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Abstract

Thermochromic VO2 crystalline domains have been formed in amorphous nanocolumnar
Vox films by means of a low-temperature oxidation process. The oxidation of anamor-
phous film with [O]/[V] below 1.9 favors the formation of VO2, V307, and V205 crystal-
line domains in the material for temperatures as low as 260 °C, while values above 1.9 lead
to the sole formation of the V205 phase. It is found that the absorption of oxygen also
causes a relevant film volume expansion that makes pores shrink. Under some specific
conditions, low-temperature oxidation causes the near disappearance of the amorphous
regions, clearly improving the overall transparency and optimizing the optical and elec-
trical modulation capabilities associated with the presence of crystalline VO2 domains.
The best thermochromic performance was found when the original stoichiometry was
[O]/[V] =1.5 and the oxidation temperature was 280 °C. These conditions yield a relatively
transparent coating in the visible range that presents an optical modulation in the near-
infrared range of nearly 50% and a drop of electrical resistivity of more than two orders
of magnitude, with a transition temperature of 50.3 -C. A tentative model based on the
volume expansion experienced by the film upon oxidation is proposed, which links the
structural/chemical features of the material and the formation of the crystalline domains
at such relatively low temperatures.

Keywords: thermochromic thin films; porous thin films; magnetron sputtering; oblique
angle deposition; nanocolumns

1. Introduction

VO, is a well-known material that undergoes a Metal-Insulator Transition (MIT) at
near room temperature, nominally at Ty = 68°C, which induces a shift in its crystalline
structure from monoclinic to rutile and causes a drastic change in its electrical properties
[1]. This feature has motivated the use of VO, for numerous applications in different fields,
e.g., as a channel layer in field-effect transistors (FETs), in memory devices, or in strain
and gas sensor devices, among others (see for instance [2] and references therein). Addi-
tionally, the MIT causes a notable change in the optical transmittance of the material, par-
ticularly in the near-IR part of the spectrum, which also makes VO, suitable for solar irra-
diation control applications in interior spaces and buildings, commonly known as "smart
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windows" applications [3]. Here, the core functional principle relies on the ability to use
VO,-coated glazing to filter out near-IR light when the environmental temperature ex-
ceeds Tf, while maintaining a relatively high transparency in the visible range [1, 4]. Since
approximately 52% of sunlight at sea level falls within the IR region, such glazing would
enable a passive and indirect control of the temperature in interiors, reducing the use of
alternative energy-intensive environmental control approaches, such as air conditioning
or heating systems. Yet, the use of VO: for smart windows applications is currently hin-
dered by several scientific and technical constraints. These include the need to lower Ty
to values closer to human comfort levels, ideally between 20 and 40°C, as well as the op-
timization of the optical modulation in the near-IR region of the spectrum and of the trans-
parency of the glazing in the visible range [3, 5]. While these issues are being actively
studied in the literature, an additional critical constraint relies on the very fabrication
method, as current procedures demand processing temperatures well above 500°C to trig-
ger the crystallization of VO, in its monoclinic phase, thus discarding the use of numerous
and common temperature sensitive materials to support the coating [6]. In this paper we
focus on this last issue, and study a basic and simple strategy to trigger the formation and
crystallization of VO:2 at temperatures below 300°C in porous thin films.

Several strategies are currently being explored in the literature to achieve the for-
mation of monoclinic VO2 in thin films at low temperatures. These typically rely on a mul-
tistep technique, where a V-O-containing thin film is first synthesized and, subsequently,
exposed to an oxidizing or reductive atmosphere at relatively low temperatures under the
influence of an additional excitation source, such as lasers or UV lights [6-9]. For instance,
in ref. [6], VO, thin films fabricated via the sol-gel technique were treated with an excimer
laser, achieving laser-induced crystallization within 60 seconds of exposure. Moreover, in
ref. [7], the annealing temperature was reduced to approximately 250°C by combining
deep ultraviolet irradiation with a carbon-free oxidizer to generate reactive radicals. A
distinct approach was followed in ref. [10], in which a very thin bilayer structure made of
V and V:05 was annealed in an oxygen atmosphere at temperatures below 300°C. This
procedure resulted in the formation of monoclinic VO: crystallites with thermochromic
activity, thus demonstrating that this treatment at such relatively low temperatures may
trigger the crystallization of VO:. Following this line of reasoning, our group has recently
demonstrated that the low temperature oxidation of a highly porous and amorphous
nanocolumnar VOx thin film could also induce the formation of VO, crystallites at tem-
peratures as low as 270°C [11]. This preliminary result suggests that, upon optimization,
this approach may serve as a basis for the low temperature fabrication of monoclinic VO:
thin films. This is the main scope of this paper, in which the effect of low temperature
oxidation of highly porous and amorphous VOx thin films is systematically analyzed in
connection with the formation of monoclinic VO: crystal domains and the features of the
metal-insulator transition.

Currently, there are numerous works that analyze the features and properties of po-
rous nanocolumnar thin films grown by Physical Vapor Deposition techniques, such as
magnetron sputtering [12] or electron beam-assisted evaporation [13]. Specifically, the so-
called magnetron sputtering technique at oblique angles (MS-OAD) has been developed
in the last decade as a variation of the classical magnetron sputtering deposition technique,
by which a low pressure plasma is ignited in a vacuum reactor to sputter atoms from a
solid target, that are subsequently deposited on a substrate, making the film grow [14]. In
this way, the MS-OAD technique proposes the use of a particular geometrical arrange-
ment in the vacuum reactor by which the substrate is tilted with respect to the target in
order to induce the oblique incidence of the deposition species [15]. This results in the
formation of tilted and randomly scattered nanocolumnar structures, approximately a
hundred nanometers wide, separated by large accessible mesopores that extend from the
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top surface of the film to the very substrate. Moreover, these nanocolumnar structures
present a certain degree of internal open porosity in the form of micropores which, being
connected to the large intercolumnar mesopores, are accessible from the outside by pore
throats with diameters below 2 nm [16]. The existence of all this porosity makes these
films have rather low densities and large specific surfaces in contact with the outside, as
required for numerous applications, e.g., in sensors, biomedicine or plasmonics, among
others [17-26]. This type of morphology has already been investigated for thermochromic
applications in the literature, mainly because of their relatively low density and lower
effective refractive index [27]. Yet, the existence of a large accessible pore network in the
films may represent an even more interesting feature when exposing the film to an oxida-
tive atmosphere, as the uptake of oxygen would not only be limited to the top surface of
the film, as it is expected to happen in compact homogeneous films, but rather throughout
the whole accessible pore structure. Based on this idea and the results obtained in ref. [11],
in this work, the low temperature oxidation of different nanocolumnar amorphous VOx
thin films has been systematically analyzed, aiming at maximizing the formation of mon-
oclinic VO: in the material. In addition to the structural and chemical characterization of
the films, the metal-insulator transition has also been studied by analyzing the optical and
electrical modulation properties during the MIT. The obtained results do not only demon-
strate the feasibility of this methodology to fabricate thermochromic coatings with rela-
tively good optical properties at temperatures below 300°C, but also provide interesting
clues to understand the importance of porosity and its interplay with the oxidation pro-
cess for the stabilization of VO: crystalline domains.

