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Abstract: This work reports on alternative strategies for improving the performance 

and thickness uniformity of VO2-based thermochromic coatings by atmospheric 

oxidation of zig-zag vanadium films sputtered at glancing angles in presence of reactive 

oxygen. With the aim of scrutinizing the effect of deposition parameters, VO2–x films of 

25, 50 and 100 nm nominal thickness were deposited on glass substrates, sometimes 

without reactive oxygen, sometimes by injecting oxygen pulses for 4 or 8 s every 16 s 

of deposition. Comprehensive structural, compositional and functional characterizations 

of samples annealed at reaction temperatures between 475–550°C for times ≤ 60 s 

confirmed the synthesis of the VO2(M) phase and the development of singular 

microstructural and thermochromic features depending on the duration of the oxygen 

injection pulses. Here, it was evidenced that longer oxygen pulses lead to significantly 

higher luminous transmittances and broader hysteresis loops thanks to the formation of 

generally larger grains, although with heterogeneous morphology and size distribution. 
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These same events also caused unwanted increases in the metal-to-insulator transition 

temperature and the occurrence of asymmetric hysteresis loops. Optimal performances 

for smart glazing applications were eventually achieved by instantaneous oxidation of 

25 nm thick films deposited with 8 s oxygen pulses, exhibiting remarkable luminous 

transmittances (>55%), solar modulation abilities (>5%), beneficial drops in critical 

temperature without doping (up to 7°C below the standard value for pure VO2) and 

extraordinarily wide variable hysteresis of between 18–26°C. These results represent a 

substantial enhancement, mainly regarding visible transmittance and hysteresis width, 

over those attained through similar two-step approaches, paving the way for further 

doping processes. 

 

Keywords: Vanadium dioxide, glancing angle deposition, reactive gas pulsing process, 

rapid thermal annealing, Vis-NIR spectrophotometry, thermochromism, smart glazing  

  



3 
 

1. Introduction 

Energy saving and further integration of renewable energy sources are critical issues to 

be addressed in a real-world transition towards sustainable smart cities[1]. Most of the 

actions taken to face this global challenge have focused on buildings, and more 

particularly on windows, which are responsible for large energy losses as a result of the 

high heat transfer coefficients of glazing involved in their structure[2]. In this 

framework, passive smart windows based on vanadium dioxide (VO2) are emerging as 

one of the most viable future alternatives to improve energy efficiency of buildings[3–

7]. The particularity of this material lies in its thermally induced reversible metal-to-

insulator transition (MIT) at temperatures around 68ºC (Tc), which gives rise to a 

distortion of the crystalline structure from monoclinic (M1), with high transparency in 

the near-infrared (NIR) at low temperature, to thermal insulator rutile (R) at 

temperatures above Tc[8–10]. This phenomenon allows VO2-based coatings to control 

the solar radiation that enters into a building depending on the outside temperature 

while minimally affecting its visible transmittance, which is a natural way of 

conditioning. Nevertheless, the real deployment of this technology is being delayed for 

two main reasons: (i) the complexity and high cost involved in the large-scale transfer 

of the current VO2 manufacturing strategies; and (ii) the difficulty of reaching an 

appropriate balance between optical and thermochromic performances while satisfying 

the minimum requirements for smart windows applications. 

On the one hand, the large number of oxidation states of vanadium, which in turn is 

aggravated by the existence of more stable oxidized compounds such as V2O3 or V2O5 

as well as different polymorphs of the same oxide[11–15], makes the reaction window 

for VO2 synthesis very narrow. This results in fabrication processes involving the 

establishment of very rigid conditions with oxidizing/reducing atmospheres or vacuum 
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at high temperatures during prolonged oxidation times[16–19]. Recently, several 

authors have started to adopt more scalable strategies based on post-deposition air 

oxidation of vanadium thin films[20–24]. However, in most cases, either precise control 

of such fundamental reaction parameters as heating and cooling rates has been 

overlooked, or substrates unsuitable and/or expensive for smart window applications 

(e.g. quartz, sapphire, silicon) have been used. In this context, our previous works have 

shown that, thanks to the precise control of annealing parameters, the fabrication of 

VO2-based films on glass substrates can be achieved through a simple two-step 

approach consisting of the rapid air oxidation of porous vanadium films achieved 

through the Glancing Angle Deposition (GLAD) technique[25,26]. Nonetheless, 

although it has been evidenced that the implementation of these nanostructures 

significantly enhances the reactivity and selectivity of such coatings, it should be noted 

that the large-scale manufacturing of single-layer GLAD films results in 

inhomogeneous layer thicknesses[27,28], which represents a major drawback. Likewise, 

these former studies only focused on V-GLAD films, leaving unexplored the effect that 

the use of VO2–x (combinations of V and O with O/V ratios between 0 and 2) precursor 

mixtures may have on the final performance of the VO2-based films accomplished by 

following the same two-step procedure. 

On the other hand, the practical application of these coatings is conditioned by 

simultaneous requirements of solar modulation ability (ΔTsol) and luminous 

transmittance (Tlum) above 10% and 60%, respectively[3–5,29], which fulfillment is far 

from being straightforward given the antagonistic relationship between these two 

parameters (i.e. thicker VO2 films result in better ΔTsol values, but at the expense of 

decreasing Tlum). Another key limitation is the relatively high temperature at which the 

reversible MIT is thermally induced. In order to reduce this parameter to 25–30°C, 
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doping of vanadium dioxide films with transition metal cations has been researched, 

with tungsten being the most common additive[3,30–32]. However, the incorporation of 

dopants, even in very small quantities, also leads to progressive and joint decreases of 

ΔTsol and Tlum. In this regard, it is worth highlighting the role of the hysteresis width 

(WH), a parameter that is normally neglected in the design and manufacture of smart 

windows and which could somehow compensate the performance of coatings with 

moderate critical temperatures while mitigating the adverse effects of using larger 

quantities of dopant. Considering the amount of solar radiation absorbed by a window 

glass during a sunny summer day in regions relatively close to the equator[33], it is 

reasonable to think that the thermal blocking of a thermochromic VO2-based coating 

could be activated at temperatures between 40–45ºC, so that a wider hysteresis (i.e. WH 

> 15ºC) would allow this blocking to be maintained up to temperatures at which the 

heat is not unbearable (20–25ºC). Unlike what would be expected for a narrow 

hysteresis, this would therefore allow the temperature inside a building to be 

conditioned. 

