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A B S T R A C T   

A simple approach to attain low-dimensional, highly transparent VO2-based thermochromic coatings on glass 
substrates is reported. This two-step procedure comprises the initial deposition of DC magnetron-sputtered va-
nadium films and the subsequent flash annealing of such layers in air atmosphere. The careful control of the 
thermal treatment parameters and characterizations carried out by scanning electron microscopy and variable 
temperature Vis-NIR spectrophotometry allowed the optimization of VO2 yields for 12.5 nm and 25 nm thick 
layers. The impact of layer thickness and the nature of the thermal treatment itself on the thermochromic fea-
tures of such systems were also evaluated. In this sense, the resulting systems developed asymmetric trans-
mittance vs. temperature hysteresis loops as well as a surprisingly advantageous lowering of the phase transition 
temperature, which is achieved without the incorporation of dopants. The most promising results were obtained 
for a 12.5 nm thick layer flash annealed at 475 ◦C, which, despite having a moderate solar modulation ability 
(~2%), could be a potential candidate for smart windows applications given its high Vis-NIR transparency (>
60%) coupled with its low transition temperature of 16 ◦C below the standard value for pure VO2.   

1. Introduction 

Vanadium dioxide (VO2) has attracted the attention of the scientific 
community since it undergoes a first order phase transition from the 
insulating monoclinic (M1) phase to the rutile (R) metallic phase at 
around 68 ◦C [1–4]. This metal-to-insulator transition (MIT) is accom-
panied by substantial changes in electrical resistivity and infrared op-
tical transmittance, making this material a perfect candidate for a large 
number of applications such as sensors [5], resistive and THz switching 
[6,7], or thermochromic smart windows [8–11]. However, the 
large-scale transfer of this technology has been limited by the 
complexity and high cost of conventional VO2 synthesis routes, either as 
thin films [12–15] or as nanoparticles [16–18]. This, in turn, is closely 
related to the complex chemistry of vanadium [19–21]: existence of 
other more thermodynamically stable oxides such as V2O5, different 
metastable polymorphs of VO2, etc. 

Recently, new approaches based on the atmospheric oxidation of 
metallic vanadium have emerged as a simple and cost-effective 

alternative for obtaining VO2 [22–26]. In this regard, several studies 
have dealt with the air oxidation of magnetron sputtered vanadium thin 
films on sapphire substrates [27,28]. However, neither the substrate 
employed nor the thicknesses addressed (> 50 nm) were the most 
appropriate for optical applications in smart windows. In this paper, we 
report on the fabrication of low-dimensional VO2-based thermochromic 
coatings by the atmospheric flash annealing oxidation of metallic va-
nadium films deposited on glass substrates. 

2. Materials and methods 

Films were deposited at room temperature by DC magnetron sput-
tering from a vanadium metallic target (51 mm diameter and 99.9 
atomic% purity) in a homemade deposition chamber. It was evacuated 
down to 10− 5 Pa before each run by means of a turbomolecular pump 
backed by a primary pump. The target was sputtered with a constant 
current density J = 100 A m− 2. Glass substrates (Menzel Gläser ® mi-
croscope slides) were placed at 65 mm from the target center. Argon was 
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injected at a mass flow rate of 2.40 sccm and the pumping speed was 
maintained at S = 13.5 L s− 1 leading to a sputtering pressure of 0.3 Pa. 
The deposition time was adjusted in order to obtain vanadium film 
thicknesses of 12.5 and 25 nm. 

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 concentric steel 
tube where a high-temperature steel covered K-type thermocouple in-
side which acts as an axle for a system of horizontal 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. 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 air atmosphere. 

Plan-view scanning electron microscopy (SEM) images were ac-
quired using a FEI Nova NanoSEM operating at 5 kV in order to examine 
the general surface morphology of the films before and after each 
thermal treatment. The thermochromic optical behavior of the prepared 
VO2 coatings was determined via transmission spectroscopy using an 
Agilent Cary 5000 spectrophotometer equipped with a custom-made 
temperature controlled stage. Thus, Vis-NIR transmission spectra of 
380–2500 nm were recorded at selected temperatures in the range of 
25–90 ◦C. Additionally, for the dynamic monitoring of the thermally 
induced phase transition, the temperature evolution of the optical 
transmittance at a selected NIR wavelength (2000 nm) was observed in 
both heating and cooling cycles at a controlled rate of 5 ◦C min− 1. 