2. Experimental Setup
2.1. Materials

VOx thin films were deposited at room temperature on doped silicon (1 0 0) wafers
(Topsil) diced in 1 x 1 cm? pieces, on silica (Vidrasa) diced in 1 x 1 cm?, and on a (0001)
99.9% pure Al20s sapphire substrate with 31 mm diameter and a surface roughness lower
than 0.5 nm. For MS-OAD, a V target with 3" diameter and 99.95% purity (Testbourne)
was used. Ar and O: were used as plasma gases, with 99.99995% purity (Air Liquide).
Prior to the deposition, the substrates were cleaned by conventional procedures in an ul-
trasonic bath (acetone, isopropanol, and deionized water). Other reagents and solvents
were purchased as reagent-grade and used without further purification.

2.2. Deposition and Oxidation of Nanocolumnar VOx Thin Films

Nanocolumnar and amorphous thin films containing different amounts of O and V
were deposited at room temperature by means of MS-OAD in a cylindrical deposition
reactor, 75 cm long and radius of 18 cm, with base pressure of 2 x10# Pa (see scheme in
Figure 1a). A 3 inch diameter V target was used as a cathode, with a substrate holder
located 15 cm apart, and aligned with the center of the target. An argon gas flow of 9.3
sccm was pumped into the reactor chamber along with a small flow of oxygen gas of 0.2
scem that yielded a total pressure of 0.2 Pa. An electromagnetic power generator (Ad-
vanced Energy DC Pinnacle Plus) was employed to ignite a DC plasma, setting the value
of the power between 150 W and 275 W. The substrate holder was tilted 85° with respect
to the target’s surface, in a typical MS-OAD configuration, while the deposition time was
set to obtain film thicknesses of around 300 nm. Table I contains the list of conditions
employed to deposit the coatings studied in this work. A second set of depositions were
carried out to grow compact thin films with different [O]/[V] ratios. In this case, the clas-
sical geometrical configuration was employed, placing the substrate holder parallel to the
target’s surface, i.e., a substrate tilt of 0%, and a power of 150 W (see deposition conditions
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in Table I). In all cases, a pair of substrates consisting of a silicon wafer and a silica plate
were utilized. For electrical and Hall effect measurements, an additional set of sapphire
substrates (dimensions: 3x 3 cm) were used under the conditions described below.

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

#Sample Power (W) Deposition time O: flow Substrate tilt angle [O]/[V]

(min) (scem) ® (x0.15)
nano-VOui 150 105 0.2 85 1.9
nano-VOuiy 200 93 0.2 85 1.7
nano-VOis 225 82 0.2 85 1.5
nano-VOi4 250 75 0.2 85 1.4
nano-VOi3 275 68 0.2 85 1.3
compact-V 150 60 0 0 0
compact-VQOou 150 60 0.2 0 0.4
compact-VQOos 150 60 0.5 0 0.5
compact-VQOos 150 60 0.7 0 0.9
compact-VOis 150 60 1.0 0 1.5

a) b)
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Quartz tube
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Figure 1. - a) Scheme of the magnetron sputtering reactor employed to grow the nanocolumnar films
arranged according to the Oblique Angle configuration. b) Scheme of the furnace employed to oxi-

dize the coatings.

After the deposition of the VOx samples, these underwent an oxidation procedure in
a furnace at atmospheric pressure using a temperature controller EUROTHERM 2408 (see
Figure 1b). Oxygen gas was fed in the furnace chamber, imposing a heating ramp of 5°C
min’, up to a given targeted temperature that was kept constant during 90 min, after
which the whole furnace was left to cool down until it reached room temperature (here it
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is worthy to mention that similar results as those presented in this paper have been ob-
tained when using atmospheric air instead of pure oxygen for the annealing process).

2.3. Characterization of Nanocolumnar VOx Thin Films

The morphology of the films was characterized by means of scanning electron mi-
croscopy (SEM) with a high-resolution field emission gun microscope model HITACHI-
54800. The microstructure of the layers was also studied by Scanning Transmission Elec-
tron Microscopy (STEM): cross-sectional slices of the films deposited on silicon substrates
were prepared using the conventional procedure of mechanical polishing followed by ar-
gon ion milling to electron transparency. High-angle annular dark field -STEM (HAADE-
STEM) micrographs were acquired in a Tecnai G2 F30 S-Twin STEM from FEL equipped
with a HAADF detector from Fischione with a 0.16 nm point resolution.

The [O]/[V] atomic concentration ratio in the films was determined by means of the
Rutherford Backscattering Spectroscopy (RBS) and Nuclear Reaction Analysis (NRA)
techniques. The setup employed to carry out these experiments was a 3 MV tandem Ac-
celerator at the Centro Nacional de Aceleradores (CNA, Seville, Spain) employing a beam
of 2.0 MeV alpha particles for RBS and 0.9 MeV deuteron beam for the NRA, witha 1 mm
beam spot diameter, and passivated implanted planar silicon detectors, located at 165°
scattering angle for RBS and 150° for NRA. In the latter case, a 13 um thickness filter of
aluminized Mylar was placed in front of the detector to avoid scattered deuterons reach-
ing the detector. The spectra have been analyzed using SIMNRA 6.0 code [28]. To ensure
a consistent analysis, all reported measurements (morphological, chemical, electrical and
optical) have been performed at the central location of the substrate.

Raman spectroscopy analyses of the samples have been carried out using a LabRAM
Horiba Jobin Yvon with a green laser beam of 532 nm wavelength. An X-ray investigation
was carried out by means of a D8 DISCOVER diffractometer. The device featured a 2D
detector VANTEC-500 with a 2 mm capillary, which allows to obtain 2D frames corre-
sponding to each point ranging from 10° to 60° 20. A copper Ka radiation source with
0.15405 nm wavelength has been used with a step width of 20¢ for 1 h per step and tube
conditions of 40 kV voltage and 40 mA current. Grazing Incidence X-ray Diffraction meas-
urements were acquired by maintaining a fixed incidence angle of 0.5°.

The optical transmission properties of the films have been analyzed in the wave-
length range of 200-2500 nm by means of an ultraviolet-visible spectrophotometer Perki-
nElmer Lambda 750 S with a 60 mm diameter integrating sphere. In order to characterize
the metal-insulator transition, a homemade device consisting of two ceramic heaters with
a pierced hole at the center was used to hold the samples during the ultraviolet-visible
spectra acquisitions. The sample was heated up to 100°C during optical characterization,
with the device connected to a programmable power supply ISOTECH IPS-405 operated
in DC mode, and using a thermocouple to read and control the temperature. Finally, the
transmittance-versus-temperature thermochromic hysteresis loops were obtained em-
ploying the same setup, for a wavelength of 1500 nm in variable steps of temperature
ranging from room temperature to 100°C. DC electrical resistivity vs. temperature meas-
urements of the furnace oxidized films were performed in a dark environment with a
homemade setup. It involved a four-probe system with a van der Pauw geometry in the
temperature range of 25-100°C with a ramp of 1°C min’ and then back to 25°C with an
equivalent negative ramp. Carrier mobility and carrier concentration were obtained by
Hall effect measurements using the same van der Pauw geometry. A constant magnetic
field of 0.800 T was applied perpendicular to the sample surface.

