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Vanadium dioxide (VO2) is considered as one of the most promising materials for the next generation of
energy-efficient smart glazing since it experiments a reversible metal-to-insulator transition at near room
temperature. Nevertheless, the complexity and high cost associated to the fabrication of VO2-based nanos-
tructures limit the transfer of this technology to the industrial scale. Aware of this opportunity, we present
a simple and advantageousmethod for the fabrication of VO2 coatings on glass substrates which comprises
the initial sputtering of vanadium thin films at glancing angles and the subsequent very fast oxidation of
such systems in open air atmosphere. Relying on the accurate control of the thermal treatment parame-
ters, as well as the enhanced reactivity of the high surface-to-volume porous deposited structures, ther-
mochromic VO2 coatings were achieved and then characterized by means of scanning electron
microscopy, grazing incidence X-ray diffraction, variable temperature UV-vis-NIR spectrophotometry,
and resistivity measurements. These investigations allowed us to determine the key role that oxidation
temperatures and times not only play in modulating the optical performance of the film, but also in the
surprising and advantageous decrease in the transition temperature (up to 12 �C lower than the standard
value for pure VO2), which is attained without incorporating doping agents. This fact, together with the
remarkable values of luminous transmittance (�50 %) and solar modulation ability (5–10 %) accomplished
for our best samples, opens up an alternative and simpler pathway towards the large-scale manufacturing
of VO2 coatings for smart window applications, reaching, on a preliminary basis, similar or even better per-
formances than those obtained so far for single and undoped VO2 films.
� 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The envelope of buildings and vehicles plays a pivotal role in
their energy management performance. In particular, windows
are regarded as the weaker point in the covering as they account
for at least 30 % to 50 % of the total energy lost as a result of the
high thermal transfer coefficients of glazing. This leads to signifi-
cant heat losses during the colder seasons and undesired heat gains
in warmer times[1]. Within this framework, VO2-based ther-
mochromic coatings have been considered as one of the most
promising routes to make construction and transportation sectors
more energy-efficient. With the ability to modulate the transmis-
sion of solar energy thanks to their thermally induced reversible
metal-to-insulator transition (MIT) at near room temperature
(�68 �C), which implies drastic changes in the electrical and optical
properties in the near-IR range from a low temperature transpar-
ent monoclinic (M1) phase to a more heat blocking rutile (R) phase
at high temperature[2,3], VO2 systems have become one of the
most widely used materials not only for smart window applica-
tions[4–8] but also for resistive switching electronics[9,10] or
sensing[11,12]. For this reason, many different VO2-based systems,
fashioned as thin films, nanoparticles or 1D nanostructures, have
been recently studied and developed[13–18].

For energy conservation applications, VO2 thin films have stood
out as the most suitable and straightforward alternative to directly
coat glass substrates mounted in buildings[19]. In this light, many
different approaches, such as sol-gel[20], physical and chemical
vapor depositions[21,22], polymer-assisted deposition[23] or
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pulsed laser deposition[24], have been implemented to achieve
VO2 coatings. Nevertheless, the complexity and/or the high cost
of the experimental requirements involved in all these methodolo-
gies, which in turn are closely linked to the complex chemistry of
vanadium and its large number of stable oxidation states, have
undermined the integration of these procedures at a large scale.
In this light, roll-to-roll methods are emerging as one of the most
practical alternatives for the large-scale fabrication of VO2-based
coatings[25–27]. Alternatively, the post-deposition oxidation of
metallic vanadium thin films has postulated as a simple and cheap
practice for attaining VO2 coatings. This approach is simpler than
the more common fabrication routes if done in open air, but
requires a precise control of the thermal annealing parameters to
deal with the difficulties associated to the narrow process window
for the formation of VO2 (intermediary phase). Even though many
different authors have covered the post-deposition oxidation of
direct current (DC) magnetron sputtered vanadium films[28–32],
several of these studies overlook the precise control of oxidation
parameters like heating and cooling rates. These parameters
become especially key during fast thermal treatments at atmo-
spheric conditions, while others have the drawback of controlled
O2, H2 or SO2 partial pressures or special vacuum requirements
at high temperatures (>450 �C) for reaction times longer than 1 h.

For that matter, our previous studies have shown that, relying
on the precise control of the annealing parameters, VO2(M1) thin
films can be achieved through a simple and straightforward two-
step procedure consisting of the fast oxidation in air atmosphere
of sputtered V or VOx films deposited at glancing angles[33]. How-
ever, neither the substrate (silicon) nor the precursor thicknesses
(�700 nm) used on that occasion were adequate to really evaluate
the feasibility of this methodology applied to the smart windows
technology, which in turn purposes on finding an appropriate bal-
ance between the transition temperature (Tc) and the optical per-
formance, defined by the luminous transmittance (Tlum) and the
solar modulation ability (DTsol)[34]. In particular, the current chal-
lenge is to achieve a thermochromic coating with Tc close to 25 �C,
Tlum >70 %, and DTsol of around 30 %[5,7,8]. According to recent lit-
erature[35–37], it is difficult to achieve DTsol values higher than
15 % by manufacturing VO2-based single layers with visible trans-
mittances higher than 50 %. Higher values of solar energy modula-
tion ability (close to 30 %) were also reported, although for the
particular case of nanocomposites[5,7]. Nevertheless, the antago-
nistic relationship between these three parameters hinders the
design and fabrication of VO2-based smart coatings.

