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The infrared optical performance of VO2 film prepared by HiPIMS 
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H I G H L I G H T S  

• VO2 film was in-situ prepared by High power impulse magnetron sputtering. 
• The VO2 films exhibit distinct temperature difference (>20 ◦C) in infrared camera. 
• The VO2 film exhibits excellent thermochromic property and low phase transition temperature.  
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A B S T R A C T   

In this paper, the VO2 thermochromic film was in-situ prepared by High Power Impulse Magnetron Sputtering 
(HiPIMS). The discharge property of HiPIMS is regulated via the average power to optimize the optical per-
formance of VO2 film. And the thermochromic ability characterized by △T2500 can exceed 55%. Besides, the 
phase transition temperature (e.g., ~42 ◦C) is much lower than 68 ◦C and with a narrow width of hysteresis loops 
(e.g., ~4 ◦C). Furthermore, the infrared radiation performance is studied by sputtering VO2 film on a polished Al 
foil. The emittance difference (△ε) of the VO2 film achieves 0.12 at mid-infrared regions as temperature in-
creases, which can be distinctly distinguished from the circumstance in the thermal images. The investigation 
comprehensively characterizes the VO2 film prepared by a rarely used method and demonstrates its possibility 
for infrared signaling and detection in industrial and military applications.   

1. Introduction 

Vanadium dioxide (VO2) is an attractive material due to its novel 
metal-insulator transition (MIT), which transforms rutile phase (R) to 
monoclinic phase (M) around 68 ◦C, accompanying with drastically 
changes in optical and electronic properties [1–3]. Generally, it changes 
from non-transparent to transparent at infrared wavelength throughout 
the MIT transition [4]. Thereby, VO2 film is important to smart devices, 
such as infrared signaling and detection for numerous industrial appli-
cations [4–6], smart radiator devices [7,8], and smart windows [9–20]. 
And the large variation of emittance is essential to regulate the radiation 
power, which is affected by the component and thickness of VO2 film. 

Generally, VO2 film is difficult to fabricate without post-annealing 

since it is only stable within a narrow sliver of the V–O binary phase 
diagram [21–24]. So far, there are some methods including physical and 
chemical deposition processes to prepare VO2 films [25,26]. High power 
impulse magnetron sputtering (HiPIMS) has attracted considerable 
research attention from the industry due to its high peak power density, 
the high degree of ionization, high plasma density, and hence high ion 
flux towards the substrate [3,27–32]. Compared to common methods, 
such as Pulse Lase deposition (PLD), chemical vapor deposition (CVD), 
and general magnetron sputtering, HiPIMS combines their merits of high 
quality, low deposition temperature, and large scale to prepare VO2 film 
[3,11,33–39]. L.Martinu et al. had prepared VO2 film by the HiPIMS 
method, which can be obtained at a low temperature and shows excel-
lent environmental stability [33–35]. Besides, Lin et al. had fabricated 
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ultrathin VO2(M) film with ultrahigh visible transmittance by HiPIMS 
[11]. And they further studied the influence of lattice distortion on 
phase transition properties of polycrystalline VO2 thin film [36]. 
Furthermore, J.Houska et al. had prepared VO2 films at a temperature of 
250 ◦C by HiPIMS [38–40]. Moreover, Claes G. Granqvist et al. had 
demonstrated that Weak thermochromic activity was observed even at 
200 ◦C in HiPIMS-produced films [37]. Recently, Long et al. had sput-
tered high crystallinity vanadium dioxide for thermochromic smart 
windows applications via HiPIMS [41]. However, the underlying 
mechanism of HiPIMS is still unclear to date, for instance, the intrinsic 
sputtering mechanism, the arcing phenomenon, and the relatively 
complex process technique [3]. 

In this work, the VO2 thermochromic film was in-situ prepared by 
High Power Impulse Magnetron Sputtering (HiPIMS). And thermal 
emittance is studied by sputtering VO2 film on a polished Al foil. The 
discharge property of HiPIMS is regulated via the average power to 
optimize the optical performance of VO2 film. The as-prepared VO2 film 
exhibits good crystallinity and excellent thermochromic property 
(△T2500nm = 55.7%). And the phase transition temperature can lower to 
42 ◦C with a narrow width of hysteresis loops (e.g., 4 ◦C). Furthermore, 
the △ε of the VO2 can achieve 0.12 at mid-infrared regions and can be 
distinctly distinguished from the circumstance in the thermal images. 
The investigation comprehensively characterizes the VO2 film prepared 
by a rarely used method and demonstrates its possibility for infrared 
signaling and detection in industrial and military applications. 