In terms of notation and labelling of the samples, in this paper we have chosen the
following criterion: as-deposited films have been labelled with the prefix “nano-“ or “com-
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pact-“ depending on whether the structure is nanocolumnar or compact, respectively, fol-
lowed by “VOx”, with x being the measured value of the [O]/[V] ratio in the as-deposited
film. For instance, nano-VOus refers to an as-deposited nanocolumnar film with a meas-
ured value of [O]/[V]=1.5. Moreover, the films that have undergone an oxidation process
also include the value of the oxidation temperature in their label. For instance, the film
nano-VO15(280°C) refers to a nanocolumnar film with an as-deposited stoichiometry of
[O]/[V]=1.5 that has been subjected to oxidation at a temperature of 280°C (note that the
value of the [O]/[V] ratio after the oxidation process is not included in the label).

3. Results and Discussion
3.1. Analysis of the Nanocolumnar VOx Thin Films Before and After the Oxidation Process

As mentioned in the previous section, a set of nanocolumnar thin films was grown
with different [O]/[V] ratios by means of the MS-OAD technique, by varying the value of
the DC sputtering power from 150 W to 275 W and maintaining a constant flow of oxygen
in the reactor (see Table I). The measured value of the [O]/[V] ratio of these films is de-
picted in Figure 2, where a clear decreasing trend in the oxygen content with power is
obtained, from [O]/[V](150 W)=1.9 to [O]/[V](275 W)=1.3 (the error of these values is esti-
mated £0.15 in all these cases). This systematic change can be explained by the increase
of the sputtering rate of V atoms for increasing powers and, thus, of the deposition rate of
V atoms. From a morphological point of view, the as-deposited films are alike, as illus-
trated in Figure 3a-b, where the cross-sectional FESEM images of nano-VOus (Figure 3a,
top left) and nano-VO:s (Figure 3b, top left) are shown. Interestingly, and despite the dif-
ferent chemical composition of both films, a similar columnar morphology is apparent in
both cases: Tilted ~30° with respect to the substrate normal, with column diameters of ~100
nm and separated by noticeable large intercolumnar mesopores. The origin of such similar
morphology stems from the common geometrical oblique angle arrangement in both cases,
which is known for mediating surface shadowing mechanisms and the subsequent for-
mation of the tilted nanocolumnar structures. This is apparent in the top view images of
these films, also depicted in Figures 3a-b (top right images), where similar nanocolumnar
and pore morphologies can be observed. Moreover, the absence of peaks in the Raman
analyses, along with the high opacity of these coatings (results not shown), indicate that
they are mostly composed of oxygen-deficient amorphous V-O domains.

27 F R
25 -% ---------------------------------------------- -
23 ' % { { ]
21 | -
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=19} -
17 | } .
15} % + .
13 m As-deposited coatings % h
» ® After oxidation (280°C) 1

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

before and after the oxidation process at 280°C.
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Figure 3. - a) Cross-sectional and top view SEM images of the film nano-VOr.s before and after oxi-
dation at 280°C. b) a) Cross-sectional and top view SEM image of the film nano-VO:1.3 before and
after oxidation at 280°C.

The as-deposited films were placed in a furnace and exposed to an oxygen atmos-
phere at different temperatures, as described in the Experimental Setup section. After this
oxidation process, the value of the [O]/[V] ratio in the films clearly increased. For illustra-
tion purposes, the measured values of [O]/[V] after oxidation at 280°C are included in
Figure 2. There, it is remarkable that the film nano-VO1 reaches the oxygen saturation
value ([O]/[V]=2.5) after oxidation, in agreement with the results in ref. [11], while the
remaining samples present post-oxidation stoichiometries between 1.9 and 2.3. Moreover,
from a morphological point of view, the oxidation process also causes important struc-
tural changes, which is illustrated in Figure 3a-b, where the top and cross-sectional FESEM
views of the coatings nano-VO1.9 (280°C) (figure 3a, bottom images) and nano-VO1.3 (280°C)
(figure 3b, bottom images) are displayed. There, it is noticeable that the oxidation has
caused the widening of the nanocolumns up to the point of even merging at some loca-
tions, shrinking the pores and conforming a more compact structure. Furthermore, Figure
3 evidences an overall increase of thickness of about 20% in both cases, despite the fact
that these images were taken from the same samples before and after the oxidation process
and, approximately, at the very same location (positioning error below 1 mm), finding a
shift in thickness from 280 nm to 335 nm in the case of nano-VO1s and from 310 nm to 375
nm in the case nano-VO13. We attribute this swelling of the structure to the incorporation
of O into the film network, which is known for increasing the associated volume per V
atom in the film (a simple calculation based on the standard density of different vanadium
oxide materials results in increasing values of volume per V atom in the material, from
~14%x 107 ++3 />~ v~~~ in pure V to ~45%x 1077 ++’/~ ~~~~ in V20s). This
swelling phenomenon would additionally be favored by the relatively high mobility of
the species in the V205 domains at such low temperatures (as it will be demonstrated be-
low, this phase appears in all these coatings after oxidation), with a Tamman temperature
as low as ~200°C (for comparison purposes, the Tamman temperature in VO: amounts to
~847°C). This swelling phenomenon is further confirmed in Figure 4, where HAADEF-
STEM images of the tips of the nanocolumns in nano-VO19 and nano-VO1.9(280°C) are dis-
played, and where it is clearly shown how the intercolumnar mesopores shrink and a
more compact structure is formed after oxidation.
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nano-VO, 4

50 nm

Figure 4. - STEM-HAADF image of the tips of the nanocolumns in the film nano-VOus before (a)
and after (b) being subjected to the oxidation process at 280°C.

In Figure 5a, the Raman spectra of the nanocolumnar films after oxidation at 280°C
are presented. There, it is apparent that nano-VO19(280°C) contains V20s crystalline do-
mains, which is coherent with the measured value [O]/[V]~2.5 reported in Figure 2. More-
over, the spectrum of nano-VO1.7 (280°C) indicates not only the existence of V20s, but also
of V307 and VO: crystalline domains in the film. This becomes even more evident for sam-
ples nano-VOis (280°C), nano-VO1.4 (280°C) and nano-VOus (280°C) where the peaks asso-
ciated with VO: are clearly discernable. Consequently, it has been found that whenever
the as-deposited [O]/[V] ratio stays below 1.9, the oxidation process at 280°C triggers the
formation of VO: along with the V205 and V3O~ phases. This is also corroborated by XRD
analyses of the same films, presented in Figure 5b, where the peaks corresponding to mon-
oclinic VO2, V205 and V307 phases are evident.
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Figure 5. - Raman (a) and XRD (b) analyses of the different nanocolumnar films after being subjected

to the oxidation process at 280°C.

