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ABSTRACT  

Sputter deposition of thermochromic VO2 thin films for smart window 

applications has been faced with several challenges including the need 

for high deposition temperature, extremely precise and narrow range 

of oxygen/argon flow ratio and target poisoning during sputtering. 

Deposition of VO2 at room temperature without oxygen followed by 

post-deposition annealing has been cited as one of the potential 

mitigations to the challenge. In this study, the effects of post-deposition 

annealing conditions on the structural, electrical and optical properties 

of VO2 thin films are reported. The films were prepared on soda lime 

glass substrates using DC magnetron sputtering of metallic vanadium 

target in argon atmosphere, at room temperature without oxygen 

followed by post-deposition annealing. The working pressure and 

argon flow rate were 5.2 − 5.6 𝑥 10−3  mbar and 76 ml/min, 

respectively. Thereafter, the films were annealed in a low vacuum 

environment at different temperatures and times. The XRD results 

confirmed that all films annealed at different temperatures and times 

were monoclinic VO2 except for films annealed at a temperature of 300 

oC. The results indicate that 400 oC and 20 minutes are the optimum 

annealing temperature and time, respectively, for fabrication of high-

quality VO2 films with improved stoichiometry and crystallinity. The 

films had resistivity change between the semiconducting and metallic 

phases of one order of magnitude and the transition temperature 

between ~ 58 oC and 63 oC. The highest peak transmittance and best 

optical switching of the annealed VO2 films was 53% and 18%, 

respectively, at a wavelength of 2500 nm for film thickness of 44 nm. 

The results suggest that room temperature deposition without oxygen 

followed by post-deposition annealing in a low vacuum environment 

may be adequate for the fabrication of switching VO2 thin films. 
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INTRODUCTION 

Vanadium dioxide (VO2) is a phase 

transition metal oxide that displays 

reversible thermochromic property (Hou et 

al., 2017; Fu et al., 2006; Tsai et al., 2003). 

The material can change its optical and 

electrical properties reversibly depending 

on temperature (Li et al., 2015; Fang et al., 

2000). The phase transition occurs at a 
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critical temperature (𝜏𝑐) of approximately 

68 °C (Li et al., 2016; Granqvist et al., 

2011) for bulk VO2. Below 𝜏𝑐, VO2 has a 

monoclinic structure with semiconducting 

characteristics of high transmittance 

particularly in the infrared region. Above 

𝜏𝑐, VO2 has a rutile tetragonal structure 

with metallic characteristics of high 

attenuation/reflectance of electromagnetic 

radiation particularly in the infrared 

(Lyobha et al., 2018; Monfort et al., 2014). 

At the semiconducting-metallic transition 

(SMT), properties of VO2 such as electrical 

conductivity, structure, optical 

transmittance and mechanical stiffness 

change abruptly (Fang et al., 2000; 

Granqvist et al., 2010). This phase 

transition makes the material suitable for 

different applications such as smart 

windows, optical and electrical switching, 

laser protection, information storage, 

infrared sensors, spacecraft thermal 

control, and military camouflage (Hou et 

al., 2017; Li et al., 2016; Mlyuka, 2010; 

Ningyi et al., 2002). 

VO2 can be prepared by different methods 

including; chemical vapor deposition, 

pulsed laser deposition, thermal 

evaporation, sol-gel process, and 

magnetron sputtering (Hou et al., 2017; Ba 

et al., 2016; Monfort et al., 2014; Mlyuka 

et al., 2009a; Kivaisi and Samiji, 1999). 