2. Experimental and characterization 

The samples were processed by a high-power impulse magnetron 
sputtering system (MS650C, KeYou, China). The discharge current and 
voltage were monitored by a digital oscilloscope (DS1074, RIGOL 
TECHNOLOGIES, INC.). And the Pulse width and frequency were fixed 
as 50 ìs and 200 Hz, respectively. The turbo-molecular pump was used to 
realize a base vacuum of less than 1 × 10− 3 Pa. Argon (Ar) and oxygen 
(O2) are both of 99.9995% purity. And the Ar/O2 ratio and pressure 
were fixed as 80:1.4 and 0.9 Pa, respectively. A vanadium target with a 
diameter of 76.2 mm and a purity of 99.9% was applied to the deposition 
process. A quartz glass (10 × 10 × 1 mm3) was applied to investigate the 
transmittance of VO2 films in solar radiation regions (250–2500 nm). A 
single-sided polished Al foil (40 × 40 × 0.5 mm3) was performed to 
study the spectral emittance in the infrared wavelength (2.5–25 μm). 
The main fabrication parameters for different samples are shown in 
Table 1. 

The crystalline structures were characterized by an X-ray diffraction 
(XRD) diffractometer (PANalytical B⋅V., Model Xpert Pro) at an X-ray 
grazing angle of 2.0◦. XPS was used in this study with the aim of 
analyzing state chemical bonding. More detailed information can be 
seen in SI. The XPS data were analyzed using Casa XPS software. The 
adventitious carbon (AdC) was used to correct the Binding Energy scale. 

The surface morphologies were measured by a field-emission scanning 
electron microscope (SIGMA 300, ZEISS, Germany) and an atomic force 
microscope (AFM, Dimension Icon, Bruker). 

The transmittance was measured by a UV–vis–NIR spectrophotom-
eter (Lambda-950, PerkinElmer) at 250–2500 nm with a home-made 
heating unit. A fiber optic spectrometer (Ocean optics, NIRQuest 
256–2.5) was used to measure hysteresis loops by collecting the trans-
mittance (T2000) with an interval of 2 ◦C. Spectral emittance (2.5–25 μm) 
was measured by using a VERTEX 70 (Bruker) FT-IR spectrometer with 
an A562 integrating sphere. The thermal images were recorded by IR 
thermal imager (7.5–14 μm TI450, Fluke). 

The temperature of VO2 films was measured with a thermocouple 
tightly in contact with the film and controlled by a temperature- 
controlling unit. The heating rate is 2 ◦C/min to ensure sufficient tran-
sition at each recorded temperature. The temperature errors were 
smaller than 0.5 ◦C based on repeated measurements. 

3. Results and discussion 

3.1. The HiPIMS process 

The HiPIMS discharge voltage and current were recorded as time- 
dependent waveforms in the deposition process (Fig. 1a). It suggests 
that the initiation of the discharge current is delayed with the voltage 
and increases monotonically without reaching a steady state during the 
pulse period. It seems that the process is a characteristic feature of oxide- 
mode operation, which is favorable to obtain VO2 film [32,34]. Besides, 
it was further observed that the discharge voltage hardly changes with 
respect to average power (Fig. S1). And the waveforms of discharge 
current change slightly as average power increases, resulting in a 
noticeable fluctuation of peak power (Fig. 1b). Moreover, the peak 
power is almost two orders-of-magnitude higher than that of pulsed 
direct current magnetron sputtering. The largest peak power can reach 
78.3 kW for sample S4. And the sample S5 has the smallest peak power 
due to the minimum peak discharge current. It seems that the increased 
average power broadened the half peak width of discharge current 
waveform during a single impulse. And the peak discharge current is 
balanced by a broad half peak width to maintain the average power in 
the whole period. It suggests that the variation of average power can 
subtly regulate the discharge current of HiPMS over the vanadium target 
to regulate the sputtering process, which determines the crystal phase of 
the samples [42]. 