In order to further optimize the two-step approach developed in our previous research 

for the fabrication of VO2-based thin films, the present work aims not only to tackle 

some of the inherent weaknesses of the proposed methodology, but also to carry out a 

comprehensive study on the effect of the different deposition parameters on the final 

performance and properties of the coatings after oxidation in air atmosphere. For this 

purpose, direct current (DC) magnetron-sputtered VO2–x films with zig-zag arrangement 

and of 25, 50 and 100 nm nominal homogeneous thickness were deposited on glass 

substrates by combining GLAD and a Reactive Gas Pulsing Process (RGPP). 

Subsequently, VO2-based thermochromic coatings were achieved through highly 

controlled atmospheric rapid annealing of VO2–x samples at different temperatures (Tr) 
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and reaction times (tr) depending on the volume of material to be oxidized. Micro/nano-

structural and compositional analyses of as-deposited and oxidized samples were 

performed by combining scanning electron microscopy (SEM), grazing incidence X-ray 

diffraction (GIXRD), and scanning-transmission electron microscopy (S)TEM 

techniques, including high-angle annular dark-field (HAADF) and high-resolution 

(HRTEM) imaging, as well as energy-dispersive X-ray (EDX) and electron energy-loss 

(EELS) spectroscopies. The process-structure-property relationships for the synthesized 

surfaces were eventually determined by variable temperature Vis-NIR 

spectrophotometry and resistivity measurements, paying special attention on the effects 

that zig-zag nanostructuring and oxygen injection times have not only on the resulting 

thermocromic features along the metal-to-insulator transition, but also on the parameters 

of interest for smart window applications (Tlum, ΔTsol, Tc, WH). 

2. Materials and Methods 

2.1. Deposition process 

The films were deposited at room temperature by DC magnetron sputtering from a 

vanadium metallic target (51 mm diameter and 99.9 atomic % purity) in a homemade 

deposition chamber. It was evacuated down to 10−5 Pa before each run by means of a 

turbomolecular pump backed by a primary pump. The target was sputtered with a 

constant current density of J = 100 A m−2. Glass substrates (Menzel Gläser ® 

microscope slides) were placed at a distance of 65 mm from the target center. On the 

basis of our previous studies[34], porous VO2–x films with large surface-to-volume 

ratios and enhanced reactivity with oxygen were deposited by combining GLAD and 

RGPP techniques. The deposition angle α (average angle of incoming particle flux) 

relative to the substrate normal was set at α = 85º (the maximum inclination allowed for 
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efficient GLAD deposition, so that the greater the deposition angle, the higher the 

overall porosity of the film and, therefore, its specific surface area[35]) with no rotation 

of the substrate (i.e., ϕ = 0 rev h−1). Argon was injected at a mass flow rate of 2.40 sccm 

and the pumping speed was maintained at S = 13.5 L s−1, whereas the oxygen gas was 

periodically supplied into the sputtering chamber. A rectangular pulsed signal was 

employed for the oxygen flow rate with respect to time evolution. The pulsing period 

was set at P = 16 s. The maximum oxygen flow rate was qO2Max = 0.40 sccm. It 

corresponds to the critical flow required to avalanche the process in the compound 

sputtering mode. The minimum oxygen flow rate was qO2min = 0 sccm. Thus, oxygen 

injection times (tON) of 0, 4 and 8 s were used. These operating conditions gave rise to a 

total sputtering pressure changing slightly between 3.00–3.08 × 10−3 mbar and a target 

potential from 307 to 324 V, which do not disturb the growth mechanisms of the GLAD 

process. Different VO2–x nominal thicknesses (25, 50 and 100 nm) were achieved by 

adjusting the deposition time according to average deposition rates of 240, 285, and 210 

nm h-1 for tON = 0, 4 and 8, respectively, which were previously determined for α = 

85º[34]. At half the time required to achieve any given layer thickness, the samples 

were subjected to an azimuthal rotation of  = 180° to promote the fabrication of zig-

zag GLAD films of uniform overall layer thickness. 

2.2. Thermal treatments 

After deposition, vanadium samples were thermally treated in a homemade reaction 

system. It consists in an Al2O3 tube on a furnace with SiC resistors able to reach 

temperatures of up to 1500°C, with an attached concentric steel tube and a high 

temperature steel-covered K-type thermocouple inside. This thermometer bar 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, 
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mechanized with a hitch to hang a combustion boat. Thus, the thermometer tip is always 

placed some millimeters over the center of this boat, which is an alumina crucible, 

allowing the temperature in the reaction zone to be monitored. 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 the furnace. 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 (for a more detailed overview of 

the reaction system, refer to previous studies[36,37]). Consequently, translation routines 

were prepared for reaching an average heating rate of 42ºC s-1, as well as for adjusting 

longer or shorter reaction times at a desired temperature. Lastly, all samples were left to 

be cooled down in air to room temperature. 

2.3. Structural, compositional and functional characterizations 

Topographic micrographs of as-deposited and oxidized samples were acquired using a 

Thermo Scientific Scios 2 DualBeam analytical focused ion beam scanning electron 

microscopy (FIB-SEM) system operating at 5 kV. This same facility was also used to 

prepare electron-transparent cross-section lamellae for (S)TEM observations. High-

resolution transmission electron microscopy (HRTEM) and high-angle annular dark-

field imaging (HAADF) studies were carried out in a Thermo Scientific TALOS F200X 

G2 analytical microscope working at an accelerating voltage of 200 kV. The energy-

dispersive X-ray spectroscopy (EDX) studies were carried out in this same microscope 

using a Super-X detection system that is constituted by four silicon drift detectors 

distributed around the sample to be analyzed. On the other hand, the spatially-resolved 

electron energy-loss spectroscopy (EELS) experiments were carried out in a FEI Titan3 

Themis 60-300 aberration-corrected microscope, which allowed to incorporate a 

monochromator (Gatan Quantum ERS 966) in the electron gun to improve the energy 
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resolution down to about 0.25 eV while using a 0.05 eV/channel energy dispersion. 