Each preparation method produces 

different and sometimes unique film 

structure, optical and electrical properties 

(Guo et al., 2021; Bukhari et al., 2020; 

Vostakola et al., 2017; Mlyuka and Kivaisi, 

2006). Magnetron sputtering is one of the 

most reported techniques for VO2 

fabrication because the technique mostly 

uses metallic vanadium targets whereby the 

range of the gas flow ratio between 

sputtering and reactive gases during 

sputtering varies depending on the target’s 

composition. Specifically, the range of the 

oxygen/argon gas flow ratio is very narrow 

during deposition when metallic vanadium 

is used as a target (Khairy et al., 2023; Tsai 

et al., 2003). This is due to the existence of 

many oxide phases in the V-O system, 

meaning that even a small change in the gas 

flow ratio may lead to over-oxidation or 

reduction of the stoichiometric VO2 

(Tangirala et al., 2014). Also, high 

deposition temperatures greater than 400 

oC and precise control of the oxygen/argon 

ratio are required (Song et al., 2016; Kang 

et al., 2010; Wang et al., 2007). 

Furthermore, target poisoning caused by 

oxidation on the target surface may reduce 

the sputtering rate and change the 

stoichiometry of the deposited films when 

the reactive method is used (Kubart et al., 

2021; Fang et al., 2000). All these make 

reactive deposition of VO2 from metallic 

vanadium targets difficult and time-

consuming 

Attempts have been made to fabricate VO2 

from a more stable V2O5 dielectric target 

through post-deposition annealing in a 

reducing atmosphere. On the other hand, 

several hindrances persist concerning the 

use of V2O5 targets for VO2 fabrication. 

These include the use of hydrogen (Corr et 

al., 2008), carbon monoxide (Wang et al., 

2018), hydrogen peroxide (Wang et al., 

2013) and oxalic acid (Vostakola et al., 

2017) which are either explosive or toxic 

(MDEQ, 2024) hence requiring special 

safety precautions during deposition. 

Another attempt that has been made to 

fabricate VO2 is the deposition from a 

metallic vanadium target at room 

temperature followed by high-temperature 

annealing in a reactive gas atmosphere 

(Dou et al.,2015, Li et al., 2015). However, 

only a few studies have reported on the 

fabrication of VO2 films through room 

temperature sputter deposition of metallic 

vanadium targets, followed by post-

deposition annealing in a low vacuum 

environment (Ba et al., 2016, Li et al., 

2016). Furthermore, annealing conditions 

for the production of high-quality VO2 

films are not well known. Improved 

annealing conditions may lead to the 

fabrication of high-quality thermochromic 

VO2 films. In this study, VO2 thin films 

were deposited on soda lime glass 

substrates using DC magnetron sputtering 
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of a metallic vanadium target at room 

temperature without oxygen, followed by 

post-deposition annealing in a low vacuum 

environment with residual oxygen. This 

method does not cause any heat damage to 

the magnetron in the sputter system, and 

has greater potential for large scale 

industrial production of the films (Chu et al. 

2022).  The effects of post-deposition 

annealing conditions on the structural, 

electrical and optical properties of the 

prepared films are reported. 

 

METHODS AND MATERIALS  

Experimental Details 

Fabrication of VO2 Thin Films 

VO2 thin films were deposited on soda lime 

glass substrates at room temperature using 

DC magnetron sputtering of vanadium 

metallic target (99.95% purity) in argon 

atmosphere, followed by post-deposition 

annealing. To obtain good adherence to the 

deposited films, substrates were cleaned by 

following standard procedures to remove 

organic substances, dust, and any other 

contaminants that were present on the 

surface. Before deposition, a strip on glass 

substrates was covered by Teflon sticky 

tape to create a step between the film and 

the substrate that can be used in the 

determination of film thickness. During 

film deposition, the base pressure was 

6.5 𝑥 10−6 mbar and the working pressure 

was 5.2 − 5.6 𝑥 10−3 mbar, achieved after 

introducing argon (99.99% purity) into the 

deposition chamber at a flow rate of 76 

ml/min. The sputtering power ranged 

between 100 W and 250 W while the 

deposition time ranged between 15 min to 

40 min to achieve film thicknesses, within 

the range 25 nm to 180 nm, reported to 

possess significant optical switching (Yang 

et al., 2019, Mlyuka et al., 2009b). The 

films were thereafter annealed using a rapid 

thermal processing (RTP-1000D4) furnace 

at different temperatures and times. To 

study the effect of annealing temperature 

on the properties of the fabricated films, the 

annealing temperature was varied from 300 

- 450 oC at a ramping rate of 60 °C/min with 

a fixed annealing time of 25 min. This 

temperature range was chosen, since it is 

what was reported to facilitate VO2 growth 

by high temperature magnetron sputtering 

method (Mlyuka and Kivaisi, 2006). 

