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A B S T R A C T   

Vanadium dioxide (VO2) is identified as one of the most promising candidates in smart windows due to its metal- 
to-insulator transition. Most reported studies concentrated on the improvement of their optical properties in 
sunlight wavelength, while the significant effect of their emissivity in the mid infrared region (MIR) was rarely 
studied. Here, we proposed a universal approach to fabricating W - doped VO2 based smart coatings with 
excellent infrared - shielding ability and good thermochromic performance. The W dopant is used to decrease the 
phase transition temperature of VO2, and promote the practicability. We believe that the method will attract 
more attention to MIR properties of VO2 based smart coatings and improve the dynamic temperature manage-
ment ability significantly.   

1. Introduction 

Energy consumption is one of the most serious issues in the 21st 
century. To alleviate and solve this issue, reducing the demand for 
temperature regulation inside buildings will have a great impact since it 
contributes a lot to total energy consumption worldwide [1–4]. Smart 
windows, which can intelligently regulate solar irradiation via modu-
lating optical properties of windows to finally manage the indoor tem-
perature, have a great potential in energy savings [5–12]. Therein, VO2 
is regarded as one of the most representative materials for smart win-
dows due to the distinct optical properties across the metal-to insulator 
transition and has obtained much attention [13–17]. 

In previous studies on VO2 based thermochromic coatings, scientists 
placed most of the emphasis on their luminous transmittance (Tlum), 
solar energy modulation ability (ΔTsol), and phase transition tempera-
ture (τc), which played significant roles in ultraviolet (UV) – visible (VIS) 
- near-infrared (NIR) regions [18–20]. However, thermal radiance in 
MIR was ignored even though it played a significant role as well 
[21–23]. In MIR, the infrared-shielding ability bestowed by the low 
emissivity is required. The infrared-shielding smart window blocks 
infrared radiance from the atmosphere to cool the interior in the 

summer, and more importantly, reduces heat dissipation caused by 
thermal radiance from the interior in the winter to keep warm, which 
finally promotes human comfort and reduces energy consumption. Gao 
et al. [24,25] used F - doped SnO2 (FTO) glass and Al - doped ZnO (AZO) 
glass as substrates that have inherent low emissivity and coated VO2 
films on them by polymer-assisted deposition. The emissivity when VO2 
films were insulating in MIR was 0.19 and 0.31, respectively. Baloukas 
et al. [26] designed B270/Si3N4/VO2/Ag/Si3N4 multilayer structures by 
magnetic sputtering, which also obtained a good performance that the 
emissivity lowered to 0.1. Nevertheless, a method to fabricate VO2 based 
smart coatings with lower fabrication temperature, lower τc, comparable 
thermochromic performance, excellent infrared-shielding ability, and a 
simple structure still needs to be explored. 

Herein, we propose a universal and highly-controlled method to 
prepare VO2 based smart coatings that satisfy the aforementioned re-
quirements. We choose ITO glass as the substrate and deposit W - doped 
VO2 films by high power pulsed magnetron sputtering (HiPIMS) fol-
lowed by an annealing process. The high-quality W - doped VO2 layer 
provides excellent thermochromic performance in NIR regions but 
almost invariable low emissivity, which meets the demands of optical 
performance perfectly. Furthermore, the excellent compatibility and 
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simplicity of the two-layered VO2/ITO structure provide broad poten-
tials for various further designs. We believe strongly that this investi-
gation will provide an effective method for the design and fabrication of 
VO2 based smart coatings and encourage more attention to their infrared 
properties. 

2. Experimental details 

2.1. Materials 

A W-doped vanadium target with a purity of 99.9% and a diameter of 
76.2 mm was used in the deposition process, and the doping level was 3 
wt%. Argon (Ar) and oxygen (O2) used in our experiment were both of 
99.9995% purity. The sheet resistance of the ITO glass substrate (1 × 4 
cm2) was 6 ~ 8 Ω, and substrates were all cleaned using de-ionized (DI) 
water and alcohol and dried by a stream of pure nitrogen (N2). 