With a 5 mm diameter aperture inserted, the convergence and collection semi-angles 

were set to 21.5 and 75.3 mrad at a camera length of 29.5 mm, respectively, while using 

a probe current of between 30 and 140 pA depending on the experiment. Dwell times of 

about 0.25 seconds per pixel were set during the spectrum imaging experiments, which 

were carried out under Dual EELS mode to record nearly simultaneously both the low-

loss signal and the V-L2,3 and O-K high-loss edges, at each pixel position. 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 thermochromic 

optical behavior of the prepared VO2–based films was determined via transmission 

spectroscopy using a PerkinElmer Lambda 900 UV/VIS/NIR Spectrometer equipped 

with a THMS600 Linkam stage for temperature control. Vis-NIR transmittance spectra 

were recorded in the wavelength range of 350–2500 nm at selected temperatures in the 

range of 25–90ºC. For the dynamic monitoring of the thermally induced phase 

transition, the thermal 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. DC electrical resistivity versus temperature measurements of the 

oxidized films were performed in a custom-made chamber. It is covered in order to have 

a dark environment, using the four-probe van der Pauw geometry in the temperature 

range of 25–90ºC with a ramp of 2°C min−1 and then back to 25°C with the same 

negative ramp. Humidity and cleanness were considered as constant. The error 

associated to all the resistivity measurements was always below 1% and the quality of 

the contacts was checked prior to every run (i.e. I/V correlation close to 1) to ensure that 

ohmic contacts were attained (use of gold coated tips). 
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3. Results and discussion 

3.1. Morphology, structure and composition of as-deposited and annealed films 

VO2–x zig-zag GLAD samples of 25, 50, and 100 nm nominal thickness were sputtered 

using oxygen injection times of 0, 4, and 8 s. Thereupon, all of them were subjected to 

the atmospheric thermal treatments previously determined as optimal for each of the 

layer thicknesses considered[25,26], which involve reaction temperatures between 475–

550ºC and times below 60 s. All the samples addressed in the present study, classified 

according to their deposition and annealing conditions, are collected in Table 1. 

 

Table 1. Deposition and thermal treatment conditions for the samples addressed in this 

study. N is the nominal layer thickness, Tr is the reaction temperature, tr is the reaction 

time, and tON is the oxygen injection time. 

Sample 
N 

(nm) 

Tr 

(ºC) 

tr 

(s) 

tON 

(s) 

S100_475_1 

100 

475 60 

0 

S100_475_2 4 

S100_475_3 8 

S100_550_1 

550 5 

0 

S100_550_2 4 

S100_550_3 8 

S50_475_1 

50 

475 30 

0 

S50_475_2 4 

S50_475_3 8 

S50_550_1 

550 1 

0 

S50_550_2 4 

S50_550_3 8 

S25_500_1 

25 500 1 

0 

S25_500_2 4 

S25_500_3 8 

 

In order to investigate the effect of the different manufacturing parameters on the 

resulting microstructures more clearly, only samples with a nominal thickness of 100 
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nm will be addressed in this section. Together with having a larger volume of material 

and more apparent zig-zag architectures, this will subsequently give rise to more easily 

identifiable and, therefore, more comparable structures and morphologies. Figure 1 

displays the top-view SEM and cross-section (S)TEM studies carried out on a vanadium 

zig-zag GLAD sample (tON = 0 s) before annealing. The characteristic surface 

microstructure of this porous GLAD film formed by associations of nanocolumns is 

highlighted in Fig. 1(a). The layer thickness, as well as the zig-zag structures 

developed, are examined in Fig. 1(b–c), which comprise TEM scans corresponding to 

regions around the center and the edge of the same sample, respectively. As can be seen 

here, the microstructure in both regions is slightly different. That is the central zone has 

similar nominal thicknesses for each of the sublayers t1 (lower) and t2 (upper), whereas 

close to the edge, it is fulfilled that t1 < t2. However, the overall thickness of the coating 

remains constant in either case. This demonstrates that the fabrication of zig-zag 

nanostructured coatings is a simple and effective solution to the problem of progressive 

wedging in GLAD monolayers. For a better insight into the generated zig-zag porous 

structures, Fig. 1(d–f) show the nanoscale STEM-EDX analyses carried out in a central 

region of this sample. Fig. 1(e) is a map where the X-ray net intensity (i.e. after 

background substraction) counts of vanadium associated to its main energy peaks are 

represented, whereas Fig. 1(f) is the EDX spectrum that can be extracted after summing 

all the signals within the region squared in the previous figures. It becomes clear that 

vanadium is the predominating element in this area, as expected from this system. On 

another note, it is observed that sublayer t2 has a greater overall porosity in with respect 

to t1. This can be explained by the fact that the tip of the taller nanocolumns in t1 would 

serve as seeds for the proliferation of those eventually developed in t2, resulting in a 
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growth regime that is exclusively dominated by shadowing events (i.e. higher 

porosity)[27,28]. 

 

Figure 1. Electron microscopy analyses performed on a vanadium (tON = 0 s) zig-zag 

GLAD film of 100 nm nominal thickness. (a) Top-view SEM image. Cross-section 

bright-field (BF) TEM micrographs for (b) central and (c) edge regions within the 

sample. (d) Magnified BF-TEM micrograph of a region in (b) together with (e) the 

associated STEM-EDX net intensity map obtained for V atoms. (f) EDX integrated 

spectrum for the region defined by the red square in (d) and (e). 