In an attempt to simplify and reduce the cost of the fabrication
processes involved in the smart glazing technology, this work
reports on an easy and novel route to attain high-performance
VO2 single layers deposited on glass substrates. Such a route com-
prises the initial DC magnetron sputtering of metallic vanadium
(first step) and the subsequent fast oxidation in open air atmo-
sphere (second step). With the purpose of enhancing the reactivity
of as-deposited samples, as well as for promoting the selective and
quasi-instantaneous formation of vanadium dioxide, high surface-
to-volume vanadium layers with nominal thicknesses of 50 nm
were deposited by GLancing Angle Deposition (GLAD). Thereupon,
thanks to the precise control of the annealing parameters, the fast
thermal treatment of the V-GLAD thin films was conducted in air
atmosphere for different temperatures (Tr) and reaction times
(s). The microstructural, optical and electrical characterization of
the oxidized systems was carried out by combing scanning elec-
tron microscopy (SEM), grazing incidence X-ray diffraction
(GIXRD), variable temperature UV-vis-NIR spectrophotometry,
and resistivity measurements, allowing us to uncover the key role
that reaction temperatures and times play on the development of
VO2-based thermochromic coatings of diverse nature, morphology,
and unique optical and electrical features. Furthermore, an exhaus-
2

tive optical study for all thermally-treated samples is presented,
placing special emphasis on the parameters of interest for specific
application in smart windows (Tc, Tlum, DTsol).
2. Materials and methods

2.1. Deposition process

Films were deposited at room temperature by DC magnetron
sputtering from a vanadium metallic target (51 mm diameter
and 99.9 atomic % purity) in a homemade deposition chamber.
Before each run, it was evacuated down to 10�5 Pa by means of a
turbomolecular pump backed by a primary pump. The target was
sputtered with a constant current density J = 100 A m�2. Glass sub-
strates (Menzel Gläser � microscope slides) were placed at 65 mm
from the target center. Porous V films with large surface-to-volume
ratios and enhanced sensitivity to oxidation were deposited by
GLAD. The following optimized conditions were used according
to previous studies[33,38]. The incidence angle (a) of the incoming
particle flux relative to the substrate normal was set at a = 85�with
no rotation of the substrate (i.e., / = 0 rev h�1). Argon was injected
at a mass flow rate of 2.40 sccm and the pumping speed was main-
tained at S = 13.5 L s�1 leading to a sputtering pressure of 0.3 Pa.
The thickness of the vanadium films was measured by profilometry
(Bruker DEKTAK XT 2D contact profilometer), adjusting the deposi-
tion time in order to get a nominal thickness of about 50 nm (av-
erage deposition rate of 240 nm h�1 for a = 85�).

2.2. Thermal treatments

After deposition, vanadium samples were thermally treated in a
homemade reaction system consisting in an Al2O3 tube on a SiC
resistors furnace being able to reach 1500 �C, with an attached con-
centric steel tube where a high-temperature steel covered K-type
thermocouple inside which acts as an axle for a system of horizon-
tal translation. At the end of the metallic tube nearby the furnace,
the thermocouple crosses and fixes to a cylinder placed inside this
tube, mechanized with a hitch to hang a combustion boat. Thus,
the thermometer tip is always placed some millimeters over the
center of this alumina crucible, allowing the temperature in the
reaction zone to be life-tracked. The other end side also crosses
and is fixed to another piece that is part of a handlebar used to
slide the specimen holders inside and outside (for a more detailed
overview of the reaction system, refer to previous studies[13]). In
this way, by fixing a temperature in the center of the furnace,
one is able to control the temperature increase (heating rate) by
moving the boat more and more inside the furnace. Consequently,
translation routines were prepared for reaching an average heating
rate of 42 �C s�1, as well as for adjusting longer or shorter reaction
times at a desired temperature. Lastly, all the samples were cooled
down in open-air atmosphere. It should be noted here that the
choice of these thermal treatment conditions is based on a prelim-
inary study focused on the oxidation of V-GLAD thin films depos-
ited on silicon substrates[33].

2.3. Characterizations

Plan-view scanning electron microscopy (SEM) images were
acquired using FEI Nova NanoSEM operating at 5 kV in order to
examine the general morphology of the films before and after each
thermal treatment. GIXRD scans were performed on a Malvern
PANalytical Aeris diffractometer (Cu radiation) working at 30 kV
(10 mA) and setting a grazing incidence angle of 0.8�. The ther-
mochromic optical behavior of the prepared VO2 coatings was
determined via transmission spectroscopy using an Agilent Cary
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5000 spectrophotometer equipped with a custom-made tempera-
ture controlled stage. Thus, UV-vis-NIR transmission spectra of
250–2500 nm were recorded at selected temperatures in the range
of 25–90 �C. Additionally, for the dynamic monitoring of the ther-
mally induced phase transition, the thermal evolution of the opti-
cal transmittance at a selected NIR wavelength (2000 nm) was
observed in both heating and cooling cycles at a controlled rate
of 5 �C min�1. DC electrical resistivity vs temperature measure-
ments of the oxidized films were performed in a custom-made
chamber, which is covered in order to have a dark environment,
using the four-probe van der Pauw geometry in the temperature
range of 25–90 �C with a ramp of 1 �C min�1 then back to 25 �C
with the same negative ramp. Humidity and cleanness were con-
sidered as constant. The error associated to all resistivity measure-
ments was always below 1 % and the quality of the contacts was
checked prior to every run (I/V correlation close to 1) to ensure that
an ohmic contact was attained on each tip (use of gold coated tips).
3. Results and discussion