Furthermore, to study the effect of 

annealing time on the fabricated films 

properties, the annealing temperature was 

fixed at 400 oC and the annealing time was 

varied between 5 min and 25 min.  

Structural and Morphological 

Characterization 

The structure and phases of the annealed 

VO2 films were investigated by X-ray 

diffraction (Bruker D8 Discover, XRD). 

The measurements were carried out using a 

Cu (Kα) radiation source (λ= 0.15406 nm) 

with a diffraction angle of 2𝜃; 10o – 80o at 

a scan rate of 2 o/min in a continuous scan. 

The XRD spectra were used to determine 

the degree of crystallinity of the samples 

and through the Scherrer formula 

(Equation 1) and measurements of the full 

width at half maximum (𝐹𝑊𝐻𝑀) of the 

dominant peak, crystallite sizes 𝐷  were 

determined.  

𝐹𝑊𝐻𝑀 =
𝑘𝜆

𝐷𝑐𝑜𝑠𝜃
                   (1) 

where k is the shape factor of the average 

crystallite, in our case taken as 0.9 

assuming perfect spherical grains, λ is the 

X-ray wavelength, and 𝜃  is the peak 

diffraction angle position. 

The films surface morphology was 

investigated using a Digital Instruments 

Nanoscope IIIa multimode atomic force 

microscope. The instrument was operated 

in the taping mode using RTESP7, 125 µm 

pyramidal silicon tips with resonance 

frequency of ~ 300 kHz. The scan rate and 

scan size were 2 Hz and 2  𝑥  2 µm, 

respectively. The obtained AFM images 

were analyzed to obtain average grain size 

by using the nasoscope 5.12r5 system 

software. Film thicknesses were 
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determined using the Alpha Step IQ surface 

profiler using 500 µm, 50 µm/s, and 50 Hz 

as the scan parameters presenting scan 

length, scan speed, and sampling rate, 

respectively. 

Electrical Characterization 

The electrical carrier concentration and 

mobility as well as conductivity of the 

samples were determined using Ecopia 

HMS-3000 Hall effect measurements 

system containing a permanent magnet 

source with field strength of 0.57 T. Sheet 

resistance of the samples in kilo-ohms per 

square (kΩ/□) was measured using the 

Jandel model RM3-AR test unit in 

combination with four-point probe. 

Electrical switching of the films was 

determined from sheet resistance-versus-

temperature curves. A heating cell using a 

low-voltage DC power supply was used to 

heat the samples across the transition 

temperature. The ratio of the sheet 

resistance recorded at room temperature 

(24 oC) well below 𝜏𝑐 and at 100 oC (well 

above 𝜏𝑐) was used to compute the order of 

electrical switching magnitude. 

 

Optical Characterization 

The Perking Elmer Spectrum BX FT-IR 

spectrophotometer was used to determine 

the optical switching of the films in the 

wavelength range 1800 ≤ λ ≤ 25000 nm. 

This near to mid-infrared range is where 

VO2 films switching is most pronounced. 

Measurements were taken at 25 oC (room 

temperature) for the semiconducting phase 

and 100 oC for the metallic phase of the 

films. Measurements at 100 oC were 

achieved with the aid of a heating cell 

consisting of a thin double plate heater in 

which samples were fitted. The sample 

temperature was monitored by pressing a 

thermocouple probe connected to a digital 

thermometer against the film surface inside 

the heating cell. 