 

Figure 2 collects the GIXRD diffractograms obtained for 100 nm thick samples before 

and after annealing. As can be seen, the sample deposited in the absence of reactive 

oxygen presents a well-defined diffraction peak corresponding to metallic V (111) 

surfaces (JCPDS Card No. 01-085-4786). As tON increases, the crystallinity of the 

samples is weakened as a direct consequence of the increase in the average energy of 

the particles that reach the substrate[34]. Likewise, this increase in oxygen injection 
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times leads to decrease of intensity and shifts towards smaller angles of the observed 

diffraction peaks, which could be linked to the incorporation of O2 into the cubic 

structure of vanadium. This may give rise to the formation of rather amorphous VO2–x 

mixtures of undefined or complex stoichiometry such as V16O3 (JCPDS Card No. 04–

011–0169). On the other hand, the diffractograms resulting from subjecting the previous 

samples to the same thermal treatment at 475ºC for 60 s (samples S100_475_1–3) 

disclose the formation of mixtures of VO2(M) (JCPDS Card No. 03-65-2358) and a 

minority of V2O5 (JCPDS Card No. 00-041-1426), although with a decreasing intensity 

of the VO2 (011) diffraction peak as tON increases. This leads to think that oxidation of 

samples with higher oxygen content may result in a detriment either in the VO2 

formation yield or, based on what was observed in the precursor films, in their 

crystallinity. The following studies with other characterization techniques help to find 

an explanation for this. 
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Figure 2. GIXRD diffractograms for 100 nm thick VO2–x zig-zag GLAD samples 

deposited at oxygen injection times of 0 (red), 4 (green) and 8 s (blue) before and after 

annealing at 475ºC for 60 s, as labeled in the images.  

 

Figure 3 shows the effect of oxygen injection times on the surface microstructures 

developed in samples rapidly annealed at 550ºC for 5 s. While sample S100_550_1 

(Fig. 3(a)) exhibits a relatively homogeneous granular structure, increasing tON gives 

rise to the formation of progressively bigger grains but with more irregular 

morphologies (samples S100_550_2 and S100_550_3 displayed in Fig. 3(b) and (c), 

respectively). In addition, there is a gradual formation of micro-rods-like structures 

randomly distributed in all directions, which is a characteristic feature of V2O5[38,39]. 

A similar trend also appears in samples S100_475_2 and S100_475_3 (to see the top-

view SEM micrographs of these samples, refer to Supplementary Material Section I). 

Therefore, the intensity drops recorded in the above samples for the main VO2(M) X-

ray diffraction peaks at longer oxygen pulses would rather be related to an apparent 

rising of V2O5 yields, which consequently lowers those of the dioxide. This suggests a 

more favored air oxidation at higher tON, which in turn would also justify the 

development of globally larger microstructures at the cost of increasingly heterogeneous 

morphologies and grain size distributions. 
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Figure 3. SEM micrographs depicting the surface topography of samples (a) 

S100_550_1, (b) S100_550_2, and (c) S100_550_3. 

 

In order to address a more in-depth characterization, S100_550_1–3 samples were 

prepared for their observation at the nanoscale by (S)TEM techniques. Figure 4 

displays the main results of the BF-TEM and HRTEM examinations carried out on the 

previous samples. These figures reveal once again that there is a progressive and 

simultaneous increase of both the average grain size and the heterogeneity of the 

synthesized films as for longer tON. This also leads to a lower compactness of the film 

and thus the appearance of loose grain boundaries throughout the treated layer (see Fig. 

4(a–c)). This feature could somehow promote a progressively higher overall porosity of 

the coating that entails positive consequences from the perspective of their optical 

behavior (i.e. greater transmittance). Interestingly, and besides these variations, the 

HRTEM analyses of these coatings at the regions indicated in Fig. 4(a–c), which are 

magnified in Fig. 4(d–f), evidenced the successful synthesis of VO2(M) regardless of 

the absence or duration of the oxygen pulses used during the deposition process. This 

hypothesis is proved when the Fast Fourier Transformed (FFT) of the regions imaged is 

retrieved and measured in each one of these local areas. By studying these arrangements 

of spots in both the direct (i.e. by checking the lattice planes present between 

consecutive rows of atomic columns) and the reciprocal space (i.e. by measuring the 

angles between the brightest spots, related to the aforementioned lattice planes) it is 

possible to eventually determine that the resulting values match best with intensity 

distributions that are generated by VO2 crystals when they are observed along three 

different zone axes: [120] (Fig. 4(d)), [100] (Fig. 4(e)) and [122] (Fig. 4(f)).  
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Figure 4. Summary of the TEM studies performed on samples S100_550_1–3. Bright-

field (BF) TEM overview of samples (a) S100_550_1, (b) S100_550_2 and (c) 

S100_550_3. (d–f) HRTEM micrographs of the narrow regions highlighted in (a–c) 

together with their associated FFT spectra. 

 

For a better understanding on how oxidation occurs as well as to identify the vanadium 

oxides synthesized throughout the film thickness for different values of tON, Figure 5 

illustrates the analytical (S)TEM-EELS studies performed on samples S100_550_1–3. 

As advanced in the experimental section, and as done in previous works[34,40], the 

spectra were registered at an energy range where both the V-L2,3 white lines, the O-K 

pre-edge region and the t2g and eg states. By studying the energy positions of these 
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signals as well as their intensities or just their actual presence, it is possible to 

qualitatively determine the presence of vanadium oxides of specific oxidation states. 

The spectra are represented by gathering and processing all the signals detected in the 

regions within the rectangles of the same colors. This allows to determine the oxidation 

state of the coatings at different distances from the substrate. Almost all the cases 

suggest the presence of vanadium dioxide (VO2) because the following features are 

found simultaneously[41,42]: (i) the separation between V-L2,3 white lines is lower than 

that in metallic vanadium (i.e. below 7 eV); (ii) these lines exhibit weak shoulders at 

their left side (note them most clearly in Fig. 5(f–g)); and (iii) both the t2g and eg peaks 

appear and the former has a higher intensity than the latter. The only exception in this 

trend is the pink-colored spectrum in Fig. 5(g), where the positions and intensities of 

these four peaks rather lead to the presence of vanadium pentoxide (V2O5) at regions 

closer to the surface[41,43]. This suggests that the oxidation is more aggressive at these 

regions because of the easier exposure to oxygen, which is further eased in sample 

S100_550_3 thanks to the higher tON chosen for this sample.   
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Figure 5. STEM-EELS analysis performed on samples S100_550_1–3. High-angle 

annular dark-field (HAADF) overviews of samples (a) S100_550_1, (b) S100_550_2, 

(c) S100_550_3. (d–g) Integrated EELS spectra corresponding to the areas marked in 

(a–c). 