3.1. As-deposited samples and subsequent thermal treatments

Keeping in mind the VO2 layer thicknesses previously reported
in the literature for smart window applications[5,6,39], 50 nm
thick pure vanadium GLAD thin films were deposited on glass sub-
strates at a = 85� for the additional purpose of improving their
reactivity and selectivity during the following oxidation processes.
Fig. 1 shows a characteristic planar view SEMmicrograph of depos-
ited samples. These observations reveal morphologies that,
although being certainly porous, differ significantly from that
observed for bigger thicknesses of vanadium deposited at oblique
angles[33,38]. This is due to the great dependence of porosity on
layer thickness for GLAD films[40], which is closely linked to the
existence of two deposition regimes: a first one, dominated by dif-
fusive phenomena between the nuclei of material generated dur-
ing the first deposition stages (limited porosity); and a second
one dominated by shadowing events that take place after exceed-
ing a certain threshold thickness (increasing porosity with thick-
ness)[41,42]. In addition to the foregoing, profilometry
measurements carried out on different regions within a same spec-
imen determined a real layer thicknesses of 70 ± 5 nm, which is
superior than expected. This fact finds an explanation in the rising
of porosity (deposition processes dominated by the shadowing
effect), which shows that the deposited V-GLAD films are porous
enough to fulfill the purposes that will be addressed in this study
Fig. 1. Planar view SEM micrograph of an as-deposited vanadium GLAD film. The
white arrow indicates the direction of the particle flux during GLAD deposition.
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(for more information on the evolution of porosity as a function
of GLAD layer thickness, refer to Supplementary Material Section I).

Afterwards, samples were undergone to different rapid thermal
treatments to promote the formation of the VO2 thermochromic
phase. For all cases, the heating rate was fixed at 42 �C s�1, whereas
reaction temperatures (Tr) and times (s) were varied between 475
and 575 �C and 1–35 s, respectively, with the aim of optimizing the
oxidation conditions. Finally, all samples were cooled down to
room temperature in air atmosphere. A detailed scheme of the fast
thermal treatment procedure can be found in Fig. 2. It is worth
mentioning that all the displayed temperature vs time tracks are
the ones recorded during the thermal treatment, which empha-
sizes the high control achieved over the thermal treatment param-
eters. Likewise, all treated samples, together with their treatment
conditions and nomenclature, are listed in Table 1.

3.2. Oxidized samples

Once all samples are thermally treated, their comprehensive
microstructural, optical and electrical characterization will be
addressed not only to know and correlate the effect that the differ-
ent heat treatment parameters produce on the morphologies, oxi-
des synthesized and performances achieved, but also to assess the
practical viability of the methodologies and systems developed
here in order to be integrated into smart glazing.

3.2.1. Surface and crystalline microstructure
Fig. 3 displays structures and morphologies (top-view SEM

micrographs) after annealing of V-GLAD samples to 475 �C and
550 �C and different reaction times. First of all, it must be high-
lighted the great difference between the microstructures obtained
here and those achieved in previous studies for similar heat treat-
ments and vanadium samples on silicon substrates[33] (VO2 films
on silicon were characterized by larger and more ordered grains
forming mosaic-like structures). Arrangements attained in this
study are much more disordered, formed by smaller and non-
equiaxed grains, which are slightly elongated along the axial direc-
tion. Also note that this last fact is even observed for samples sub-
jected to the shortest oxidation times (1 and 15 s). This means that
structures synthesized on glass substrates have an apparently
higher overall porosity than those obtained on silicon, which can
translate into an important optical advantage. Therefore, although
the thickness of the layer can also play an important role, it seems
Fig. 2. Example of the temperature vs time tracks registered for two thermally
treated samples. The different captions and insets place emphasis on the different
stages involved during the thermal treatment as well as the sample aspect once
oxidized.



Table 1
Thermal treatment conditions for the samples referred in this
study. Tr is the reaction temperature and s is the reaction time.

Sample Tr (�C) s (s)

475_15 475 15
475_25 475 25
475_30 475 30
475_35 475 35
500_1 500 1
525_1 525 1
525_5 525 5
550_1 550 1
550_5 550 5
550_10 550 10
575_1 575 1
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that the kind of microstructures obtained after oxidation, and thus
the conditions of the thermal treatment to reach a certain VO2

yield, depends on some extent on the nature of the substrate as
well as its ability to conduct/dissipate heat. On another note, these
SEM observations make us think that all samples, including those
thermally treated for a few seconds, have been fully oxidized,
which can be linked to the improved reactivity of GLAD thin films.
This assumption is also supported by the photographs included in
Fig. 2, which show the relatively transparent appearance of the
samples once oxidized. Nonetheless, the thermal treatment
induces a loss of the porous structure so characteristic of these sys-
tems (ordered and slanted nanocolumns), which improves the
overall transmittance of the coating, allowing the tuning of its
effective refractive index and acting as an anti-reflective layer.