 

RESULTS AND DISCUSSION 

Figure 1 displays the XRD spectra of VO2 

films annealed at different temperatures 

ranging from 300 oC to 450 oC. For samples 

annealed at 350 oC, 400 oC, and 450 oC, the 

spectra display a prominent diffraction 

peak at 2θ ≈ 14o corresponding to (211) 

planes of the VO2(B) phase as deduced 

from Joint Committee on Powder 

Diffraction Standards (JCPDS) database 

with card no. 01-081-2392 (Popuri et al., 

2013). The prominence of the (211) 

diffraction peak compared to other peaks 

reveals that the films are polycrystalline 

with a preferred orientation (Ji et al., 2016). 

The spectra are also in good agreement with 

distinctive features of VO2 films reported 

by other authors (Song et al., 2016, Tsai et 

al., 2003). At 350 oC, the composition of 

the films was mostly VO2 with strong 

diffraction peaks corresponding to (211), 

(110), and (002) planes, however, extra 

peaks related to V3O5 (200) and V4O7 (122) 

phases were also observed (insert b in 

Figure 1). For samples annealed at 300 oC, 

only lower vanadium oxide phases 

including V3O5, V4O9, and V4O7 were 

observed (insert a in Figure 1) indicating 

insufficient oxidation of the films. This is 

in agreement with observations from other 

studies in which VO2 samples were 

deposited at elevated temperatures and 

oxidation to VO2 was reported to occur at 

deposition temperatures above 400 oC (Li 

et al., 2016, Chu et al., 2014, Guo et al., 

2015). Figure 1 further shows that the 

intensity of the prominent (211) peak 

increased with increasing annealing 

temperature indicating an improvement in 

the crystallinity of the fabricated VO2 films 

(Aiempanakit et al., 2017, Mlyuka and 

Kivaisi, 2006). The average grain size was 

estimated by Scherrer’s formula (Equation 

1) and found to increase from 16 nm to 27 

nm for films annealed at 400 oC and 450 oC, 

respectively, mostly due to increased 
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mobility of adatoms with increasing 

annealing temperature (Dou et al., 2015). 

For higher annealing temperatures, the 

adatoms have enough kinetic energy to find 

lower energy sites before being covered by 

other atoms and hence better rearrangement 

of atoms can be realized (Ba et al., 2016, 

Liu et al., 2009). This cannot be realized at 

low annealing temperatures, since the 

condensed atoms do not have enough 

energy leading to poor crystallinity. 

 

 
Figure 1: XRD spectra of VO2 films annealed at 300 oC, 350 oC, 400 oC, and 450 oC. The 

inserts are magnified spectra for VO2 samples annealed at 300 oC and 350 oC. 

As for the effect of annealing time, the 

XRD spectra for samples annealed for 5 to 

25 minutes at 400 oC, were observed to 

have diffraction peaks corresponding to 

VO2 (Figure 2). The figure further shows an 

increase in the XRD peak intensity with 

increasing annealing time from 5 to 20 

minutes, before decreasing slightly for 

samples annealed for 25 minutes. This 

implies that an optimum annealing time is 

recommended for the fabrication of high-

quality VO2 films as has also been observed 

by other authors (Fu et al., 2006, Ji et al., 

2016). From the XRD spectra, the average 

grain size of the samples determined using 

Scherrer’s formula (Equation 1) was found 

to increase from 6 nm to 16 nm as the 

annealing time was increased from 5 to 20 

minutes, thereafter, decreasing slightly to 

13 nm for samples annealed for 25 minutes. 

Moreover, there was a slight shift of spectra 

peaks as the annealing time was increased. 

This might be attributed to increase in the 

lattice size and strain/compression of the 

samples that might have happened as a 

result of an increase in annealing time 

(Aiempanakit et al., 2017, Tselev et 

al.,2010).  
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Figure 2: XRD spectra of VO2 films annealed for 5, 10, 15, 20 and 25 minutes.  

