural features than just after its fabrication, despite the fact that it 515 

was exposed to the atmosphere during all this time and that it was not protected by any 516 

cap layer or by any other means. This implies that both the formation of V2O5/VO2 on the 517 

accessible surface of the film and the swelling of the material, are enough to limit the dif- 518 

fusion of oxygen and avoid its eventual transformation into the non-thermochromic high- 519 

est oxidized phase (V2O5) even after such a long time. 520 

4. Conclusions 521 

From the previous results and discussion, the first conclusion of this work is that 522 

there is a window of conditions to prepare VO2-containing thin films at temperatures be- 523 

low 300ºC. The found conditions require the use of porous VOx thin films as precursor 524 

and a precise control of both, the porosity of the films and the [O]/[V] ratio prior to the 525 

oxidation. In this regard, the use of the well-established MS-OAD technique has proven 526 

to be quite straightforward for a precise control of these features. In particular, the feasi- 527 

bility to produce VO2 at relatively low temperatures (280ºC) using industrially scalable 528 

methods as MS-OAD is demonstrated by the low temperature oxidation of an amorphous 529 

nanocolumnar VOx thin film. Actually, the fact that similar results can be obtained using 530 

either pure oxygen or an air flow for the low temperature oxidation process suggests that 531 

the purity of the oxidizing atmosphere is not critical to achieve the thermochromic prop- 532 

erty at low temperatures. This evidence, together with the widespread use of the magne- 533 

tron spuJering technique in the industry support the use of the proposed method as a 534 

basis to fabricate thermochromic VO2 thin films at temperatures below 300ºC in mass pro- 535 

duction facilities. 536 

In this work we have obtained final thin films with variable transparency and ther- 537 

mocromic capabilities. In particular, we have produced a relatively good thermochromic 538 

response as proved by the achievement of optimum values of �
�� around 25% (a pa- 539 

rameter that is usually employed as an indicator of luminosity) for non-doped VO2 thin 540 
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films and ∆���
  of 12.5%, this laJer taken as a reference of the radiation modulation fea- 541 

tures. For these samples, resistivity vs. temperature also exhibited a hysteresis loop with 542 

a variation in the electrical properties of more than 2 orders of magnitude. Hall effect 543 

measurements revealed the n-type nature of the films with a reverse evolution of electron 544 

concentration and mobility, resulting in abrupt changes of resistivity at the transition tem- 545 

perature that have been mainly assigned to electron concentration changes. Based on a 546 

thorough characterization analysis of the films using Raman, XRD, RBS/NRA and electron 547 

microscopy tools, a model to explain the main quantities mediating the low temperature 548 

formation of VO2 has been proposed. Basically, it takes into account the swelling of the 549 

VOx structure upon the incorporation of oxygen into the network, the low temperature 550 

formation of V2O5 and VO2 crystallites on the surface of the film in contact with the oxygen 551 

atmosphere, and the limitation of the oxygen diffusion towards the inside of the material 552 

due to the formation of these phases. In this way, the precise control of the initial porosity 553 

of the spuJered films ant their actual [O]/[V] ratio have resulted key for a precise control 554 

of the final thin film morphology and thermochromic modulation properties. 555 
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