Concerning the effect of reaction temperatures and times on the
size and shape of the generated microstructures, it can be observed
that the simultaneous increase of both parameters leads to the
gradual formation of bigger and randomly distributed grains.
Moreover, the growth along the axial direction is also favored at
higher Tr and s, although much more limited when compared to
the microstructures achieved by oxidizing thicker V-GLAD samples
on silicon for longer reaction times (>60 s)[33]. In this way, to
achieve a granular structure of a determined grain size, we could
either increase the temperature or the reaction time. This makes
the microstructures of samples 475_15 and 550_5 a priori compa-
rable. The same applies for samples 475_35 and 550_10. However,
the choice of one or the other approach could have a significant
effect not only on the synthesis of different vanadium oxides or
Fig. 3. SEM planar views of samples subjected to rapid thermal treatments at Tr = 475 �C
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polymorphs, but also on the optical performance of the coating,
even if they present similar microstructures. Similarly, this fact
could also promote the preferential diffusion of matter towards
specific areas to the detriment of others, so that, starting from
the same volume of vanadium, different sample thicknesses and,
therefore, microstructures could be found.

In order to corroborate the above assumptions, GIXRD studies
were carried out on several samples before and after the thermal
treatments. As can be seen in Fig. 4, the as-deposited sample is
crystallized (note the diffraction peak (111) corresponding to
vanadium metal). It is also observed how all oxidized samples,
apart from being polycrystalline, contain, to a greater or lesser
extent, VO2(M) (JCPDS Card No. 03-65-2358), which is accompa-
nied with the disappearance of the diffraction peak corresponding
to metallic vanadium. This, in addition to being in agreement with
the abovementioned, would confirm the full oxidation of the
deposited V-GLAD films even for those samples subjected to
instantaneous thermal treatments (see diffractograms recorded
for samples 525_1 and 550_1). Similarly, the formation of oxides
with a stoichiometric ratio lower (V2O3, JCPDS Card No. 00-085-
1411; sample 475_15) and higher (V2O5, JCPDS Card No. 00-041-
1426; samples 475_30 and 550_5) than that of the dioxide was also
evidenced for moderate and high Tr and s combinations, respec-
tively, which could play a pivotal role in the optical response of
the coating. In contrast, it seems that instantaneous treatments
favor the exclusive synthesis of VO2. Additionally, it is also note-
worthy how samples 475_15 and 550_5, both with a similar sur-
face microstructure, exhibit different compositions and
crystallinities. Therefore, this fact leads us to conclude that such
samples are not directly comparable from the point of view of their
optical responses.
3.2.2. Optical characterization
Once the microstructures resulting from the different rapid heat

treatments have been examined, their optical performances have
to be evaluated for application in smart windows, which will also
give us a qualitative idea of the VO2 yields achieved. To meet this
goal, vis-NIR transmittance spectra were collected for all oxidized
samples at 25 �C and 90 �C (Fig. 5), which were arranged attending
to their Tr (475 �C and 550 �C) or s (1 s). Additionally, in order to
facilitate the understanding while quantitatively assessing the
thermochromic features of such fabricated coatings, Table 2 col-
lects the values of the different optical performance parameters
calculated as described by Outón et al.[20].
and 550 �C, and reaction times (s) ranging from 1 to 35 s as labelled in the images.



Fig. 4. GIXRD diffractograms for an as-deposited vanadium GLAD film as well as for
different samples subjected to rapid thermal treatments at Tr = 475 �C, 525 �C and
550 �C, and reaction times (s) ranging from 1 to 30 s as labelled in the images.

Fig. 5. Transmittance spectra recorded at 25 �C (solid lines) and 90 �C (dashed lines)
for samples thermally treated: at (a) 475 �C and (b) 550 �C for s ranging from 1 to
35 s; (c) during 1 s for Tr ranging from 500 �C to 575 �C.
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In the first instance, we will focus on the results obtained for
samples treated at 475 �C (Fig. 5(a)). Based on the absolute trans-
mittance drops with temperature, it can be preliminarily assumed
that VO2 synthesis at 475 �C is maximized for reaction times
between 25 and 30 s. In the near-infrared region, drops are less
pronounced for longer (35 s) and shorter (15 s) reaction times.
The signature exhibited by such transmittance spectra is also a
matter of interest. In this sense, it should be noted that the spectra
displayed in Fig. 5(a) differ considerably from the one previously
reported for a 50-nm-thick coating of pure VO2(M1)[43]. By con-
trast, they are very similar to those registered for pure[44],
doped[45–47] and aged[48] VO2 films. However, most authors
claim the manufacture of pure VO2 layers on the grounds of the
existence of a certain thermochromic behavior and do not consider
the possible synthesis of other unwanted vanadium oxides. The
latter, in addition to being the most likely scenario given the diffi-
culties associated with the synthesis of VO2 mentioned above,
could also explain the optical response of the materials fabricated
in this work. Thereby, it could be stated that all samples treated at
475 �C are composed, to a greater or lesser extent, by vanadium
dioxide (since all of them exhibit a drop of transmission when
increasing temperature) accompanied by other vanadium oxides.
This is in fine agreement with what was previously observed by
GIXRD (Fig. 4). Furthermore, taking as reference several studies
reporting the optical properties of V2O5[49] and V2O3[50] thin
films, while considering the trends observed in the V-O phase dia-
gram[51,52], it could be suggested that sample 475_15 would be
composed by VO2 and VO2-x mixtures, mainly V2O3, with 0< x <2,
which are characterized by moderate solar modulation abilities
and greater transmittances in the NIR than in the visible range.
On the other hand, samples 475_25/30/35 would be formed by
VO2 and VO2+x mixtures, mainly V2O5, with x >0, presenting higher
transmittance values in the visible than in the NIR range and/or
maximum peaks of transmittance at �600 nm (V2O5 fingerprint).
5