 

Based on the outcomes achieved so far, it can be preliminarily concluded that the 

atmospheric oxidation of VO2–x zig-zag GLAD films succeeds in the synthesis of films 
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that are mainly composed of VO2(M), with larger and morphologically more 

heterogeneous grains as tON increases. It has also been disclosed that this oxidation 

evolves from the surface towards the interface with the substrate, hence the surface 

formation of V2O5 observed in several samples that is more accentuated for longer 

oxygen injection times. However, this latter feature would not be a disadvantage, but 

rather the opposite, since it has been proven that V2O5 can act as a protective layer for 

VO2 against external agents such as air or humidity, thus enhancing the durability of the 

coating[44,45]. 

3.2. Optical characterization 

In order to evaluate the optical thermochromic response of the fabricated coatings and, 

in particular, the parameters that define their viability for application in smart windows, 

Vis-NIR transmittance measurements (at wavelength ranges between 350 and 2500 nm) 

were carried out at 25 and 90ºC for all the samples addressed in the present study. The 

values of the photometric (Tlum) and radiometric (Tsol, TIR) parameters calculated from 

these results are shown in Table 2. The study of the kinetic evolution of transmittance 

at 2000 nm for successive heating-cooling cycles between 25–90ºC at constant rates 

was also performed to record the features of the reversible MIT hysteresis loops. The 

transition temperatures for heating (Tc(H)) and cooling (Tc(C)) cycles, calculated from the 

derivative curves of the transmittance vs. temperature plots with Gaussian fits, and the 

resulting hysteresis widths (WH) are listed in Table 3. 
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Table 2. Radiometric and photometric parameters changes with heating for all the 

studied samples. For a detailed definition and explanation about how all these 

parameters are obtained, refer to the work of Outón et al. (Appendix A)[16]. The 

accuracy of these values is ±0.1%. 

Sample Tlum (%) 
ΔTlum 

(%) 

ΔTsol 

(%) 

ΔTsol. rel 

(%) 

ΔTIR 

(%) 

ΔTIR. rel 

(%) 

S100_475_1 17.7 4.0 8.0 41.1 13.7 58.3 

S100_475_2 18.0 4.4 12.0 50.1 23.0 69.1 

S100_475_3 26.7 3.3 9.8 31.6 18.4 46.9 

S100_550_1 15.7 4.3 10.7 52.3 19.4 71.7 

S100_550_2 16.2 1.2 10.7 45.5 22.8 66.2 

S100_550_3 8.1 -2.8 1.4 9.1 6.8 26.9 

S50_475_1 40.1 3.2 5.5 16.2 10.1 28.3 

S50_475_2 48.7 4.7 4.8 11.0 7.7 16.0 

S50_475_3 46.9 6.1 6.9 16.5 10.1 22.0 

S50_550_1 45.6 0.3 4.2 10.0 9.8 21.4 

S50_550_2 40.3 5.2 7.5 20.7 13.6 33.7 

S50_550_3 54.0 1.2 2.8 5.6 5.8 10.7 

S25_500_1 46.2 -0.9 3.3 6.9 9.0 16.6 

S25_500_2 52.7 -0.9 3.2 6.2 8.5 15.1 

S25_500_3 55.6 1.1 4.8 8.5 9.6 15.1 

 

Figure 6 displays the results obtained from the optical characterization of 100 nm thick 

zig-zag GLAD samples. Overall, it can be seen that the oxidation of zig-zag 

nanostructures deposited at tON = 0 s gives rise to optical responses comparable, 

especially in terms of NIR transmittance drops, to those previously reported for single-

layer V-GLAD systems[26], demonstrating once again the validity of this new 

approach. Focusing initially on the samples oxidized at 475°C for 60 s, a progressive 

enhancement of the visible transmittance can be observed with tON (Fig. 6(a)). This 

would reinforce the previous assumption about the apparent gradual increase in overall 

porosity as a consequence of the microstructural changes induced by the formation of 

other vanadium oxides. In this sense, and in agreement with what was previously 

evidenced by XRD and SEM, the presence of maximum transmittance peaks at ~600 
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nm (higher in sample S100_475_3) denotes the presence of V2O5 in all these samples. 

Notwithstanding, it seems that this compound does not have a very significant 

detrimental effect on the solar modulation ability of the coating (ΔTsol = 9.8% for 

S100_475_3, compared to 8.0 and 12.0% achieved for tON = 0 and 4 s, respectively). 

Equally striking are the ΔTlum values calculated for all these samples (between 3.3–

4.4%), which contribute to a greater ΔTsol (solar radiation of higher intensity in the 

visible range). In previous works[25,26], this event was somehow associated with the 

development of VO2 + VO2+x mixtures, although its origin remains unclear. Apart from 

that, the values of ΔTIR, rel, which can be considered as indirect indicators/comparators 

of the VO2 yields attained, suggest a higher VO2 content for sample S100_475_2. 
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Table 3. Main features of the thermochromic hysteresis loops of all the studied samples. 

Tc(H1) and Tc(H2) denote the temperatures of the MIT transition on heating; Tc(C1) and 

Tc(C2) indicate the temperatures of the MIT transition on cooling; and WH1 and WH2 are 

the hysteresis loop widths given by Tc(H1) – Tc(C1) and Tc(H2) – Tc(C2), respectively. The 

accuracy of the temperature values is ±0.5ºC. 