3. Results and discussion 

Vanadium layers of 12.5 and 25 nm nominal thickness were flash 
annealed in a homemade tubular reactor that allows a precise control of 
the oxidation parameters. In this way, samples were rapidly heated at 
42 ◦C s− 1, with variation of the pairs of maximum constant reaction 
temperatures (Tr) and times (tr), followed by subsequent instantaneous 
cooling in air. All thermally treated samples are listed in Table 1. Note 
that, although tr is always ≤ 5 s, the temperature requirements vary 
significantly depending on the volume of material to be oxidized, so 
that, for the same reaction time, larger vanadium thicknesses require 
higher Tr values. 

The surface microstructures of the resulting samples were then 
investigated by SEM. Fig. 1 shows the top views of several annealed 
samples of 25 and 12.5 nm vanadium layer thickness, revealing, in both 
cases, the formation of granular structures. These micrographs also 

disclose the effect of reaction times and temperatures on the develop-
ment of such architectures. Although, in general, the increase of both 
parameters leads to larger grains, tr gives rise to a consolidation of the 
former microstructure (see the example of samples T25_525_1 and 
T25_525_5), while Tr promotes the formation of dendritic structures 
with grains growing preferentially along an axial direction (sample 
T25_575_1). On the other hand, no significant differences were found 
between the surface microstructure of samples with different thick-
nesses treated under the same conditions (i.e., T25_525_1 vs. 
T12.5_525). This leads us to think that this characteristic is not affected 
by the total volume of the material to be oxidized. However, this does 
not imply that these two samples have similar optical behaviors. 

Fig. 2 displays the Vis-NIR transmittance spectra (380–2500 nm) at 
25 ◦C and 90 ◦C for all the flash annealed samples. Overall, an 
improvement in transmittance is observed as the thickness of the coating 
decreases. This is also confirmed by the parameters that assess the 
suitability of these systems for smart windows applications, which are 
listed in Table 2: (i) the luminous transmittance, Tlum; (ii) the solar 
modulation ability, ΔTsol; and (iii) the solar modulation in the near 
infrared, ΔTIR. The combined analysis of all the outcomes obtained 
through the optical characterization allow us to evaluate and identify 
the different mixtures of vanadium oxides achieved as a function of the 
reaction conditions (Tr and tr) and the film thickness. 

Firstly, the results obtained for the 25 nm samples (Fig. 2(a)) reveal 
the existence of an optimal thermal treatment gap for a temperature 
range between 525 ◦C and 575 ◦C. Similarly, it was also found that the 
optimal reaction times decrease from 5 to 1 s as the temperature in-
creases within the previously defined range. Furthermore, based on the 
approaches developed in previous studies [23,24], it might be said that 
the optimal samples are mainly composed of VO2 coexisting with mi-
nority mixtures of VOx and/or VOy, with x < 2 and y > 2, respectively. 
On the contrary, thermal treatments below and above the defined 
optimal intervals give rise to a depletion of the VO2 yields, with mixtures 
enriched in VOx (T25_525_1, characterized by lower visible trans-
mittances) and VOy (T25_550_5, presenting visible transmittances 
considerably higher than in the NIR range), respectively. The photo-
metric parameters calculated for the optimal samples reveal moderate 
Tlum values (40–51%), which suggest that higher layer thicknesses can 
only lead to a drop in these values. In other words, layer thicknesses 
greater than 25 nm would lead to the attainment of thermochromic 
systems provided with insufficient visible transmittance for application 
in smart glasses, which require Tlum values above 60%. Slight variations 
were also observed between the Tlum values obtained at 25 ◦C and 90 ◦C 
for the optimal samples (ΔTlum ≤ 1%), which is a characteristic feature 
of flash annealing [23,24]. With regard to the information provided by 
the radiometric parameters, it should be noted that the optimum sam-
ples present fairly similar thermochromic behaviors (ΔTsol, rel =

4.7–6.2%; ΔTIR, rel = 12–14%), highlighting the slightly higher values 
registered for sample T25_575_1, which is associated with a higher VO2 
content. This is supported by the lower Tlum values reported for this 
sample, which is explained by an enrichment of the low visible trans-
mittance VO2 phase (antagonistic relationship between Tlum and ΔTsol 
[29]). In any case, the solar modulation ability of the optimal 25 nm 
thick VO2-based systems is rather modest (ΔTsol < 2.3%). 