Afterwards, the optical performance of samples annealed at
475 �C is evaluated by means of their radiometric (Tsol) and photo-
metric (Tlum) values. As listed in Table 2, the VO2 + VO2+x mixtures
provide the best optical responses, with samples 475_25 and
475_30 reaching the maximum values of Tlum (47.2 %) and DTsol
(8.4 %), respectively. In this connection, the great values of DTsol
achieved for samples 475_25 and 475_30 can only be explained
by the significant variations of transmittance that they show in



Table 2
Radiometric and photometric parameters change with heating for all studied samples. For a detailed definition and explanation of how all these parameters are obtained, refer to
the work of Outón et al. (Appendix A)[20].

Sample Tlum (%) DTlum (%) DTsol (%) DTsol, rel (%) DTIR (%) DTIR, rel (%)

475_15 29.5 1.6 2.0 7.3 2.6 9.6
475_25 47.2 4.3 6.2 14.3 9.8 20.5
475_30 41.9 4.8 8.4 21.7 13.9 33.6
475_35 43.7 3.1 4.2 9.6 6.6 13.3
500_1 56.1 0.6 0.5 0.9 0.5 0.9
525_1 47.4 1.2 4.2 9.6 9.1 19.4
525_5 49.6 4.0 5.4 12.5 9.3 19.8
550_1 44.6 2.5 5.1 12.2 10.5 22.3
550_5 54.2 3.0 3.3 7.2 5.2 10.2
550_10 42.7 1.5 1.2 2.6 1.4 2.6
575_1 54.6 1.8 1.6 3.0 2.2 3.7
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the visible wavelengths at 25 �C and 90 �C (DTlum >4 %), range in
which solar radiation peaks. This phenomenon has also been
observed in several previous works[44,53,54], although none of
them tried to identify its cause. In general, it can be seen that all
of them have something in common: the presence of sharp trans-
mittance peaks at �600 nm at room temperature, which suggests
that this beneficial event can be related to the coexistence of the
VO2 and V2O5 phases. Last but not least, it must be also emphasized
the valuable information that the relative values of solar modula-
tion in the near infrared (DTIR, rel) can provide us, since, unlike
the DTsol values, these are not affected by Tlum variations. So they
can be considered as significant indicators/comparators of the
VO2 yields achieved (take care not to confuse this information with
the real percentage of VO2 of a sample). In this way, the amount of
VO2 generated at 475 �C can be monitored, which initially
increases with time until reaching a maximum for a reaction time
of 30 s (Table 2).

When the annealing temperature is 550 �C (Fig. 5(b)), a narrow-
ing of the reaction time window for the synthesis of vanadium
dioxide is observed. Based on the criteria developed for samples
treated at 475 �C, it could be said that sample 550_1 presents the
greatest interest for application in smart windows. It combines
an abrupt drop in transmittance in the NIR range with a high trans-
mittance in the visible range. Besides, the spectra recorded for this
sample at 25 �C and 90 �C are quite similar to those obtained for
thin layers of pure vanadium dioxide, highlighting the high VO2

content of this sample[43]. On another note, longer oxidation times
only lead to the formation of VO2+x mixtures together with
decreasing amounts of VO2 as the oxidation time increases.
Nonetheless, it must be highlighted the noticeable value of Tlum
(54.2 %) achieved for sample 550_5 (Table 2), which may be par-
tially promoted by the changes in the microstructure of the coat-
ings (increase of the overall porosity) as s and Tr increase (see
Fig. 3). Note that, according to previous works[23,55,56], the intro-
duction of porosity can improve the anti-reflective properties of
VO2 coatings by modulating the optical constants (n, k), leading
to Tlum values above 40 %. This fact, as well as the acceptable value
of DTsol (3.3 %) attained for this sample despite its fairly narrow
absolute drop in transmittance with temperature when comparted
to that observed in sample 550_1 (DTsol = 5.1 %), can be associated,
according to GIXRD studies, with the presence of V2O5, which is
also manifested through a remarkable decrease in transmittance
at 90 �C within the 380–1000 nm wavelength range. Moreover, it
can also be seen that such amounts of V2O5 increase progressively
for longer reaction times (note that the spectra obtained for the
sample 550_10 are quite similar to those obtained for pure V2O5

films[49]). All the above is in good agreement with the values of
DTIR, rel calculated for samples annealed at 550 �C, which reveal
the progressive decrease of VO2 yields experienced for s between
1 and 10 s.
6

Fig. 5(c) collects the spectra resulting from the fast thermal
treatment of V-GLAD samples undergone to 1-second reaction
time when varying the oxidation temperature from 500 �C to
575 �C. As can be noted, the reaction temperature window for
the flash annealing of VO2 is limited to 525–550 �C, with samples
500_1 and 575_1 presenting what appears to be mixtures of VO2-

x and VO2+x, respectively, along with small quantities of VO2.
Besides, the spectral signatures of samples 525_1 and 550_1 again
suggest that they are mainly composed by VO2 accompanied by
slight fractions of VO2-x and/or VO2+x mixtures. This is also sup-
ported by the fact that these two samples have quite similar optical
behaviors (for more information, refer to Table 2). Therefore, it is
shown that the refinement in VO2 of these thermochromic coatings
can only be achieved by reducing the reaction time of the heat
treatment to a minimum of 1 s when operating within the temper-
ature range of 525–550 �C.