Sample 

Tc (ºC) 

heating 

Tc (ºC)  

cooling 
WH (ºC) 

H1 H2 C1 C2 1 2 

S100_475_1 62 70* 48 58* 14 12 

S100_475_2 73* 77 60* 42 13 35 

S100_475_3 78* 85 65* 44 13 41 

S100_550_1 68 73* 52 62* 16 11 

S100_550_2 69* 74 61* 43 8 31 

S100_550_3 71* 78 60* 41 11 37 

S50_475_1 56 75* 52 4 23 

S50_475_2 79* 87 61* 45 18 42 

S50_475_3 66* 69 41* 53 25 16 

S50_550_1 57 63* 45 12 18 

S50_550_2 70* 82 50 20 32 

S50_550_3 62* 65 43* 45 19 20 

S25_500_1 57* 68 40* 48 17 20 

S25_500_2 69 48 21 

S25_500_3 61* 69 43 18 26 

* Main peak 

On the other hand, the rapid annealing carried out at 550 °C for 5 s for 100 nm thick 

samples entails considerably different behaviors (Fig. 6(b)). While the samples 

deposited at tON = 0 and 4 s show similar trends to those previously observed (i.e. higher 

Tlum and ΔTIR at longer tON), the solar modulation ability of the sample S100_550_3 is 

severely compromised (ΔTsol = 1.4%). This is a consequence of the shift of the 

intersection between the low and high temperature spectra towards longer wavelengths, 

which in turn translates into negative ΔTlum values. Moreover, the light transmittance of 

this sample is abnormally low, which breaks with previously observed tendencies. 

Spectra similar to the above have been found in the literature[46–49]. Although no 
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specific reason for this feature has been found so far, everything seems to indicate that it 

could have its origin in the joint action of a porosity manifested as large intergranular 

voids and an inhomogeneous distribution of the synthesized grains forming 

agglomerations. This hypothesis would also be supported by the findings by SEM and 

TEM previously presented. In this sense, it can be ruled out that this phenomenon is 

directly related to the presence of V2O5, given the absence of such characteristics in the 

spectra collected in Fig. 6(a) (i.e. VO2 + V2O5 mixtures). It is therefore clear that, even 

if considerable VO2 yields are reached, the size, morphology and arrangement of the 

synthesized structures play a direct and key role on the Tlum and ΔTsol values of the 

coating. Likewise, it is worth noting that the ΔTsol values reported for tON = 0 and 4 s are 

very good (10.7% for both samples), with slightly higher VO2 yields for the 

S100_550_0 sample according to the ΔTIR,rel values. However, the insufficient Tlum 

values accomplished for all 100 nm thick samples make their application in smart 

windows unfeasible. 
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Figure 6. Vis-NIR optical measurements performed on 100 nm thick VO2–x zig-zag 

GLAD annealed samples. Transmittance spectra recorded at 25 °C (solid lines) and 90 

°C (dashed lines) for samples thermally treated at (a) 475 °C for 60 s, and (b) 550 °C for 

5 s. Thermal evolution of the optical transmittance at 2000 nm recorded during 

consecutive heating (solid lines) and cooling (dashed lines) cycles for samples thermally 

treated at (c) 475 °C for 60 s, and (d) 550 °C for 5 s. 

 

Fig. 6(c–d) reveals the features of the resulting hysteresis loops for each one of the 

aforementioned samples. In general terms, it can be clearly observed how longer oxygen 

pulses give rise to gradual and simultaneous increases in Tc and WH. This also leads to 

the appearance of increasingly asymmetric hysteresis, becoming especially visible 

during the cooling stage. The derivative curves for each thermochromic kinetic cycle 
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(see Figure S2 in Supplementary Material Section II) disclose the development of two-

step transitions. This translates into the existence of two critical temperatures (two 

different slopes) for each heating and cooling stage, as well as variable hysteresis widths 

(see Table 3). It should be clarified here that, while the assignment criteria for H1 and 

H2 are based exclusively on rising temperatures, the nomenclatures for C1 and C2 are 

imposed on the basis of the analogies found between the heating-cooling stages (e.g. 

peaks with equivalent variation rates, full width at half maximum or FWHM, ...). Thus, 

while some of these asymmetries are somewhat hidden due to the overlapping of the 

two minimum variation peaks (e.g. samples S100_475_1 and S100_550_1), others 

become more evident as a consequence of their splitting. This asymmetry in hysteresis 

was previously observed for rapid atmospheric oxidation of V-GLAD films, and related 

to the presence of VO2 crystalline grains of different sizes[50]. On that occasion, 

however, neither such wide hysteresis nor high Tc were reported, but quite the 

opposite[26].  

First, there is no clear reason to think that both WH and Tc increases can be directly 

attributed to the presence of V2O5, since, for instance, sample S100_550_2, consisting 

mainly of VO2(M), also exhibits these characteristics. According to the literature, 

broader hysteresis occurs with increasing particle size[51], as well as by the presence of 

loose grain boundaries (i.e. not entirely connected to adjacent ones), thus limiting the 

propagation of the metal-to-insulator transition[47]. This is in good agreement with the 

SEM and TEM micrographs. On the other hand, explaining the increase in Tc with tON is 

more complex. It has been reported that this may be due either to residual stress along 

the c-axis of VO2[52], or to the adsorption of oxygen atoms[53]. The latter would 

partially explain what has been observed for samples deposited at longer oxygen pulses. 

However, another previous work reported that the oxidation of VO2–x GLAD films on 
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Si substrates led to the occurrence of increasing residual stress for longer tON, even 

resulting in the development of large cracks in the films[34]. So either of these two 

phenomena could serve as an explanation for the increases in Tc observed here. 

In short, it has been evidenced that the oxidation of 100 nm GLAD VO2–x zig-zag 

samples leads to really good solar modulation abilities, especially for samples deposited 

with tON = 4 s (ΔTsol = 10.7–12.0 %). Furthermore, longer oxygen injection pulses give 

rise to simultaneous and substantial increases in WH (variable maximum hysteresis 

width of 13–41°C for sample S100_475_3) and, except as observed for sample 

S100_550_3, in luminous transmittance, although with values still far below (Tlum < 

27%) those required for smart window applications. Likewise, greater tON also drives to 

considerable and progressive increases in Tc, which is a major drawback. However, the 

outstanding ΔTsol and WH values reported for most of these samples make them suitable 

for application in optical storage-type devices[47,54]. 