3.2. Crystal structure 

To further confirm the component in the films, the XRD and XPS 
were used to analyze the crystal structure and the valence state of the V 
element, respectively. Fig. 2 shows the X-ray diffractograms of the 
samples. It can be observed that two main peaks at about 27.8◦ and 
55.5◦, which can be assigned as (011) and (220) planes of VO2 in the 
monoclinic phase (JCPDS 43–1051), respectively [14,20,35]. And the 
tiny diffraction peak at about 44 ◦can be also assigned to the M phase of 
VO2. It is readily seen from the patterns that the sample S1 is poorly 
composed of VO2. The sample S2 exhibits an obvious VO2 phase of a 
diffraction peak at 27.8◦. Furthermore, the diffraction peak at 27.8◦ is 
significantly enhanced in Sample S3 and S4, resulting in good crystal-
linity. However, the sample S5 has almost no diffraction peak in the XRD 
pattern, which means rare crystalline VO2 in the film. It seems that a 
further increase in the average power can deteriorate the film crystal-
linity. The above results suggest that the crystal structure is deeply 
affected by the average power in HiPIMS, which can subtlely regulate 
the discharge curve of HiPIMS. It seems that high peak sputtering power 
facilitates VO2 (M) film in oxide mode of HiPIMS. Besides, the diffrac-
tion peaks at 21◦ for sample S3 and S4 may be another phase of vana-
dium oxides, which is hardly assigned due to its weak intensity and the 
diversity of vanadium oxides. And the broad diffraction peaks at 

Table 1 
The main fabrication parameters in the experiment.  

Samples Temperature 
(◦C) 

Time 
(min) 

Average power 
(W) 

Substrates 

S1 550 10 240 Silica glass 
S2 550 10 250 Silica glass 
S3 550 10 260 Silica glass 
S4 550 10 270 Silica glass 
S5 550 10 280 Silica glass 
A10 500 10 270 Polished Al 

foil 
A20 500 20 270 Polished Al 

foil 
A30 500 30 270 Polished Al 

foil 
A40 500 40 270 Polished Al 

foil  
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15◦–35◦ originate from the fused-silica substrate. 
The chemical bonding of the V element in the films is investigated by 

XPS (Fig. 3). The deconvolution peak of the V2p3/2 spectrum can be 
resolved into two components of 517.9 eV and 516.9 eV for samples S1, 
S2, S2, and S5, which can be attributed to V5+ and V4+, respectively 
[43–45]. And only V4+ deconvolution peak (516.9 eV) can be resolved 
in sample S3. Besides, the chemical bonding of the O element had also 
been resolved into two components. The deconvolution peak at about 
530.5 eV can be attributed to O1s. And the other component may be due 
to the O element in surface adsorbate. It seems that the chemical 
bondings of V5+ and V4+ had been directly affected by AdC reference. 
And the higher chemical bonding energy of V5+ and V4+ may be 
attributed to AdC reference. [46–49] The results imply that it is not 
suitable to prepare vanadium oxides at lower or higher average sput-
tering power, which is consistent with the results of the XRD analysis. 

The relative peak area of V5+ and V4+ is listed to clarify the evolution 
of V4+ content at different average powers (Table S1). The result sug-
gests the V4+ content in the films increases at first then decrease. Since 
there is no relevant phase observed in X-ray diffractograms, the tiny 
amount of V5+ in XPS profiles may be ascribed to the amorphous phase 
and surface oxidation in the films. Besides, the film composition was 
calculated by combining the peak area of V2p3/2 and O1s (Table S1). The 
O/V ratio of samples is larger than 2 except for S3. 

3.3. Surface morphology 

The evolution of the surface morphology of the films was examined 
by SEM. It can be seen that all the films are very smooth (Fig. S3), and no 
particles and crack were observed on the surface of samples. And the 
thickness of the films was about 20 nm (Fig. S4). To further resolve the 
surface morphology difference, the AFM was used to measure the sur-
face roughness of the samples. As shown in Fig. 4, the samples are 
composed of dense nanoparticles with dozens of nanometers (less than 
10 nm). Besides, the roughness (Rq) of the samples is shown in Fig. 4f. It 
seems that the Rq decreases as average power increasing except for the 
sample S3, which may be the measurement error considering the small 
value of Rq. And Rq is in the limit of 1 nm for all the samples, which is a 
benefit of the advantage of HiPIMS. The result induces that the average 
power of HiPIMS has nearly no effect on the surface morphology. 

3.4. Phase transition property 

The transmittance at visible and near - infrared wavelength 
(250–2500 nm) is further measured to study the effect of average power 
on the fabrication of VO2 film by HiPIMS. As shown in Fig. 5, all the 
samples exhibit an observable change in transmittance spectra in near- 
infrared regions at a different temperature, which is the inherent opti-
cal property of VO2 film. However, the transmittance spectra are 
distinctly different among the average power. The difference of trans-
mittance at 2500 nm (△T2500) was used to evaluate the thermochromic 
ability according to equation (1),  

�T2500 = T2500 (RT)-T2500 (80◦C)                                                        (1) 

Where T2500(RT) and T2500(80◦C) are the transmittances of VO2 film at 
room temperature (RT) and 80 ◦C, respectively. 