In view of all the above, it becomes clear that there are two pos-
sible pathways to attain VO2-based thermochromic coatings with
potential application for smart windows by means of the fast and
finely controlled thermal treatment of 50 nm thick V-GLAD sam-
ples: (i) at 475 �C and s = 25–30 s; or (ii) for 1 s with Tr ranging
from 525 �C to 550 �C. As a link between these two routes, it is also
noteworthy the particular case of sample 525_5 (to see the trans-
mittance spectra of this sample at 25 �C and 90 �C, refer to Supple-
mentary Material Section II), whose optical behaviors are quite
similar to that of sample 475�C_25. This fact opens an alternative
route to meet optical performances similar to those attained at
475 �C, although with much less control over reaction times. Like-
wise, as expected from results in previous sections, samples with
comparable microstructures in terms of morphology and grain
sizes (i.e., the pairs 475_15/550_5 and 475_35/550_10) presented
very different optical behaviors, which hinders the establishment
and understanding of the structure-properties relationships in
these materials.

Thereupon, the features of the MIT for the best samples were
examined from the kinetic evolution of transmittance at
2000 nm on heating and cooling at a constant rate (Fig. 6 and
Fig. 7). Furthermore, Table 3 lists the transition temperatures, for
heating (Tc(H)) and cooling (Tc(C)), which are calculated from the
derivative curves of the transmittance plots (Fig. 6(a) and Fig. 7
(a)) with a Gaussian fit (see Fig. 6(b–c) and Fig. 7(b–d)), along with
the hysteresis loop width (WH), transmittance at 2000 nm for 25 �C
(Tmax) and for 90 �C (Tmin), and their relative difference.

On the one hand, the studies related to the evolution of trans-
mittance with temperature at 2000 nm for samples 475_25 and
475_30 (Fig. 6) reveal asymmetric hysteresis loops in both cases,
which stem from the development of two different slopes (the first
steeper; the second more gradual) when cooling through the MIT.
This leads to two different transition temperatures on cooling
cycles (Tc(C1) and Tc(C2)), associated with high and low Tc(C),



Fig. 6. (a) Thermal evolution of the optical transmittance at 2000 nm of 475_25
(blue) and 475_30 (red) samples for heating (solid lines) and cooling (dashed lines).
Derivative of each kinetic thermochromic cycle for samples (b) 475_25 and (c)
475_30 for heating (red) and cooling (blue). For a better overview, the derivatives of
the cooling are plotted in absolute values. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. (a) Thermal evolution of the optical transmittance at 2000 nm of 525_1
(blue), 525_5 (red) and 550_1 (green) samples for heating (solid lines) and cooling
(dashed lines). Derivative of each kinetic thermochromic cycle for samples (b)
525_1, (c) 525_5 and (d) 550_1 on heating (red) and cooling (blue). For a better
overview, the derivatives of the cooling are plotted in absolute values. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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respectively. Besides, both samples exhibit very similar values of Tc
(C1) and Tc(C2), with minimum variation rates (absolute minimum of
the derivatives of the optical hysteresis during cooling cycles) at Tc
(C1) = 56 �C. Conversely, this phenomenon does not occur during
the heating cycles, giving rise to single transition temperatures
that are slightly lower (Tc(H) = 65 �C and 63 �C for samples
Table 3
Main features of the thermochromic hysteresis loops illustrated in Fig. 6 and Fig. 7: Tc(H) de
temperatures of the MIT on cooling. WH1 and WH2 are the hysteresis loop widths given
wavelength transmittances at 25 �C and 90 �C. DTrel is the relative decrease of transmitta

Sample Tc(H) (�C) heating Tc(C) (�C) cooling W

C1 C2 1

475_25 65 56* 47 9
475_30 63 56* 46 7
525_1 61 49 – 12
525_5 65 57* 42 8
550_1 56 43 – 13

* Main peak.
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475_25 and 475_30, respectively) than those reported for pure
VO2 films (�68 �C). This results in variable hysteresis widths of
9–18 �C and 7–17 �C for 475_25 and 475_30, respectively.

According to the literature, two-step metal-to-insulator transi-
tions during cooling would originate from the physical structure
of the VO2[57], and more specifically from the presence of crystal
grains with different sizes[19]. This is in agreement with the SEM
micrographs of these two samples (see Fig. 3). Additionally, this
event could correlate with the emergence of V2O5, which would
be responsible for the gradual growth of some of these grains along
the axial direction[33]. By contrast, the decrease in Tc for non-
doped VO2 coatings has been linked to such disparate causes as
oxygen-deficiency-related defects[58,59], the presence of residual
stress near the VO2 film-substrate interface[60–62], or the internal
compressive stress due to mismatch shrinkage between VO2(M)
and V2O5 during the cooling stage[63]. Indeed, this last theory
would even reinforce our previous assumption which relates the
appearance of asymmetric hysteresis loops during the cooling
stage to the presence of V2O5. Nonetheless, although so far no con-
sensus has been reached on the origin and mechanism associated
with this phenomenon, any of the above casuistry could partially
account for the lowering of the transition temperature for the sys-
tems addressed in this study. In turn, this phenomenon would also
imply a clear advantage over elemental VO2 doping, which has
been shown to have a negative effect on optical performance[64].