Nevertheless, the optical behavior of these systems also depends on the thickness of the 

coating. Figure 7 shows how by reducing the layer thickness down to 50 nm and 

increasing the duration of the oxygen pulses, considerably higher Tlum performances (> 

46%) can be achieved, although at the expense of ΔTsol (see Table 2). In fine agreement 

with what was previously observed for the 100 nm thick samples, increasingly 

asymmetric hysteresis continues to develop as tON increases (see Figure S3 in 

Supplementary Material section II). However, on this occasion the samples deposited at 

tON = 4 s are the ones that present the broadest hysteresis (maximum WH = 32–42ºC), 

although still with Tc(H) above the standard value reported for pure VO2(M) (~68ºC). On 

the contrary, the samples deposited at tON = 8 s also give rise to wide hysteresis (always 

above 16ºC), although with critical temperatures between 62–66ºC during heating, 

which, in addition to breaking with the trends seen above, represents a substantial 
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improvement over the values achieved for 100 nm thick samples. In general, it is well 

known that lowering thicknesses leads to drops in critical temperatures as a result of 

increases in residual tensile stress near the film-substrate interface[44,55,56]. It has also 

been evidenced that flash annealing favors the development of oxygen-deficiency-

related defects[57], which in turn translates into considerable drops in Tc. This explains 

the lower critical temperatures attained for samples annealed instantaneously at 550ºC 

compared to those obtained at 475ºC for 60 s reaction times. 
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Figure 7. Vis-NIR optical measurements performed on 50 nm thick VO2–x zig-zag 

GLAD annealed samples. Transmittance spectra recorded at 25 °C (solid lines) and 90 

°C (dashed lines) for samples thermally treated at (a) 475 °C for 30 s, and (b) 550 °C for 

1 s. Thermal evolution of the optical transmittance at 2000 nm recorded during 

consecutive heating (solid lines) and cooling (dashed lines) cycles for samples thermally 

treated at (c) 475 °C for 30 s, and (d) 550 °C for 1 s. 

 

On the other hand, it is still necessary to find an explanation for the drop in critical 

temperatures of the samples deposited at tON = 8 s. At this point of the work, it is clear 

that the increases in WH and Tc are interrelated, leading to think that both are due to 

purely microstructural issues (e.g. grain size and heterogeneity, loose grain boundaries). 

As previously observed[34], the deposition of VO2–x films by GLAD + RGPP 
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approaches results in the development of films of distinct nature (morphology, degree of 

compaction) as a consequence of different deposition dynamics. From these studies, it 

can be assumed that the threshold thickness at which GLAD deposition starts to be 

driven by shadowing effects is greater for tON = 8 s. Thus, unlike the features observed 

in VO2–x films fabricated with shorter oxygen pulses, GLAD deposition at tON = 8 s 

would be mainly governed by diffusive phenomena when the nominal layer thickness is 

below 50 nm. Although this results in lower overall porosities, it would allow the 

synthesis of more homogeneous surface microstructures before and after thermal 

treatments, with the reduction of reactivity (due to the lowered surface-to-volume ratios) 

being compensated by an increase of the oxygen concentration inside the film. Hence 

the formation of relatively large grains, which would explain the occurrence of wide 

hysteresis. In this framework, it is worth highlighting the good results obtained for 

sample S50_475_3, which not only exhibits a fairly good balance of Tlum and ΔTsol 

(46.9% and 6.9%, respectively), but also a main Tc(H) of 66ºC and a variable WH of 

between 16–25ºC, which at the same time makes it suitable (together with sample 

S50_550_2; ΔTsol = 7.5% and WH = 20–32ºC) for application in optical memory 

devices. 

Finally, Figure 8 illustrates the outcomes derived from the optical characterization of 

25 nm thick zig-zag GLAD samples after flash annealing at 500ºC. In general terms, the 

tendencies observed for 50 nm thick samples are maintained, although in these cases, 

the development of hysteresis asymmetries is not so evident (for a more detailed 

overview on this, refer to Fig. S4 in Supplementary Material Section II). Thinner films 

imply instantaneous thermal treatments at lower temperatures, favoring the formation of 

smaller and more homogeneous grains. Such thicknesses also lead to diffusion-

dominated GLAD deposition regimens regardless of tON (i.e. the thickness is so narrow 
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that the threshold at which shadowing events start to occur is not exceeded). This, in 

turn, would support our previous hypotheses about the development of increasingly 

wider hysteresis with tON (i.e. by increasing grain size) at similar porosity levels. 

Furthermore, the ΔTIR,rel values achieved for all these samples suggest similar VO2(M) 

yields. 

 

Figure 8. Vis-NIR optical measurements performed on 25 nm thick VO2–x zig-zag 

GLAD samples instantaneously annealed at 500ºC. (a) Transmittance spectra recorded 

at 25 °C (solid lines) and 90 °C (dashed lines). (b) Thermal evolution of the optical 

transmittance at 2000 nm recorded during consecutive heating (solid lines) and cooling 

(dashed lines) cycles. 
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Conversely, lower layer thicknesses not only lead to even higher Tlum values, but also to 

lower Tc, although again with more pronounced detriments of ΔTsol. In any case, it is 

worth highlighting the good results obtained for tON = 8 s, with remarkable balances of 

Tlum (55.6%) and ΔTsol (4.8%) for sample S25_500_3, accompanied by beneficial 

decreases in Tc(H) up to 7ºC below the 68ºC reported for pure VO2(M) and outstanding 

variable hysteresis widths of 18–26ºC. These results are undoubtedly a considerable 

improvement over those obtained by rapid and air oxidation of V-GLAD 

monolayers[25,26], especially in terms of Tlum and WH, while facing the problem 

inherent to this deposition variant that promotes the development of inhomogeneous 

layer thicknesses. Moreover, these performances are even more noteworthy if the 

negative effects coming from the glass substrate are neglected and only the film 

parameters are taken into account, resulting in Tlum and ΔTsol relationships of 67.8% and 

5.7%, respectively (see Supplementary Material Section III). All of the above makes 

this sample potentially interesting for smart window applications, albeit it would still 

require a further lowering in MIT temperatures through elemental doping strategies, 

which are currently planned as prospective work. 