In addition to the [O]/[V] ratio in the original (as-deposited) films, the oxidation tem-
perature also plays a key role in the formation of VO crystalline domains. In Figure 6a-b,
the Raman spectra and the XRD patterns of the film nano-VOius after being subjected to an
oxidation procedure at temperatures of 260°C, 280°C and 300°C are shown, respectively.
There, the peaks associated with V20s are evident in all the cases, while the V307 and VO:
phases are clearly discernable in nano-VO1s (280°C), as well as in nano-VOus (260°C) and
nano-VOus (300°C), even though they are not as intense in these two latter cases. This im-
plies that nano-VOus (280°C) seems to represent the optimum case in terms of VO: peak
intensity. In addition, and according to Figures 5 and 6, it is remarkable that VO2 in these
coatings always coexists with the V205 and the V307 phases, which provides some clues
on how the oxygen incorporates into the film network and induces the formation of dif-
ferent crystalline domains, being V20s the only crystalline phase that has been found iso-
lated from the other two. It is noteworthy in this regard that the crystal size determined
by the Scherrer equation [29] from the width of the peaks in Figure 5b renders approxi-
mate values of ~10 nm for VO, ~15 nm for V307 and ~25 nm for V20s. Later on, in section
3.3, a model on the formation of VO: at low temperatures that takes into account the film

stoichiometry, porosity and oxidation temperature on the formation of VO is put forward.
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Figure 6. - Raman (a) and XRD (b) analyses of the film nano-VOs after being subjected to the oxi-
dation process at temperatures of 260°C, 280°C and 300°C.

3.2. Optical and Thermochromic Properties

Figure 7 presents a photograph of the samples deposited on SiO: substrates after the
oxidation process at different temperatures. These films present a brownish color, which
is typical of V-O thin films, and show certain transparency, especially the films nano-
VO19(260°C, 280°C and 300°C) and nano-VO1.7(260°C, 280°C and 300°C), no matter the ox-
idation temperature. This agrees with the existence of a large amount of V20s crystalline
domains in these cases, as obtained in the XRD/Raman analyses in Figures 5 and 6. Inter-
estingly, the transparency of the remaining samples is highly dependent on the oxidation
temperature. They are slightly opaque when the temperature is 260°C, and increasingly
transparent when the temperature is 280°C and 300°C, suggesting that a certain amount
of (oxygen deficient) amorphous VOx regions survive the oxidation process, which are
progressively removed as the oxidation temperature increases.
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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 260°C, 280°C 324
and 300°C. 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 100°C. As expected, the films nano-VOiws 327
(260°C), nano-VOus (280°C), nano-VOrs (300°C) show typical spectra of V205 as wellasno 328
thermochromic behavior. This agrees with the XRD/Raman analyses in Figures 5 and 6, 329
and with the lack of any VO: signal in these cases. Remarkably, sample nano-VO1s (280°C) 330
possesses a transmittance spectrum quite similar to that reported in literature for (non- 331
doped) VO: thin films [30, 31, 32], characterized by a clear thermochromic transition in the 332
IR region from ~60% at room temperature to ~10% at 100°C, with a transmittance in the 333
visible part of the spectrum of ~40%, no matter the environmental temperature. This 334
agrees with the Raman and XRD results in Figures 5 and 6 and the relevant amount of 335
VO: crystal domains detected for these samples. For the rest of the cases, the optical mod- 336
ulation is coherent with the existence of VO 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 V205, V307 and VO, but 343
also for the removal of the oxygen deficient amorphous VOx regions, this latter 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-VO1s (280°C) 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 changesin 348
transmittance at a wavelength of 1500 nm when varying the temperature of nano-VOis 349
(280°C) from room temperature to 100°C and back. A typical hysteresis loop correspond- 350
ing to a metal-insulator transition is reproduced, where a transmittance 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-
perature of T, =50.3°C. To evaluate the thermochromic efficiency of this coating, different
standard quantities have been calculated, such as Tj,,, that quantifies the visible light
transmitted by the coating, and is used as an indicator of luminosity (see appendix I in ref.

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

(at 100°C). Moreover, the solar modulation, ATy,;, taken as a reference of the radiation not
transmitted by the film due to the thermochromic transition, has a value of 12.5%. This
means that this coating possesses a high enough optical modulation as to be employed for
practical applications (the general consensus for this matteris A+, > 10% for a proper
adaptation to different climate changes [33, 34]). In this regard, the only constrain for its
direct use is its poor optical transparency in the visible range, which can be improved by
means of well stablished strategies already available in the literature, e.g., by using doping
techniques [31]. The electrical modulation features of Nano-VO1.5(280°C) during the MIT
were also assessed by means of the van der Pauw method and Hall effect as a function of
temperature (note that the substrate employed to support the coating for this study was
sapphire, with larger size than the silica substrate). This film underwent a significant tem-
perature-induced transition during heating, where the DC electrical resistivity abruptly
changed more than two orders of magnitude from 10 to 10° Q-m when varying the tem-
perature from 25 to 100°C (Figure 10a), being this drop characteristic of VO2 compounds
[35]. Interestingly, the measured hysteresis loop depicts a similar sharp increase of resis-
tivity when the temperature surpassed ~53°C, i.e., 23°C below the nominal value of the
transition at 68°C for pure VO: phases [36]. Since XRD and Raman analyses in Figures 5-
6 both showed the occurrence of V307, V205 phases in nano-VO15(280°C), a smaller varia-
tion of electrical resistivity compared to that of pure or single crystalline VO2 material
would be expected. However, jumps of resistivity, as well as the width and position of the
measured hysteresis (see Figure 10a) support that preparation conditions of nano-
VO15(280°C) favor the formation of a significant amount of VO: domains in detriment of
other phases and/or oxygen-deficient regions. Hall effect measurements on nano-
VO15(280°C) show that electrons are the majority carriers whatever the temperature range,
revealing the n-type nature of this film. Electron concentration and mobility vs. tempera-
ture also show strong variations and hysteresis loops, as shown in Figures 10b and 10c,
respectively. Upon increasing temperature, concentration increases from 2.3x10' m- at
25°C up to 2.0x10%* m? at 100°C. For these same temperatures, mobility exhibits a reverse
evolution reducing from 4.9x102 m2V-'s' down to 8.3x10* m2V-s"!, which shows that the
drop of resistivity can be mainly assigned to the electron concentration change, in agree-
ment with results in the literature [37-40]. During the heating stage and up to 70°C, it is
noteworthy that the concentration increases continuously with temperature (whereas mo-
bility remains in the same order of magnitude, i.e., in-between 2-5x102 m?V-'s!), which
defines a semiconducting-like behavior. Compared to optical transmittance vs. tempera-
ture measurements performed at a wavelength of 1500 nm (Figure 9), it is important to
remark that the transition of electron transport properties occurs at a higher temperature,
with a centroid of the resistivity hysteresis at about ~62°C, which is significantly higher
than that determined from the optical transmittance (50.3°C). Such difference has also
been reported without discussing this effect [41-44]. One may suggest that the higher tem-
perature values found for the resistivity hysteresis can be assigned to the difference in the
interactions of the VO2 phase with electrons and photons. Optical transmittance is sensi-
tive to the change of local dielectric properties, whereas resistivity depends on electrical
current travelling through the different phases and grains, and so on the distance between
the electrodes. As a result, current represents a macroscopic probing of the transition and
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is less sensitive to mean local dielectric variations. Yet, this discrepancy can also be at-
tributed to the different size and nature of the substrate employed for the electrical char-
acterization or to small inhomogeneities in the coating that might affect the measurements.
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Figure 8. - Optical transmittance spectra of the nanocolumnar coatings after being subjected to the
oxidation process of 260°C, 280°C and 300°C. Results measured at room temperature (black) and at
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Figure 9. - Hysteresis loop corresponding to the changes in the optical transmittance of the film
nano-VO15(280°C) measured at a wavelength of 1500 nm as a function of the environmental tem-
perature after a single heating/cooling cycle from 25°C to 100°C and back. The quantities Ty, ATsq;