2.2. High power pulsed magnetron sputtering process 

To avoid the influence of a high temperature on optical properties of 
the ITO substrate, we choose 400 ◦C as the sputtering temperature rather 
than a widely used temperature over 500 ◦C. The high-power pulsed 
magnetron sputtering system (MS650C) was purchased from KeYou, 
China. The Ar/O2 ratio was fixed at 81:1.3 sccm and the chamber 
pressure was fixed at 0.9 Pa. The input pulse frequency and width were 
fixed at 200 Hz and 50 ìs, respectively. The sputtering power was set as 
100 W. According to the different sputtering time as 2, 4, 6, 8, and 10 
min, we recognized the samples as samples 2, 4, 6, 8, and 10. 

2.3. Annealing process 

To weaken the influence of the relatively low sputtering temperature 
on our VO2 films, samples were annealed under an argon atmosphere 
with the purity of 99.99% at 400 ◦C for different time, to transform them 
from VOx to VO2 (M) phase. The gas flow was set as 100 sccm and the 
heating speed was 1 ◦C/min. The overall fabrication process could be 
seen in Fig. 1. 

2.4. Measurements 

The crystalline phases were characterized using X-ray diffraction 
(XRD, PANalytical B.V. Model Xpert Pro) at an X-ray grazing angle of 
2.0◦. The surface morphologies and thickness were evaluated by an 
atomic force microscope (AFM, Dimension Icon, Bruker) and a field 
emission scanning electron microscope (FEI Helios Nanolab600i). X-ray 
photoelectron spectroscopy (XPS) was performed with a PHI 5700 ESCA 

System using Al Ka radiation (1486.6 eV). XPS data were calibrated to 
the C1s peak and analyzed using Casa XPS software. The transmittance 
of the VO2 films was measured using a UV – VIS – NIR spectropho-
tometer (Lambda-950, PerkinElmer) equipped with a film heating unit 
over the wavelength range of 250–2500 nm. Hysteresis loops were 
measured by collecting the transmittance of films at a fixed wavelength 
(2000 nm) at an approximate interval of 2.0 ◦C using a fiber optic 
spectrometer (Ocean optics, NIRQuest 256-2.5). The temperature was 
measured with a thermocouple in contact with the film and was 
controlled by a temperature-controlling unit. The temperature errors 
were smaller than 0.5 ◦C based on repeated measurements. Fourier 
transform infrared (FT-IR) spectroscopy was performed using an FT-IR 
system (VERTEX-70, Bruker) from 2.5 to 25 μm. The IR images were 
recorded by thermal imager (TIX-660, Fluke) from 7.5 to 14 μm. 

2.5. Optical properties 

When concerning VO2 based smart coatings, Tlum and ΔTsol are the 
most important parameters in sunlight wavelength (250–2500 nm). Tlum 
and ΔTsol reflect the luminous transmittance and solar energy modula-
tion ability before and after the phase transition, which can be calcu-
lated as equations (1) and (2) [14,27]. 

Tx =

∫

φx(λ)T(λ)dλ
/∫

φx(λ)dλ (1)  

ΔTsol =Tsol(T < τc) − Tsol(T > τc) (2)  

where x denotes lum or sol, T(λ) represents the transmittance at a 
certain wavelength λ, φlum(λ) and φsol(λ) represent the standard vision 
efficiency function ranging from 390 to 780 nm and the solar irradiance 
spectra when the air mass is 1.5, respectively. T represents the sample 
temperature. When referring to as smart windows’ infrared properties, 
emissivity ε and the radiative energy PI are the key parameters that are 
calculated by equations (3) and (4): 

PI = εσT4 (3)  

ε(T)=
∫ λ2

λ1 (1 − R(λ,T))Pb(λ,T)dλ
∫ λ2

λ1 Pb(λ,T)dλ
(4)  

where σ represents the Stepan-Boltzmann constant, λ1 and λ2 represent 
the wavelength, ε(T) represents the ε at temperature T, while R(λ, T) and 
Pb(λ, T) denote the reflectance and radiative energy density of the 
blackbody that measured at temperature T and wavelength λ. 