The thermochromic ability (△T2500) are collected in Fig. 5f. The 
sample S1 exhibits poor △T2500～10%，and the Sample S2 shows 
excellent △T2500 close to 50%. Furthermore, the sample S3 and S4 
display outstanding △T2500 > 50%. However, the △T2500 of sample S5 
decreases to 20%. The curve-forms of sample S1 and S5 are different 
from each other, which means there are different components in the 
film. It seems that the △T2500 of samples is a correlation to the content 
of VO2 (M) in the films. And the optimized result is competitive to other 
physical vapor deposition methods (Table S2) [34,41,50–52]. It suggests 
that the large amount of V4+ and good crystallinity in the sample is more 
liable to obtain excellent △T2500. Besides, the transmittance of all the 
samples is low at RT, which does not exceed 40% at the visible wave-
length and 80% at the near-infrared region, respectively. It may be 
associated with the dense VO2 film, which can be seen in the SEM 
images. 

Fig. 1. a. Discharge current and voltage of Sample S3 (270W); b. peak power of the samples S1–S5 (240–280 W).  

Fig. 2. The X-ray diffractograms of the samples with different average power.  

S. Dou et al.                                                                                                                                                                                                                                      
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The hysteresis loops and the corresponding differential curves of the 
sample S4 are shown in Fig. 6a. The T2000 is slowly varied at the 
beginning of the heating and cooling process, and no dramatic change of 
T2000 was observed in the hysteresis loops. And the phase transition 
property of other samples exhibits a similar profile (Fig. S5). Further-
more, the differential curves are used to describe the definition of the 
transition parameters of heating and cooling branches. The 

temperatures corresponding to the peaks are defined as the phase 
transition temperatures of the heating and cooling branches, denoted as 
Th and Tc, respectively. The phase transition temperature (Tt) and hys-
teresis loop width (△Tt) of the film is obtained by equations (2) and (3), 

Tt =
Th + Tc

2
(2)  

Fig. 3. High-resolution XPS profiles of V2p and O1s for the samples: a-e. Sample S1–S5.  

Fig. 4. The AFM images for the samples: a-e. S1–S5; f. the Rq for the samples S1–S5 (240–280 W).  
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△Tt =Th − Tc (3) 

The corresponding Tt and △Tt are shown in Fig. 6b. The results 
indicate that the Tt decreases as the average power increasing. Whereas 
the sample S2, S3, and S4 exhibit almost the same Tt at about 50–52 ◦C, 
the sample S1 and S5 show Tt of 62 ◦C and 42 ◦C, with a large decrease of 
almost 20 ◦C. It can be attributed to the different crystallinity and the 
surrounding medium of the VO2 crystalline. It seems that the Tt for the 
samples decreases as average sputtering power increases. Besides, the Tt 
values for all the samples are lower than 68 ◦C, which is confirmed in 
other reports by HiPMS [3]. Furthermore, the sample S3 exhibits the 
wide △Tt of 10 ◦C, and the sample S5 narrows △Tt to 4 ◦C. Whereas the 

Tt of sample S1, S2, and S4 are 8 ◦C, 6 ◦C, and 8 ◦C, respectively. 
Although the difference of △Tt is smaller than that of Tt, the compli-
cated variation tendency means that △Tt is comprehensively affected 
by the crystal structure and microstructure of the samples [20,53,54]. It 
seems the △Tt is a correlation to the roughness. And large roughness 
means wide △Tt. Besides, although the sample S1 had the largest 

roughness, the narrow △Tt may be attributed to the compound of VO2 
and V2O5. 

3.5. Infrared radiation performance 

The VO2 films were deposited on Al foil to investigate the variable 
infrared emittance. And the heated temperatures are set as 25 ◦C and 
80 ◦C to sufficiently satisfy the phase transition from M to R state of VO2 
film, respectively. As shown in Fig. 7, it can be seen that the infrared 
emittance curves of the samples increase noticeably at a higher tem-
perature. And the emittance spectra gradually diminish at a longer 
wavelength. Moreover, the emittance spectral curves are gradually 
increasing as sputtering time prolonging both in the M and R phase of 
VO2 films. Since the VO2 film exhibits high transmittance at 2.5–25 μm 
in the M phase [6], the low emittance is mostly contributed by polished 
Al foil. And the emittance of VO2 film is relatively higher in the R phase, 
which may be ascribed to the lower reflectance of VO2 (R) film 