and ATy (see main text for their definition) are included along with the transition temperature
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Figure 10. - Electrical resistivity(a), carrier concentration(b) and mobility(c) as a function of the en-
vironmental temperature of the film nano-VO15(280°C). A single heating-cooling cycle was applied,

which corresponds to a heating from 25°C to 100°C then a cooling back to 25°C.

3.3. Low Temperature Formation of VO: in Porous Nanocolumnar Thin Films

The results above, by which small VO2 domains have been crystallized in its mono-
clinic phase at temperatures below 300°C, contrast with the nominal value of the crystal-
lization temperature of VO2 in the bulk, which is well above 500°C. This means that, in
our case, the oxidation process must act as an excitation source that favors the low tem-
perature crystallization of VOy, as it was also concluded in refs. [10, 11]. Moreover, it has
been demonstrated that the stoichiometry of the original (as-deposited) film and the oxi-
dation temperature play key roles in the formation of the different crystalline phases, as
well as in the survival of oxygen-deficient amorphous VOxin the material after oxidation.
Yet, the influence of the film porosity has still not been specifically addressed, as this fea-
ture was rather similar in all the as-deposited films presented above. Keeping this purpose
in mind, additional experiments have been carried out on a set of compact layers depos-
ited using the classical magnetron sputtering arrangement under the conditions listed in
Table I. They were deposited with a similar thickness as the nanocolumnar ones (~300 nm)
and with different [O]/[V] ratios, labelled as compact-V, compact-VOos, compact-VOo.o
and compact-VOuis. The as-deposited [O]/[V] ratio in these films was measured using the
same methodology (RBS/NRA), finding the values 0.0, 0.4, 0.9 and 1.5, respectively (the
error of these values is estimated +0.15). After deposition, all of them were opaque,
showed a compact nanostructure, and, attending to the absence of peaks in the Raman
and the XRD analyses, did not show any sign of crystalline phases (results not shown),
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indicating that, similarly to the as-deposited nanocolumnar films, they are formed by ox-
ygen-deficient amorphous VOx.

These compact layers were subjected to the same oxidation process as the nanoco-
lumnar ones at a temperature of 280°C, finding out that all of them still remained compact
(as an example, the cross-sectional SEM image of compact-VO15(280°C) is depicted in Fig-
ure 11a) and opaque. This indicates that low-temperature oxidation is not efficient for this
films, and that a large amount of amorphous VOx must still survive. Yet, the Raman anal-
ysis of these coatings (see Figure 11b) reveals the formation of V205 crystal domains in all
cases, in agreement with the results obtained with the nanocolumnar films (see figure 5
for instance). Remarkably, there are traces of VO in the samples compact-V(280°C), com-
pact-VO0.4(280°C) and compact-VOo9(280°C), demonstrating that the proposed methodol-
ogy also does trigger the crystallization of the V20s and VO2 phases in compact thin films
at low temperatures. Yet, there is no clear indication of any variation in film thickness
associated with the oxidation process at 280°C: this feature, along with the lack of trans-
parency of these films, suggests that only a small portion of material on the film surface is
affected by the low temperature oxidation, being the associated swelling phenomenon
restricted to this very shallow region. Remarkably, these two features (structural swelling
and transparency) are evident whenever a compact film is efficiently oxidized. For in-
stance, in Figure 11c the cross-sectional SEM image of a pure V thin film with original
thickness of 350 nm after being subjected to an oxidation process at a much higher tem-
perature (600°C) is presented for illustration purposes. In this case, the film was not only
transparent after oxidation (with composition V20s), but also showed clear indications of
swelling, with an increase of film thickness from ~350 nm to ~830 nm that even caused the
direct delamination of the coating at some locations. Based on this result, a basic scheme
of the oxidation process of compact films at low temperatures is presented in Figure 12a:
there, it is proposed that the low temperature oxidation only affects a specific shallow
region in contact with the oxygen atmosphere, where the (highly mobile) V205 phase and
the VO: crystallites are formed, limiting the diffusion of oxygen towards the inside of the
material, which remains unaffected.
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Figure 11. - a) Cross-sectional image of the film compact-VO15(280°C). b) Raman analysis of the
compact films after oxidation at a temperature of 280°C. c) Cross-sectional image of a compact me-

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

at 600°C.
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Figure 12. - Scheme of the main mechanism during the low temperature oxidation of the compact
(a) and nanocolumnar (b) coatings. Note that the pores in the nanocolumnar case are magnified for

clarity purposes.

Based on the idea presented in Figure 12a, we have also tentatively put forward a
basic scheme that rationalizes the main results obtained in this paper on nanocolumnar
porous thin films, which is shown in Figure 12b. There, the as-deposited film is depicted
as an array of large and tilted amorphous VOx nanocolumns separated by large interco-
lumnar mesopores that penetrate into the nanocolumns by means of large and elongated
micropores (please note that the size of the pores is magnified for clarity purposes). In this
way, when the film is exposed to the oxygen atmosphere at low temperatures, the whole
surface of the nanocolumns (including that of the accessible pores) becomes oxidized, re-
sulting in the formation of V205 and VO, just like in the compact case (figure 12a). Fol-
lowing an analogous reasoning, this oxide layer likely limits the diffusion of oxygen to-
wards the inside of the nanocolumns, not affecting the VOx material inside, in a process
that is also enhanced by the swelling of the material and the shrinkage/disappearance of
the meso- and nanopores. Consequently, and according to this scheme, the resulting film
would contain not only oxygen-deficient amorphous VOx inside the nanocolumns, but
also crystallites of V20s and VO.. Therefore, when the original film stoichiometry is high
enough (in our case when the as-deposited [O]/[V] ratio is above 1.9) or the oxidation
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temperature is 300°C or above, it has been found that the oxidation process becomes effi-
cient enough to oxidize the amorphous VOx material in the nanocolumns and saturate the
whole structure with oxygen, resulting in the formation of a pure V205 thin film. Addi-
tionally, it has also been found that there is an optimum value of the original film stoichi-
ometry/oxidation temperature (in our case when [O]/[V]~1.5 and an oxidation tempera-
ture of 280°C) at which the delicate balance between the adsorption of oxygen on the sur-
face of the pores, the swelling of the material and the shrinkage of the pores, as well as the
limitation of the oxygen diffusion towards the inside of the film, produces the removal of
most amorphous VOx while preserving the VO crystallites in the structure, which clearly
improves the optical transparency of the coatings. Finally, it is also worth mentioning that
the schemes in Figures 12a and 12b do not account for the formation of the VsO7 phase,
which is absent in the compact films and that only appears in the nanocolumnar cases
whenever VO is formed.