Fig. 1. A schematic for the fabrication of VO2/ITO films.  
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3. Results and discussion 

To start, it was essential to measure the thickness of samples to 
characterize their structural parameters and assess the sputtering speed. 
Since the thickness of samples 2 and 4 was too thin to be observed, we 
took additional cross-sectional SEM images of samples which deposited 
for 12 min, 14 min, and 16 min, as shown in Fig. S1. By calculation, the 
average sputtering speed was 7~9 nm/min approximatively and the 
speed would increase with sputtering time. Later, we investigated the 
effect of annealing time on samples’ physical properties by XRD and 
XPS. As illustrated in Fig. 2a, it was obvious that ITO peaks were 
enhanced continuously with increasing annealing time, which might be 
a result of the rising surface roughness. When aiming at peaks of VO2, 
according to the reported reflection of VO2 (M) (JCPDS 43–1051), the 
characteristic (011) peak of VO2 (M) which located at around 27.9◦ was 
observed. Even though the peak was weak because the W - doped VO2 
layers were quite thin, we could recognize that the characteristic 
diffraction peak gradually increased with annealing time, which indi-
cated that the annealing process promoted the crystallization of W 
doped VO2 layers. The crystallite size of W - doped VO2 thin films could 
be calculated by Scherrer equation: 

D=
Kλ

β cos θ
(5)  

where D represents the crystallites size (nm), K = 0.9 which represents 
Scherrer constant, β represents the full width at half maxima (FWHM), λ 
represents the wavelength of the x-ray sources and is set as 0.15406 nm, 
and θ represents the peak position. The peak position and the full width 
at half maxima (FWHM) of each (011) peak are (28.62◦, 0.578◦), 
(28.54◦, 0.587◦), (28.45◦, 0.522◦), (28.16◦, 0.458◦), (28.38◦, 0.483◦), 
corresponding to samples 6 with annealing time of 1, 3, 5, 7, 9 h. 
Therefore, their crystallite sizes can be calculated as 14.18, 13.96, 
15.70, 17.88, 16.97 nm, respectively. Roughly, the crystallite size 
increased with annealing time, but was lack of strong regularity possibly 
due to the measuring error and the thin film. 

In Fig. 2b–f, we could observe that all peaks of the V2p3/2 in samples 
6 with different annealing time could be divided into two peaks of 
around 516.8 eV and 515.5 eV, which were assigned as V2p3/2 (V4+) and 
V2p3/2 (V3+) respectively [28–30]. As annealing time increasing, the 
area of the V2p3/2 (V4+) was enlarged and meanwhile, the area of V2p3/2 

(V3+) decreased, which could confirm that the annealing process helps 
the transformation of the V element from 3+ to 4+. Specific data of each 
area could be seen in Table S1 while the survey spectra of sample 6 and 
the peaks of W could be seen in Fig. S2. We could find two peaks located 
at 37.8 and 35.5 eV, which were consistent with peaks of W4f5/2 and 
W4f7/2 [31]. 

To explore the effect of film thickness and annealing time on sam-
ples’ morphology, two groups which fixed annealing time at 5 h and 
sputtering time at 6min respectively were chosen to take AFM mea-
surements. AFM images of samples 6 with different annealing time were 
shown in Fig. 3, and Fig. S3 showed AFM images of samples with 
different thicknesses. Their root mean square roughness (Rq) and 
average roughness (Ra) were calculated in Fig. 4. It was obvious that the 
surface roughness of samples increased with annealing time but was not 
related to thickness, which was also consistent with reported literature 
[32,33], and the increment of the ITO peaks in Fig. 2a was also 
confirmed. Additional SEM images shown in Fig. S4 also provided 
potent evidence for it. 

Later, to give a description of Tlum and ΔTsol, samples’ temperature- 
dependent UV - VIS - NIR transmittance spectra were measured. In 
Fig. 5a, the effect of annealing time on the optical properties of ITO 
substrates was firstly investigated. It was obvious that there were only 
slight changes in NIR after the annealing process in the transmittance 
spectra. Therefore, we could ignore the changes in substrate properties 
when considering the effect of the annealing process. For samples with 
different thicknesses, we also measured their transmittance spectra with 
different annealing time, and their Tlum and ΔTsol when annealing 5 h 
could be seen in Table S2. (VO2 layer was facing the incident light in the 
experiments) In Fig. 5b–f, ΔTsol of samples was promoted after the 
annealing process, which also indicated that a purer VO2 (M) phase 
occurred in films. The best thermochromic performance occurred with 
the annealing time exceeding 5 h and there was little change when 
extended annealing time, indicating that the promotion caused by the 
annealing process reached the extreme. 