Ultimately, the comparison of the DTrel values obtained for the
two best thermally treated samples at 475 �C once again reveal the
higher VO2 content of the 475_30 sample. This fact, together with
the good balance achieved for the parameters that determine the
applicability of VO2-based coatings in smart windows (i.e., Tc, Tlum
and DTsol), makes 475_30 the most interesting sample within the
series of heat treatments carried out at 475 �C. In order to have a
better insight into the joint evolution of these three key parame-
ters during the heating-cooling cycle, Fig. 8(a) displays the Vis-
NIR transmission spectra of sample 475_30 registered at gradually
increasing or decreasing temperatures. The noticeable difference
between the set of spectra recorded for the heating and cooling
stages (note they were recorded for equivalent temperature inter-
vals centered on the Tc values) again highlights the asymmetric
hysteresis characteristic of this sample.

On the other hand, Fig. 7 shows the different thermal evolutions
of transmittance experienced by the samples subjected to shorter
oxidation times at 525 �C and 550 �C. Once again, it can be appre-
ciated that the optical behavior of sample 525_5 (Fig. 7(a and c)) is
quite similar to that observed for 475_25, presenting asymmetric
hysteresis loops although wider variable WH values of 8–23 �C as
a consequence of the emerging of two slopes more clearly differen-
tiated during the cooling cycles. However, samples annealed at
s = 1 s exhibit rather different optical performances from those
seen so far in this study. The first distinguishing feature is the aris-
ing of single slopes during each heating–cooling cycle (see Fig. 7(b
and d)). The second one is the outstanding decrease in Tc values for
notes the temperatures of the MIT transition on heating; Tc(C1) and Tc(C2) indicate the
by Tc(H) – Tc(C1) and Tc(H) – Tc(C2), respectively. Tmax, and Tmin denote the 2000 nm
nce upon the transition at 2000 nm.

H (�C) Tmax (%) Tmin (%) DTrel (%)

2

18 39.1 22.1 43.5
17 40.6 13.5 66.7
– 56.0 26.6 52.5
23 45.0 22.7 49.6
– 51.2 22.4 56.2



Fig. 8. Vis-NIR transmission spectra of samples (a) 475_30 and (b) 525_1 recorded at gradually increasing (left) or decreasing (right) temperatures.
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heating, which becomes minimum for sample 550_1 (Tc(H) = 56 �C).
Therefore, it seems that this phenomenon, which was previously
related, among other causes, to oxygen vacancies, is accentuated
by reducing the oxidation time to a minimum of 1 s, so that the
oxidation would occur so rapidly that stoichiometry O/V = 2 is
not completely reached. For the rest, samples 525_1 and 550_1
show comparable WH, Tmax and Tmin values at 2000 nm, with the
former displaying a quasi-symmetrical hysteresis loop (see Fig. 7
(a–b)). This symmetry is also highlighted in Fig. 8(b), which dis-
plays the transmission spectra of sample 525_1 collected at multi-
ple temperatures during heating-cooling cycles. This leads us once
again to conclude that the appearance of asymmetric hysteresis
loops during cooling is an inherent characteristic of the presence
of V2O5.

Next, the analysis of all results obtained until this point will be
addressed from an overall perspective. In general, it can be seen
how the increase in VO2 yields, which has a direct impact on the
increase in DTsol values, results in noticeable decreases in Tlum val-
ues. In the same way, it is observed that Tc values, in addition to
decreasing together with Tlum (or what is the same, when DTsol
increases), exhibit a gradual drop as the reaction temperature
increases for the same reaction time (s = 1 s). Also note that this
effect becomes slightly accentuated as VO2 contents enhances (to
see the particular case of samples 475_25 and 475_30 with DTIR,
rel values of 13.3 % and 33.6 %, respectively). All this further sup-
ports the hypothesis that the shift of the MIT towards lower tem-
peratures would be mainly due to oxygen deficiency in VO2.

Similarly, it is also interesting to assess the results obtained for
each of the two optimal performance pathways. In this regard,
8

although the best samples all have Tlum values in-between 40
and 50 %, samples thermally-treated for 25–30 s at 475 �C are char-
acterized by higher DTsol values (6.2–8.4 %) which are due to sig-
nificant drops in visible transmittance when increasing the
temperature. On the contrary, samples undergone to instantaneous
annealing (s = 1 s) within the temperature range of 525–550 �C
show remarkable Tc drops of 7–12 �C bellow the values reported
for pure VO2 structures, which would not find its origin in the ele-
mental doping but rather to the oxygen-deficiency-related defects
promoted when limiting oxygen consumption times.