3.3. Electrical characterization 

In order to explore additional applications for the 100 nm thick annealed samples, DC 

electrical resistivity vs. temperature measurements were carried out between 25–90ºC. 

The results obtained are collected in Figure 9 and Table 4. The transition temperatures 

(Tc) during heating and cooling cycles were calculated from the derivative curves of the 

resistivity vs. temperature plots (Fig. 9) by fitting them with a Gaussian function and 

considering the resulting peaks as the temperatures of the minima variation rates. The 

hysteresis loop widths (WH) given by Tc(heating) – Tc(cooling), the ratio of resistivities 
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at 25ºC and 90ºC, and the order of magnitude of the resistivity drop, calculated through 

the common logarithm of these ratios, are also reported. In contrast to the optical 

characterization, the oxidized vanadium samples (tON = 0 s) show symmetrical and 

relatively narrow electrical hysteresis (WH = 8ºC). Besides, longer tON leads to 

progressive increases in Tc(H) (although not as high as those reported by the 

transmittance vs. temperature measurements) and in WH, this latter accompanied by the 

development of asymmetric hysteresis during the cooling stage. All of the above 

highlights, once again, the different driving forces of optical and structural MITs, the 

latter having been associated rather with electrical changes in VO2(M) systems[40]. 



33 
 

 

Figure 9. Changes in electrical resistivity with temperature for 100 nm thick VO2–x zig-

zag GLAD samples annealed at (a) 475ºC for 60 s and (b) 550ºC for 5 s registered 

during consecutive heating (solid lines) and cooling (dashed lines) cycles. 

 

Taking into account the fast nature of the thermal treatments addressed as well as the 

limitation that this may imply in terms of size and crystallinity of the synthesized 

VO2(M) grains, it can be considered that the results achieved in this section are 
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relatively positive. The oxidation of samples deposited at longer oxygen pulses 

promotes the generation of larger crystallites, which results in lower grain boundary 

densities and, therefore, of intergranular barriers hindering the movement of electrons. 

In this sense, it is worth mentioning the more limited resistivity drops for tON = 8 s 

samples, particularly for sample S100_550_3, which could be closely related to the 

presence of the large voids (previously observed by SEM and TEM studies) acting as 

additional electronic barriers. The results above make the samples deposited at tON = 4 s 

the most interesting from an electrical point of view, since they register resistivity drops 

of 1.2–1.6 orders of magnitude. This not only represents a substantial improvement over 

those achieved by means of the oxidation of single-layer V-GLAD films of similar 

thickness[26], but also enables the alternative application of these systems in a 

multitude of simultaneous electro-optical phase change devices[58]. 

 

Table 4. Main electronic features of the MIT extracted from the resistivity vs. 

temperature measurements carried out on samples S100_475_1–3 and S100_550_1–3. 

The accuracies of temperature and resistivity values are ±0.5 °C and ±10-6  m, 

respectively.  

Sample 
Tc (ºC) 

heating 

Tc (ºC) 

cooling 
WH (ºC) (25ºC)/(90ºC) 

Order of 

Magnitude 

S100_475_1 64 56 8 3.8 ~ 0.6 

S100_475_2 72 65/45 7/27 37.3 ~ 1.6 

S100_475_3 75 63/44 12/31 12.0 ~ 1 

S100_550_1 67 59 8 16.6 ~ 1.2 

S100_550_2 72 64/44 8/28 16.6 ~ 1.2 

S100_550_3 75 65/41 10/34 5.4 ~ 0.7 
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4. Conclusions 

It has been demonstrated that rapid and highly controlled air oxidation of zig-zag VO2–x 

GLAD films of 25, 50 and 100 nm of homogeneous nominal thickness gives rise to the 

fabrication of VO2-based coatings with microstructural characteristics strongly 

influenced by the duration of oxygen pulses used during the deposition processes. The 

size, morphology and arrangement of these microstructures have a determining effect on 

the optical and electrical thermochromic properties of coatings. Some of these events 

have a specific impact on one or several key parameters, although, in most cases, they 

take place to the detriment of other ones, making them more or less suitable for a given 

application. In this sense, it was evidenced that, regardless of the layer thickness, greater 

tON leads to simultaneous improvements in luminous transmittance and hysteresis width 

as a consequence of the formation of generally larger grains, although with 

heterogeneous morphology and grain size distributions. This means that the grains 

formed do not fit perfectly together, leaving gaps between them and somehow 

increasing the overall porosity of the coating. However, this leads to undesired increases 

in Tc as well as the development of asymmetric hysteresis loops. Despite the excellent 

ΔTsol values attained for 100 nm thick samples, the insufficient Tlum (< 27%) and 

abnormally high Tc(H) (> 68°C) values recorded for longer oxygen pulses make them 

rather suitable for application in optical-electronic phase-change devices (given the 

acceptable electrical properties evidenced in samples deposited at tON = 4 s) or in optical 

storage-type systems (maximum variable hysteresis widths up to 41°C for higher tON).  

In contrast, 25 and 50 nm thick samples deposited at tON = 8 s give rise to similarly 

broad hysteresis (WH ≥ 16ºC), although with MIT temperatures during heating 2–7ºC 

below the ordinary value reported for pure VO2(M) films (~68ºC). The latter is 

explained by a vanadium GLAD deposition regime for tON = 8 s and layer thicknesses ≤ 
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50 nm governed exclusively by diffusion events, favoring the homogeneity of the 

synthesized grain sizes. This allows the S25_500_3 sample to achieve optimal 

performances for smart glazing application, with Tlum and ΔTsol values above 55% and 

5%, respectively, coupled with beneficial Tc(H) drops without doping and extraordinarily 

wide variable hysteresis (WH =18–26ºC), representing a remarkable enhancement over 

what was previously accomplished through air oxidation of V-GLAD films. These 

investigations not only open up an alternative avenue for improvement towards the 

development of simple and cost-effective strategies for large-scale manufacturing of 

VO2-based coatings, but also clear the horizon for addressing future doping as the next 

steps in this research line. 
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