To further evaluate the effect of annealing time on samples’ phase 
transition process and optimize the annealing time, the thermal hys-
teresis loops were measured utilizing the transmittance at 2000 nm as 
the drawing data. In Fig. 6a, samples 6 with different annealing time 
exhibited gradient-changing thermal hysteresis loops following 
annealing time. We then calculated the differential curves of heating and 

Fig. 2. (a) XRD pattern of sample 6 with different annealing time; (b–f) XPS spectra of V2p and O1s core levels of samples with different annealing time. The black 
dash line denotes the original data, and the black solid line denotes the fitted curve. 
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cooling branches to describe the definition of the transition parameters. 
In Fig. 6b, it was clear that both the phase transition temperature and 
hysteresis loop widths increased with annealing time, which may belong 
to a better crystallization after the annealing process [33]. When fixing 
the annealing time at 5 h, the phase transition temperature and hys-
teresis loop widths were 50 ◦C and 8 ◦C, respectively. Besides, 
decreasing efficiency of W - doped VO2 films in this article achieved 21 
K/at.%, which also conformed to the regularly reported laws [13,34]. 

The temperature - dependent reflectance spectra in MIR under 30 ◦C 
and 70 ◦C was demonstrated in Fig. 7 and the emissivity of samples 6 
with different annealing time was calculated in Table S3. The intrinsic 
MIR reflectance of the ITO substrate was shown in Fig. S5, whose high 
reflectance in MIR provided the excellent infrared-shielding ability for 
our samples. When the temperature increased, the low emissivity still 
remained when VO2 transformed to the metallic state [29]. As shown in 
Fig. 7a, with the increment of VO2 thickness, the reflectance decreased 
because of the enhancement of MIR absorption caused by W doped VO2 
layers. A similar trend was found in Fig. 7b, which concentrated on the 
MIR reflectance of samples 6 with different annealing time. Overall, it 
was clear that the samples could remain an excellent infrared-shielding 
ability in a broadband temperature range that covered the whole serving 
temperatures. 

To further exhibit a more comprehensive understanding of the 

infrared-shielding ability, we took IR images of our samples and SiO2 
substrates which were set as reference. As shown in Fig. 8a–b, samples 
were attached to the heater with precise temperature control so that it 
was easy to keep all samples at same temperatures to compare and 
evaluate their infrared performance. The huge emission energy differ-
ence between our samples and SiO2 substrates due to their emissivity 
contrast made a special pattern “HIT” under an IR camera apparent, no 
matter it was hot or cold (Fig. 8c). It could also reflect the huge gap of 
the radiation heat exchange ability between the common VO2 based 
smart coatings which deposited on substrates with high emissivity like 
SiO2 and our infrared shielding samples, which would attract more 
attention to the infrared shielding ability of VO2 based smart coatings. 

4. Conclusion 

We have demonstrated a universal method for fabricating smart 
windows based on W - doped VO2 comprising both infrared-shielding 
ability in MIR and dynamic modulation ability in the visible to NIR. 
Our samples have exhibited comparable solar energy modulation ability 
(~8.54%), lower transition temperature (~50 ◦C), and relatively low 
fabrication temperature (400 ◦C). The key infrared shielding ability 
endows the coating with a much better thermal insulating effect 
compared to majority of smart coatings with high emissivity substrates 

Fig. 3. (a–e) AFM images of samples 6 with different annealing time.  

Fig. 4. Average roughness (Ra) and root mean square roughness (Rq) of (a) Samples 6 with different annealing time; (b)Samples 2, 4, 6, 8, 10 that annealing 5 h.  
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like SiO2, which will further reduce the indoor energy consumption. 
Meanwhile, the simple structure of the device provides the impressive 
design possibility of combining with other capabilities, making it satis-
fying for further promotion of smart windows. 
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