Based on the results above, it is demonstrated that the use of nanocolumnar films
provides several key advantages in comparison with compact films when subjected to a
low temperature oxidation process to form VO: crystallites, such as i) the nanocolumnar
films possess a much higher specific surface that makes the adsorption of oxygen much
more efficient (promoting the formation of a larger amount of V205 and VO2 and the re-
moval of a larger amount of undesired opaque amorphous VOx), and ii) the possibility to
accommodate the swelling of the material into the structure thanks to the existence of
large empty voids that serve to release stress, and that would cause the direct delamina-
tion of the coating should it be compact. Finally, it is noteworthy that the features of the
film nano-VO15(280°C) were stable for more than one year, depicting the same modulation
capabilities and structural features than just after its fabrication, despite the fact that it
was exposed to the atmosphere during all this time and that it was not protected by any
cap layer or by any other means. This implies that both the formation of V205/VO: on the
accessible surface of the film and the swelling of the material, are enough to limit the dif-
fusion of oxygen and avoid its eventual transformation into the non-thermochromic high-
est oxidized phase (V205) even after such a long time.

4. Conclusions

From the previous results and discussion, the first conclusion of this work is that
there is a window of conditions to prepare VO:-containing thin films at temperatures be-
low 300°C. The found conditions require the use of porous VOx thin films as precursor
and a precise control of both, the porosity of the films and the [O]/[V] ratio prior to the
oxidation. In this regard, the use of the well-established MS-OAD technique has proven
to be quite straightforward for a precise control of these features. In particular, the feasi-
bility to produce VO at relatively low temperatures (280°C) using industrially scalable
methods as MS-OAD is demonstrated by the low temperature oxidation of an amorphous
nanocolumnar VOx thin film. Actually, the fact that similar results can be obtained using
either pure oxygen or an air flow for the low temperature oxidation process suggests that
the purity of the oxidizing atmosphere is not critical to achieve the thermochromic prop-
erty at low temperatures. This evidence, together with the widespread use of the magne-
tron sputtering technique in the industry support the use of the proposed method as a
basis to fabricate thermochromic VO: thin films at temperatures below 300°C in mass pro-
duction facilities.

In this work we have obtained final thin films with variable transparency and ther-
mocromic capabilities. In particular, we have produced a relatively good thermochromic
response as proved by the achievement of optimum values of Ty,,,, around 25% (a pa-
rameter that is usually employed as an indicator of luminosity) for non-doped VO: thin
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films and ATy,; of 12.5%, this latter taken as a reference of the radiation modulation fea-
tures. For these samples, resistivity vs. temperature also exhibited a hysteresis loop with
a variation in the electrical properties of more than 2 orders of magnitude. Hall effect
measurements revealed the n-type nature of the films with a reverse evolution of electron
concentration and mobility, resulting in abrupt changes of resistivity at the transition tem-
perature that have been mainly assigned to electron concentration changes. Based on a
thorough characterization analysis of the films using Raman, XRD, RBS/NRA and electron
microscopy tools, a model to explain the main quantities mediating the low temperature
formation of VO2 has been proposed. Basically, it takes into account the swelling of the
VOx structure upon the incorporation of oxygen into the network, the low temperature
formation of V20s and VO crystallites on the surface of the film in contact with the oxygen
atmosphere, and the limitation of the oxygen diffusion towards the inside of the material
due to the formation of these phases. In this way, the precise control of the initial porosity
of the sputtered films ant their actual [O]/[V] ratio have resulted key for a precise control
of the final thin film morphology and thermochromic modulation properties.

Author Contributions: Hiedra Acosta-Rivera: Investigation, Visualization. Victor Rico: Investiga-
tion, Methodology, Supervision. Francisco J. Ferrer: Formal analysis, Investigation. Teresa C. Rojas:
Formal analysis, Investigation, Visualization. Rafael Alvarez: Conceptualization, Project admin-
istration, Visualization, Writing — review & editing. Nicolas Martin:. Investigation, Visualization,
Writing - review & editing. Agustin R. Gonzalez-Elipe: Conceptualization, Supervision, Writing —
review & editing. Alberto Palmero: Conceptualization, Funding acquisition, Project administration,

Supervision, Writing — original draft, Writing — review & editing.

Acknowledgments: We The authors thank the projects PID2020-112620GB-100, PID2021-1238790B-
C21, PID2022-1431200B-100, and PCI2024-153451, funded by MCIN/AEI/10.13039/501100011033
and by "ERDF (FEDER) A way of making Europe”, Fondos NextGeneration EU and “Plan de Recu-
peracién, Transformacion y Resiliencia”, as well as the intramural project 202560E034 funded by the
Spanish National Council of Research. Project ANGSTROM was selected in the Joint Transnational
Call 2023 of M-ERA.NET 3, which is an EU-funded network of about 49 funding organizations
(Horizon 2020 grant agreement No 958174). This research work is funded by the EU H2020 program
under grant agreement 899352 (FETOPEN-01-2018-2019-2020 ~-SOUNDOofICE). The project leading
to this article has received funding from the EU H2020 program under grant agreement 851929 (ERC
Starting Grant 3DScavengers).

Conflicts of Interest: There are no conflicts of interest to declare.

References

1. N. Shen, S. Chen, R. Huang, J. Huang, J. Li, R. Shi, S. Niu, A. Amini, C. Cheng, Vanadium dioxide for thermochromic smart
windows in ambient conditions, Materials Today Energy 21 (2021) 100827. https://doi.org/10.1016/j.mtener.2021.100827.

2. C.Wen, L.Feng, Z.Li, ]. Bai, S. Wang, X. Gao, J. Wang, W. Yao, A review of the preparation, properties and applications of VO2
thin films with the reversible phase transition, Front. Mater. 11 (2024) 1341518. https://doi.org/10.3389/fmats.2024.1341518.

3. C.Jiang, L. He, Q. Xuan, Y. Liao, J.-G. Dai, D. Lei, Phase-change VO2-based thermochromic smart windows, Light Sci Appl 13
(2024) 255. https://doi.org/10.1038/s41377-024-01560-9.

4. Z.Qu, L. Yao, Y. Zhang, B. Jin, J. He, J. Mi, Surface and interface engineering for VO2 coatings with excellent optical perfor-
mance: From theory to practice, Materials Research Bulletin 109 (2019) 195-212. https://doi.org/10.1016/j.materres-
bull.2018.09.043.

5. X. Cao, T. Chang, Z. Shao, F. Xu, H. Luo, P. Jin, Challenges and Opportunities toward Real Application of VO2-Based Smart
Glazing, Matter 2 (2020) 862-881. https://doi.org/10.1016/j.matt.2020.02.009.