On the other hand, Fig. 2(b) shows the Vis-NIR transmittance spectra 
recorded for 12.5 nm thick samples subjected to flash annealing, also 
revealing a progressive evolution of VOx-VO2-VOy combinations as the 
reaction temperature increases from 475 ◦C (mostly VOx) to 525 ◦C (VOy 
mixtures). As mentioned above, the decrease in layer thickness results in 
higher visible transmittances (Tlum values between 55 and 70%). How-
ever, this fact translates into a generalized decrease of ΔTsol and ΔTIR 
values (Table 2). Thus, it is evidenced that thicknesses below 25 nm lead 
to a decrease in solar modulation capacity (lower VO2 vol), which in 
turn explains the higher transmittance of these coatings. Nevertheless, 
thicknesses below 12.5 nm would seriously compromise the thermo-
chromic response of these systems, limiting their application. With this 

Table 1 
Plateau conditions and thickness of V overlayers for the samples thermally 
treated in this study.  

Sample Thickness (nm) Tr (◦C) tr (s) 

T25_525_1 25 525 1 
T25_525_5 5 
T25_550_1 550 1 
T25_550_5 5 
T25_575_1 575 1 
T12.5_450 12.5 450 1 
T12.5_475 475 
T12.5_500 500 
T12.5_525 525 

Tr is the maximum reaction temperature and tr is the reaction time. 
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in mind, the samples that achieved the best compromise between Tlum 
and ΔTsol values were T12.5_475 and T12.5_525. However, although 
both samples exhibit very similar values for both parameters, their 
physicochemical characteristics are quite different. On one side, the 
signatures of their transmittance spectra suggest that sample T12.5_475 
would consist mainly of VO2 (coexisting with minority fractions of VOx 
and/or VOy), whereas sample T12.5_525 would be composed of VO2 +

VOy mixtures. This is in fine agreement with the relative near-infrared 
solar modulation values (ΔTIR, rel) calculated for these two optimal 
samples (ΔTIR, rel = 6.6% and 4.0% for T12.5_475 and T12.5_525, 
respectively). Nonetheless, the most remarkable difference between the 
parameters calculated for these samples comes from the variations in 
luminous transmittance (ΔTlum), being significantly higher for 
T12.5_525 (ΔTlum = 1.3%). This phenomenon, which has been previ-
ously observed in VO2 + VOy mixtures [23,24,31,32], would explain the 
ΔTsol value obtained for sample T12.5_525 even though it has less VO2 
than T12.5_475, finding its origin in an additional solar modulation at 
400–1000 nm (the window of the electromagnetic spectrum in which 
solar irradiance becomes maximum). 

The main features of the metal-to-insulator hysteresis were examined 
from the kinetic evolution of transmittance at 2000 nm in heating and 
cooling cycles at a constant rate (Fig. 3). The samples that showed the 
best optical responses were investigated: (i) T12.5_475, which, at equal 
Tlum and ΔTsol values, was selected over the T12.5_525 for exhibiting a 
most stable optical behavior at visible wavelengths; and (ii) T25_550_1, 
which presents intermediate characteristics to those samples achieved at 
temperatures and reaction times located at both extremes of the optimal 
thermal treatment windows for 25 nm films. Complementarily, Table 3 
lists the transition temperatures, for heating (Tc(H)) and cooling (Tc(C)) 
cycles. They are calculated from the derivative curves of the trans-
mittance plots (Fig. 3(a)) with a Gaussian fit (see Fig. 3(b–c)), along with 
the hysteresis loop width (WH), transmittance at 2000 nm for 25 ◦C 
(Tmax) and for 90 ◦C (Tmin), and their relative difference. 

As can be seen in Fig. 3, both samples are characterized by the 

Fig. 1. SEM planar view of 25 and 12.5 nm samples subjected to different reaction temperatures (Tr) and times (tr), as labelled in the images.  

Fig. 2. Transmittance spectra recorded at 25 ◦C (solid lines) and 90 ◦C (dashed 
lines) for (a) 25 nm and (b) 12.5 nm thick samples oxidized at different tem-
peratures (Tr = 450–575 ◦C) and times (tr = 1–5 s). 

Table 2 
Radiometric (Tsol) and photometric (Tlum) parameters changes with heating for 
all the studied samples.  

Sample Tlum 

(%) 
ΔTlum 

(%) 
ΔTsol 

(%) 
ΔTsol. rel 

(%) 
ΔTIR 

(%) 
ΔTIR. rel 

(%) 

T25_525_1 31.2 0.6 1.1 3.9 1.9 6.9 
T25_525_5 51.1 0.4 2.2 4.7 6.1 12.2 
T25_550_1 44.9 1.0 2.1 4.9 6.1 13.3 
T25_550_5 43.9 1.6 1.0 2.0 0.9 1.4 
T25_575_1 39.9 0.0 2.3 6.2 5.4 14.2 
T12.5_450 55.5 0.8 0.9 1.7 1.0 1.9 
T12.5_475 61.2 0.1 1.8 2.9 4.5 6.6 
T12.5_500 69.8 0.9 1.1 1.6 1.5 2.0 
T12.5_525 62.5 1.3 1.9 2.9 3.0 4.0 