Once come to this point, it is necessary to highlight the impor-
tance of the results obtained in the present work: although the
luminous transmittances reached here are not high enough, which
is rather an inherent characteristic of VO2(M1), remarkable bal-
ances between the parameters Tlum and DTsol are achieved, equal-
ing or even improving (decrease of Tc without doping) the best
results achieved so far for non-doped single VO2 coatings
[5,39,65], as well as those attained in our previous studies on the
atmospheric flash oxidation of dense vanadium nanolayers[66].
Furthermore, it is worthwhile to mention the not excessively high
visible transmittance of the glass substrate employed in these
studies (�82 % of average transmittance in-between 380 and
750 nm). Since this leads to a limitation in optical performance,
values of Tlum and DTsol were recalculated after disregarding the
negative effects coming from the glass substrate, so only the con-
tribution of VO2-based layers was explored (see Supplementary
Material Section III). These new calculations resulted in a consider-
able improvement of the two thermochromic performance param-
eters, leading to an increase of Tlum and DTsol values of �22 %
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and �16 %, respectively. This makes these two parameters reach
values of 51.0 % and 9.8 %, respectively, for the sample 475_30;
or 54.2 % and 5.8 %, respectively, for the 550_1.
3.2.3. Electrical characterization
Finally, for the further purpose of exploring the electronic fea-

tures of the systems developed here, Fig. 9 displays the resistivity
vs temperature measurements. They were conducted on the sam-
ples that showed the highest solar modulation abilities (i.e. sam-
ples 475_25 and 475_30 according to Table 2). In this regard, it
should be noted that these measurements were also carried out
for other samples such as 525_1 or 550_1, but their moderate DTsol
values, together with the additional challenge of studying very thin
layers (<100 nm), did not allow us to register conclusive outcomes
for all of them. As can be seen in Fig. 9, the asymmetric hysteresis
previously observed for both 475_25/30 samples through their
optical characterization on heating becomes less evident in electri-
cal resistivity measurements, which is a consequence of the flat-
tening of the multiple slopes when plotting the logarithm of the
resistivity[57].

Notwithstanding, the analysis of the derivative resistivity
curves only enables the determination of single transition slopes
during both heating and cooling cycles, which, in contrast to what
was observed through the optical characterization of these same
samples, leads to single values of Tc and WH (see Supplementary
Material Section IV), these latter being comparable to the central
values of the hysteresis width intervals defined in the previous sec-
tion. Also noteworthy is the significant increases in Tc recorded
during the heating (Tc(H) = 77 �C and 73 �C for 475_25 and
475_30, respectively). This discrepancy between the transition
temperatures extracted from optical and electrical measurements
was also observed in previous studies[67], which is explained by
the fact that the structural phase transition (SPT) of VO2 does not
directly induce the MIT (although the SPT and the MIT are likely
correlated to each other). On the other side, it can be appreciated
that heating and cooling cycles induce electrical resistivity changes
that never exceed an order of magnitude, which are affected by
both layer thicknesses (the thicker, the sharper the plunge in resis-
Fig. 9. Changes in electrical resistivity with temperature registered for the samples
475_25 (blue) and 475_30 (red) during heating (solid lines) and cooling cycles. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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tivity) and VO2 yields. Hence, at equal thickness, the larger resistiv-
ity drops registered for sample 475_30 (�0.9 orders of magnitude)
compared to 475_25 (�0.7 orders of magnitude) again reveal its
higher VO2 content.

All in all, it can be determined that, in general, the outcomes
obtained from the electrical characterization of these samples lead
to the same general conclusions as those reached by means of opti-
cal studies, although with small nuances inherent to each tech-
nique itself.

4. Conclusions

A simple two-step approach for the effective oxidation of por-
ous vanadium films to attain VO2-based thermochromic coatings
of unique and advantageous properties for smart glazing applica-
tions has been reported. After the observation of the outcomes
obtained throughout the fast oxidation of several 50 nm thick
vanadium samples sputtered on glass substrates by the GLAD
method, it is concluded that the selective formation of different
vanadium oxides can be achieved simply by finely controlling oxi-
dation temperatures and times. In this context, it must be also
highlighted that these thermal oxidations involve green-like reac-
tions, only using the power for heating a tube open to the atmo-
sphere, without the further assistance of neither reactive gases or
catalysts nor special vacuum or pressure requirements. The out-
comes obtained from the microstructural and functional (optical
and electrical) characterization of such oxidized samples evi-
denced two optimal pathways for synthesizing high-performance
VO2-based coatings with unique thermochromic features: (i) a first
one at 475 �C and s = 25–30 s, characterized by the formation of
VO2 + VO2+x (x > 0) mixtures; and (ii) a second one for s = 1 s
and temperatures ranging from 525 to 550 �C, leading to higher
VO2 yields. In addition to the good balance reached for Tlum, Tsol
and Tc parameters through both optimal synthesis routes, which
is indeed key when considering smart window applications, it
should be noted that samples achieved at 475 �C showed particu-
larly high DTsol values (6–9 %), which are promoted by the signif-
icant transmittance drops that they experience at 380–1000 nm.
On another note, samples oxidized at the minimum oxidation time
showed Tc values (without doping) for heating up to 12 �C below
the normal value reported for pure VO2 (�68 �C), which was
mainly associated with the formation of oxygen-deficiency-
related defects (oxygen vacancies). For all the reasons listed above,
it is thought that the methodologies described in this work can
contribute significantly to the development of simpler and more
profitable strategies for the large-scale manufacture of VO2-based
smart glazing, not only leading to thermochromic responses that
equal or even outperform those achieved so far through more com-
plex and/or expensive procedures, but also still leaving much room
for improvement (elemental doping, thickness optimization, etc.).
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