6. M. Basso, E. Colusso, C. Carraro, C. Kalha, A.A. Riaz, G. Bombardelli, E. Napolitani, Y. Chen, J. Jasieniak, L.E. Ratcliff, P.K.

Thakur, T.-L. Lee, A. Regoutz, A. Martucci, Rapid laser-induced low temperature crystallization of thermochromic VO2 sol-gel
thin films, Applied Surface Science 631 (2023) 157507. https://doi.org/10.1016/j.apsusc.2023.157507.

541
542
543
544
545
546
547
548
549
550
551
552
553
554
555

556
557
558
559
560
561
562

563
564
565
566
567
568
569
570
571
572

573

574

575
576
577
578
579
580
581
582
583
584
585
586
587
588



20 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Y.-R. Jo, W.-]. Lee, M.-H. Yoon, B.-J. Kim, In Situ Tracking of Low-Temperature VO2 Crystallization via Photocombustion and
Characterization of Phase-Transition Reliability on Large-Area Flexible Substrates, Chem. Mater. 32 (2020) 4013-4023.
https://doi.org/10.1021/acs.chemmater.0c00581.

A.Mohammad, K.D. Joshi, D. Rana, S. Ilhom, B. Wells, B. Willis, B. Sinkovic, A.K. Okyay, N. Biyikli, Low-temperature synthesis
of crystalline vanadium oxide films using oxygen plasmas, Journal of Vacuum Science & Technology A 41 (2023) 032405.
https://doi.org/10.1116/6.0002383.

P. Ashok, Y.S. Chauhan, A. Verma, Low temperature synthesis of VO2 and hysteresis free VOx thin films with high temperature
coefficient of resistance for bolometer applications, Thin Solid Films 781 (2023) 139975. https://doi.org/10.1016/j.tsf.2023.139975.
B.S. Khanyile, N. Numan, A. Simo, M. Nkosi, C.B. Mtshali, Z. Khumalo, I.G. Madiba, B. Mabakachaba, H. Swart, E. Coetsee-
Hugo, M.-M. Duvenhage, E. Lee, M. Henini, A. Gibaud, M. Chaker, P. Rezaee, N. Lethole, M. Akbari, R. Morad, M. Maaza,
Towards Room Temperature Thermochromic Coatings with controllable NIR-IR modulation for solar heat management &
smart windows applications, Sci Rep 14 (2024) 2818. https://doi.org/10.1038/s41598-024-52021-7.

AM. Alcaide, G. Regodon, E.J. Ferrer, V. Rico, R. Alvarez, T.C. Rojas, A.R. Gonzalez-Elipe, A. Palmero, Low temperature nu-

cleation of thermochromic VO2 crystal domains in nanocolumnar porous thin films, Nanotechnology 34 (2023) 255702.
https://doi.org/10.1088/1361-6528/acc664.

D. Knapic, A. Minenkov, W. Luczak, 1. Zrinski, C. Kleber, S. Hild, A. Weth, A.W. Hassel, A.I. Mardare, Hindrance of osteoblast
cell adhesion on titanium by surface nanostructuring, Surfaces and Interfaces 46 (2024) 103990.
https://doi.org/10.1016/j.surfin.2024.103990.

C. Lopez-Santos, R. Alvarez, A. Garcia-Valenzuela, V. Rico, M. Loeffler, A.R. Gonzalez-Elipe, A. Palmero, Nanocolumnar asso-

ciation and domain formation in porous thin films grown by evaporation at oblique angles, Nanotechnology 27 (2016) 395702.
https://doi.org/10.1088/0957-4484/27/39/395702.

A. Palmero, N. Tomozeiu, A.M. Vredenberg, W.M. Arnoldbik, F.H.P.M. Habraken, On the deposition process of silicon subox-
ides by a RF magnetron reactive sputtering in Ar-O2 mixtures: theoretical and experimental approach, Surface and Coatings
Technology 177-178 (2004) 215-221. https://doi.org/10.1016/j.surfcoat.2003.09.035.

R. Alvarez, S. Munoz-Pifia, M.U. Gonzalez, I. Izquierdo-Barba, I. Fernandez-Martinez, V. Rico, D. Arcos, A. Garcia-Valenzuela,

A. Palmero, M. Vallet-Regi, A.R. Gonzalez-Elipe, ] M. Garcia-Martin, Antibacterial Nanostructured Ti Coatings by Magnetron
Sputtering: From Laboratory Scales to Industrial Reactors, Nanomaterials 9 (2019) 1217. https://doi.org/10.3390/nan09091217.

A. Garcia-Valenzuela, M. Butterling, M.O. Liedke, E. Hirschmann, T.T. Trinh, A.G. Attallah, A. Wagner, R. Alvarez, ]. Gil-

Rostra, V. Rico, A. Palmero, A.R. Gonzalez-Elipe, Positron annihilation analysis of nanopores and growth mechanism of oblique

angle evaporated TiO2 and SiO2 thin films and multilayers, Microporous and Mesoporous Materials 295 (2020) 109968.
https://doi.org/10.1016/j.micromeso.2019.109968.

S. Jain, A. Paliwal, V. Gupta, M. Tomar, SPR based refractive index modulation of nanostructured SiO2 films grown using
GLAD assisted RF sputtering technique, Surfaces and Interfaces 34 (2022) 102355. https://doi.org/10.1016/j.surfin.2022.102355.
J. Ollitrault, N. Martin, J.-Y. Rauch, J.-B. Sanchez, F. Berger, Improvement of ozone detection with GLAD WO3 films, Materials
Letters 155 (2015) 1-3. https://doi.org/10.1016/j.matlet.2015.04.099.

C. Sengstock, M. Lopian, Y. Motemani, A. Borgmann, C. Khare, P.].S. Buenconsejo, T.A. Schildhauer, A. Ludwig, M. Kdaller,
Structure-related antibacterial activity of a titanium nanostructured surface fabricated by glancing angle sputter deposition,
Nanotechnology 25 (2014) 195101. https://doi.org/10.1088/0957-4484/25/19/195101.

Y.J. Yoo, ].H. Lim, G.J. Lee, K.-I. Jang, Y.M. Song, Ultra-thin films with highly absorbent porous media fine-tunable for coloration
and enhanced color purity, Nanoscale 9 (2017) 2986-2991. https://doi.org/10.1039/c6nr08475c.

Y. Liu, Y. Zhao, Y. Feng, J. Shen, X. Liang, J. Huang, J. Min, L. Wang, W. Shi, The influence of incident angle on physical prop-

erties of a novel back contact prepared by oblique angle deposition, Applied Surface Science 363 (2016) 252-258.
https://doi.org/10.1016/j.apsusc.2015.12.017.

B.D. Polat, O. Keles, The effect of copper coating on nanocolumnar silicon anodes for lithium ion batteries, Thin Solid Films 589
(2015) 543-550. https://doi.org/10.1016/j.tsf.2015.06.038.