 

Figure 3 (a) shows the AFM image of the 

as-deposited VO2 films whereby the 

surface morphology was found to be 

uniform and densely packed with an 

average grain size of 161 nm2 as 

determined by Nanoscope 5.12r5 system 

software. Figure 3 (b, c, and d) displays 

images of VO2 films annealed at 

temperatures of 300 oC, 350 oC, and 450 oC, 

respectively. From the figures, it is evident 

that the films’ morphologies evolve with an 

increase in annealing temperature whereby 

films annealed at 300 oC and 350 oC showed 

well-developed elongated grains whereas 

those annealed at 450 °C had very large 

grains that seemed to have coalesced into a 

more continuous film. The average grain 

size of the films increased with an increase 

in annealing temperature at 374 nm2, 643 

nm2, and 1107 nm2 for films annealed at 

300 oC, 350 oC, and 450 °C, respectively as 

presented in Figure 3 (e). The increase in 

average grain size with an increase in 

annealing temperature is due to enhanced 

atom mobility and/hence migration across 

grain boundaries and recrystallization at 

higher temperatures leading to the 

formation of larger grains as suggested by 

Thorntons film growth model (Thornton, 

1986). The evolution of the films 

microstructure with an increase in 

annealing temperature is evident from these 

results, however, the optimum annealing 

temperature is recommended to obtain 

high-quality VO2 films (Corr et al., 2008, 

Wang et al., 2007). 

 

 
Figure 3: (a and b, c, d) AFM images for VO2 

films (a) as-deposited, and annealed at; (b) 

300 oC, (c) 350 oC, and (d) 450 oC, 

respectively, and (e) grain size dependence 

on annealing temperature (the lines are for 

guiding the eye). 
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Figure 4 (a - d) shows AFM images of VO2 

films annealed at different time intervals at 

400 °C substrate temperature. Films 

annealed for 5 min exhibited a compact 

surface with many small grains of 290 nm2 

in size (Figure 4 (a)). At 10 min annealing 

time, the films appear rougher, with a 

relatively larger grain of 368 nm2 in size 

(Figure 4 (b)). At 15 min annealing time, 

the grains roughness appears to decrease 

slightly, and grain size increases further to 

416 nm2 (Figure. 4 (c)). At 20 min 

annealing time, the average grain size 

increased further to 548 nm2 and appears 

more uniform across the image (Figure 4 

(d)). 

 

 

Figure 4: (a and b, c, d) AFM image of VO2 

films annealed for (a) 5 min, (b) 10 min, (c) 

15 min, and (d) 20 min, respectively, and (e) 

grain size dependence on annealing time (the 

lines are for guiding the eye). 

 

Sheet resistance as a function of the 

annealing temperature of VO2 films is 

shown in Figure 5 (a – d). During 

measurements, the temperature of the 

sample was increased from 25 oC to 100 oC 

followed by subsequent cooling back to 25 

oC. The best annealed VO2 samples had a 

resistivity change between the 

semiconducting to metallic phases of one 

order of magnitude in agreement with 

results reported for high-temperature 

deposited VO2 films (Mussa et al., 2018, 

Dou et al.,2015, Guo et al., 2014). The 

sheet resistance switching however was not 

very sharp due to the size of the grains as 

has been observed before (Xu et al., 2012). 

This made a determination of 𝜏𝑐 to be 

challenging, however, taking the value of 𝜏𝑐 

as a midpoint between heating and cooling 

curves of temperature-dependent sheet 

resistance, the 𝜏𝑐 was estimated to be 

between ~ 58 oC to 63 oC consistent with 

the values reported for VO2 thin films 

deposited under high-temperature reactive 

sputtering (Haji et al.,2023, Li et al., 2016, 

Mlyuka et al., 2009b).  

Conductivity and carrier concentration of 

the films as determined by the Hall Effect 

measurements system, were found to 

decrease while charge carrier mobility 

increased with an increase in annealing 

temperature as shown in Figure 6 (a and b). 