Fig. 5. Transmittance spectra at different temperatures: a-e. S1–S5; f. △T2500 of the samples S1–S5 (240–280 W). The black solid and red dash lines are collected at 
RT and 80 ◦C, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. a. Temperature-varied transmittance hysteresis loops and their corresponding differential curves during heating (solid black dotted lines) and cooling (red 
dash lines) cycles for S4; b. the corresponding Tt and △Tt for the samples S1–S5 (240–280 W). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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compared to polished Al foil. 
Besides, the emittance spectral profiles were different for each 

sample. The difference of emittance is about 0.1 at 2.5 μm for Sample 
A10 and shrinks obviously at a long wavelength. It becomes almost no 
change when the wavelength is above 10 μm. Furthermore, an inter-
section point occurs in the emittance curves for Sample A20 and A30 at a 
short wavelength, and the difference of spectral emittance curves be-
comes more significant at a long wavelength, whereas it is also dimin-
ished at a longer wavelength. However, for the sample A40, the 
difference of spectral emittance curves seems almost no variation at a 
long wavelength above the intersection point. Besides, the emittance of 
sample A40 exceeds 0.5 at 2.5 μm, which may be attributed to the ex-
istence of V2O5. And Raman spectra are used to analyze the component 
in the films (Fig. S6). It suggests that quite a few VO2 exist in the film 
with some V2O5 [55–57]. Besides, the peak intensity of V2O5 in the 
samples decreases as deposition time. It may be attributed to the 
oxidation of VO2 by the thermal effect of laser [58]. 

To further understand the infrared emittance of VO2 film, the dif-
ference of emittance (△ε) can be calculated by weighting spectral 
emittance (ε(λ, T)) with the black body spectrum (B (λ, T)) at the con-
cerned wavelength according to the following three equations (4)–(6), 

B(λ, T)=
c1λ− 5

e

[
c2
λT

]
− 1

(4)  

ε(T)=
∫ λ2

λ1
ε(λ, T)B(λ,T)d(λ)
∫ λ2

λ1
B(λ, T)d(λ)

(5)  

Δε= ε(80◦C) − ε(25◦C) (6)  

where c1 is the first radiation constant (3.7418 × 108 W μm4 m − 2), c2 is 
the second radiation constant (1.4388 × 104 μm K), λ is the wavelength, 
and T is the temperature. 

The results are listed in Table S3. Three typical infrared wavelength 
ranges (2.5–25 μm,3–5 μm, 7.5–14 μm) were applied to calculate the 

ε. It seems that the max △ε at 3–5 μm can reach 0.19 for Sample A30. 
The △ε of sample A40 achieves 0.12 at 2.5–25 μm and 7.5–14 μm, 
respectively. 

The thermal images were used to investigate the infrared radiation 
performance at 7.5–14 μm. Although it is distinctly different in emit-
tance spectra at 25 ◦C for the samples, the thermal images are almost the 
same temperature at room temperature (Fig. 8a). It is mainly because of 
the tiny absolute difference in emittance at 7.5–15 μm and low radiation 
energy at RT. However, as the background temperature increasing, a 
noticeable difference is observed in the thermal images for the samples 
in R phase (Fig. 8b). As the background temperature exceeds 80 ◦C, the 
sample A10 and A20 exhibit 25.5 ◦C and 29.1 ◦C in the thermal images, 
respectively. Moreover, the sample A30 and A40 show up to 33 ◦C and 
40.4 ◦C in thermal images, which is easy to be noticed compared to the 
samples at RT. It suggests that although the △ε is as low as 0.12, the VO2 
film can also be used to detect the thermal signal in various industrial-
ized scenarios. 

4. Conclusion 

In conclusion, the VO2 films were prepared by regulating the average 
power of HiPIMS. It suggests that the thermochromic ability of VO2 films 

Fig. 7. Spectral emittance for the samples deposited on single side polished Al foil: a-d. A10 - A40. The black and red solid lines are measured at 25 ◦C and 80 ◦C, 
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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can be optimized by the average power, which is subtly regulating the 
discharge current of HiPMS over the vanadium target. And the opti-
mizing sample exhibits favorable thermochromic ability (>55%) with 
lower phase transition temperature (50 ◦C). Furthermore, the VO2 
deposited on polished Al foil can change its infrared emittance at 
different temperatures. And the variation of infrared emittance enlarges 
when prolonging the deposition time. Importantly, the prepared VO2 
film can be significantly recognized in the thermal image with a tem-
perature difference of 20 ◦C, which is very suitable for infrared signaling 
and detection in many industrial and military applications. 
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