For a detailed definition and explanation of how all these parameters are ob-
tained, refer to the work of Outón et al. (Appendix A) [30]. 
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development of asymmetric hysteresis loops during the cooling cycles, 
as well as the shift of the transition temperatures towards lower values, 
which is achieved without doping. First, we will focus on the particu-
larities of sample T12.5_475. Fig. 3(b) reveals two different slopes (the 
first one steeper; the second one more gradual) during cooling cycles, 
giving rise to minimum variation rates (absolute minimum of the optical 
hysteresis derivatives) at Tc(C1) = 41 ◦C and Tc(C2) = 33 ◦C. Although it 
differs from what has been previously observed for the flash annealing of 
porous vanadium films [23,24], this is an intrinsic feature of rapid 
thermal treatments, which is explained by the coexistence of VO2(M1) 
with the metastable VO2(M2) phase [33]. In contrast, the heating cycles 
lead to a single transition temperature that is considerably lower (Tc(H) 
= 52 ◦C) than those reported for pure VO2 films (~68 ◦C). In any case, it 
is worth mentioning that the transition temperatures recorded during 
the heating-cooling cycles are both low, which has been previously 
associated with the presence of oxygen-deficiency-related defects [34, 
35]. This remarkable phenomenon, actually beneficial for smart glazing 
applications, would be favored by the flash annealing treatments 
addressed here, so that oxidation takes place so rapidly that the stoi-
chiometry O/V = 2 cannot be completely reached. Notwithstanding, it 
seems that there is a lack of consensus on the origin and mechanism 
behind the reduction of Tc values without the incorporation of dopants. 
Alternatively, several authors have attributed this event to the presence 
of a residual tensile stress near the film-substrate interface [36–38], 
which gradually weakens with increasing thickness (i.e. lower thick-
nesses lead to higher Tc drops). Others, however, have associated it with 
the internal compressive stress originated due to mismatch shrinkage 
between VO2(M) and V2O5 during the cooling stage which forces a 
shorter V–V bond in VO2(M), leading to an easier transition from 
VO2(M) to VO2(R) [39]. Note that all of the above assumptions could 
fully or partially explain the decrease in Tc for the systems addressed in 

this study, which are expected to contain significant V2O5 fractions 
(most thermodynamically stable phase within the VOy oxides). The 
latter, in turn, would considerably enhance the durability of these 
thermochromic coatings, so that V2O5 would act as a protective over-
layer for VO2 against external agents such as air or humidity [38,39]. 
This agrees with our previous study [26], which evidenced that the at-
mospheric rapid annealing of vanadium thin films results the in devel-
opment of gradient of phases from V2O5 to V2O3, with an intermediate 
VO2 region, from the surface to the interface with the substrate. Further, 
the action of the effects described above results in the appearance of a 
variable hysteresis width of 11–19 ◦C. 

Conversely, the hysteresis loop of sample T25_550_1 also presents 
two slopes during the cooling stage, although, in contrast to the previous 
observations for T12.5_475, the second slope is slightly steeper than the 
first one, suggesting the presence of larger amounts of the metastable 
VO2(M2) phase. It seems that the promotion of this polymorph could be 
further favored either by increasing layer thickness or reaction tem-
perature (larger grains). Furthermore, although still much lower than 
those reported for pure VO2, the Tc values registered for sample 
T25_550_1 during the heating-cooling cycles were found to be higher 

than those obtained for sample T12.5_475. This is in line with our pre-
vious hypothesis that the drops in Tc are due to the combined effect of 
oxygen substoichiometry, the presence of V2O5, and the decrease in 
layer thickness. Likewise, thicker films, while also resulting in variable 
WH (Table 3), lead to narrower hysteresis loops, which is in agreement 
with what has been previously reported in the literature [37,40]. Apart 
from that, the confrontation of the ΔTrel values obtained for both 

Fig. 3. (a) Thermal evolution of the optical transmittance at 2000 nm of 
T12.5_475 (blue) and T25_550_1 (red) samples for consecutive heating (solid 
lines) and cooling (dashed lines) cycles. Derivative of each kinetic thermo-
chromic cycle for samples (b) T12.5_475 and (c) T25_550_1 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.) 

Table 3 
Main features of the thermochromic hysteresis loops illustrated in Fig. 3.  