The highest values of electrical 

conductivity and carrier concentration were 

15.7 (Ωcm)−1  and 2.4 𝑥 1020  cm-3, 

respectively obtained for VO2 films 

annealed at 300 oC. At higher annealing 

temperatures, conductivity and carrier 

concentration decreased to below 2 

(Ωcm)−1  and between 0.4 𝑥1019  and 

2.1𝑥1019, respectively. The corresponding 

values of resistivity are just the reciprocal 

of conductivity and are shown in Figure 6 

(d). Carrier mobility on the other hand 

slightly increased with increasing 

annealing temperature as depicted in Figure 

6 (c). The decrease in carrier concentration 

and conductivity is due to an increase in 

oxidation of the films into a 

semiconducting VO2 as the annealing 

temperature was increased (Tsai et al., 

2003). On the other hand, increased carrier 

mobility with an increase in annealing 

temperature is a result of improved 

crystallinity of the films as was observed 

from XRD data, making the flow of charge 
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carries easier. An increase in mobility of 

carriers is expected to increase 

conductivity, however, in this study this 

was coupled with a decrease in carrier 

concentration, resulting in an overall 

decrease in conductivity. 

 

 

 

Figure 5: Sheet Resistance versus temperature curves for films annealed at (a) 300 oC, (b) 350 

oC, (c) 400 oC and (d) 450 oC, respectively. 

Figure 7 (a-c) displays the spectral 

transmittance of annealed VO2 films in both 

semiconducting and metallic phases in the 

wavelength range of 1800 ≤ λ ≤ 6000  nm.  

Optical transmittance of VO2 thin films 

strongly depends on film thickness and hence 

we present values for thicknesses reported to 

achieve significant optical switching (Yang et 

al., 2019). Films with a thickness of 44 nm 

showed the best optical transmittance 

switching of about 18%, from 53% for the 

semiconducting phase at 25 °C to 12% for the 

metallic phase at 100 oC obtained at λ = 2500 

nm, a wavelength at which VO2 displays 

maximum switching amplitude (Liu et al., 

2009, Luo et al., 2016). As the film thickness 

increased to 113 nm, the transmittance 

switching amplitude decreased to 18% as 

shown in the figure. The peak transmittance in 

the semiconducting phase also decreased with 

an increase in film thickness, from 53% at λ = 

2500 nm for 44 nm thin films to 18% for 113 

nm thin films. The optical data suggests that 

room temperature deposition without oxygen 

followed by post-deposition annealing in a 

low vacuum environment may be adequate for 

the fabrication of switching VO2 thin films. 
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Figure 6: The variation of (a) conductivity, (b) carrier concentration, (c) mobility, and 

(d) resistivity of VO2 films with annealing temperature. 

 

Figure 7: (a-c) Low and high-temperature spectral transmittance of thermochromic VO2 

films with different thicknesses, annealed at 400 oC. (d) Switching magnitude of VO2 as a 

function of film thickness (the lines are meant to guide the eye). 
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CONCLUSION 

In this study, the effects of post-deposition 

annealing temperature and time on the 

properties of VO2 films deposited using DC 

magnetron sputtering at room temperature 

without oxygen followed by post-

deposition annealing in a low vacuum 

environment were investigated. The XRD 

results confirmed that all films annealed at 

different temperatures and times were 

monoclinic VO2 except for films annealed 

at 300 oC. It was found that 400 oC and 20 

minutes are the optimum annealing 

temperature and time for the fabrication of 

high-quality VO2 films with improved 

stoichiometry and crystallinity in a low 

vacuum environment. Resistivity switching 

of the films between the semiconducting 

and metallic phases was of one order of 

magnitude and the transition temperature 

was determined to be between ~58 oC to 63 

oC consistent with the values reported for 

high-temperature deposition of VO2 thin 

films. As the films thickness was increased, 

the overall optical transmittance decreased, 

that is, films with a thickness of 44 nm and 

annealed at 400 oC showed the best optical 

switching of about 18%, from 53% for the 

semiconducting phase of VO2 at room 

temperature to 12% for the metallic phase 

of VO2 at 100 oC evaluated at a wavelength, 

λ = 2500 nm. These results demonstrate 

that DC magnetron sputtering at room 

temperature without oxygen followed by 

post-deposition annealing is a viable 

alternative process to be followed for the 

fabrication of high-quality VO2 thin films. 
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