Y.-]. Lee, Z.-P. Yang, F.-Y. Lo, J.-J. Siao, Z.-H. Xie, Y.-L. Chuang, T.-Y. Lin, J.-K. Sheu, Slanted n-ZnO/p-GaN nanorod arrays
light-emitting diodes grown by oblique-angle deposition, APL MATERIALS 2 (2014) 056101. https://doi.org/10.1063/1.4874455.
G. Troncoso, J.M. Garcia-Martin, M.U. Gonzalez, C. Morales, M. Fernandez-Castro, J. Soler-Morala, L. Galan, L. Soriano, Silver

nanopillar coatings grown by glancing angle magnetron sputtering for reducing multipactor effect in spacecrafts, Applied Sur-
face Science 526 (2020) 146699. https://doi.org/10.1016/j.apsusc.2020.146699.

589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638



21 of21

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

J. Zheng, X. Ren, J. Hao, A. Li, W. Liu, Carbon nanohoops as attractive toughening and lubricant agents in TiN porous films,
Applied Surface Science 393 (2017) 60-66. https://doi.org/10.1016/j.apsusc.2016.09.153.

J. Zheng, Y. Lv, S. Xu, X. Han, S. Zhang, J. Hao, W. Liu, Nanostructured TiN-based thin films by a novel and facile synthetic
route, Materials & Design 113 (2017) 142-148. https://doi.org/10.1016/j.matdes.2016.10.008.

A]. Santos, B. Lacroix, M. Dominguez, R. Garcia, N. Martin, F.M. Morales, Controlled grain-size thermochromic VO2 coatings

by the fast oxidation of sputtered vanadium or vanadium oxide films deposited at glancing angles, Surfaces and Interfaces 27
(2021) 101581. https://doi.org/10.1016/j.surfin.2021.101581.

M. Mayer, SIMNRA, a simulation program for the analysis of NRA, RBS and ERDA, AIP Conference Proceedings 475 (1999)
541-544. https://doi.org/10.1063/1.59188.

S. Nasiri, M. Rabiei, A. Palevicius, G. Janusas, A. Vilkauskas, V. Nutalapati, A. Monshi, Modified Scherrer equation to calculate
crystal size by XRD with high accuracy, examples Fe203, TiO2 and V205, Nano Trends 3 (2023) 100015.
https://doi.org/10.1016/j.nwnano.2023.100015.

Y. Cui, Y. Ke, C. Liu, Z. Chen, N. Wang, L. Zhang, Y. Zhou, S. Wang, Y. Gao, Y. Long, Thermochromic VO2 for Energy-Efficient
Smart Windows, Joule 2 (2018) 1707-1746. https://doi.org/10.1016/j.joule.2018.06.018.

H. Guo, Y.G. Wang, H.R. Fu, A. Jain, F.G. Chen, Influence of dopant valence on the thermochromic properties of VO2 nanopar-
ticles, Ceramics International 47 (2021) 21873-21881. https://doi.org/10.1016/j.ceramint.2021.04.205.

C.Ji, Z. Wu, X. Wy, J. Wang, J. Gou, Z. Huang, H. Zhou, W. Yao, Y. Jiang, Al-doped VO2 films as smart window coatings:
Reduced phase transition temperature and improved thermochromic performance, Solar Energy Materials and Solar Cells 176
(2018) 174-180. https://doi.org/10.1016/j.solmat.2017.11.026.

S.Dou, J. Zhao, W. Zhang, H. Zhao, F. Ren, L. Zhang, X. Chen, Y. Zhan, Y. Li, 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, ACS Appl. Mater. Interfaces 12 (2020) 7302-7309. https://doi.org/10.1021/acsami.9b17923.

S.D. Rezaei, S. Shannigrahi, S. Ramakrishna, A review of conventional, advanced, and smart glazing technologies and materials

for improving indoor environment, Solar Energy Materials and Solar Cells 159 (2017) 26-51. https://doi.org/10.1016/j.s0l-
mat.2016.08.026.

Z. Shao, X. Cao, H. Luo, P. Jin, Recent progress in the phase-transition mechanism and modulation of vanadium dioxide mate-
rials, NPG Asia Mater 10 (2018) 581-605. https://doi.org/10.1038/s41427-018-0061-2.

M.Ya. Valakh, V.O. Yukhymchuk, V.M. Dzhagan, O.F. Isaieva, V.S. Yefanov, B.M. Romanyuk, Variation of the metal-insulator
phase transition temperature in VO2: An overview of some possible implementation methods, SPQEO 27 (2024) 136-150.
https://doi.org/10.15407/spqe027.02.136.

D. Ruzmetov, D. Heiman, B.B. Claflin, V. Narayanamurti, S. Ramanathan, Hall carrier density and magnetoresistance measure-

ments in thin-film vanadium dioxide across the metal-insulator transition, Phys. Rev. B 79 (2009) 153107.
https://doi.org/10.1103/physrevb.79.153107.

T. Yamin, Y.M. Strelniker, A. Sharoni, High resolution Hall measurements across the VO2 metal-insulator transition reveal
impact of spatial phase separation, Sci Rep 6 (2016) 19496. https://doi.org/10.1038/srep19496.

D. Fu, K. Liu, T. Tao, K. Lo, C. Cheng, B. Liu, R. Zhang, H.A. Bechtel, J. Wu, Comprehensive study of the metal-insulator
transition in pulsed laser deposited epitaxial VO2 thin films, Journal of Applied Physics 113 (2013) 043707.
https://doi.org/10.1063/1.4788804.

]. Choi, B.-]. Kim, G. Seo, H.-T. Kim, S. Cho, Y.W. Lee, Magnetic field-dependent ordinary Hall effect and thermopower of VO2
thin films, Current Applied Physics 16 (2016) 335-339. https://doi.org/10.1016/j.cap.2015.11.023.

L]J. Tadeo, E.P. Mukhokosi, S.B. Krupanidhi, A.M. Umarji, Low-cost VO2(M1) thin films synthesized by ultrasonic nebulized
spray pyrolysis of an aqueous combustion mixture for IR photodetection, RSC Adv. 9 (2019) 9983-9992.
https://doi.org/10.1039/c9ra00189a.

H. Zhou, J. Li, Y. Xin, G. Sun, S. Bao, P. Jin, Optical and electrical switching properties of VO 2 thin film on MgF 2 (111) substrate,
Ceramics International 42 (2016) 7655-7663. https://doi.org/10.1016/j.ceramint.2016.01.178.

A.]. Santos, N. Martin, J. Outén, E. Blanco, R. Garcia, F.M. Morales, A simple two-step approach to the fabrication of VO2-based

coatings with unique thermochromic features for energy-efficient smart glazing, Energy and Buildings 285 (2023) 112892.
https://doi.org/10.1016/j.enbuild.2023.112892.

I.-H. Hwang, Y. Park, J.-M. Choi, S.-W. Han, Direct comparison of the electrical, optical, and structural phase transitions of VO2
on ZnO nanostructures, Current Applied Physics 36 (2022) 1-8. https://doi.org/10.1016/j.cap.2021.12.016.

639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688