Sample Tc(H) (◦C)  
heating 

Tc(C) (◦C)  
cooling 

WH  

(◦C) 
Tmax (%) Tmin (%) ΔTrel (%) 

C1 C2 1 2 

T12.5_475 52 41* 33 11 19 76.1 61.9 18.6 
T25_550_1 55 52 42* 3 13 53.9 31.6 41.4  

* Main peak. 
Tc(H) denotes the temperatures of the MIT transition on heating; Tc(C1) and Tc(C2) indicate the temperatures of the MIT on cooling. WH1 and WH2 are the hysteresis 

loop widths given by Tc(H) – Tc(C1) and Tc(H) – Tc(C2), respectively. Tmax, and Tmin denote the 2000 nm wavelength transmittances at 25 ◦C and 90 ◦C, respectively. ΔTrel 
is the relative decrease of transmittance upon the transition at 2000 nm. 

Fig. 4. Summary of the thermochromic performances achieved for oxidized 25 
and 12.5 nm thick films (ΔTsol, Tlum, and Tc) as a function of oxidation tem-
perature (Tr) and reaction time (tr). The transition temperature Tc values 
referred here correspond to those extracted from the heating cycles (Tc(H)). The 
z-axis returns simultaneously the percentage of transmittance (ΔTsol and Tlum 
outputs) as well as the temperature (Tc outputs). Also note that, for a better 
overview, ΔTsol values were plotted multiplied by a factor of 10. 
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samples highlights a higher VO2 vol for sample T25_550_1, which is 
closely linked to its greater layer thickness. 

Fig. 4 illustrates the overall results obtained for all flash annealed 
samples based on the values of the parameters that determine their 
thermochromic performance for smart window applications as a func-
tion of layer thickness as well as reaction temperatures and times. As can 
be seen, 12.5 nm thick samples offer considerably higher visible trans-
mittance than those obtained from 25 nm samples. On the contrary, 
even though the latter have a higher ability to modulate solar irradiance, 
the ΔTsol values obtained for all the samples studied are quite moderate 
for practical applications in smart windows (ΔTsol values greater than 
5% are generally required). In any case, these results fail to match and/ 
or improve those achieved by the flash annealing of vanadium films 
deposited at glancing angles (V-GLAD) [23,24], emphasizing the posi-
tive effect of the inclusion of porosity on the substantial improvement of 
reactivity and selectivity for VO2(M1) synthesis. Despite this, the out-
comes obtained for sample T12.5_475 are quite significant, reaching 
rather good Tlum values (> 60%) at the same time as a Tc drop of 16 ◦C 
lower than those reported for undoped VO2 films. This becomes even 
more relevant given the simplicity and advantages of the synthesis 
strategy addressed in this work (fast sputtering plus a quick oxidation in 
air atmosphere without additional requirements such as the presence of 
catalysts, reactive gasses, vacuum, long-time processing, etc.). Further-
more, the high transparency recorded for the T12.5_475 and T25_525_5 
samples in the NIR region, coupled with a decent thermochromic 
response, makes them at the same time potential candidates for certain 
IR applications (sensors, detectors,…) [41]. 

4. Conclusions 

In conclusion, it has been shown that air-atmosphere flash annealing 
of low-dimensional vanadium films sputtered on glass substrates leads to 
the synthesis of thermochromic VOx-VO2-VOy (x < 2; y > 2) layers 
exhibiting Tc values 13–16 ◦C below those reported for undoped sam-
ples. This phenomenon is attributed to the combined effect of oxygen 
deficiency (a direct consequence of instantaneous oxidation), the pres-
ence of V2O5, and the very narrow layer thicknesses addressed in this 
study. Likewise, it is estimated that the flash annealing of vanadium 
thicknesses below 12.5 nm and above 25 nm would result in a consid-
erable depletion of the luminous transmittance (Tlum) and solar modu-
lation capacity (ΔTsol), respectively. These thermal treatments also 
appear to promote the formation of significant amounts of the VO2(M2) 
polymorph. By simply adjusting the reaction times and oxidation tem-
peratures for a given vanadium layer thickness, the VO2 yields were 
optimized. However, the ΔTsol values accomplished were rather discrete 
(around 2%) compared to those obtained by the flash annealing of V- 
GLAD layers (improved reactivity and selectivity for VO2 synthesis). The 
most remarkable results for smart window applications were obtained 
for the 12.5 nm thick sample instantaneously oxidized (tr = 1 s) at 
475 ◦C, which presented a Tlum value above 60%, a high transparency in 
the NIR range (70% on average), and an extraordinarily low transition 
temperature without doping (Tc(H) = 52 ◦C). 
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